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IMPROVING EFFICIENCY, INTRODUCING NEW TECHNOLOGY AND 
DEALING WITH THE EVENTS OF 9/11 ON 
THE NEW YORK CITY SUBWAY SYSTEM 

 
Mysore L. Nagaraja, P.E., Senior Vice President and Chief Engineer 

New York City Transit 
 

 
New York City Transit operates one of the largest subway and bus mass transit systems in world.  We 
have the most stations of any municipal rail system: 468.  Our rail routes stretch over 230 miles, and 
since they have from two to four track ways, our mainline revenue track and switches total 648 miles.  
Our fleet of nearly 4,500 buses, operating on 242 routes, links up with our subway system at many 
points, and riders can transfer from bus to subway or from subway to bus for the price of one fare.  
Our subway system alone carried 1.4 billion riders last year. 
 
Since 1996, when our automated fare 
collection system, MetroCard, was fully 
implemented, our weekday subway ridership 
has surged by 24%, from 3.7 million to 4.6 
million.  We have brought back many of the 
riders we lost during the gloomy years of the 
1970s and 1980s when, because of deferred 
maintenance and under investment, out 
system deteriorated badly.  The results were 
frequent breakdowns in both the rolling stock 
and the infrastructure.  In 1983, perhaps the 
year in which New York City Transit hit bottom, 
our rate of rail car breakdowns averaged one 
failure every 5,000 miles.  We experienced a 
major collision or derailment once every 18 
days.  Track fires, signal system failures and 
so many other things were going wrong that it 
would takes too many pages to list them all.  
 
So many things were wrong.  Our stations 
were poorly lit, dirty and even structurally 
precarious in many instances.  Every year we 
lost million of dollars to fare beaters, people 
who jumped our ancient turnstile or simply 
walked through wooden exit gates.  The 
obvious lack of control fostered a sense of 
disrespect.  The symbol of that disrespect was 
graffiti.  We were the graffiti capital of the 
world.   
 
How things have changed.  Key indicators of 
service quality are at record levels.  The 
average fare to customers at the end of 2001 
was 20 percent lower than it was in 1996, 
averaging $1.06, thanks to volume discounts 
and free transfers between trains and buses.  
At the end of 2001 subway ridership was up 
24 percent because of improved service and 
fare incentives created by the introduction of 
Metrocard in 1996.  
 

With an average weekday ridership during 
2001 of 4.6 million, many of our subway lines 
are running at or above their maximum 
capacity during peak hours.  Cars are so 
crowded that customers often have to watch 
several trains pass before they can board. 
 
NYC Transit has identified two basic strategies 
to increase the core capacity of our system.  
First, we are using new technologies to 
increase throughput on existing routes and 
second, we are committed to network 
expansion by building new routes and 
extending existing routes. 
 
The tragic events of September 11th have 
underscored the importance of NYC Transit's 
network expansion plans as well as our 
technology initiatives.  These planned 
improvements will not only impact capacity but 
also address the security and safety concerns 
of our customers.  In the hours after the 
attacks on the World Trade Center, millions of 
subway passengers were safely evacuated 
from downtown Manhattan before the system 
was shutdown for a matter of hours due to 
security concerns.  Not one passenger or 
Transit employee was injured even though we 
had trains directly under the WTC when the 
planes hit. 
 
Furthering our first strategy to increase 
throughput, our Capital Program includes 
projects for Communications Based Train 
Control (CBTC) and Automatic Train 
Supervision (ATS) to improve train tracking 
and control.  Transit is now receiving 212 new 
subway cars that will be equipped for CBTC.  
They will operate on the Canarsie Line, a 
dedicated two-track route between Brooklyn 
and Manhattan.  The gradual transition to
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CBTC throughout the transit system will 
improve track capacity by up to 20 percent and 
reduce overcrowding.  ATS is being installed 
on our Division A (IRT) lines to provide 
dispatchers with real time information 
concerning train location and the ability to 
make quick adjustments to service. 
 
Transit’s previous and current Capital 
Programs include the purchase of more than 
2,400 new subway cars to attract new riders, 
new passenger information systems, 
emergency alarms, and radio and surveillance 
systems to address passengers’ security 
concerns.  Ongoing station rehabilitation and 
continued track replacement and infrastructure 
renewal will ensure that we maintain and 
improve our current capacity. 
 
In support of many planned new technology 
applications, Transit will upgrade and expand 
its new fiber optic network.  The enhanced 
communication system will service the entire 
railroad along with its support facilities.  Direct 
access to fiber connectivity will assure that 
mission critical applications such as ATS, 
CBTC and PA/CIS (Public Address/Customer 
Information Screens) will receive and transmit 
information reliably and without degradation. 
 
While these new technologies are not unique, 
their application in the harsh environment of 
New York City Transit, while operating 24 
hours a day, seven days a week is 
unparalleled.  The need to place equipment in 
facilities subject to extreme temperature 
fluctuations, dampness and steel dust, 
combined with the awareness that whatever 
we install now will need to withstand the rigor 
of our system for many years.  
 
Our second strategy involves major network 
expansion projects that will increase the riding 
public’s access to the City’s central business 
district.  The 2000 -2004 Capital Program 
includes $1.05 billion for completion of 
planning, environmental impact analysis, 
design, and the beginning of construction of 
the long awaited Second Avenue Subway.  
The Second Avenue Subway will be 
configured as a two-track line along Second 
Avenue from 125th Street to the Financial 
District in Lower Manhattan.  Total 
construction is estimated through the year 
2015 at a cost of approximately $12 billion.  
The Second Avenue line will alleviate severe 
overcrowding for our 1.3 million daily riders on 
the Lexington Avenue Line's 4, 5 and 6 trains. 

Other planned network expansion initiatives 
include a subway link to LaGuardia Airport and 
an extension of the No. 7 Flushing Line from 
Times Square to the Javits Center.  This will 
open Manhattan’s Far West Side to 
development.  Route selection for both the 
LaGuardia link and the #7 extension will be 
determined during the Preliminary 
Engineering/Draft Environmental Impact 
Statement (DEIS) process. 
 
The 21st Century will demand creative 
solutions for solving our core capacity 
problems.  New York City Transit will build on 
the successes of its Capital Program, which 
since 1982 has committed $27.9 billion for 
capital improvements that substantially 
modernized subway operations and, in doing 
so, increased our core capacity. 
 
MAKING THE EXISTING SYSTEM MORE 
EFFICIENT  
 
NYC Transit's service improvement objectives 
are to increase capacity through increased 
train throughput and decreased delays and 
disruptions.  We will also improve the quality of 
information provided to passengers.  In 
conjunction with service enhancements, 
ongoing safety improvements will provide 
better control, monitoring and reporting of train 
operations. 
 
Two state of the art technologies will be 
introduced to meet these objectives: 
Communications Based Train Control (CBTC) 
and Automatic Train Supervision (ATS). These 
technologies will be strategically applied.  On 
lines equipped with newer fixed-block signals, 
ATS will be utilized to improve performance.  
On lines scheduled for signal replacement, 
CBTC will be utilized.  Both of these systems 
will depend on our fiber optic communications, 
now being upgraded. 
 
The Fiber Optic Network – Our 
Communications Backbone 
 
Transit completed its fiber optic network in the 
1990’s to control and monitor its more than 
200 power sub-stations.  We are now 
upgrading this network with a state-of-the-art 
structure that will enable this fiber optic 
backbone to transport voice, video and data 
traffic generated from all 468 passenger 
stations.  The network will also be extended to 
important off-right-of-way locations, such as 
Private Branch Exchange (PBX) sites, bus 
depots, train yards and data centers.  The 
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upgraded network will be based on a 
Synchronous Optical Network 
(SONET)/Asynchronous Transfer Mode (ATM) 
structure. 
  
Automatic Train Supervision System (ATS) 
 
Due to size and complexity of NYCT’s transit 
network, the installation of Automatic Train 
Supervision (ATS) is significantly more 
complicated than systems found at other 
transit properties.  
 
The ATS project begins the changeover from a 
system in which trains operate according to 
commands radioed to train operators or tower 
operators to a system in which trains are 
controlled from a single rail control center 
(RCC) at West 54th Street.  Train location 
information will be transmitted from signal 
equipment along the right-of-way to a central 
location, and train routing commands will be 
transmitted back to the signal system.  This 
will improve efficiency of normal operation and 
greatly enhance the ability to plan service 
during disruptions. 
 
ATS will transmit real-time information 
pertaining to train service including train 
location, scheduled information, train length, 
stopping pattern, change in stopping pattern, 
delays or suspension of service, stalled train, 
predicted train departures and schedule 
adherence information to Public 
Address/Customer Information Screens 
(PA/CIS) on station platforms and 
mezzanines.  ATS will transmit required 
information every time a change occurs.  The 
PA/CIS System, in turn will be used to provide 
real time announcements to our customers in 
stations. 
 
Although the current contract, with completion 
date of 2005, is limited to NYCT’s Division A 
(IRT Line), the entire subway system will be 
included in future projects. 
 
Communications and Security Systems 
 
The 2000-2004 Capital Program also provides 
for communication system improvements vital 
to the security of our customers, such as 
telephone and computer networks, and police 
radio systems. 
 
The high-speed fiber optic network will be 
accessible to support NYCT's stations 
communications needs such as upgraded 
public access, customer information screens 

and closed-circuit television.  These 
technology initiatives will provide real-time 
information to our customers through a 
centralized communications system. 
 
In addition, passenger security concerns will 
be addressed through installation of state-of-
the-art cameras and monitors allowing train 
conductors to view areas on the platform 
where vision is hampered by curves, columns 
or crowd conditions.  The installation of Closed 
Circuit Television at various station platform 
edges will reduce the incidence of customer 
dragging. 
 
A new system-wide radio communication 
system will be designed to establish two-way 
radio coverage above ground, on and off the 
right of way within the confines of the five 
counties of New York City, in addition to the 
underground areas of the Subway.  
 
Communications Based Train Control 
(CBTC) 
 
NYC Transit plans to replace its fixed block 
signal systems that rely on wayside signals 
and trip stop technology to communications-
based train control (CBTC) technology.  With 
wayside signals, trains must be separated by 
at least two signal blocks, regardless of train 
speed and the spacings of the signals.  In a 
CBTC technology (moving block technology), 
the train spacing is determined by factoring 
multiple pieces of information.  These include 
the braking distance of the individual train 
(faster the train speed, the longer the stopping 
distance; and slower the train speed; the 
shorter the stopping distance) and the actual 
distance to another train or a station.  The 
payoff is shorter headways, greater 
operational flexibility, enhanced safety, and 
lower life cycle replacement costs for train 
control equipment and minimum revenue 
service disruption during installation  
 
CBTC, along with an auxiliary wayside system 
(AWS), introduces NYC Transit to a state-of-
the-art train control.  Once fully implemented, 
CBTC will yield significant operating savings.  
Tower operations will be centralized in our 
new rail control center and signal maintenance 
will be reduced by 40%. 
 
The first CBTC project to convert the two-track 
Canarsie Line, which runs from the outer 
reaches of Brooklyn to 8th Avenue and 14th 
Street in Manhattan, was awarded in 1999 for 
$250 million.  This is a cutting edge endeavor 
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that will establish standards for all future NYC 
Transit CBTC installations and, likely, for many 
other transit properties in the U.S. and the rest 
of the world. 
 
Station Improvements to Reduce Dwell 
Time 
 
New York City Transit's 468 passenger 
stations are used by over 4.6 million riders 
each day.  Getting these riders in and out of 
trains during rush hours quickly and safely is 
one of the challenges to improving train 
throughput.  When people cannot move on 
and off trains easily because platforms are too 
crowded, trains must dwell in stations longer 
than we would like.  Therefore, a key 
component in our strategy to increase 
throughput is to address those stations with 
the most severe crowding problems.  Platform 
widening and escalator improvements are key 
to shortening dwell times. 
 
Three stations in our current program are good 
examples of NYCT's strategies to improve 
passenger flow and to attract and retain 
customers: the Lexington Avenue/53rd Street 
IND Station and the 72nd Street/Broadway 
Station and the Roosevelt Avenue/74th Street 
Station Complex.   
 
At the Lexington Avenue/53rd Street Station, 
we are connecting the existing Lexington 
Avenue and Third Avenue mezzanines in 
order to install a new escalator to the station 
platform.  Currently, the station’s platforms are 
so crowded during rush hours that customers 
have difficulty getting on and off trains.  Dwell 
time often exceeds 90 seconds and customers 
are angered by the amount of time lost just 
getting off the platform.  This $75 million 
project will alleviate platform crowding by 
providing the additional escalator.  The 
enlarged mezzanine will enable passengers to 
change to IRT Lexington Avenue trains far 
more easily than in the present  case.  A new 
elevator from mezzanine to the platform will 
make the station Compliant with our national 
requirements to serve people with physical 
disabilities.. 
 
The station at 72nd Street and Broadway 
serves only the #1 and #9 West Side IRT 
locals.  When it was built as part of the very 
first subway line that opened in 1904, the West 
Side was sparsely populated.  A small station 
with a few narrow stairways and one small 
head house was adequate for the time.  Nearly 
100 years later, the West Side is a thriving and 

densely populated area.  The cramped station 
has been overwhelmed during the morning 
peak by customers fighting to get down the 
stairs to board trains, and in the afternoon 
scrambling to get off the train and to leave the 
station.  More platform area and additional 
stairways were needed to make this station 
effective.  We are spending more than $50 
million to extend platforms, build a second 
headhouse and new stairs to accommodate 
the flood of passengers who board and depart 
trains at this station everyday. 
 
The Roosevelt Avenue/74th Street Complex 
consists of the Roosevelt Avenue/Jackson 
Heights subway station on the Queens 
Boulevard Line, with transfer to the 74th 
Street/Broadway elevated station through 
existing escalators.  Phased rehabilitation of 
this heavily utilized includes a new inter-modal 
building containing the new head house with a 
street level subway entrance, control area, and 
retail space as well as the attached new bus 
facility which is being coordinated with DOT.   
 
Four new elevators, additional stairs, and 
widening of the 73rd Street passageway will 
attract new customers.  The design of this 
reconstruction also includes photovoltaic 
panels that will produce electricity.  As a result, 
this station was selected as a 'Design for the 
Environment' pilot project to incorporate 
environmentally sustainable design strategies.  
Construction completion is planned for 2006 
 
EXPANDING THE SUBWAY NETWORK 
 
Background 
 
The first leg of the New York City Subway 
system opened in 1904, and by 1932 nearly all 
of what we have today was complete.  In fact, 
when the many elevated lines that were still 
operating during the first third of the 20th 
Century are considered, the revenue service 
track mileage was greater then than it is today.  
Construction of the early subways was 
performed by three separate entities, two of 
which were privately owned: Interborough 
Rapid Transit (IRT) and Brooklyn Rapid 
Transit which changed to Brooklyn Manhattan 
Transit (BMT).  The third was a City owned 
enterprise, the Independent Rapid Transit 
Railroad (IND). 
 
The IRT was the first underground railroad in 
New York.  Its builders copied the dimensions 
of the Paris Metro, thereby bequeathing to the 
City a line that could accommodate only cars 
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51’ long and 8’9” wide.  However, the standard 
railroad gauge of 4’8 1/2” did prevail.  The 
BMT and IND routes, however, were built to 
larger dimensions.  They can accommodate 
cars that are 10’ wide and 67’ 0” long.  In fact, 
the IND portions of the subway can 
accommodate 75’0” long cars.  We now refer 
to the IRT portion of the subway as Division A.  
The BMT/IND portion is Division B. 

 
New York City has really two subway systems, 
and expansion plans must always take into 
consideration which of its systems is likely to 
be connected to a new route or a route 
extension.  Our current network expansion 
plans involve each of our divisions. 
 
The 63rd Street Tunnel Connector  
 
The 63rd Street Tunnel Connector project 
begun in June 1994 and opened during 
December 2001 was the first project of its 
magnitude completed on-time and within 
budget ($645 million) in the USA.  The Queens 
Boulevard Line is one of the most heavily 
traveled transit corridors in the world, in New 
York second only to the Lexington Avenue 
line.  The 63rd Street Tunnel Connector allows 
a 20% increase in train service between 
Queens Boulevard and Manhattan during peak 
hours.  The 1,500-foot link made possible the 
creation of the new V Line which now operates 
between 71st Street/Continental Avenue 
Station in Forest Hills and Second Avenue in 
Manhattan.  The new Connector also creates 
additional rerouting flexibility should problems 
arise in the 53rd Street or 60th Street tubes. 
 
Unprecedented engineering solutions were 
applied during the critical tunnel excavation 
and underpinning phases of the 63rd Street 
Connector.  The 2002 American Council of 
Engineering Companies’ Grand Award was 
presented to NYCT for excellence in design of 
this project. 
 
Parsons Brinckerhoff/URS, one of our major 
engineering firms, performed the final design 
of the structure.  In-house forces designed the 
track system, signals, power and DC 
connection.  Construction was accomplished 
while keeping the subway running and a major 
roadway and surrounding businesses open.  
The many project management lessons 
learned and best practices will greatly benefit 
future network expansion projects such as the 
massive Second Avenue Subway. 
 

The Second Avenue Subway 
 
The most crowded corridor on the subway 
system is the Lexington Avenue Line on 
Manhattan’s East Side.  Until 1939, two 
elevated lines further to the east, the 3rd 
Avenue El and the Second Avenue El, 
supplemented the “Lex” Line.  Both were relics 
that predated the subway.  The 2nd Avenue El 
was torn down in 1939, and the 3rd Avenue El 
came down in 1956.  The decisions to raze the 
els were accompanied by promises that a new 
2nd Avenue subway would be built.  However, 
fiscal constraints and other priorities thwarted 
plans to build the new subway.  Construction 
actually began in the early 1970s, only to be 
halted by the City’s severe fiscal crisis in 1975. 
 
As a result, the Lexington Avenue Line has 
been running at capacity in terms of 
throughput of trains for decades.  Its riders, 
during morning and afternoon peaks, are 
crushed tightly into cars.  Station dwell times 
are such that arriving trains have to wait 
outside of stations until the trains in front of 
them depart.  The remedy for these conditions 
can only be additional core capacity. 
 
The increases in subway ridership Transit has 
experienced since 1996 (even after 9-11 
ridership held up surprisingly well) finally 
convinced the City and State that the 2nd 
Avenue subway is a must-do project.  The 
MTA, through local funding sources, has 
provided $255 million to Transit to begin 
planning and design.  The FTA has initiated 
the New Start application process with the 
MTA and Transit.  Ultimately, the project is 
estimated to cost $12 billion upon completion. 
 
NYC Transit has contracted an environmental 
consultant to perform planning, conceptual 
engineering and to complete a Supplemental 
Draft Environmental Impact Statement 
(SDEIS) and a Final Environmental Impact 
Statement (FEIS) for the project. The 
principles of high performance design will be 
applied throughout the planning and design of 
this project.  As you may be aware, any 
proposed construction in the United States 
must undergo a rigorous assessment as to 
how it will affect the surrounding environment. 
 
The Second Avenue Subway will be 
configured as a two-track subway extending 
approximately 8 miles from the vicinity of 
125th Street in northern Manhattan to the 
financial district in lower Manhattan.  It will be 
built to Division B dimensions and will have a 
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connection to the 63rd Street route.  
Approximately 16 new stations will be 
constructed.  Three sections of tunnel built in 
the 1970s will be incorporated in the design. 
 
Much of the tunneling between 6th Street and 
92nd Street will be performed in the bedrock 
using a Tunnel Boring Machine (TBM) and 
construction shafts strategically located.  The 
section north of 92nd Street is in soft ground 
and the tunneling in this section will be done 
by "cut and cover" or by mining method.  
Similar methods will be used for the southern 
section which is located in soft ground and 
mixed face rock.  The cut-and-cover 
construction method will be used for 
constructing station mezzanines which are 
close to the street surface.  Temporary 
decking of portions of Second Avenue will be 
required.  Provisions will be made so that 
sufficient traffic surface capacity will be 
maintained along Second Avenue.  The 
horizontal and vertical alignment has been 
developed to keep disruption to the community 
and business relocation to a minimum. 
 
Our goal is to start construction during 2004, 
with completion targeted in 2015.  The Second 
Avenue Subway line, the system's first in 60 
years will serve an estimated 647,000 subway 
riders per weekday, including a projected 
25,000 new riders.  The majority will be from 
the Lexington Avenue Lines and from the East 
Side bus routes. 
 
No. 7 Subway Line Extension to Javits 
Center 
 
The No. 7 Line runs from the Flushing section 
of Queens to Times Square.  Part of Division 
A, the No. 7 Line is the most logical line to 
extend into Manhattan’s under-served far 
West Side.  Formerly the heart of New York 
City’s harbor, the West Side now offers the 
best area for new commercial development. 
 
Two alternative route extensions of the No. 7 
Line to the West Side of Manhattan are under 
review.  Routing will be determined during the 
Draft Environmental Impact Statement Phase 
(DEIS) (Awarded to Parsons Brinckerhoff 
during September 2002).  Together with the 
reconstruction of Lower Manhattan, the 
redevelopment of Far West Midtown would 
provide the expansion space the City's prime 
office users will need as the City's economy 
rebounds.  The proposed transit improvement 
will generally consist of a two-track subway 
extension originating at the existing No. 7 

Subway Line terminal in the Times Square 
Station Complex.  The alignment of the 
proposed two-mile subway extension will 
generally be West-South/South-West and will 
include up to three new stations including a 
terminal station at the Javits Exhibition Center. 
 
La Guardia Airport Subway Access  
 
This proposed N line extension to La Guardia 
Airport will reduce travel times and increase 
reliability of travel between La Guardia Airport 
and Midtown and Lower Manhattan.  It will 
also help to reduce highway congestion and 
boost the overall economic competitiveness of 
the New York City metropolitan region.  At this 
point, talks between Transit and the New York-
New Jersey Port Authority are under way to 
determine the feasibility of this airport link and 
how to integrate the subway into the airport.   
 
Transit’s Response to the 9-11 Attack on 
the World Trade Center 
 
One year after terrorists destroyed the World 
Trade Center, including a quarter-mile section 
of the subway that was pulverized by the 
collapse of the twin towers, my CPM team of 
design and construction engineers completed 
the rebuilding of the subway tunnel in time for 
trains to roll on September 15, 2002, just 4 
days after the anniversary of the attack.  While 
early estimates placed construction duration at 
a minimum of two years, actual construction 
took hardly more than six months.  Transit’s 
Subway operators declared Beneficial Use on 
September 1, 2002 when test runs along the 
line were completed successfully.   
 
This  project, the restoration of subway service 
to the tip of Manhattan, has become a 
powerful symbol of New York City's response 
to 9/11 and the first major step in re-vitalizing 
Lower Manhattan.  The subway line we 
restored is the 1 & 9 Line which carries more 
than 600,000 people a day to and from 
schools, places of work and other destinations. 
 
The early completion of the massive 
reconstruction and refitting of the 1 and 9 
structure and its many infrastructure 
components is explained by the exceptional 
drive and dedication of the CPM and other 
Transit managers and by the red-tape cutting 
executive order issued by the Governor of 
New York.  
 
 
 



Mysore Nagaraja 
New York City Transit 
 

Improving Efficiency, Introducing New 
Technology and Dealing with the Events of 9/11 

on the New York City Subway System 
 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

7

Scope of Work 
 
The 1/9 Line running beneath the WTC and 
related infrastructure sustained heavy 
damage: 1400 feet of the tunnel was damaged 
or filled with rubble, one station destroyed, 
along with two fan plants and other elements.  
Since the project was funded from insurance 
proceeds, Transit had to convince the insurer 
of advantages of re-building over just repairing 
the partially damaged portions of the tunnel.  
We also had to obtain from the Governor of 
New York State special permission to use a 
limited competitive bidding process to ensure 
a top-rated contractor would be selected and 
to expedite environmental reviews. By early 
January of 2002, we received all the 
clearances we needed to proceed.  Long-lead 
materials, such as signal equipment, track and 
switch parts and station floor and wall tiles 
were ordered. 
 
The scope of the 1/9 Restoration Project 
included: repairing the damaged subway 
tunnel, installing new track, signals, 
communications and tunnel lighting, 
repairing/restoring a station south of the World 

Trade Center to its pre-9/11 condition; and 
mothballing the station that was destroyed.  
When the plan to rebuild the World Trade 
Center is agreed to, this station will become 
part of a new Transit Center planned for lower 
Manhattan. 
Construction began in late February after 
debris was cleared from the tunnel.  The 
dedication of Transit’s team, which included 
our CPM construction engineers, the subway 
operations and maintenance forces, and the 
contractor and its sub-contractors, made this 
heroic accomplishment possible.  A job we 
had originally projected would take two years 
was done in less than a year.  Unions allowed 
their work rules to be stretched.  Contractors 
worked round the clock, and in the end they 
earned the $3 million incentive we added to 
the contract. 
 
The rebuilding and restoration of lower 
Manhattan will continue.  We will take 
advantage of this opportunity to build better 
than what was.  I am particularly proud, 
however, that we in CPM and New York City 
Transit were first to complete a significant 
restoration from the 9-11 attack.
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SUMMARY: Railway systems have benefited from the development of improved wheel and rail profiles that 
improve vehicle-track interaction behaviour and hence reduce the damaging effects of wear and rolling contact 
fatigue, particularly under more extreme operating environments. When combined with the use of higher-strength 
wheel and rail materials and improved wheel-rail lubrication practices, these developments have contributed to 
increases in wheel and rail lives, and facilitated higher axle load limits in major mineral haulage systems. The 
extent to which wheel-rail interaction behaviour can be improved or optimised in practice (compared with that 
predicted by a theoretical or analytical approach) is, however, constrained by several factors including: a range of 
vehicle types and operating speeds in multi-user systems; the extent to which owners and operators of such 
systems agree to implement modified profiles and the associated maintenance practices; the ability of rail grinding 
machines (and their operators) to implement and maintain modified rail profiles; and the extent to which changes in 
vehicle-track interaction characteristics may affect defect characteristics in rails (or wheels) of variable metallurgical 
quality. 

 
Index Terms: railroad research, wheel-rail contact, rolling contact fatigue, wear, rail grinding 
 

1. INTRODUCTION 

The recent adoption of compatible wheel and rail 
profiles for standard gauge lines owned by Rail 
Infrastructure Corporation (RIC) and Australian Rail 
Track Corporation (ARTC) [1] represents a significant 
development within the Australian railway industry, 
and one that is timely when considered in the context 
of industry restructuring. The benefits, in the form of 
increased component lives, can potentially be 
enhanced as a result of gauge standardisation 
projects. 

The development of compatible (wear-adapted) 
wheel and rail profiles is not new; the methodology 
was initially used in conjunction with the use of rail 
grinding machines to control rail deterioration in the 
Pilbara iron ore railways in the late 1970’s-early 
1980’s [2-4]. The unique characteristics of these 
systems (in particular one dominant vehicle type and 
common ownership of track and rolling-stock) has 
enabled vehicle-track interaction characteristics to be 
fine-tuned to an extent that may not be possible in 
mixed-traffic and multi-user systems. When 
combined with the use of higher strength rail and 
wheel materials, and a systematic approach to track 
and vehicle maintenance [5, 6], increased axle loads 

(up to a current limit of 37 tonnes) have been 
possible in the iron ore railways. 

A similar approach to optimisation of the wheel-rail 
interface was previously undertaken in a number of 
other systems, including the Hunter Valley coal 
haulage operations [7]. However the benefits of 
increased rail and wheel lives that were initially 
achieved were subsequently downgraded through 
industry restructuring (including the separation of 
track and rolling-stock ownership), and changes in 
the traffic mix in these heavily-utilised lines. Kerr and 
Marich [1] note the more recent problems with 
increased rolling contact fatigue defects in both rail 
and wheels, and the requirement to upgrade profiles 
to alleviate these problems.  

Optimisation of the wheel-rail interface can therefore 
be a considered an ongoing process; one that will 
continue to evolve as long as there are changes to 
vehicle characteristics, traffic type or operating 
conditions. 

The critical nature of the wheel-rail interface in high 
axle load operations has been recently recognised by 
the International Heavy Haul Association (IHHA) in 
their publication on guidelines for achieving best-
practice [8]. 
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2. WHY IMPROVE THE WHEEL/RAIL 
INTERFACE? 

A major driver for ongoing optimisation of the wheel-
rail interface has been the change in predominant 
deterioration modes affecting the lives of both wheels 
and rails. Twenty years ago the major concern was 
wear, particularly at the rail gauge face/wheel flange 
interface [9]. Prior to the development of wear-
adapted wheel and rail profiles, improved lubrication 
of the wheel-rail interface and use of higher strength 
rail steels were the primary means available to 
reduce wear rates. Increasing material hardness 
from 250 HB (plain carbon rail) to 360 HB or higher 
(head hardened or low-alloy heat treated rails) 
doubled rail lives in heavy haul track [10]. The use of 
higher-strength wheel materials was limited 
somewhat by the need to consider thermal loads 
imposed by tread braking systems. However micro-
alloyed AAR Class C wheels of up to 400 HB have 
been successfully applied to heavy haul operations 
where braking loads are relatively low [11]. A lower 
hardness variation of this material, equivalent in 
carbon level to the AAR Class B specification, is now 
widely used to provide improved wheel performance 
in passenger, freight and coal haulage operations. 

As component lives increased due to the combined 
effects of modified profiles, higher strength steels 
and improved wheel-rail lubrication practices, the 
predominant deterioration mode shifted to rolling 
contact fatigue (RCF). RCF damage occurs in 
several forms, initiating either directly at the contact 
surface(s) as a result of the combined effects of high 
contact stress and creepage levels, or below the 
contact surface(s) at material discontinuities such as 
inclusions or manufacturing defects [12]. As a result 
of the latter form of RCF damage, manufacturing and 
inspection procedures for wheel and rail materials 
have been progressively upgraded to minimise the 
occurrence of potential of RCF initiators. Major 
improvements in steel cleanliness have occurred in 
rail steels; more recently there has been a move to 
reduce the maximum size of internal discontinuities 
in the rims of railway wheels, as a result of increased 
attention on deep shelling or shattered rim defects in 
freight and heavy haul service [13-15]. 

The relationship between wheel-rail contact 
conditions and the initiation of RCF damage at the 
contacting surface(s) is now well understood, based 
on a combination of theoretical and experimental 
research, and industry experience. The accepted 
design procedure for allowable wheel-rail interface 
conditions is based on shakedown theory, which 
combines contact stress, creepage and material 
strength parameters to predict the onset of 
cumulative material plasticity or ratchetting [15].  

Recent experiences within Railtrack with rail failure 
from gauge corner cracking [16] have highlighted 
some shortcomings in the management of RCF 
damage within an operational environment, and in 
predicting the sub-surface growth behaviour of these 
cracks, particularly under a combination of high-
speed, low axle load traffic and high strength rail. 
This has resulted in further research aimed at 
developing improved methods of predicting the 
propagation behaviour of surface-initiated RCF 
damage [18]. From a practical perspective, however, 
the solution lies in achieving the optimal balance 
between the rate of sub-surface crack growth and 
removal of material from the rail surface though 
preventative grinding, as is already standard practice 
with heavy haul railways. 

The Hatfield experience also provides a clear 
example of the potential risks associated with 
separation of ownership or responsibility for asset 
maintenance between track and rolling-stock owners. 
The lesson learned:  a combined approach through 
the Wheel/Rail Interface Systems Authority [18], with 
a similar objective to the Wheel Rail Committee that 
oversaw the profile development program described 
by Kerr and Marich [1]. 

3. THE PHILOSOPHY OF WEAR-ADAPTED 
PROFILES 

The approach taken in the development of wear-
adapted profiles, and ongoing maintenance of the 
wheel-rail interface, utilises the features present in 
wheel and rail profiles once a railway system 
(comprising one or more vehicle types, and a range 
of track conditions) has stabilised. The majority of 
wheel or rail profiles will have some characteristics 
that are common across a number of systems; 
however there may be minor differences that reflect 
variations in the proportion and severity of curved 
track, the dominant traffic types, etc. For this reason, 
it may not be possible to design the optimum profiles 
for a new railway system prior to the commencement 
of operations. 

A review of wheel and rail profiles in the new to fully-
worn condition identifies common characteristics that 
can be incorporated into modified profiles that 
minimise the high wear rates typically associated 
with the initial service period. This process might 
identify a range of optional profiles; these are 
subsequently assessed to provide predictive data on 
wheel-rail interaction characteristics (energy 
dissipation, wear and RCF damage) and vehicle 
response. Target profiles for both wheel and rails are 
then selected for field trials during which the profiles 
are assessed in terms of wear and RCF behaviour. 
Additional trials may be undertaken to examine 
vehicle stability at higher speeds. 
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Several aspects of the field trials and subsequent 
profile implementation stages are critical to achieving 
the desired improvements in wheel-rail interaction; 
these include: 

• Ensuring that the machined (wheel) or ground 
(rail) profiles are within specification; this is of 
particular importance for the rails, as the rail 
grinding process does not provide the extent of 
profile control possible during wheel machining; 

• Regular monitoring of profile performance, 
particularly during the initial service period. 

Equally important in the process of optimising wheel-
rail interaction characteristics are limits to the extent 
of profile deterioration and surface damage prior to 
maintenance intervention.  Failure to implement 
these may result in short-term savings in 
maintenance costs, at the expense of an overall 
curtailment in component life as higher machining or 
grinding losses are incurred. 

Wear-adapted wheel and rail profiles developed 
using the above approach have now been accepted 
by RIC and ARTC for standard gauge lines [1]. The 
approach has also been applied to mass transit 
systems in Singapore and Hong Kong. In Sweden, 
ground rail profiles based on the worn condition have 
been used to alleviate RCF damage [19].  

The iterative approach required for optimisation of 
wheel-rail interface issues in a new railway system 
has been demonstrated in the Hong Kong Airport 
Express Line (AEL), which commenced operations in 
June 1998. An initial wheel-rail interface design study 
was undertaken to establish minimum rail 
requirements to avoid corrugation development (and 
the associated noise levels) in curved track [20]. 
Ongoing monitoring of wheel and rail performance, 
focussing on representative curves, has resulted in 
the development and progressive refinement of 
modified rail profiles as the system stabilises.   

4. CURRENT ISSUES  

4.1 Rail Grinding Practices 

Where once rail grinding was primarily used to 
control rail corrugations, it is now routinely used 
throughout the railway industry to maintain rail profile 
and surface condition. The approach used is one of 
“preventative grinding”, i.e. controlling the extent of 
surface-initiated RCF damage rather than eliminating 
it entirely, and maintaining the desired rail profiles. 
This has resulted in an increased focus on tolerances 
for ground rail profiles [21] 

Rail grinding machines now include on-board 
systems to measure rail profiles before and after 
grinding. Such systems may also provide information 

on metal removal rates, although this aspect of the 
rail grinding process still remains difficult to quantify 
at typical metal removal rates of ~0.05 mm per pass 
for a 24-stone grinder.  

One important aspect of rail grinding is the balance 
between metal removal rates and grinding frequency 
or interval. Metal removal rates per grinding cycle of 
up to 0.25 mm on the top of the rail, and 0.5-0.6 mm 
at the gauge corner, were initially proposed in order 
to control RCF damage [22]. In practice, a lower 
value of 0.2 mm per cycle may be used on high 
strength rails under heavy haul conditions, while 
much higher values (up to 1 mm at the gauge corner) 
may be required if RCF damage is to be completely 
removed [23].  

Aspects to consider in optimising metal removal rates 
and grinding intervals include the depths of work-
hardened material and RCF damage or cracking. A 
combination of low axle load, high creepage wheel-
rail contact conditions and high strength rail may limit 
the depth of plastic deformation in the rail material, 
and allow RCF cracks to propagate below the work-
hardened material. By comparison, the depth of 
work-hardening under high axle load conditions will 
be greater, such that RCF cracks may remain within 
the work-hardened material or at the elastic/plastic 
boundary.  

The extent of near-surface plastic deformation (and 
hence propensity for RCF initiation) also varies 
between the top of the rail and the gauge corner, as 
will the depth of metal removal during rail grinding. 
Hence the new rail surface exposed by the grinding 
operation may contain some partially-removed RCF 
cracks, and material that has been plastically 
deformed by different amounts. If insufficient material 
is removed, RCF damage will re-occur more rapidly. 
Under these conditions, it may be more cost-effective 
to extend the grinding cycle, removing more material 
at each cycle, and not worry about RCF damage 
such as gauge corner checking unless such defects 
lead to rail breaks.  

Increased depths of metal removal per grinding cycle 
may also reduce the sensitivity to ground rail 
tolerances, as this allows the rail material to “wear-in” 
to a stable profile situation more rapidly. 

In situations where RCF damage is controlled rather 
than completely removed, and there is some 
uncertainty regarding the exact depth of metal 
removal, visual inspection remains the primary 
method of quality control.  The development of non-
contact inspection tools capable of accurately 
measuring the depth of surface-initiated RCF 
damage would therefore be of benefit to the industry. 
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Developments in rail grinding machines have not 
completely removed the operator-dependency of the 
grinding process. Selecting the most appropriate 
combination of motor angles and pattern sequences 
to achieve the desired ground rail condition in the 
minimum number of passes is heavily influenced by 
the skill of the grinder operator. Operator-guidance 
systems have been proposed as a means to 
improving this aspect of the rail grinding process [24]. 

4.2 High Strength Rails 

The more widespread use of high strength pearlitic 
rail steels, in conjunction with a preventative rail 
grinding strategy, presents some particular difficulties 
in maintaining adequate control of the wheel-rail 
interface. The extent of profile control (and surface 
roughness of the ground rail) cannot match that 
possible in wheel re-profiling in a workshop.  Hence 
the following situation arises: 

• Facet junctions represents regions of high 
contact stress, and may initiate localised regions 
of RCF damage before the profile wears or 
deforms to a more conformal shape.   

• In high strength rails, the service period required 
for the above process is greater than for plain 
carbon rails for the equivalent deviation from the 
target profile (Figure 1) [23]. 
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Figure 1: Influence of rail material strength on 
profile wearing-in period (from the results of 

Schöch [23]) 
 

• The wearing-in period for as-ground profiles is 
heavily influenced by the traffic conditions, being 
substantially less in a heavy haul railway at 
35 tonne axle loads than in a passenger system 
at 18 tonne axle loads.  

Hence the combination of high strength rails and 
poor tolerances on as-ground profiles in a passenger 
system may result in the premature initiation and 
more rapid propagation of RCF damage (Figure 
2(a)), whereas the consequences may be less 

severe in a more heavily-loaded environment (Figure 
2(b)). 

 

 
(a): Passenger system 

 
(b) Heavy haul system 

Figure 2: RCF damage in high-strength rails 
 

Recent developments in rail steels include higher 
strength, bainitic grades with hardness levels up to 
430 HB. Laboratory test data [25, 26] indicates that 
such steels offer further improvements in wear and 
RCF behaviour over the existing high strength 
pearlitic grades. Such tests benefit from more closely 
controlled wheel-rail interaction conditions than are 
possible in practice. The higher-hardness bainitic 
grades may offer significant advantages in situations 
where rail grinding is not used, or reduce the need 
for rail grinding. It remains to be seen, however, if the 
combination of yet higher-strength rails and rail 
profile grinding offers any significant benefits, 
particularly given the current difficulties in controlling 
the ground rail profile. 
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4.2 Defect Management 

The potential for defect development in rail, welds or 
wheels containing flaws arising from the 
manufacturing process may influence the extent to 
which wheel-rail interaction characteristics can be 
optimised. Examples of this include: 

(a) Wheel-rail contact conditions that promote field 
side contact in combination with tread hollowing 
increase the probability and severity of deep 
shelling cracks in heavy haul wheels [16]. The 
strategy adopted to minimise the risk of wheel 
failure includes more frequent re-profiling, to 
limit the extent of tread hollowing, and revised 
ground rail profiles, to reduce the probability of 
field side contact on the wheel tread. 

(b) The occurrence of high (vertical) stress levels in 
the web of aluminothermic welds, also under 
heavy haul conditions, is a major factor in the 
development of horizontal split web (HSW) 
failures [27]. The magnitude of these stresses is 
influenced primarily by wheel-rail interaction 
conditions, and hence wheel profile condition, 
bogie condition, and rail profile. Revisions to the 
low rail profile in high degree (≥2°) curves to 
shift the contact band away from the field side of 
the head subsequently resulted in a decrease in 
peak tensile stress levels in the web. 

(c) The development of modified wheel and rail 
profiles is normally based on the mechanical 
properties of the relevant rail and wheel steels. 
However rail welds contain regions of varying 
microstructure and mechanical properties. Of 
these, the heat-affected or softened zones 
exhibit the lowest strength levels (typically down 
to 500 MPa [28]); these zones are prone to 
increased levels of plastic deformation over the 
parent rail. Initiation of localised RCF damage 
within the heat-affected zones of aluminothermic 
welds has occurred under wheel-rail conditions 
that result in high contact stress levels at the 
gauge corner. Under such conditions, the 
reduced yield strength of the softened zone 
should be considered in the development of 
modified wheel and rail profiles. 

5. SUMMARY 

Improvements in the theoretical understanding and 
practical management of the wheel-rail interface over 
the last 20 years have contributed to increased rail 
and wheel lives, and facilitated the adoption of higher 
axle loads. The combination of wear-adapted wheel 
and rail profiles, higher strength and cleaner steels, 
and improved wheel-rail lubrication practices has 
shifted the primary deterioration mode from wear to 
rolling contact fatigue. 

Several aspects wheel-rail interaction behaviour are 
important to achieving ongoing benefits to the 
industry: 

• Recognition of the need for a combined 
approach by track and vehicle owner or operator 
to optimisation and management of the wheel-rail 
interface; 

• The combination of preventative rail grinding, 
which relies on the ability of the grinder operator 
to remove controlled amounts of material from 
the rail surface, leaving a finished profile that 
closely matches the target profile, and high 
strength rail steels. Failure to achieve the desired 
ground rail condition can result in accelerated, 
short-term deterioration in rail or wheel 
performance. 

• Determining the optimum depth of metal removal 
and grinding frequency to control surface-initiated 
RCF damage in the most cost-effective manner. 

Optimisation of the wheel-rail interface is a 
continuous process; ongoing review and refinement 
of wheel and rail profiles will be required as long as 
there are changes in vehicle types and traffic 
conditions, as a result of the increasing use of higher 
strength rail steels, or as the equipment used to 
maintain wheels and rails is improved. These will 
continue to alter the balance between wear and 
rolling contact fatigue damage. 
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THE DEVELOPMENT OF SQUAT DEFECTS UNDER HIGH AXLE 
LOAD OPERATIONS 

 
Stephen Marich (B Sc, Ph D, Fellow I E Aust) and Stephen Mackie 

 
Rail Infrastructure Corporation 

 
SUMMARY: 
The development of rail squat defects has been a major concern, particularly in passenger Systems 
operating at relatively low axle loads, because of the potential for rail failures.  

However, similar defects have also developed under the high axle load operations in the Hunter 
Valley Region of the Rail Infrastructure Corporation. 

This study has examined squat defects, and has shown that their primary causes are: 
• The microslip that occurs within the wheel/rail contact patch, particularly at the higher traction 

and creep levels associated with locomotives. 
• The wheelset/bogie hunting and the associated high lateral creep forces. 

The findings have led to the implementation of a range of preventative measures, which have 
included changes to the rail grinding procedures, rail and wheel profiles, and lubrication practices.

1. INTRODUCTION 

As illustrated in Figure 1, in their mature 
stages of development rail squat defects are 
readily detected visually.  

 
Figure 1 Squat Defect on the Running Surface 

or Ball of the Rail Head 

Numerous papers have been published on the 
subject of squats, together with some 
extensive reviews [1-3] The reported general 
trends and findings may be summarised as 
follows: 

• Squats are regarded as being part of the 
rolling contact fatigue (RCF) defect 
family, which includes: shelling, 
transverse defects, gauge corner 
checking and running surface flaking. 

 

• Generally squats occur on relatively high 
speed passenger lines, such as in Japan, 
Great Britain and France, and they do 
not occur in the high axle loads, heavy 
haul lines of North America, Australia 
and elsewhere.  

It has it has been stated that the lack of 
squats in heavy haul railways may be 
due to the fact that the trains on these 
lines contain only a few powered axles 
(indicating that traction is an important 
factor in the development of squats), and 
because of the higher rail wear rates and 
rail grinding that occur on the rail crown 
which remove the crack initiation sites 
before the incipient cracks propagate. 

• There is a general inference that squats 
occur mainly in tangent track and shallow 
curves, primarily because of the higher 
rail wear that occurs in tighter curves 
which removes the crack initiation sites 
before they propagate.  

• There seems to be general agreement 
that squats initiate on the contact surface 
of the rails. Two major crack initiation 
mechanisms have been proposed: 
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⇒ From a “white etching” martensitic, 
hard and brittle layer, which can 
form on the rail surface because of 
adiabatic shear between the rail 
and wheel surfaces, caused by the 
microslip of the locomotive wheels 
that are under traction. Such a layer 
develops over long periods of time 
and can be most commonly found 
on infrequently ground rail. The 
“white” layer, which is 5-60 ì m 
deep, can have a hardness of up to 
900 HV. However, very little actual 
evidence has been presented in 
support of this proposal.  

⇒ From the incremental accumulation 
of unidirectional plastic strain in the 
rail material (sometimes known as 
“ratcheting), primarily associated 
with the longitudinal traction and 
associated creep of locomotive 
wheels, which eventually leads to 
failure of the material because of 
the exhaustion of the material’s 
ductility limit.  

 This is very similar in nature to the 
mechanism proposed for the 
development of head checking or 
flaking defects, and is usually 
explained by making reference to 
the “shakedown” diagram [4] shown 
in Figure 2, which illustrates the 
predicted material behaviour 
(elastic, or work hardening and 
stabilising, or continuous plastic flow 
and “ratcheting) as a function of: the 
stress ratio, ie the ratio of applied 
stress (P) and material shear 
strength (k), and the traction 
coefficient (ie the ratio of tangential 
(T) to normal (N) forces). As 
indicated in Figure 2, an increase in 
the traction coefficient (which 
produces higher longitudinal creep 
forces), leads to a considerable 
reduction in the material’s resistance 
to repeated plastic flow and the 
potential for failure. The ideal 
conditions are of course those which 
lead to controlled hardening and 
stabilization of the material. 

 

 

Figure 2 Shakedown Diagram for Mixed 
Sliding/ Rolling Contact 

• There is general agreement that squats 
propagate, at least initially, at some 
depth below the surface of the rail (up to 
3-6 mm), and at a downward angle of 
10º-30º. However, conflicting statements 
have been made in relation to their 
growth direction. Some point out that the 
crack propagation is longer in the 
direction of traffic, as illustrated in Figure 
3, while others indicate the opposite, ie 
the crack grows longer in the trailing 
direction. 

 

Traffic Direction 

Possible 
Initiation 

Branching of Main Crack 

 
Figure 3 Subsurface Cracking Associated with 

Squat Defect 

• There is general agreement that water, 
and to a lesser extent lubricants, which 
can penetrate and become trapped in the 
squat crack will increase considerably 
the speed of crack propagation and 
hence defect development. 

The adverse influence of water or 
lubricant has been explained in terms of 
the entrapment of fluid causing firstly a 
reduction in the friction between the 
crack faces, which enhances the shear  
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mode of crack propagation, and secondly 
causing hydraulic pressurisation at the 
crack tip (similar to a wedge) which 
provides large tensile stresses, leading to 
rapid crack propagation. The oxidation of 
the crack surface may also have an 
adverse influence on the crack 
propagation rate because of the material 
expansion that occurs during the 
process.  

• The main preventative measures for 
squats have been summarised as 
follows: 

⇒ Regular (cyclic), preventative rail 
grinding to remove the surface 
layer, which contains the most 
severely damaged material, 
including small cracks and/or hard 
and brittle phases, so that 
accelerated crack propagation can 
be prevented.  

⇒ The use of harder grades of steel, 
to increase the material’s resistance 
to continuous plastic flow 
(ratcheting) and propensity for 
fatigue crack initiation. 

⇒ Improving the geometry between 
rails and wheels, and consequently 
reducing the wheel/rail contact 
stresses. In particular, avoiding 
relatively sharp deviations to the 
transverse profiles in both new and 
worn/ground rails, since it has been 
found that relatively small changes 
to the contact radii may lead to 
significant changes to the resultant 
contact stresses.  

2.  WHY ARE SQUAT DEFECTS OF 
CONCERN? 

Squat defects are of concern because of the 
following main reasons: 

• There is a danger that the secondary or 
minor sub-surface cracks (illustrated in 
Figure 3) may turn down and grow on a 
transverse plane similarly to transverse 
defects, with the possibility of resulting in 
a complete rail failure if not detected in 
time. 

• The depression on the running surface 
associated particularly with large squats 
(refer to Figures 1 and 4) increases the 
vertical impact wheel loadings applied to 

the rails, and consequently exacerbates 
the deterioration of both track and some 
vehicle components, in a similar way as 
dipped welds, rail corrugations and rail 
joints.  

• The rail life is decreased, through the 
need for aggressive and expensive 
defect grinding. 

• The possible shielding by the horizontal 
primary cracks of the ultrasonic signals 
from deeper defects during normal 
ultrasonic inspections. 

3.  SQUATS IN THE HUNTER VALLEY 

3.1 Background 

Squats began to develop in the Hunter Valley 
over 10 years ago, and in early 1999 the 
problem was identified as being among the 
top 6 high priority items. 

In February 1999, some 386 squats had been 
identified and catalogued. 
However, based on more detailed 
measurements taken in August 2000 (when 
56 squats were measured between the 264.81 
km and 265.25 km locations), and in January 
2001 (when 68 squats were measured 
between the 165.23 km and 166.05 km 
locations, and an additional at least 144 
squats between the 262.50 km and 280.66 
km locations), it is evident that the numbers 
of squats have increased considerably. 

To date, the squats have generally developed 
in the shallower curves (with radii greater than 
about 1000 m) and tangent track, on the Up 
Coal and Main Lines carrying loaded coal 
traffic, and in head hardened rails. No squats 
have been observed on the Down Coal and 
Main Lines, carrying empty coal traffic and 
containing both standard carbon and head 
hardened rails. 

3.2 General Characteristics 

There are two main types of squats in the 
Hunter Valley, namely: 

• The more common squats that are 
initiated on the crown or ball of the rail 
head. As illustrated in Figures 1 and 4, 
these clearly occur on the running 
surface of the rails and are typical of the 
defects observed in other Systems as 
discussed in the literature. 
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• The less common squats that are 
initiated from the gauge corner checking 
cracks. As illustrated in Figure 5, these 
eventually grow laterally and spread 
towards the crown of the rail head, and in 
their advanced stages appear very 
similar to the rail crown squats.  

 

 
Figure 4 Small and Large Squat Defects Initiated 

on the Running Surface of the Rail Head 

Some of the other main characteristics are as 
follows: 

• The squat defects may occur discretely 
or in multiples, closely spaced along the 
rails. 

• Some sections of track contain a much 
greater density of squats than other 
sections. 

• The distance between the running 
surface initiated defects along the track 
does not follow any regular pattern. On 
the other hand, the gauge corner initiated 
defects often occur at regular distances 
(about 5-7 m). 

 

• Some of the running surface defects are 
located on the Up and Down Rails 
directly opposite each other.  

• Some of the track sections affected also 
contain small wheel burns, indicating 

some traction difficulties, noting that all 
the track sections affected include 
signaling which would result in some 
train stoppages and departures. 

• The maximum crack depth associated 
with the squats ranges from 2.0 to 
6.3 mm, with the majority of cracks being 
about 3-5 mm deep.  

• The defect crack length along the rail 
ranges from 20 mm for the case of very 
small defects, to 415 mm for the case of 
multiple defects. The maximum crack 
length in individual defects is generally in 
the range 40 mm up to 100 mm.  

• The rail dipping at the defects ranges 
from 0.2 mm for the small defects to 
over 1.6 mm for the very large defects. 

 

 
Figure 5 Small and Large Squat Defects Initiated 

on the Gauge Corner of the Rail Head 
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3.3 Defect Initiation 

The work on defect initiation was conducted 
on the more common running surface squats. 

Table 1 summarises the results of some 
surface hardness measurements taken on 
very small squats and also on the adjoining 
rails, at a distance of about 50-100 mm from 
the squat. 

Surface Hardness (Vickers) 

On Squat On Adjoining Rail 
655 410, 412 
671 412, 419 
499 427, 419 
590 412, 412 
516 406, 410 
662 412, 406 
691 406, 410 
544 410, 413 
703 418, 416 
666 412, 406 
664 401, 407 
546 409, 412 
542 413, 401 
572 406, 430 
664 427, 425 
620 408, 410 
586 414, 418 

Table 1 Average Surface Hardness Values 

The results are of particular interest in that 
they show much higher hardness values on 
the squats than on the adjoining rails. Such 
high values could only be obtained by very 
severe and localised surface deformation, or 
more likely by the presence of either the 
“white” etching phase mentioned previously in 
Section 1 or even some martensitic product.  

However, it should be noted that the 
measurement of surface hardness on some of 
the larger squats did not show similar high 
hardness values.  

To examine this aspect further, a more 
detailed, higher magnification metallographic 
examination was conducted on sections cut 
through some small and medium squat 
defects. 

The observations made are illustrated in 
Figures 6, which shows the microstructure at 
the rail surface. 

 

 
Figure 6 (a) Etched Section Near End of Small 

Squat (Longitudinal Section, x200) 

 
Figure 6 (b) Etched Section Near Centre of 
Small Squat (Longitudinal Section, x100) 

Figure 6 (a) clearly illustrates the presence of 
a “white” layer on the surface of a small 
squat. The layer is continuous near the edge 
of the squat, has a maximum thickness of 
about 0.03 mm, and exhibits some cracking, 
indicating its brittleness. This explains the 
high hardness values measured on the 
surface of small squats (Table 1).  

It is not certain whether the “white” layer is 
truly martensitic (which would be indicative of 
high temperatures produced by macro wheel 
slip), or associated with an adiabatic shear 
mechanism as discussed in Section 1 (which 
would be indicative of very high shear 
stresses produced by micro wheel slip). At 
this stage, the latter is felt to be the more 
likely cause of the “white” layer. 

It is also evident in Figure 6 (b) that near the 
centre of the squat, only small sections of the 
“white” layer remain, probably because the 
layer breaks off the surface of the squat. This 
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explains why the “white” layer is generally not 
observed on the surface of the larger squats. 

Such a brittle layer would provide an ideal 
initiation site for the development of squat 
type defects. Consequently, the squat defects 
examined are not really of a rolling contact 
fatigue nature, as has been indicated in the 
literature, at least in their early stages of 
development.  

In view of the above findings, the initiation of 
squat defects can be readily explained by 
reference to Figure 7 [5], which clearly 
illustrates the microslip that occurs within the 
wheel/rail contact patch, particularly at the 
higher traction and creep levels associated 
with locomotives. Such microslip could 
produce the brittle “white” surface layer, which 
in turn would act as the initiation site for the 
squat defect. Indeed, the possible presence of 
microslip has also been observed on rails at 
other track sites. For example, the rail 
illustrated in Figure 8 clearly shows evidence 
of some microslip with a shape (half moon) 
very similar to that illustrated in Figure 7.  

 

Adhesion 

Adhesion 

Adhesion 

Microslip 

Microslip 

Microslip 

Slip 

Traction

Creep Direction of Travel 

 
Figure 7 The Relationship Between Traction, 

Creep and Slip [5] 

 

 

Figure 8 Possible Microslip on the Rail Surface 

From the above discussion it can be seen that 
the development of the running surface 
squats is very similar in nature, but not in 
degree, to the development of wheelburns, 
which are of course associated with the much 
more severe final stage of the slip 
mechanism shown in Figure 7. Indeed, when 
examining a small wheelburn as illustrated in 
Figure 9, it is of relevance to note the 
similarity in appearance with the small squat 
shown in Figure 4 (a), although in the 
wheelburn it can be seen that the surface has 
broken out in small pieces, indicating the 
presence of a brittle martensitic phase.  

It should be noted that the more severe slip 
conditions associated with wheelburns, lead 
to much higher temperatures, and much 
greater depths of transformation and 
hardening (up to 4-6 mm, rather than the 0.03 
mm observed with the squats). 

 

Figure 9 Example of a Small Wheelburn 
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3.4 Defect Growth 

A more detailed assessment was also 
conducted on the crack growth 
characteristics.  

Figure 3 illustrates the more general crack 
growth, while Figure 10 shows the end of the 
sub-surface cracking in more detail. 

 
Figure 10 Sub-Surface Cracking Associated with 

Squats (Longitudinal Section, x 50) 

The examination led to the following main 
observations: 

• As mentioned in Section 1, and as 
illustrated in Figure 3, the squats consist 
of two main cracks, a leading one, which 
propagates in the direction of travel, and 
a trailing one, which propagates in the 
opposite direction. The leading crack is 
several times longer than the trailing 
crack and contains a number of 
secondary or minor cracks. 

• As shown in Figure 10, the majority of 
secondary cracks grow towards the rail 
contact surface, and would eventually 
cause the spalling illustrated in Figure 4. 

• As also evident in Figure 10, towards the 
end of the main leading crack there are a 
few secondary cracks which at least 
initially seem to be growing downwards 
into the rail head and developing in the 
transverse plane. These are the cracks 
that would be of major concern, since 
their further growth may lead to the 
development of transverse defects. 

However, it should be emphasised that 
to date in the Hunter Valley there has 
not been any evidence of a transverse 
defect having initiated directly from a 
squat. This is in contrast with the 

observations experienced under lighter 
axle load higher speed passenger traffic.  
It is not clear why this difference should 
occur. It is likely that under the higher 
axle loads, a plastically deformed and 
work hardened region develops near the 
surface of the head hardened rails. The 
residual stresses in such a region would 
be compressive in nature, and hence 
would resist the growth of cracks into the 
rail head. However, once a crack 
extends beyond such a zone, its further 
growth into a transverse defect would be 
expected. Considering that the surface 
and near-surface hardness in new head 
hardened rails is in the range 380-410 
HV, the hardness values measured in 
the rails near squats shown in Table 1 do 
indicate some marginal hardening of the 
material.  

Figure 11 shows the more detailed 
hardness traverses measured in a rail 
section close to a squat defect, which 
had lost about 8 mm of rail head height. 
The figure also includes the hardness 
range that would be expected in new 
rails at a depth of 8 mm. The results 
clearly show that some work hardening 
has occurred to depths of about 3-7 mm.  

Figure 11 Hardness Traverses Near a Squat  

Finally, Table 2 summarises the growth 
characteristics of some squat defects 
measured in the field on the Up Coal Line, 
over a period of 6 months (about 20 MGT of 
traffic). The measurements were made using 
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an ultrasonic procedure, with an estimated 
accuracy of ± 0.1 mm. 

Locatio
n (km) 

Down Rail 
January/July 2001 

Up Rail 
January/July 2001 

 Length 
(mm) 

Dept
h  

(mm) 

Lengt
h 

(mm) 

Depth  
(mm) 

165.400 80/86 4.9/5.1   
165.402 142/144 6.3/6.2   
165.404 86/86 5.5/5.4 75/82 5.1/5.2 
165.411 65/68 5.1/5.1   
165.419 30/31 3.7/5.0 20/20 4.1/4.8 
165.425 300*/ 402* 4.2/4.2   

   70/73 5.5/5.9 
165.440 20/26 3.3/4.3   
165.443 40/53 4.3/4.4 40/50 4.2/4.4 
165.445   45/50 4.4/4.5 
165.448 50/53 5.8/5.7   
165.449 35/39 4.1/4.3 15/19 2.8/4.1 
165.456 230*/234* 3.6/4.2   
165.457 Small WB Small WB 
165.458 35/37 2.8/4.8 65/70 4.8/5.7 
165.461 Small WB Small WB 
165.464 30/42 4.6/5.4 40/50 5.0/4.9 
165.470   85/97 5.0/5.3 
165.481 30/41 4.1/4.8   
165.482 Small WB Small WB 
165.483 75/82 5.6/6.1   
165.497 60/68 4.5/4.7   
165.530   55/62 5.0/5.0 
165.639 85/90 4.1/4.7   
165.660 65/82 5.2/5.1   
165.670 80/86 4.4/5.0   
165.671 100/109 4.2/5.4   
165.674   85/95 5.5/6.1 

* Multiple defects         WB  Wheel Burns 

Table 2 Growth Measurements in Some 
Squat Defects 

The field results obtained may be summarised 
as follows: 

• In the single defects, the longitudinal growth 
ranged from 0 to 12 mm, with little difference 
between the relatively large and small 
defects. However, in one case where 
multiple defects were present, the growth 
was 102 mm. 

• The increase in defect depth ranged from 0 
to 2.0 mm, with the greatest increase being 
observed in the smaller defects. 

However, the maximum primary defect 
depth measured was 6.3 mm.  

• As mentioned in Section 3.1, the 
presence of small wheelburns among the 
squat defects is evident. 

The field results therefore provide further 
evidence that following a rapid increase in 
crack depth up to about 6 mm, the defects do 
not tend to grow further into the rail head. 

3.5 Behaviour in Standard Carbon Rails 

As mentioned in Section 3.1, squat defects do 
not appear to develop in the lower strength 
Standard Carbon rails located on the Down 
Lines. 

The actual reason for this is not known. 
However, a number of possibilities may 
explain the difference in behaviour, including: 

• Down Lines experience empty traffic. 
Therefore the locomotives do not apply 
very high tractive/creep forces, even on 
stop/start situations. 

• The standard carbon rails wear out at 
much faster rates than head hardened 
rails, even in tangent track and shallow 
curves, and hence may be eliminating 
the potential initiation sites for the 
defects. 

• The standard carbon rails deform at 
much faster rates than head hardened 
rails, even in tangent track and shallow 
curves, and hence the profiles may 
become more conformal and lead to 
lower contact stress levels.  

• The plastically deformed material 
developed in the standard carbon 
exhibits a higher shear ductility than the 
head hardened material, and 
consequently a greater resistance to 
shear cracking. 

4.  PROCEDURES FOR RECTIFICATION 

For existing squat defects the following 
rectification procedures have been used, 
depending on the defect severity: 

• Aluminothermic rail head weld repair for 
individual smaller defects with lengths 
<70 mm. 

• Rail closures for individual large defects 
with a crack length ≥70 mm, or for close 
multiple defects covering a length 
≥70 mm, or for individual defects with a 
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crack length <70 mm but within 2 m of 
each other. 

• Aggressive “defect” rail grinding to 
remove all the defects in those sections 
of track containing numerous 
consecutive squats, over a length 
≥110 m, which could not be removed by 
less than 5 closures.  

5.  PROCEDURES FOR PREVENTION 

To prevent, or at least minimise and control, 
the development of squat defects the 
following procedures have been successfully 
implemented: 

• Modified “preventative” rail grinding 
procedures and standards [6], and in 
particular: 

⇒ Implementation of tangent rail 
profiles in the high rails of curves 
with radii greater than 1000 m, with 
the aim avoiding contact between 
the gauge corner region of the rails 
and the throat region of the wheels, 
and hence reducing the sensitivity to 
wheelset/bogie hunting. This is of 
particular benefit to the squats that 
initiate from the gauge corner 
checking. 

⇒ The specification for a minimum 
metal removal of 0.2 mm from the 
wheel/rail contact region, during 
each grinding cycle. This aims to 
remove, or at least control, the initial 
development of the defects. 

⇒ The specification of grinding cycles 
in terms of tonnage carried by the 
rails. Again, this aims to remove, or 
at least control, the initial 
development of the defects. 

• Modified rail/wheel lubrication 
procedures [6, 7] which aim to: 

⇒ Improve the effectiveness of 
lubrication on the gauge face of the 
high rails in the sharper curves, and 
hence control the wear rates. 

⇒ Reduce the contamination of the 
running surface and gauge corner 
of the rails, and hence reduce the 
adverse influence of lubrication on 
the traction and defect growth of 
defects. 

• Modified rail and wheel profiles [8], which 
lead to improved wheel/rail contact 
characteristics and are therefore 
expected to increase the resistance to 
contact fatigue defect development. 

6.  CONCLUSIONS 

The work on rail squat defects conducted in 
the Hunter Valley has led to the following 
main conclusions: 

• Rail squat defects can develop in high 
axle load operations. 

• Squats can be of two main types: 

⇒ Squats that are initiated on the 
crown or ball of the rail head. These 
are initiated from a brittle “white” 
surface layer, which develops due to 
the microslip that occurs within the 
wheel/rail contact patch, particularly 
at the higher traction and creep 
levels associated with locomotives. 
Consequently, these squats are not 
truly rolling contact fatigue defects, 
and are closer in nature to 
wheelburn defects. 

⇒ Squats that are initiated from the 
gauge corner checking cracks. 
These are primarily due to 
wheelset/bogie hunting and the 
associated high lateral creep forces. 

• The majority of the sub-surface cracks 
associated with squat defects are about 3-6 
mm deep and 40-100 mm in length. The 
defects consist of two main cracks, a 
leading one, which propagates in the 
direction of travel, and a trailing one, which 
propagates in the opposite direction. The 
leading crack is several times longer than 
the trailing crack and contains a number of 
secondary or minor cracks. 

The majority of secondary cracks grow 
towards the rail contact surface, and 
eventually cause spalling. However, 
there are a few secondary cracks which 
at least initially seem to be growing 
downwards into the rail head and 
developing in the transverse plane. 

• To date there has not been any evidence 
of transverse defects having initiated 
from squats. This is in contrast with the 
observations experienced under lighter 
axle load higher speed passenger traffic.  
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The difference may be due to the 
development of a work hardened region 
near the surface of the head hardened 
rails, which exhibits compressive residual 
stresses, and hence would resist the 
growth of cracks into the rail head. 

• Squat defects do not appear to develop 
in the Standard Carbon rails on the 
Down Lines. The actual reason (s) is not 
known, but may include: the lower 
locomotive tractive effort and the higher 
wear rate. 

• The remedial actions for existing squat 
defects include: 

⇒ The use aluminothermic rail head 
repair. 

⇒ The use of rail closures. 

⇒ The application of aggressive defect 
grinding. 

• The preventative actions for squat 
defects include: 

⇒ Modified rail grinding procedures, to 
reduce the sensitivity to 
wheelset/bogie hunting. 

⇒ Removing a minimum amount of 
metal from the wheel/rail contact 
region, during each grinding cycle, 
to remove, or at least control, the 
initial development of the defects. 

⇒ Modified rail/wheel lubrication 
procedures, to improve the wear, 
contamination and traction 
characteristics. 

⇒ Modified wheel and rail profiles, to 
improve the wheel/rail contact 
characteristics. 

7.  CLOSING REMARKS 

The work described above has clearly shown 
that the behaviour of rails can often differ 
between Systems. 

Special care must therefore be taken in 
reviewing and implementing previously 
published information. 

The implementation of remedial and 
preventative actions also needs to have a 
sound engineering base and be cost 
effective, and hence System specific. 
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SUMMARY 

 
Rail grinding has been a standard maintenance activity for many decades. Originally applied to 
remove corrugation it has been developed further. Today shaping specific transverse profile of the 
railhead is a routine operation. Particular profiles allow to provide optimal contact conditions between 
wheels and rails. Thus, the contact stresses on the rail surface are minimized and cyclical rail grinding 
is widely applied to control rolling contact fatigue such as head checking and squats. 
 
At the beginning only rails in open track have been ground. With growing experiences and the positive 
results, obtained knowledge and expertise pushed further and special machines have been built. They 
are designed in a way to grind the complete active rail head zone also in the critical areas namely 
check rails, switch blades and frogs.  
 
Technical and economical benefits can be obtained by the means of reducing dynamic forces, contact 
stresses and vibrations. European railways are increasingly practising rail grinding in switches, which 
makes nowadays part of a modern track maintenance strategy, as it allows to better exploit existing 
track components and reduce maintenance costs due to longer component life and less intensive 
repair and replacement work. 
 
The paper summarizes the currant rail grinding practice, its applications and benefits and highlights 
the particularities of the use of the grinding technique in switches. By-works and operational aspects 
are described in detail.  
 
 
1. INTRODUCTION 
 
For more than 35 years Speno International has 
been operating grinding trains throughout the 
world in order to rectify the rail head profiles in 
track. 
 
Originally the SPENO grinding technique has 
been introduced in order to remove rail surface 
corrugation only. Short pitch corrugation and 
short waves had to be treated as they created 
heavy vibration to the track structure. 
 
Later on long waves have been detected as 
another nuisance especially with trains running 
at higher speed, say 120 kph and more. 
Blocking of grinding units has been introduced. 
This feature allows to provide a longer basis for 
the grinding stones thus effectively reducing the 
depths of long waves. 
 

 
With increasing axle loads and rising train 
speeds demands on track conditions 
augmented. Very much attention has been paid 
to the transverse profiles of the rail head. Today 
it is generally accepted that only a proper fit of 
wheel and rail profile can assure stabile running 
conditions and minimise surface fatigue 
problems, too. 
 
The grinding trains have consequently been 
fitted with pivotable grinding units. Thus, it is 
possible to move the grinding stones to where it 
is required most in order to re-profile the rail 
head effectively. 
 
Both growing knowledge of rail surface problems 
and more experience with rail rectification has 
led to a very sophisticated routine operation of 
grinding machines. 
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It was just a logic step to extend rail grinding in 
areas where the plain line grinders could not 
work - level crossings and switches. There also 
the rails are affected by the very same defects.  
 
In order to remove them as well particular 
machines have been developed allowing to 
benefit from rail maintenance in a similar way as 
in open track.   
 
2. BASICS OF RAIL GRINDING  
 
Rail surface defects develop in various ways 
and at different locations. Some phenomena are 
sometimes well understood, as for instance the 
formation of short waves in sharp curves, other 
problems are still under thorough investigation. 
A viable process to remove these defects is rail 
grinding. 
 
2.1. Applications of Grinding 
 
2.1.1. Preventive (Initial) grinding 
 
One method to delay the onset of surface 
problems is to grind new rails as soon as 
possible after laying. Thus, the best possible 
contact and running conditions are provided.  
 
Hence the dynamic forces are minimized and a 
maximum delay for the formation and 
development of damage such as corrugation 
and surface fatigue can be expected. 
 

Fig. 1:  New rail 
 
2.1.2. Corrective grinding 
 
Local parameters and traffic characteristics 
may sooner or later lead to the formation of 
surface defects.  
 
Corrective grinding eliminates these problems 
such as surface damage (for instance ballast 
stone imprints), short pitch corrugation in 
tangent track, short waves in low radius curves 
and / or plastic deformation through removal of 
the metal on top of the rails and optimal 
conditions are restored.  

Fig. 2:  Surface damage 
 
2.1.3. Symptom related grinding 
 
If the size of the defects can be measured such 
as the depth of corrugation, intervention 
thresholds can be fixed at which short pitch 
corrugation and short waves shall be removed.  
 
Thus, the dynamic forces and resulting 
vibrations are reduced and simultaneously 
optimal contact conditions are assured. The 
choice of the intervention threshold has to take 
into account both, acceptable damage levels 
until the rectification and economic defect 
removal cost. 
 

Fig. 3:  Short pitch corrugation and short 
waves in a switch 

 

Fig. 4:  Change of the transverse profile at a  
weld 
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2.1.4. Cyclical grinding 
 
If the surface damage can not be measured, e.g. 
surface fatigue, cyclical grinding at fixed 
intervals is executed. Thereby the top surface 
layer is removed with a simultaneous 
correction of transverse profile. Thus the 
fatigued zone of metal is removed maintaining 
optimal contact conditions.  
 
The metal removal depth is some 0.1 to 0.2 
mm and the length of the intervention cycle 
depends on the development of damage in the 
range from 15 to 150 MGT. 
 

Fig. 5:  Gauge corner fatigue at switch blade 
 
2.2. Rail Surface Problems In Switches 
 
Rails in switches suffer from exactly the same 
phenomena as rails in open track: short pitch 
corrugation, short waves, long waves,  plastic 
deformation of the rail head profile, surface 
fatigue problems (head checking) and surface 
damage (ballast imprints). 
 
The effect of these irregularities is well known: 
Higher dynamic forces and vibration are 
stressing all components of track more 
intensively. Thus the comfort of travelling is 
reduced and the amount of maintenance is 
increased considerably.  
 
Damages of switch components are even more 
annoying as they are more expensive to 
maintain and replace. 
 
As rail grinding was carried out in plain track 
only machines have been constructed 
accordingly. With growing concern about rail 
surface problems and with extremely successful 
experiences with rail grinding the attention of the 
track engineers focused on the rail situation in 
turnouts, too. 
 
In order to reduce the length of unground track 
grinding of rails in switches has been 
considered. The situation there is different to 
open track.  

Limited space for the grinding stones to pass by 
checks rail and crossings prevented the grinding 
action by the existing big grinding machines. 
 
2.3.  Switch Grinding Machines 
 
As with all the previous situations where new 
demands resulted in the construction of new or 
modified grinding machines in 1981 a first 
machine was fitted with a special grinding unit 
able to grind through check rail areas. Grinding 
stones of smaller diameter (130 mm instead of 
the usual 250 mm) have been used.  
 
However these grinding stones could only work 
on the running surface of the rail. Although 
complete re-profiling was not yet possible, first 
tests with switch grinding took place. 
 
It became clear that a special machine 
dedicated to grind special areas like switches 
and level crossings had to be developed. A 
small roughly 10 meter long machine with 16 
grinding stone has been adapted especially. 
 
All motors were pivotable. 12 of them (6 per 
rail) fitted with 130 mm diameter stones were 
dedicated to the running surface and field side. 
The other 4 (2 per rail) were fitted with 
especially shaped thinner grinding stones with 
260 mm diameter dedicated to work at the 
gauge corner only. 
  
Thus the whole rail head profile could be 
worked on. This machine named URR 16 P-4 
(Universal Rail Rectifier, 16 Pivotable stones - 
machine number 4) was put in service in 1983 
and started a demonstration campaign 
throughout Europe. Practice tests showed the 
capability of this machine. 
 
On the occasion of intensive testing with DB 
(German Railways) two things became 
apparent: 
 
• Switch grinding is a much more delicate job 

as expected. 
 
• It is possible to use the existing machine, 

but major adjustments and modifications are 
required in order to have a robust and easy 
to handle tool for that fairly complicated 
work. 

 
Consequently another machine has been 
constructed on the basis of its predecessor, 
tailor made to the DB specifications. The RR 16 
P-D (Rail Rectifier 16 Pivotable stones - 
'Deutschland') has all the necessary features of 
an effective switch grinder and is in service since 
1985 mainly in Germany. 
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The life of the original 130 mm diameter stones 
was considerably shorter than that of the 250 
mm diameter stones normally used. Depending 
on the operational conditions originally these 
stones had to be changed after every 30 
minutes of grinding work. 
 

Fig. 6:  Grinding machine RR16P/D 
 
A very sophisticated placing of the grinding 
motors enabled it later to use bigger stones of 
180 mm diameter with a height of 105 mm. 
Together with new stone materials an effective 
grinding time of over 4 hours is available.  
 
Thus there is no more need to change grinding 
stones during a shift. The especially shaped 
grinding stones dedicated to work at the gauge 
corner are only 27 mm high. Their life is 
therefore limited. 
 
Grinding rails in switches requires to solve quite 
a big number of detail problems. Many of them 
could have been solved satisfactorily. While first 
switch grinders have been single two-axle 
vehicles with 16 grinding stones, further 
machine development concentrated on other 
aspects: 
 
On one side more attention has been paid to 
developing powerful machines able to carry out 
'aggressive' grinding - a development which 
might have gone a bit to far, as today the quality 
of grinding in a more conventional style is more 
appreciated again. On the other hand machines 
which comply with the demands of a society 
more concerned with ecological problems have 
been developed.  
 
All newly built machines incorporate dust 
collecting systems, those designated to work in 
tunnels of urban networks are fitted with catalytic 
exhaust cleaning systems additionally. 
 
A series of 24-stone-machines has been built. 
Due to growing demand for switch grinding two 
of these machines have been modified in order 
to comply with the specific demands for a switch 
grinder. 

Because of the 24 grinding stones and the dust 
collecting systems these machines with roughly 
40 meter length are somewhat long for a switch 
grinder. However they are very useful when 
working in tracks with urban networks. These 
machines do not have to stop grinding because 
of a switch but can just grind through it without 
troubles. 
 

Fig. 7:  Grinding machine RR24 MC-7 
 

Fig. 8:  Grinding trolley 
 
Additionally these machines are successfully 
used on the very long turnouts of high speed 
lines, where the through track is passed by 
trains with up to 300 kph.  
 
In 1998 a new switch grinding machine has 
been put into service. This 16-stone-machine 
features not only dust aspiration and continuous 
transverse profile control. Independently 
controlled grinding motors increase the 
productivity of the machine.  
 
Devices which will automatically raise and lower 
the grinding units over a critical area as 
explained are under construction and will soon 
be operational. 
 
3.  SPECIFICATIONS  
 
As grinding in switches is carried out for the very 
same reasons as in open track, similar 
specifications for the finished product - the 
ground rail - apply. 
 



Wolfgang Schoech  Switch Grinding Proves Beneficial 
Speno International SA 

Conference on Railway Engineering 
Wollongong 10-13 November 2002 

31 

3.1 Longitudinal Profile 
 
For the longitudinal profile complete removal of 
short wave formation (wave length up to 300 
mm) is necessary. This is usually transformed in 
allowing an acceptable maximum depth of 
remaining irregularities of 0.02 mm. 
 
Wave 
range     

Wave length  Max. permitted                 
wave depth  

Roughness l [mm] < 10 Ra = 0,01 
Short waves 10 < l [mm] <100 a [mm] < 0,02 
Long waves 100<l [mm]<1000 a [mm] <2* l* 10-4 
 
Fig. 9: Example Specifications for 

longitudinal profile 
 
Longer wave lengths (300 – 1000 mm, 1000 – 
3000 mm) allow greater remaining wave depths 
up to 0.3 mm. 
 
3.2 Transverse Profile 
 
The transverse profile merits some reflection: 
Usually in open track the target profile for 
grinding corresponds to the as rolled profile of 
the installed rails.  
 
DB AG in Germany has defined a unique 
standard target profile for all grinding work 
disregarding the installed rail. This profile is 
derived from the UIC 60 with a smaller zone of 
the centre radius of 300 mm,  alas  slightly more 
convex. 
 
In plain track rails are mounted with an 
inclination, mainly  of 1 in 40 or 1 in 20. In 
switches rails are usually installed vertically for 
construction reasons.  
 
By the running traffic the transverse profile is 
worn towards the one found in the adjacent 
track. Therefore it represents a profile having an 
inclination. 
 

Fig. 10: Vertical versus inclined rail 
 
By grinding any useful transverse profile can be 
produced. In former times, and some railways 
still do, the as rolled rail profile in vertical position 

has been re-established. The contact area 
between wheel and rail is located close to the 
gauge corner consequently.  
 
Traffic  restores the wear profile in the course of 
time. As a consequence metal loss is double: by 
grinding the field side is lowered to create a 
vertical profile, by traffic the gauge side is 
lowered afterwards. 
 
It is the much better option to grinding the 
optimum transverse profile which is the wear 
adapted one, exactly as inclined as in open 
track.  
 
Thus, the wheel sets are experiencing less 
lateral movement when running  through 
switches and the amount of metal to be 
removed by grinding is smaller. 
 

Fig. 11:Grinding profile as inclined 
 
For special situations specific target profiles can 
be considered. In case of surface fatigue, mainly 
on the gauge corner, particular profiles with a 
lowered gauge face can be advantageous.  
 
High rails in sharp curves suffer from increased 
lateral wear. Asymmetric transverse profile 
reduce this effect. They can also be applied in 
turnouts and contribute to wear reduction.  
 
Grinding can provide continuously good contact 
conditions and changing the target profile for the 
length of a turnout does in no case make sense.  
 
The production tolerances may be the same as 
in open track. Depending on line speed and 
other characteristics, profile tolerances as wide 
as +1.0 / -0.7mm may be specified, whereas 
high quality track requires tight tolerances of + / - 
0.3 mm. 
 
Figure 12 explains the way how European 
railways are defining the tolerances with respect 
to the target profile. The three quality classes 
according to the draft of the European 
specifications for rail grinding are mentioned. 

Switch 
 

Track 

Rail 
vertical 
 

Grinding 
Profile 

as inclined 
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Quality Class Maximum permitted deviation 

Q 
R 
S 

0.6 mm  e.g. +0.3 / -0.3 
1.0 mm  e.g. +0.5 / -0.5       
1.7 mm  e.g  +0.7 / -1.0 

 

Fig. 12:  Example Specifications 
Transverse  Profile 

 
3.3 Surface Condition 
 
Specifications for surface conditions after 
grinding are again the same as for open track. A 
maximum value of 10 microns for roughness 
averaged over a length of 5 mm is usually 
specified. Permissible facet widths of 5 mm in 
the gauge corner area and 15 mm in the centre 
radius are other values often stated.  
 
4.  BASICS OF SWITCH GRINDING 
 
4.1 Grinding Technique 
 
When grinding rails in switches in principle the 
same grinding technique as with open track is 
applied. First the excessive metal at the field 
corner side is removed. Gauge corner passes 
correct the transverse profile and facilitate the 
final surface grinding of the contact band. 
However it must be noted that the two rails of a 
switch ground at the same time need different 
attention:  
 
4.1.1 Check Rail Area 
 
On one side we have the stock rail which is 
running without interruption and does not call for 
any special grinding strategy. 
 
The clearance between running rail and the 
check rail determines the shape and the size 
of the grinding stones. However, particularly 
shaped grinding stones have been developed. 
 
Their configuration assure that a clearance of 
38 mm only between running rail and check 
rail can be maintained without problems. 
Complete rail re-profiling is therefore possible. 
 
 

Fig. 13: Gauge corner stones 
 

Fig. 14: Surface stones 
 
4.1.2  Switch Blade 
 
The situation at the points, the area where the 
switch blade is touching the stock-rail requires 
special attention: 
 
When the switch blade is open the stock rail can 
be ground completely, as the clearance between 
switch blade and stock rail is at least as big as it 
is the case with check rails.  
 
There are considerations if it would do any harm 
to remove metal at the side where the switch 
blades sits in the stock rail head. However in this 
area we often face the problems of 'sharp edges' 
or of gauge corner lips. Their removal is 
advantageous. In any case gauge corner 
grinding is limited to an angle of - 70 degrees 
inside.  
 
So far no negative effects of grinding in this area 
have been reported. Some railway authorities 
limit the maximum inclination of gauge corner to 
- 20 degrees. 
 
The situation becomes more complicated when 
grinding the rails with the switch blade closed. 
 

+ 0,7 mm
+ 0,3 mm

+/- 0,0
- 0,3 mm

- 1,0 mm

gauge
corner definition zone

rail
center

target
profile
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Fig. 15: Grinding of switch blade 
 
First the wheel is running on the stock-rail and 
after that steadily taken over by the switch blade 
until it is running again on a full rail head profile. 
 
Grinding in that situation is limited in the area 
from level to gauge corner. A grinding stone 
working inclined towards the field side would 
certainly cut across the stock-rail when passing 
over from stock rail to switch blade. For safety 
reasons in this zone grinding is carried out 
between - 1 and - 70 degrees gauge corner. 
 
When working in field corner inclinations the 
grinding motors have to be lifted before that 
critical area and lowered again after. The up and 
down movement of the grinding stones is 
automatically co-ordinated with respect to the 
working speed of the machine.  
 
It is initiated by the push of a button by the 
operator and executed precisely within some 50 
centimetres. The ungrounded field corner of the 
stock-rail may be ground after turning the points. 
 
A few railways prefer still not to grind the switch 
blade when closed to the stock-rail. However, 
practice shows that grinding that area is 
advantageous.  
 
For, the switch blades do not suffer much from 
some metal removal, the transition from stock-
rail to switch blade takes place very smoothly 
and small steps between ground and 
ungrounded zones can be avoided.  
 
Furthermore continuous grinding gives the best 
results regarding diminution of dynamic forces. 
There is indication that through grinding will be 
the overall practice in future. 
 
4.1.3 Crossings 
 
We have to distinguish between fixed and 
mobile crossings (or frogs). Mobile crossings 
can be seen as a special type of switch blade.  
 

They can be maintained as described above: 
Grinding from level towards the gauge corner. 
Some railways however define zones where the 
grinding stones have to be lifted generally. 
 
Fixed crossings provide a much more difficult 
situation: There is a gap between the 
intermediate rails and the crossing itself. This 
gap is bridged over easily by the wheels of the 
vehicles. Grinding stones with their limited size 
can not just go over as easy.  
 
There are facilities to lock the grinding motors 
into position when moving just over that area. 
However there is always a risk of briskly hitting 
the nose of the frog when grinding towards it. 
Maintaining a correct stone pressure over the tip 
of the frog where the contact area is consistently 
changing its size, is a very delicate thing. 
 
The geometry of the crossing itself with its 
different ramps is rather complicated. Normally it 
is maintained by manual work of charging up by 
welding and consecutive grinding. The existing 
relatively big grinding machines can not deal 
with that kind of handicraft work. 
 
It has been therefore decided not to grind the 
fixed crossings at all. Grinding stones are lifted 
just before the gap and lowered after the block 
of the frog. 
 
There is request of providing a complete service 
including the frog area. Discussion is under way 
if one could organise combined work of the 
machine and a track maintenance gang doing 
the manual work. A special grinding satellite for 
the frog area has been mentioned, too. 
 

Fig. 16: Grinding in frog area 
 
There is some potential for future development. 
However, the situation as it is in the moment 
gives satisfactory results as it reduces the 
ungrounded length of rails in track to the 
crossing areas only. 
 

FIXED FROG AREA

Point A:Grinding stops, where the intermediate 
  rail opens to the side (start of wing rail)

C   B   A

Point B:Re-start gauge side grinding:
  frog has single or double width of the
  rail head

Point C:Re-start field side grinding at end of
  wing rail or where distance between
  the rails is more than 120 mm
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When grinding the rail with the switch blade 
closed and over the frog area, a certain strategy 
has to be maintained: 
 
During the first passes at the field corner the 
grinding stones must be lifted over both above 
mentioned areas, the switch blade zone and 
the frog area. When later on grinding the 
gauge corner one can grind through the switch 
blade area but it is still necessary to lift the 
stones over the frog.  
 
Thus much concentration by the operator is 
required in order to use the appropriate grinding 
pattern and to ensure the stone lifting with respect 
to them. Studies are under way in order to 
facilitate this task by automatic computer control. 
 
4.2  By-works 
 
Grinding does not go on its own. Preparation 
and organisation of the sites are very important. 
The respective procedures are well known and 
normally carried out by the railway staff. 
Grinding is always accompanied by measuring 
work. But grinding in switches requires further 
by-works: 
 
4.2.1  Recording 
 
The longitudinal profile can be checked during 
each grinding pass in order to get to know the 
actual depth of the corrugation and to document 
finally that the corrugation has been removed. 
Recording trolleys are standard with Speno 
grinding machines. 
 

Fig.17: Transverse profile recording 
 
Transverse profiles are checked and 
documented, too. Precise measurements are 
taken manually whenever the operator 
requires information in order to establish the 
correct set up of the grinding units. Such 
recordings, made by the so called DQM 
device, also are used in order to document the 
situation before and after grinding. 
 
Depending on the local situation usually one 
transverse profile per rail is taken per each 

grinding section before and after grinding and 
sometimes in between. In plain track this means 
a cross sectional profile every few hundred 
meters, with a maximum of  one kilometre. 
 
In switches grinding sections are much shorter, 
a measuring taken say every 50 meters. Thus 
much time is spent for recording. 

 Fig.18: Recording before  / after grinding 
 
In the machine incorporated continuous 
recording of the transverse profile and 
documentation is in use with the most modern 
machines and facilities work for the operator. 
 
4.2.2  Cleaning 
 
Something totally different to plain track grinding 
comes up with switch grinding: Cleaning. By 
grinding metal is taken off from the rails by 
abrasive wheels. As a consequence dust is 
flying around and falling into track. 
 
Modern machines are equipped with effective 
dust collecting systems. But even they can not 
avoid that some dust is covering the sliding 
plates above which the switch blades are 
moved. Abrasive particles are the least thing 
one would like to have there. 
 

Fig.19: Cleaning by machine 
 
Before turning the points for the first time after 
grinding this base plates have to be cleaned 
carefully. The switch grinding machines are fitted 
with special facilities which assure an effective 
cleaning by the means of high pressure water. 
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4.2.3 Greasing 
 
After cleaning the sliding plates are lubricated by 
the machine crew with grease according to the 
specification of the railway. 
 
Cleaning and greasing is of great importance in 
order to avoid any traffic disturbance by blocked 
switches. Cleaning takes about 5 minutes 
depending on the length of the switch blades. 
 
The switches in high speed lines give request for 
even more careful cleaning. As trains are 
passing with up to 300 kph the air draft may 
suck up grinding dust lying on the sleepers 
which after the passage of a train may tumble 
down and settle again on the gliding plates. 
Therefore all dust is washed away from the rail 
foot and the sleepers after grinding. 
 
4.3  Operational Conditions 
 
Grinding in switches does not only require more 
skill with the grinding technique but also with 
programming the operational side of the work. 
 
In plain track normally a grinding program 
consists of a few pieces of rather long sections 
which have about the same rail condition per 
shift. 
 
Thus programming is fairly easy. Let's say a 
curve of 500 meter lengths requires 8 passes, 
the next one 10 and the following tangent 
section of 2000 meters calls for 4 passes only. 
 
The required time for execution of work is rather 
simple to calculate and does not very much 
change with the available working intervals 
which are usually rather long and may 
sometimes even contain a whole uninterrupted 
shift. 
 
Switch grinding is a much more complicated job. 
Normally a shift covers a good part of if not a 
whole station area. The machine is therefore 
moving around over a good deal of usually busy 
tracks.  
 
Working intervals in stations are generally short 
and the distribution between unproductive 
waiting time and effective grinding is not always 
well balanced. When working in a cross-over 
two tracks have to be blocked at the same time. 
 
4.3.1  Working time 
 
The rail condition may vary considerably from 
switch to switch. So does the number of grinding 
passes. Single switches are short items to work 
in. The effective grinding time per pass is short 
and sometimes only about one minute. 

However one has to add the time for clearing the 
switch with the whole length of the machine 
(therefore a small machine being much more 
useful). The time for changing the sense of work 
direction and decision making on the machine 
configuration for the next pass has to be added, 
too. 
 
The time required for finishing a switch does not 
so much depend on the depth of corrugation as 
one might think. First of all the transverse profile 
plays a bigger role.  
 
Profiling rails requires extra passes. With the 
smaller machines this is not a question of plus 
minus one pass but maybe of plus minus three. 
And each time one has to add the extra times 
mentioned above. 
 
Working intervals are usually fairly short and 
allow sometimes only 15 minutes of work. Within 
those 15 minutes one has to move the machine 
from its waiting position to the switch and to put 
it in working configuration.  
 
This is quickly done but every single minute 
counts and adds at the end to fairly long 
unproductive time with respect to pure grinding. 
After subtraction of all these times from the 
working interval, the remaining time can be used 
for grinding. 
 
Working speed in switches is 3 kph. This low 
speed with regard to plain track grinding is 
required in order to control the machine precisely 
through the special areas of the switch already 
mentioned. 
 
50 linear meters can be ground within one 
minute. As the smallest machine now in use has 
a length of 14 meters some 20 meters have to 
be moved further at both ends of the switch. 
With braking and accelerating one can easily 
calculate 2 minutes per pass. 
 
If for operational reasons it is necessary to leave 
the switch half way finished due to the end of the 
working interval provisional cleaning of the base 
plates is necessary. The whole process takes 
another few minutes. Thus it becomes clear that 
within a 15 minutes interval one can do just 2 
grinding passes. 
 
It has been found that the only clear direct 
relation between the time required for finishing a 
switch and any other parameter is the length of 
the working interval. 
 
Therefore it is of greatest importance to program 
the switch grinding work most carefully. The 
longer the working intervals the better. Two  
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missing minutes for grinding the last pass in a 
switch may result in waiting many more 
unproductive minutes for using another at least 
15 minutes interval. 
 
4.3.2  Length of section 
 
As made clear before the length of the grinding 
section is of great influence. A short switch with 
an overall length for grinding of 50 meters 
requires 2 minutes per pass. Grinding a length 
of 150 meters instead needs 4 minutes, hence 
only double the time for three times the length. 
 
Consecutive switches should be ground at once. 
It is also useful to include short sections of plain 
track between such switches as it gives 
economical advantage. However, careful 
planning is a must. When having to leave one 
switch for operational reasons one could 
possible move to another switch nearby and 
start grinding there rather than to wait for the 
next possibility to continue a once begun site. 
 
4.3.3  Consecutive switches 
 
It is meaningful to grind adjacent switches at 
once. However it must be considered that such 
switches could be in rather differing conditions.  
 
Only a part of the grinding passes may cover 
both switches whereas the rest has to be carried 
out differently. This also can be influenced by 
intermediate profile recordings. One has 
carefully to weigh up what approach gives not 
only the best but also the quickest result. 
 
5.  ACTUAL GRINDING PRACTISE  
 
5.1  Output   
 
The production with respect to finished meters 
per hour depends on many parameters as 
follows from the above given explanations. It 
does not much depend on corrugation depth, 
but more on the shape of the transverse profile.  
 
The influence of the working conditions is most 
significant. Working intervals and lengths of 
treated sections are the steering factors. 
 
It is interesting to note that a short 16 stone 
grinder has about the same production rate as a 
long 24 stone machine under specific working 
conditions. In very short sections the small 
machine is even advantageous.  
 
Generally it can be stated that about 40 minutes 
are required for grinding the through track of a 
switch taken in consideration the average of a 
long switch grinding campaign. 

5.1.1 Options 
 
There are various ways for programming switch 
grinding work: 
 
- One can grind the through track of all the 
switches of a main line section. The deviation 
is usually not ground in such a case. If there 
are some surface irregularities on the stock-rail 
with the switch blade closed, this short area of 
the stock-rail should be ground additionally 
with the points turned to the deviated position. 
 
- Another situation is given when all the main 
switches in a station shall be ground. In this 
case usually both ways are ground, the through 
track as well as the deviation. There a series of 
consecutive switches can be ground effectively. 
 
Whatever the task is, careful programming and 
attentive and flexible execution of grinding 
programs is essential in order to obtain not only 
technically correct but also economically 
meaningful results. 
 
5.2  Examples  
 
Some examples shall highlight some standard 
situations faced in every days work. Close co-
operation between client and contractor made it 
possible to maintain rails in areas where in 
former times grinding has been considered 
impossible or not worth while. Continuing co-
operation will push development even further. 
 
5.2.1 Short single switch 
 
Whenever single switches are ground a certain 
length before the points and after the crossing 
has to be worked on too, in order to have a 
sufficient transition from the ungrounded (or 
formerly ground) plain track to the switch. The 
standard length is usually 10 meters each side. 
 
Depending on the switch type 50 to 150 meter 
will be ground. The deviation is sometimes 
ground completely, only in the area of the stock 
rail where the switch blade touches, or not at all. 

Fig. 20: Single switch 
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5.2.2  Consecutive switches 
 
If adjacent switches are ground together or 
consecutive switches with not too long 
intermediate pieces of plain track at once, 
considerable time can be saved.  
 
However, junctions between parallel tracks 
require blocking of the two lines. Such work has 
to planned carefully and executed with flexibility 
in order not to lose precious working time. 
 
5.2.3  Single and double crossings 
 
Single and double crossings are delicate to work 
at. There is a sequence of frogs on one side and 
high checks rail on the other. The short 
intermediate rails between switch blades and 
frogs can not be ground effectively. This is the 
reason to leave these rails unground.  
 
The stock rail of the deviation is similar to a low 
leg in a curve often corrugated and has a 
deformed transverse profile. In principle this rail 
can be ground completely. As double crossings 
create the above mentioned  problems their 
inclusion in grinding programs should however 
be limited to a minimum. 
 
5.2.4 Switches in high speed lines 
 
Switches in high speed lines have usually a big 
deviation radius and are therefore rather long. 
Normally they have movable frogs. It is possible 
to grind effectively with the longer machines, too. 
 

Fig. 21: High speed turnouts 
 
Main attention is being paid to careful grinding 
dust removal from base plates and sleepers in 
order to avoid any consecutive problems when 
high speed trains raise settled grinding dust 
again and movement of the switch blades may 
be hindered. 
 
New rails are preventively ground in general. 
Especially those of new high speed lines are 
worked at prior to opening the line to service. 
The respective new switches are consequently 
ground, too.  

5.2.5  Level crossings and other special 
areas 

 
In this context it should be mentioned that the 
switch grinders which are especially constructed 
to work through check rail areas are as well as in 
the position to grind the rails in level crossings.  
 
The gauge corner and the running surface can 
be ground but not the field side as there would 
be contact between the grinding stones and the 
road surface. 
 
From that it follows that all other places where 
check rails are mounted as for instance with 
some bridges or sharp curves, can be ground by 
these machines without dismounting the 
respective check rails. 
 
Thus the switch grinding machines have 
become useful universal satellite machines in 
areas where the big grinding trains leave some 
rails ungrounded due to geometric obstacles. 
 
5.3 Engagements 
 
Today Speno International is engaged in switch 
grinding almost everywhere in Europe. Switch 
grinding has started in Germany first.  
 
As a consequence today there are three 
machines working for German Railways (DB) 
almost the whole year round, a conventional 16-
stone-grinder, a 24-stone-machine with dust 
collection and exhaust cleaning and at least a 
new 16-stone-machine with independently 
controlled grinding motors. 
 
These machines leave German Railways 
temporarily in order to fulfil other missions with 
urban networks within Germany and abroad. 
These grinding campaigns contain some switch 
grinding such as in the metro of Munich and the 
urban lines of Frankfurt and Hamburg. 
 
Another 24-stone grinder is usually working in 
France and goes for missions including switch 
grinding to Eurotunnel, Denmark, Stockholm 
underground, Brussels metro and others. 
 
Two 24-stone-machines are the whole year 
round in service for the metros of Paris and 
Milan. Due to the highly successful work of their 
sister machines it is considered to modify these 
machines in order to make them capable of 
correct switch grinding.  
 
Switch grinding has been carried out nearly all 
over Europe, beginning from the Heavy Haul line 
Kiruna – Narvik in Sweden till the new high 
speed line from Madrid to Sevilla in Spain. 
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The interest in rail grinding is increasing in 
general. Railways, mainly in the eastern part of 
Europe, which have not yet undertaken tests 
with grinding are starting first campaigns.  
 
Railways which have been using grinding for 
quite a long time are discovering the positive 
results especially on the economic side and are 
therefore extending their grinding programs. 
 
And almost all railways which had experiences 
with plain track grinding are at least considering 
to start with switch grinding, too. There is 
however in the moment still a discrepancy 
between the technical needs and the positive 
financial means. 
 
But the growing experiences and careful 
calculations will make clear that investment in 
rail maintenance reduces the overall 
maintenance costs. Consequently the demand 
for switch grinding will further increase. 
 

6. CONCLUSION 
 
Switch grinding is a more complicated task than 
plain track grinding. It requires careful planning 
and some additional by-works. The production 
rate of switch grinding machines is therefore 
lower, too.  
 
However, also switches as such are definitely 
different from open track, they are more 
complicated and their maintenance in general is 
more circumstantial and more expensive.  
 
This means that removal of corrugation and 
control of surface fatigue should also pay back 
more and thus justify higher expenditure. 
 
The combination of providing smooth running 
bands in the longitudinal direction and optimal 
contact conditions for wheels and rails in the 
transverse plane by metal removal and 
simultaneous re-profiling through grinding 
assures a minimal level of dynamic forces. 
 
As a consequence surface and internal stresses 
are reduced and maximum rail service life is 
assured, thus minimizing track maintenance 
costs. 
 
Switch grinding follows the same line. Its effort is 
in the same way paying back by much better 
riding conditions, less general maintenance and 
hence reduced overall costs.  
 
Today we see switch grinding as part of a 
regular track maintenance strategy in the same 
way as it has become with plain track grinding 
with almost all major railways. 
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CAIRNS TILT TRAIN ALLIANCE PROJECT – A SUCCESS STORY OF 
TECHNICAL AND COMMERCIAL INNOVATION 

 
Jerry Jirasek, B Eng (Mech), MIEAust, MBA, Systems Design Manager, CTT Project, EDI Rail 

Cameron Smart, B Eng (Elect), MIEAust, Technical Manager, CTT Project, QR 
 
SUMMARY 
 
The Cairns Tilt Train Project is being implemented on behalf of the Queensland Government, by a Project 
Alliance organisation consisting of QR and EDI Rail/Walkers (divisions of Downer-EDI). 
 
The Cairns Tilt Train project builds on the success of QR’s current Rockhampton electric tilt trains 
designed and built by EDI Rail/Walkers.  This development project covers the design, construction, 
commissioning and introduction into revenue service of these two innovative trains.  The project also 
includes the design and construction of maintenance facility upgrades to QR’s existing long distance train 
servicing facility, as well as some other minor infrastructure alterations. 
 
This paper will describe some of the attributes of delivering such a highly innovative end product, within 
the Alliancing atmosphere.  Technical details of the train’s design, new systems and passenger features 
will also be discussed. 
 

 
Figure 1 - Cairns Tilt Train at Ingham during a test run  

 

1 INTRODUCTION 
 
 
In the June 1998 Queensland State Government 
election, a key commitment of the Opposition 
Party of the time was the provision of 
“AUD$122M for new diesel tilt trains linking all 
coastal centres 6 days a week”.  Upon gaining 
power, the Labor Government gave its 
endorsement to the funding of the project.  
However, QR’s advice to the Government was 

that it would not be possible to purchase 2 x 10 
trailer car diesel tilt trains for that amount of 
money 
 
In August 1998, the Queensland Government 
ratified QR’s recommendation to utilise an 
alternative style of capital works procurement 
strategy, that fell outside of the Queensland 
Government State Purchasing Policy.  This 
recommendation was for a joint QR / EDI Rail 
concept development and scoping exercise, 
which was commenced in September 1998. 
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Unlike the traditional rollingstock procurement 
strategy of specification development, call for 
tenders, tender analysis, and contract award, 
which could take up to 12 months or more, a 
defined scope of the works, some initial design 
work, and a project budget had been developed 
within about 7 months. 
 
After a number of options had been presented 
and agreed by the QR Board, a final 
recommendation for project scope / budget / 
alliance procurement strategy was approved by 
the Government in June 1999.  By August 1999, 
an Alliance Agreement had been agreed and 
signed by QR and EDI Rail. 
 
The finally agreed scope of the project, within a 
budget of AUD$138M, was for the provision of 2 
x 9 car diesel tilt trains for operation between 
Brisbane and Cairns (hereafter referred to as 
CTT), various maintenance facility works, and 
various minor infrastructure alterations to suit tilt 
train operation. 
 
The project scope did not allow for any major 
curve straightening, resignalling, or increased 
level crossing protection.  Concurrent to the CTT 
Project, QR has been undertaking a major 
infrastructure upgrade project on the 
Rockhampton / Townsville / Cairns corridor 
related to increased freight tonnages.  However 
it is expected that CTT services will be able to 
also benefit from these track relay works. 
 
The following sections will provide further 
information on the Project Alliance strategy, as 
applied to the CTT project.  Information will also 
be provided about the design characteristics of 
the train. 
 

2 CTT  - “THE ALLIANCE” 
 

2.1 What is an “Alliance” and Why? 
 
 
It has been the tradition over many years to 
deliver rollingstock within the hard dollar, 
Purchaser / Engineer / Contractor regime.  In the 
main, this form of contractual relationship has 
worked well, particularly where the type of 

rollingstock and its fundamental design is well 
known and established. 
 
However, when a piece of rollingstock is 
required by a railway operator that is new and 
innovative, the hard dollar contract may not be 
the best way to deliver the project to the mutual 
benefit of both the Purchaser, who wants a 
product delivered on time and for a fair price, 
and the Contractor, who wants to make a profit 
and generate future work. 
 
A case in point would be the introduction of the 
Electric Tilt Trains onto the QR network 
(hereafter referred to as Rockhampton Tilt Train 
or RTT).  This was a product that could not be 
accurately estimated from previous work, 
required a high level of innovative research and 
development, was expected to operate on a 
network which had not seen such rollingstock 
previously, and yet was expected to be delivered 
on time and within budget.  History will show that 
QR received its two Rockhampton Electric Tilt 
Trains  late, and slightly over budget.  It will also 
show that the Contractor (EDI / Hitachi / Itochu) 
suffered severe financial pain under its design, 
construction and 5 year warranty period. 
 
When the Queensland Government requested 
QR to undertake necessary works to have two 
diesel tilt trains built for operation between 
Cairns and Brisbane, there was a degree of 
reluctance from the only Australian rollingstock 
manufacturer with tilt train expertise, to 
undertake such a hard dollar contract. 
 
It was out of this scenario that the idea of a 
“project alliance” as an alternative rollingstock 
procurement strategy was born.  Graham 
Thomson, in his paper “Project Alliances” to the 
21st AMPLA Annual Conference, July 1997, 
defined Project Alliancing as “the bringing 
together of an integrated team comprised of the 
‘best people for the job’, drawn from the 
organisation of each of the alliance participants 
for the purpose of delivering a particular project.  
As the name implies, the distinguishing feature 
of a project alliance is that it is project specific.”1 
 
Project Alliancing is not a new project delivery 
strategy, having been around since the 1980’s 
where it was used with great effect in the North 
Sea Oil and Gas Industry.  It has now extended 
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to the mining and on-shore resources industries, 
with specific instances here in Australia. 
 
There are a number of key elements that 
contribute to the success of a Project Alliance, 
and in broad terms, these cover the Alliance 
Agreement, the Alliance Management Oversight 
Committee, the establishment of the Project 
Team, and the commercial risk and reward 
equation. 
 

2.2 The CTT Alliance Agreement 
 
 
In a traditional hard dollar contract, there exists 
the usual raft of contractual documentation 
required for the execution of a contract.  This 
includes the General and Special Conditions of 
Contract and the Technical Specifications. 
 
What makes an Alliance stand out from the hard 
dollar contract, is the elimination of the first two 
documents, to be replaced by an Alliance 
Agreement.  In the case of the CTT Alliance 
Agreement, this resulted in a 20-page document 
with some small commercial appendices.  This 
was further supported by the traditional technical 
specifications. 
 
The following quotes the Alliance Charter for the 
CTT Project:- 
 
“The Objectives of the Alliance are to: 
• Add value for the customer including; 

achieving or bettering quality and reliability 
requirements, meet the requirements of the 
performance specification and meeting all 
milestones and deliverables. 

• Better the Target Project Cost. 
• Develop and improve team skills and 

procedures. 
• Operate as a single Team. 
• Be innovative and achieve continuous 

improvement. 
• Conduct all operations safely. 
• Eliminate waste, including rework. 
 
To achieve the above Objectives, the Alliance 
partners shall commit to: 
• Practise open and honest communication 

and treat everyone with respect. 
• Deliver on our commitments. 

• Conduct all business in a professional and 
ethical manner. 

• Work within clearly defined and agreed 
roles. 

• Base all decision making on what is best for 
the Alliance. 

• Constructively contribute to each other’s 
work scopes. 

• Resolve all issues via an agreed, problem 
resolution mechanism. 

• Celebrate successes and applaud 
outstanding individual and team 
performance. 

• Strive for excellence in all we do. 
 
The following are the Alliance Principles that 
will operate as ground rules, throughout the 
execution of the Contract: 
• Share gains and losses equitably from a 

common pool with no cost claims between 
parties. 

• Operate in a no blame culture, focussing on 
issue resolution. 

• Work allocation is to be decided on a best 
able to perform basis. 

• Commitment to innovation and continuous 
improvement throughout the project. 

• All risks are to be managed within the 
Alliance. 

• To act in good faith and honestly. 
• To do all things necessary for the common 

good of the project. 
• Not to take unfair advantage of information 

received and opportunities presented in the 
course of the activities of the project. 

• Not to pursue, obtain or retain any collateral 
advantage in relation to the project without 
the knowledge and informed consent of the 
other party. 

• To provide full accounts of all information 
and assets in a party’s’ possession or 
control which are material to the project. 

• Not to engage in conduct in which the 
participant may have an interest in conflict 
with that of the other party.” 

 
The CTT Alliance Agreement deals with a 
number of the usual contractual issues such as 
suspension, termination and default.  It also 
deals with a number of new issues, which are 
unique to this particular contract.  These include: 
• A clear and concise Statement of the Scope 

of the Works. 
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. 
• the Management Committee and the 

Alliance Board, and 
• the separation of definitions of variations 

and scope changes. 
 
From a commercial point of view, the CTT 
Alliance Agreement is based upon a number of 
basic principles:- 
• an “open book” approach to viewing project 

related costs accrued by either party (pre-
agreed costing basis). 

• An agreed budget (with a modest profit 
margin inclusive). 

• An agreed target budget, below the agreed 
budget. 

• the concept of “risk and reward” and the 
Profit Gainshare calculation (sharing risks or 
rewards 50/50) with a capped maximum 
profit.  This concept provides both parties 
with incentives to seek out cost savings, by 
being innovative, looking at alternatives, 
questioning the original requirement etc. 

• QR will pay all reasonable costs incurred by 
either party, except for workmanship rework. 

• Management controls need to be 
implemented to control costs and changes. 

 

2.3 The CTT Alliance in Operation 
 
 
Figure 2 shows the Management and Project 
Structure that was set in place for the execution 
of the CTT Alliance Project. 
 
At the highest level of the project, an Alliance 
Board was formed from the Chief Executive 
Officers of both Alliance Partners.  The purpose 
of this board is essentially twofold – (a) as a 
mechanism for approving changes to the Scope 
of Works (and flow-on effects for the Profit 
Gainshare calculation), and (b) as a last resort 
dispute resolution mechanism. 
 
The next level of the Project structure is 
represented by the Management Committee.  
This committee is made up of 4 voting members 
and two non-voting members.  There are 2 
voting members from each of the two Alliance 
parties.  The two non-voting members provide 
further advice and direction to the voting 
members. The Management Committee has the 

ultimate responsibility for all decisions that 
directly affect the performance of the Project 
Team.  All such decisions must be voted and 
agreed upon unanimously, for them to be carried 
down to the Project Team to implement.  Whilst 
each of the parties to the Alliance have their own 
commercial drivers (an on-time product for a fair 
and reasonable value, profit margins and 
generation of further work), the decisions made 
by the Management Committee are ultimately 
made in light of what is best for the “Project”. 
 
At the day to day level, it is the Project Team 
that has been charged by the Management 
Committee, to make the project come to fruition.  
Under the guidance of the Project Director, and 
his day-to-day representative, the Project 
Manager and the Technical Manager direct and 
monitor all the facets of the project.  This 
includes time, cost, design, procurement, 
production, and commissioning.  In the most 
part, it has been EDI Rail and Walkers who have 
supplied most staff to the project, whilst QR 
seconded two experienced rollingstock 
engineers to “live within” the project teams. 
 

2.4 Facing the Problems Together 
 
 
In reading all of the previous glowing words, one 
should not be lulled into believing that the 
Project Alliance strategy is the panacea for all 
procurement projects.  As mentioned previously, 
the Project Alliance strategy for project delivery 
works best when the desired end product or 
result is highly innovative, very likely to change, 
requiring research and development effort, and 
hence difficult to accurately quantify in terms of 
cost and time. 
 
History would show that, far from having a 
dream run, the CTT Project has weathered its 
fair share of challenges.  However, in the spirit 
of jointly trying to seek resolution to problems, 
the Project has progressed forward. 
 
The following list summarises some of the 
challenges that the Project Team have 
overcome:- 
• Major alteration in the configuration of the 

train, from 10 trailer cars (inclusive of 
sleeper cars) to 7 trailer cars (with no 
sleeper cars). 
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• Changes in Client/Stakeholder 
representation on the Management 
Committee and to the project, with different 
perceptions, strategies and issues of 
importance 

• Finding an entertainment system supplier. 
• Problems with rolled stainless steel supplies. 
• Collapse of some key sub-contractors (e.g. 

internal communications system and 
seating). 

• Introduction of a new ERP (Enterprise 
Resource Planning) system mid-way 
through the project. 

• Designing and building vehicles which  
deliberately wider than the predecessing 
Rockhampton Tilt train, and hence infringed 
on the QR rollingstock design envelope in 
some locations. 

 
Ultimately, the strength of the CTT Alliance 
process has been its ability to manage and 
quickly respond to these problems and changes. 
 
However, whilst the Alliance structure provides 
the opportunity for parties to work together and 
share problems, there can be an impediment to 
this process.  It is the cultural difficulty that some 
team members may experience when coming 
from a background that has been founded on 
the traditional 'adversarial' Contractor/Customer 
relationship that is symptomatic of the Hard 
Dollar Lump Sum Contract. 
 
It can take some time for team members to 
appreciate that what may have been another 
person’s problem in the past should now be 
viewed as 'our' collective problem.  The saying - 
'if you are not a part of the solution then you are 
not part of the team' is critical to the effective 
operation of an Alliance project. 
 
An open relationship between "Customer and 
Client" takes hard work and most importantly 
ownership at every level. Cultural differences 
and behavioural issues will arise and will need to 
be dealt with appropriately without damaging the 
relationship in this "new" regime. An Alliance 
needs strong leadership and a continual 
reinforcement of the Alliance objectives and 
principles - without this it will not work! 
 
 

3 CTT – “THE TRAIN” 
 

3.1 The Business Requirements 
 
 
Notwithstanding that the CTT Project stemmed 
from an election commitment, QR recognised 
that it needed to have strategies in place to cater 
for the replacement of its aging Traveltrain 
rollingstock fleet, some of which is now 50 years 
old or more. 
 
Current locomotive hauled Sunlander and 
Queenslander services that operate between 
Brisbane and Cairns take around 32 hours over 
the 1680-kilometre route.  The Government had 
a desire for a new 24 hour service turnaround 
time.  However this was quickly recognised as 
not being achievable, given that the existing 
infrastructure limitations would not permit the full 
utilisation of the train’s maximum speed and 
tilting capability.  The current specified running 
time is 27 hours in either direction, which allows 
up to a possible 2 return trips per train per week.   
This also allows a minimum provisioning and 
turnaround time at Cairns, and two maintenance 
windows per week at the Maintenance Depot at 
Brisbane. 
 
The Government’s initial requirement had been 
for a train having a 10 car mix of sitting, 
sleeping, luggage and food areas.  The initial 
scoping exercise undertaken by QR and EDI 
Rail quickly identified that the Government’s 
budget could not support this quantity of cars.  
The size of the train was revised to delete the 
requirement for sleeping berth cars, leaving a 
seven trailer car consist.  QR further required 
that the design of the train and its on-board 
systems must be able to be expanded by 5 
additional trailer cars, if additional funding is 
made available. 
 
An important consideration in any Rail Transport 
Operator’s business is being able to provide 
comparable services and facilities on board 
trains for persons with disabilities.  Two of the 
five sitter cars have been designed with a 
flexible arrangement of seating and locations for 
persons who use wheelchairs and their carer, if 
they have one.  A wheelchair accessible 
restroom has been provided in each of these 
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cars.  A shower cubicle has also been provided 
inside each of these special areas. 
 
 

3.2 The Railway Environment 
 
 
The potential of Higher Speed Passenger 
operation in Queensland was proven with the 
introduction of the 160-kph electric tilting train in 
1998.  Given the popularity of the new service, it  
was desirable to ensure that the new diesel tilt 
train could potentially achieve the same level of 
performance on the extended route from 
Brisbane to Cairns. The total length of route is 
1680 kms long, which includes the 623 km long 
Brisbane to Rockhampton portion.   
 
The track from Brisbane to Cairns varies greatly 
in its standard and quality. Currently the track 
from Rockhampton to Townsville and Townsville 
to Cairns are benefiting from two separate track 
renewal projects specifically to allow increases 
in speed and axleloads of freight trains 
traversing these routes. After completion, the 
majority of the Rockhampton to Townsville track 
will be of 60 kg/m rail standard on concrete 
sleepers, and the majority of the Townsville to 
Cairns section will be of 41 kg/m rail standard on 
steel sleepers. 
 
Compared to the freight trains however, the 
Cairns Tilt Train (CTT) has been developed with 
the potential to achieve 160 kph maximum 
speeds and 25% overspeed on curves 
compared to existing train services running on 
this route.  To ensure that track force limitations 
are not exceeded, the project has faced the 
challenging task of building vehicles, particularly 
the power cars to a very low total mass and low 
unsprung mass. 
 
An interesting comparison which can be made is 
that the Cairns Tilt Train Power Cars have a 
similar installed power capacity to the fleet of 38 
QR heavy haul 4000 class diesel locomotives 
manufactured in the same Maryborough 
manufacturing facility two years ago, yet these 
new power cars are built to only half the weight. 
 
The route traversed by this service also 
experiences a large range of weather conditions 
with tropical areas in the state’s north subject to 

high temperatures, high humidity and high 
rainfall; sub-tropical areas in the state’s south 
east corner; and areas in between which can be 
very dry, dusty and experience lower 
temperatures. 
 
The length of route also dictates the 
maintenance philosophy, with maintenance 
periods being confined generally to two periods 
per week based at the Passenger Services 
Rollingstock Maintenance facility at Mayne. 
 
The potential rail passenger market is subject to 
a number of influences, which have dictated the 
final concept of the train. There is a potential 
clientele base fitting into the tourist category, 
which may wish to travel the majority of the 
route.   However, given the density of regional 
coastal cities at the southern and northern ends 
of the route, there is potential to build a new 
patronage base who may wish to travel more 
quickly between these proximate country 
centres, especially when the timetable for the 
train becomes competitive with road travel and 
the time of travel suits.  The ability to suit 
multiple markets is vital to the ongoing success 
of the new train, particularly considering recent 
market events such as cheap airfares applied to 
the same corridor. 
 
 

3.3 The Train Concept 
 
 
The existing Sunlander / Queenslander rail 
services operating over the Brisbane / Cairns 
route provide a comprehensive range of 
onboard accommodation and services eg sitting 
cars, sleeping cars, dining cars, club cars and 
vehicles dedicated to carrying passengers’ 
luggage. The CTT initially started out to be a 
direct replacement for these existing train 
services.  Hence the original concept at the start 
of the project was based on a longer 12 vehicle 
train including sleeping cars and a dining car,  
 
This early concept consisted of a large number 
of different cars requiring development and 
construction, a number of which had very low 
passenger capacity. It was found that this 
original concept could not be sustained within 
the original budget target. 
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Changes were made to the train consist to 
achieve a similar passenger carrying capacity 
but limiting the train consist to two power cars 
and seven trailer cars.  To enhance the comfort 
for the passengers, a uniform class of seating 
was provided throughout the train consist, 
equivalent in width and pitch to seats normally 
provided for business class.  Seats are fitted 
with Seat Display Units, which form part of the 
passenger entertainment system. Two Sitter 
cars have showers, with full access also to 
people with disabilities. The centrally located 
club car is capable of providing a large range of 
food and refreshment services ranging from 
three course meals delivered at seat or snacks 
and drinks which can be consumed in a 
communal passenger sitting area in the club car. 
 
Whist there are limitations with the final scope 
and budget for this project, it was agreed that 
the train consist must be designed to be 
expandable to a maximum size of twelve trailer 
cars in the future.  This is in case the patronage 
of the train dictates that additional cars are 
required.  Therefore all systems had to be rated 
at time of selection to ensure that a future longer 
train consist could be operated and still meet the 
performance objectives laid down.  This 
principally affected the available traction and 
auxiliary power available on the train.  Also, the 
capacity of control systems for Train 
Management, Entertainment, Braking and Tilting 
systems had to be considered in the design of 
the complete consist.  
 
The challenge of manufacturing a lightweight 
power car was mentioned earlier.  Whilst the 
final concept was based on a more conventional 
diesel hydraulic concept, alternatives originally 
investigated also included gas turbine propulsion 
which would have allowed construction of 
vehicles of even lower mass. However the 
intense variations in power duty cycles required 
for the trip coupled with significant periods spent 
in idling meant that conventional high powered 
low weight diesel engines were considered to 
offer better economy, reliability and maintenance 
life cycle costs when compared to the gas 
turbine concept.   
 
An overriding principle governing design of the 
train consist and systems used on board is that 
of redundancy. The train has to operate over an 
extensive route from start to finish. There is no 

replacement rollingstock and virtually no 
maintenance support over the entire journey. 
The reliability of on-board systems is therefore 
essential, such that single point failures do not 
stop the operation of the service or cause major 
loss of amenity or comfort to the passengers. 
 
 

3.4 The Power Cars 
 
 
To achieve the minimum possible mass (initial 
design target of 60 tonnes gross), the power car 
had to use a light weight stainless steel body 
based on monocoque design and construction 
techniques. The power car had to be as short as 
possible using a compact arrangement of 
engines, transmissions, radiators and auxiliary 
drive components.  Figure 3 shows details of the 
power car general equipment arrangement.  
 
To meet the traction power requirements for the 
service, each train consist requires two power 
cars, arranged in a push/pull configuration at 
either end of the train.  In the event of failure or 
performance reduction with any equipment in 
the leading power car, the design makes it 
possible to uncouple and swap power cars end 
for end. 
 
There are no spaces available for dedicated 
engines to drive auxiliary power alternators, so 
an innovative system was developed to 
hydraulically drive alternators from the prime 
mover engines.  This can be seen in Figure 4.  
All four alternators on the train are controlled, 
automatically synchronised at train start-up and 
load balanced to run together at constant 
frequency and ensure the load between all four 
alternators is shared.  All auxiliary loads with the 
current consist can be met with only three out of 
the four alternators in operation.  The Train 
Management System automatically controls the 
switching on of auxiliary loads through the train 
and will automatically provide load shedding 
according to a defined order of priority in case 
less than three alternators are in operation. 
 



Jerry Jirasek, Cameron Smart  Cairns Tilt Train Alliance Project – A Success 
EDI Rail, QR  Story of Technical and Commercial Innovation 

Conference on Railway Engineering. 
Wollongong, 10-13 November 2002 

46 

 
 
Figure 4 – View of Hydraulic Pump Assembly 
and Alternator 
 
 

3.4.1 The body structure 
 
 
The Power and Trailer car bodies are both 
manufactured from 301 L grade Stainless Steel. 
Depending upon the application, the material is 
used in its annealed state or higher temper 
grades.  All vehicles are of a monocoque design 
and have been optimised using finite element 
techniques.  The body design is based on the 
design and construction developed for the 
Rockhampton Tilt Train (RTT). 
 
The biggest challenge for the designers of the 
Power Cars has been to modify this established 
trailer car monocoque design, to cater for the 
various loads of a “locomotive” such as engines, 
fuel tank, cooling units, and transmissions, whilst 
still targeting a low total mass of the vehicle, and 
an acceptable fatigue life of the structure. 
 

3.4.2 The bogies 
 
 
A new bogie design (Figure 5) was developed 
for the power cars.  This bogie arrangement is of 
a BO-BO configuration.  Lightweight fabricated 
design, using axleboxes and wheel mounted 
brake disks, both of aluminium construction, has 
been a key design criterion to reduce the 
unsprung mass.  Generous lateral and vertical 
clearances are provided within the bogie and to 

the carbody.  The addition of lateral and vertical 
dampers ensures a good ride is achieved on the 
Power cars. 
 
Given the target 25% overspeed requirement on 
curves, an innovative secondary suspension 
arrangement is used to counteract the natural 
‘rolling-out’ behaviour exhibited by conventional 
rollingstock travelling at overspeed around 
curves.  A simple explanation of the power car’s  
performance during curving is as follows. 
 
When passing around a curve, a lateral 
‘outward’ force is usually experienced by the 
carbody when the speed is high enough. 
Because of the opposed inclination configuration 
of the solid hourglass rubber secondary 
suspension units, the outer suspension unit will 
tend to rise or force the body up when any 
outward lateral shearing force is experienced, 
whilst the inner suspension unit will tend to 
‘collapse’ and reduce the instantaneous vertical 
load on the inner side of the vehicle body. This 
design has been proven to work most effectively 
through simulation and during on-track testing. 
 
The reason for not fitting standard tilting bogies 
on the power car was because of the 
mechanical drive train adopted for this project. 
The use of cardan shafts running between 
wheelset mounted final drive gear units 
precluded the use of tilting beam designs which 
would normally occupy the same space within 
the bogie.  Given the fairly long shift durations 
expected to be worked by Drivers on this train at 
sustained high speed, it was essential that a 
bogie exhibiting a good ride quality be provided.  
 

 
 
Figure 5 – Power Car Bogie 
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3.5 The Trailer Cars 
 
 
The seven trailer cars (Figure 6) are arranged in 
the following formation: 
• One Staff/Luggage car, capacity for three 

people with dedicated staff toilet. 
• Three Sitter cars, capacity for 39 people and 

two toilets 
• One Club car 
• Two PWD Sitter cars, capacity for 28 people 

(including wheelchair arrangements); two 
toilets, one of which has a shower annex. 

* PWD = People with disabilities. 
 
All cars are fitted with electric sliding plug side 
entry doors. These side doorways on the trailer 
cars are also fitted with low level access steps 
that can be used in emergencies.  
 
Intercar bellows used are of the low noise open 
type not requiring end doors at vestibule ends of 
the vehicles.  At either end of the passenger 
saloons, air operated double sliding doors are 
provided. 
 
In common with many QR long distance trains, 
seating is fixed, all facing the forward direction. 
At terminal ends of the journey, trainsets can be 
turned around using balloon loops or turning 
triangles.  Seating had to be developed 
especially for this service with the prospect that 
some passengers may occupy seating for a 
period of over 24 hours.  
 
The club car is fitted with refrigeration and 
freezer units also including Under Bar Fridge 
and Cold Wells.  Cooking and heating facilities 
include convection microwave ovens, cooking 
grill, conveyor toaster and reheat ovens. Trolleys 
and storage bays are also provided for the ‘at 
seat’ meal and beverage services provided.  
 
The main difference with these trailer cars to the 
existing electric tilt train is the additional width 
used for the design of these vehicles. The CTT 
trailer vehicles are 100 mm wider than the RTT 
vehicles.  The decision was made to adopt the 
wider vehicle design width as it allowed the 
incorporation of sleeping compartments into the 
CTT vehicle body in the future. Also the 
additional space was necessary to ensure 
adequate equipment and working space within 

the club cars.  The additional width also allows 
the vehicles to meet the disability access 
requirements within the vehicles. 
 
The trailer bogies are of the same basic design 
that is used on the RTT trainsets and a large 
number of vehicles operating on the narrow 
gauge network in Japan. As per RTT, the 
enhanced locally redesigned bogie was used 
which permits higher vehicle mass and speed to 
be supported compared to the similar tilting 
bogie designs in use in Japan. 
 

 
 
Figure 6 – Typical Trailer Car Body 
 
 

3.6 Systems and Features 
 
 
All vehicles are fitted with smoke detection 
systems that will, depending upon smoke 
intensity, raise alarms and turn off 
airconditioning in the respective vehicles. A 
water mist fire suppression system is also fitted 
to the Power cars capable of extinguishing any 
engine compartment fires or high temperature 
hazards.   

Airconditioning fitted to vehicles has redundancy 
and humidity control to achieve stable 
temperatures and comfort.  Temperature 
variation setpoints can be changed individually 
on vehicles and a night time mode has been 
fitted to allow reduction in air velocity during 
overnight periods when typically the metabolism 
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rates of passengers slows down and they may 
be more sensitive to air velocity.  
 
Queensland Rail’s on board Direct Traffic 
Control system is integrated into Power Car 
cabs. This system is the standard form of train 
safeworking used for most of the Townsville / 
Cairns portion of the route. It is interfaced with a 
GPS link which will generate alarms if limits of 
authority are exceeded. 
 

3.6.1 Traction and brake systems 
 
 
Because the Project required only four Power 
cars, the prospect of developing a new traction 
system for the small quantity was not a practical 
option. Standard equipment with high 
performance ratings and low mass have been 
used.  
 
Each Power Car is fitted with two 396 TB 14 
model V12 MTU diesel engines rated at 1380 
kW operating up to 1800 rpm (Figure 7). Each 
engine is coupled to a Voith L520rzU2 two stage 
torque converter transmission stage, which is 
also fitted with a Hydrodynamic Retarder Brake 
stage. Large capacity forced air cooling radiators 
are fitted into the engine cooling system.  They 
also incorporate heat energy dissipation during 
Hydrodynamic braking.  These can be seen in 
Figure 8. 
 

 
 
Figure 7 – One of the MTU Diesel Engines 
 

 
 
Figure 8 – View of a Hydrodynamic 
Transmission, Engine Cooling Unit, and 
Hydraulic Drive Assembly 
 
The main brake used on the train is an electro-
pneumatic brake working through the length of 
train, and whenever possible, gives priority to 
the Hydrodynamic brake on Power Cars. This 
reduces the demand on friction braking and 
hence wear and tear of consumable items on 
the train. 
 
A full back up pneumatic brake system is 
provided for emergency braking and to assure a 
greater level of towing compatibility with other 
trains travelling on the route which are 
predominantly freight trains.  
 

3.6.2 Auxiliary electrical power supply 
system 

 
 
The Auxiliary Power system is subject to a 
number of essential requirements.  The aspect 
of four alternators, all synchronised to work 
together has already been covered in an earlier 
section of this paper.  Automatic load shedding 
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is a necessity in the event that not all alternators 
are in operation.  As motorised circuit breakers 
are used throughout the train, an automated 
process is used to sequentially switch different 
sub circuits on and off through the train in the 
event of earth faults.  Once an earth fault has 
been isolated, full earth protection is restored. 
This is essential as the train may require to 
continue operating for a number of days until 
workshop attention is possible to repair the 
problem.  
 
Duplicate three phase power supply bus lines 
are provided through the train so that in the 
event of a failure on one bus, it is possible to 
continue to supply power to each vehicle.  At the 
terminal depots of Mayne (Brisbane) and 
Portsmith (Cairns), shore supply power is 
available to allow the continued supply of 
auxiliary power, allowing engine shutdown, 
maintenance, cleaning and continued 
refrigeration of perishables in the club car. 
 
All vehicles are fitted with a 24 V battery and 
control system. Each vehicle has battery 
charging and in the event of batteries or battery 
chargers failing on individual vehicles, power 
can be sourced from the adjacent vehicle 
automatically. 
 

3.6.3 Train management system 
 
 
The large number of components and systems 
on a train of nine vehicles can only be effectively 
monitored by use of a Train Management 
System (TMS). As almost all systems are 
controlled with microprocessors, serial links are 
used for communication and control with the 
train management system. Real time 
performance monitoring and fault monitoring 
(and in a limited number of cases, control) is 
exercised over the Engines, Transmissions, 
Brakes, Air-conditioners, Doors, Smoke 
Detection, Auxiliary Power and Entertainment 
systems. 
 
Besides the main Interface Screens located in 
the power car cabs and the on-board staff area 
in the staff luggage car, there are also smaller 
local screens located in each trailer car giving 
comprehensive status on all the conditions of 
the trailer cars. A GSM digital mobile phone link 

has also been incorporated so that train system 
information and faults can be monitored 
remotely from the maintenance depot. 
 
One feature of the CTT TMS software is that 
more accessible and user friendly software is 
used. This recognises that changes to 
equipment and configuration in the future is 
inevitable for a trainset expected to operate for 
the next 30 years.  In the longer term it is 
important that modifications and support of the 
system can be achieved locally rather than 
relying on specialists based in countries far 
away. 
 

3.6.4 Tilt system 
 
 
The standard Hitachi Active Tilt control system is 
used on the trailer cars on this trainset. This 
system is used on the RTT and on many 
different classes of tilting trains operating in 
Japan. 
 
The Power cars are not fitted with an active tilt 
system.  The staff / luggage car is fitted with the 
main Command Control Unit that is loaded with 
a track database file for the complete route from 
Brisbane to Cairns.  The Driver only needs to 
select the stations at the start and the end of the 
route, via the TMS. 
 
The tilt system, for good performance relies on a 
low centre of gravity which is usually the case 
with DMU (diesel multiple unit) and EMU 
(electric multiple unit) vehicles normally using 
this system. Because there is not normally 
heavy equipment available under locomotive 
propelled lightweight trailer cars, to assure good 
performance, some underframe ballast mass 
has had to be added. 
 
 

3.6.5 Entertainment system 
 
 
The entertainment system has represented one 
of the greatest challenges for the Cairns Tilt 
Train Project.  The early decision was made to 
provide an ‘at seat’ video and audio 
entertainment system with the ability to provide 
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multiple video channels.  This represented a 
significant move forward from the RTT and its ‘in 
ceiling’ video and audio entertainment system. 
 
A search of systems worldwide was conducted 
to consider the options available for providing a 
reliable on-rail entertainment system and to 
select one that represented the best value for 
the two trains being manufactured.  Options 
ranged from media server hard drive systems to 
older analogue-based systems. 
 
The system was divided up into two parts.  The 
in-seat equipment and distribution system was 
sourced from a company currently providing 
similar equipment for the aircraft industry. 
 
At the system head end an industrial PC has 
been developed by the CTT Alliance to operate 
and control the entertainment system. This PC is 
programmed with information content and the 
programming to run the journey progress 
display. There is also interfacing with a touch 
screen and the Train Management system. 
 
The seated passenger has a choice of 12 
channels selectable by membrane switch from 
the front of the Seat Display Unit, – 6 video and 
6 audio channels  (Figure 9).  Eleven DVD 
players are used for digital storage content, one 
for each channel. The 12th channel (6th video) is 
made up of a combination of Journey Progress 
Display, ‘Driver Cam’ and short Information 
Programs. 
 

 
 
Figure 9 – Using a Seat Display Unit 

A serial link is available between the head end 
and all Seat Display Units to allow system 
diagnostics and fault logging.  The head end 
also communicates with the Train Management 
System so that any failures of SDU’s will be 
reported at the maintenance depot allowing 
faults to be rectified before the train goes into 
service.    
 
The life cycle of the entertainment system 
components are expected to be far shorter than 
the 30-year design life of the train.  Therefore it 
has been necessary to consider and build in 
future upgrade paths to incorporate features 
such as receival of satellite broadcasts and ‘pay 
per view’. 
 

4 CTT – “THE CHALLENGES” 
 

4.1 Safety Management System 
 
 
Since 1995 a group of standards introduced 
under the AS4292 Railway Safety Management 
banner have become accepted as the minimum 
standards governing the management and 
operation of rail traffic in Australia.  A mandatory 
element of the Railway Safety Management 
process is the requirement to conduct 
quantitative risk analysis in a structured and 
consistent manner.  This is the endorsed safety 
methodology of QR. 
 
The outcome of this process will always identify 
deficiencies which cannot always be captured in 
a prescriptive scope or specification developed 
at the start of project.  This aspect commonly 
poses unforeseen risks to both the operators 
and suppliers during the course of supply 
contracts.  The Alliance process has provided 
the flexibility on many occasions to promptly 
address unforseen outcomes of a risk analysis 
without unnecessarily delaying or adding to the 
cost of the project.   
 
The structure of the safety management process 
also ensures that all aspects of design and 
interface with infrastructure and operations are 
considered and signed off before proceeding to 
stages of on-track testing and revenue 
operation.  This is a very significant aspect of 
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the project as the CTT has the potential to 
operate at twice the speed of trains that are 
currently been operating north of Rockhampton. 
Any speed increase must consider the 
constraints imposed by infrastructure and 
consideration to the fact that operators, 
customers and persons having to live, cross or 
work near the track have not been used to high 
speed in the past.    
 

4.2 Change Management 
 
 
The Alliance structure allows all parties to share 
ideas and resources without prejudice. This 
allows many aspects of the project to be under 
continual scrutiny and challenge. Not 
withstanding the Alliance structure where 
communication and ideas can be discussed in 
an open forum, a formal change request system 
was introduced so that the history of change 
requests could be documented with technical 
and cost substantiation. This has resulted in 
numerous deletions and additions to 
requirements of the original specification and 
scope. Many historical and unnecessary 
requirements have been challenged and 
eliminated, and conversely there have been 
many requirements added reflecting the 
changing needs of the customer and issues 
arising from the risk analysis. The change 
request register requires evaluation and 
approval from the management committee. 
 
The ideals of this process are to achieve change 
without impact on cost or delivery to the project. 
The big winner is a product of higher quality and 
greater value to the end user.  

4.3 Cost Management 
 
The Alliance process does place enormous 
pressure on Cost management processes. The 
original estimate has to be converted into a 
costing model that allows all changes to be 
tracked. Adjustments are continually made and 
rolled up to ensure that the budget is not 
exceeded. Whilst there is a perception that 
much contingency can be removed from the 
budget, some contingency is necessary as this 
project has seen a number of casualties 
amongst suppliers unable to remain in business 

with the necessity of sourcing alternate supply 
normally at higher cost.  
 
Cost management is exercised across all facets 
of the project, tracking costs of design, 
procurement, manufacture, testing, 
commissioning, related infrastructure upgrade 
and project costs. Cost management for this 
project embraces all the basic principles referred 
to at the end of section 2.2 of this paper. 

4.4 Project Management 
 
The project team has been spread across two 
Queensland sites – Maryborough and Brisbane 
while the manufacturing and testing facilities are 
based in Maryborough. The customer and 
maintenance depot are located in Brisbane. To 
ensure a close working relationship between 
both sites, joint design and project offices were 
established in both Brisbane and Maryborough. 
Referring to the Project structure in Figure 2, 
approximately half the positions listed are based 
in Maryborough with the remainder in Brisbane.    
 
The positive outcome of this arrangement is that 
personnel in both locations can feel that they are 
part of the project team with much activity being 
conducted in both centres. It has also generally 
allowed the selection of the best personnel to do 
the job. The opportunity has been there for 
many personnel to work in a different location to 
ensure that their skills can be optimised. In 
some cases it has been easier to integrate 
external skills to the project. 
 
Common processes, documentation and IT 
support network have been used to maximise 
efficiency.  The operation out of two sites has also 
allowed the effective development of Driver, 
Maintenance and On-board Staff Manuals and 
Training packages. Pilot training courses are being 
held in either location depending upon where staff 
will get maximum benefit. 

5 CONCLUSIONS 
 
The CTT Project has been defined as three 
distinct phases. Firstly there was the concept 
stage, secondly the design, manufacture and 
testing stage, and thirdly the warranty and 
technical support phase associated with the 
introduction into the service of the trainsets. 
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All evidence is suggesting that at the end of 
Phase Two, the Alliance process has been an 
enormous success. The two most obvious 
indicators are cost and time. As the project is 
nearing completion, the budget has not been 
exceeded. Also given the large number of 
technical and commercial challenges and 
disruptions, the project is still following closely to 
the original timeframe. It would be difficult to 
imagine a traditional hard dollar contract starting 
off in the first place, or finishing on time and 
within budget when for example, there is no 
conclusive definition at the start for the 
entertainment system or major changes in 
supply are required for components such as 
seating. 
 
An overview of the CTT trainsets has been 
provided to give an appreciation of the 
considerable development that was required to 
complete this project. This development has 
proceeded successfully and efficiently by 
Queensland Rail and EDIRail/Walkers staff 
working closely together within the Alliance. 
There has continued to be a strong focus at all 
times on results with claimsmanship rarely being 
evident. 
 
The fact that everything is open to challenge and 
change has ensured much potential waste has 
been avoided. Vehicles fit for purpose and 
representing very good value will be delivered at 
the conclusion of the project in mid 2003. 

6 REFERENCES 
                                                             
1 G Thomson, ‘Project Alliances’, Aust Mining & 
Petroleum Law Association, 21st Annual Conference, 
July 1997, Brisbane, pg 1 
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Figure 2 CTT Alliance Project Structure 
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Figure 3A – Power Car Equipment General Arrangement  
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Figure 3B – 3D Design Representation of Power Car Equipment Layout 
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4th GENERATION TRAIN DEVELOPMENT 
Mark Baxter – Engineering Manager, EDI Rail 

BE (Hons) GradDip Business  
David Kippist – State Rail Authority, BE, Grad Dip Sys Eng 

Summary 
The design of the Millennium Train for the State Rail Authority of NSW represents a 
significant advance in the development of double deck passenger cars.  The SRA sought a 
vehicle that had significant technological advancements and in particular improved passenger 
comfort, safety, information systems and reliability. 

The train specification became known as the 4th Generation Train (or 4GT), signifying the 4th 
major development of passenger vehicles for the Sydney rail network.  The 4GT was named 
the Millennium Train to represent the train concept for the new millennium. 

EDI Rail was awarded the contract to design, manufacture, test and commission, deliver and 
maintain the 20 4-car Sets for 15 years.  The bid was won against intense local and 
international competition.  The first Millennium Train was placed into service in June, 2002. 

This paper describes how the SRA developed the requirements for the 4th Generation train 
and how EDI Rail accomplished the requirements.  The paper will present the innovative 
aspects of the design of the Millennium Train and in doing so, will show how the application of 
design technology has achieved a passenger car that represents the most modern passenger 
car design. 

1.0 Introduction 
In October 1995 the last Tangara set was 
accepted into service by the State Rail 
Authority. This brought to a close the 
largest passenger car rolling stock 
contract ever entered into by State Rail, 
where 455 Tangara cars were built.  The 
Tangara had been a quantum leap for 
State Rail in 1986 in terms of its distinctive 
car styling, large and curved windows and 
state of the art equipment layout, and it 
has gone on to become the State Rail’s 
“workhorse” and is currently its most 
reliable train.  However it also suffered 
from its fair share of criticisms from both 
operators and end users alike.  Issues 
included: 

• Reduced seating capacity compared 
to older rolling stock 

• Ride quality issues particularly on 
lower quality track 

• Poor passenger ergonomics in some 
areas  

• Interior space limitations 
• A bias towards being designed to 

protect from vandalism at the expense 
of passenger comfort 

 

Figure 1 The Millennium Train 

The State Rail’s vision for the future was 
to take its double deck passenger train to 
the next logical development level.  The 
intention was for the new train (to be 
called 4th Generation Train 4GT, and later 
called Millennium Train) to address the 
above issues while incorporating the latest 
technology for passenger safety, 
communication and passenger information 
systems, and to provide a more 
comfortable environment for both able 
bodied and disabled passengers.  The 
4GT would take the State Rail into the 
next millennium.  There was to become a 
strong emphasis on creating a comfortable 
interior environment for the passengers in 
a major effort to get commuters out of their 
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cars and off the increasingly congested 
roadways and onto the train. 

A significant departure from previous State 
Rail passenger rolling stock procurements 
was that the winning tenderer was also 
responsible for maintenance for 15 years 
with further options up to 35 years, at 
contracted rates.  There are also 
additional payments and penalties based 
on the availability and reliability provisions 
of the Contract. 

2.0 Specification Development 
The first tasks in writing the specification 
was to review the Tangara Contract to 
identify its good points and where it could 
be improved.  This involved a formalised 
review of the train by all groups within 
State Rail, and included operations, 
maintenance, cleaners, timetable 
planners, crewing, engineering and 
management.  In addition, various 
passenger focus groups including aged 
and disabled groups were convened on a 
Tangara set at Central station to get first 
hand feedback on its pros and cons.  The 
result of these efforts was the Tangara 
Review document, which covered all 
facets of the Tangara contract including 
commercial, technical and procurement 
processes. 

While the Tangara specification became 
the starting point for the 4GT technical 
document, any resemblance between the 
two documents was soon difficult to 
recognise.  The first task was to break the 
specification down into various functional 
sub-systems.  This was a departure from 
previous specifications, which were 
typically grouped by like equipment eg. air, 
door and brakes systems were grouped in 
the Tangara specification while these 
items are treated as 3 separate groups in 
the Millennium document.  The resultant 
15 sub-systems that were developed were 
derived from the then recently completed 
Technical Maintenance Plan (TMP) 
documentation that State Rail had 
developed to support its in-house 
maintenance processes.  The final work 
break down structure was distilled into the 
following: 

1. System level, covering 4 car train unit 
performance 

2. Body including structure and interior 
fitout 

3. Bogie 

4. Inter-car connections including 
couplings and gangways 

5. Brake system 
6. Access including all passenger and 

crew doors  
7. Climate control 
8. Traction system 
9. Auxiliary Power including both 

mechanical and electrical systems  
10. Main Power being the collection of 

1500 volt power  
11. Lighting system 
12. Crew control 
13. Communications including PA, 

Digitised Voice Announcements (DVA) 
and static and dynamic signage. 

14. Train Operating System 
15. Fire and Emergency systems 
 

 

Figure 2  The Third Generation of 
Sydney Double Deck Passenger Train,              
The Tangara 

3.0 System Requirements Analysis 
Sub-system Requirements “Capture” 
teams were set up to review each of the 
above sub-systems.  Each team typically 
consisted of a sub-system expert (eg 
brake engineer, air conditioning engineer 
etc), operations representative, crew 
representatives, and one or two dedicated 
4GT project team members.  The teams 
worked over a six month period reviewing 
and allocating requirements to each of the 
sub-systems and determining interface 
requirements between each sub-system 
and also to the train external environment.  
Each was given the task to determine the 
required functionality and to describe what 
was required in functional terms rather 
than nominating, for example, a specific 
piece of equipment or a specific method to 
achieve the desired outcome. 

An area of common difficulty for the teams 
was ensuring that the base level of 
functionality of existing trains was 
incorporated into the 4GT specification 
requirements.  This was because many of 
the existing functional requirements 
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provided had been developed over a 
period of time with the previous car 
builders and much of this was “assumed 
knowledge”.  Many of these functions were 
in the crew control sub-system whereby 
many of the functional requirements had to 
be closely examined to ensure the words 
within the specification clearly and 
unambiguously described how a particular 
function was to occur.  The use of 
functional flow block diagrams (FBD) was 
initiated and developed for some of the 
systems and they were considered for 
inclusion within the specification.  
Ultimately these were not included, but 
section 3.1.2 of the final technical 
specification describes the higher level 
operating states of the 4GT, including the 
states of : 

• Crew preparation 
• Presentation (cleaning) 
• Emergency 
• Maintenance 
• Nightsafe  
• Train Stabling, and  
• Normal Operation 

In hindsight, some levels of functionality 
should have been presented in more 
detail, and the inclusion of functional flow 
block diagrams would have been one way 
of doing this. 

4.0 External Interfaces 
The interface to the external environment 
of the train system was another area of the 
specification development which received 
significant attention over and above that 
which been included in the past.  The clear 
definition of external interfaces was seen 
as a critical area.  The external interface 
section of the final specification document 
eventually covered some 40 pages within 
the specification document plus many 
additional referenced documents.  The 
external interfaces covered the obvious 
areas of track, signals and overhead 
wiring but also nominated such diverse 
conditions as the typical frequency of 
lightning strikes in the Sydney area 
together with rainfall and sunlight UV 
levels.  As State Rail is not maintaining the 
train, there were no specific maintenance 
requirements included within the 
specification.  This was done to allow the 
greatest flexibility within the design.  
However various maintenance related 
deliverables are required under the 

statement of work section, as discussed 
below. 

5.0 Statement of Work 
Since the implementation of the 4GT 
specification and its development there 
has been significant emphasis placed on 
adopting a Systems Engineering 
approach.  This is evident in the above 
descriptions of requirements analysis, 
functional analysis and the clear definition 
of interfaces.  The specification also 
required a structured approach to the 
design development and systems 
assurance processes and this is detailed 
within the Statement of Work section of 
the specification. 

A Statement of Work had not been 
included on previous rolling stock 
contracts by State Rail, although previous 
contracts did have general requirements 
for overall system assurance.  The 4GT 
specification, however, nominated clear 
and extensive contract documentation 
deliverables, including the requirements 
for: 

• Project Management Plan 
• Contractor’s Work Breakdown 

Structure 
• Project Master Schedule 
• Project Quality Plan 
• System Assurance Plan 
• Configuration Management Plan 
• Integrated Test Plan 
• Test Specifications and Reports 
• Integrated Support Plan 
• Technical Maintenance Plan 
• Facilities Plan 
• Reliability Demonstration Plan 

The System Assurance Plan by way of 
example was to cover all facets of the 
design, build and maintenance phases 
and included requirements for the 
planning, design management, technical 
reviews, configuration management, 
system safety assessment, testing and 
validation together with reliability 
availability and maintainability programs. 

Under design management, further 
detailed requirements necessitated EDI 
Rail to complete detailed traceability 
records to ensure that all functional 
requirements had been allocated to the 
various sub-systems so there were no 
“orphaned” requirements. 

Other deliverables under the design 
management task included the delivery of 
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a Vandalism and Graffiti Plan to ensure 
that EDI Rail considered the implication of 
the hostile environment that the train 
interior and exterior would be subject to 
and that this was done prior to 
commencing the design.  This 
consideration was seen as an essential 
element by State Rail since the train was 
to be maintained by EDI Rail, but 
vandalism repair costs would be borne by 
State Rail. 

The documentation requirements are a 
key aspect in this contract model and are 
seen by State Rail as providing evidence 
of the control and management systems 
through each design, build and 
maintenance phase. 

6.0 New Design Requirements 
The new generation train is characterised 
by the extensive new requirements that 
had not previously been implemented in 
the rail industry.  Examples include: 

• Vehicle crashworthiness system 
• Improved vehicle ride and 

specification by back to back ride 
comparison 

• Increased passenger comfort with 
better seating, lighting and air 
conditioning 

• Reduced noise levels 
• Fully computerised Train Operating 

System 
• Video surveillance of all passenger 

compartments 
• System engineering and full design 

documentation 
• 15 year maintenance contract (plus 

optional extended periods) 

These new requirements were expressed 
in a rigorous technical specification of 
requirements, covering: 

• System Performance 
Characteristics. 

• System External Interfaces 
• System Environmental Design 

Criteria 
• Physical Characteristics 
• Specialty Engineering 
• Characteristics of Subordinate 

Elements (“Subsystems”) 
• Specification traceability 

requirements 
• Rigorous technical design reviews 
• Test and Verification requirements 
• Operational Evaluation 

• Reliability, Availability and 
Maintainability requirements 

7.0 Systems Engineering And Design 
Documentation 

The Systems Assurance Program for the 
Millennium Train was developed using EIA 
Interim Standard EIA / IS-632, Systems 
Engineering, and IEEE Std 1220-1994, 
Trial-Use standard For Application and 
Management of The systems Engineering 
Process, as guides.  The scope of the 
Millennium Train Systems Assurance 
approach included: 

• Design Requirements Analysis and 
Traceability, including tracing the 
allocation of specified requirements 
to subordinate specifications 

• Technical Reviews 
• Configuration Management 
• Reliability Program 
• Availability Prediction 
• Testing and Verification 
• Safety and Hazard Assessment 
• Integrated Support Program 

7.1 Technical Design Reviews 

Joint Technical Design Reviews mitigate 
the risk of producing a non-compliant 
product (technical risk) and the risk of cost 
and schedule over-runs.  Each design 
review is staged over a planned period to: 

• Determine the extent of compliance 
between a proposed design and its 
Functional and Development 
Baseline configurations. 

• Identify high risk design areas within 
the proposed design which require 
further effort during the build phase 
of the contract. 

• Review the progress and 
development of integrated support 
elements. 

• Review the intended approach to 
verification testing, including the 
results of any testing completed 
prior to the Critical Design Review 
(CDR). 

• Review the iterative development of 
design documentation. 

• Establish a robust configuration 
baseline for the production of Sets. 

7.2 Critical Design Review 

The Critical Design Review, commonly 
referred to as “CDR”, is a major contract 
milestone.  The review is “critical” in the 
sense that it marks the end of the design 
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phase and transition to the production, 
testing, delivery and maintenance phases 
of the contract. 

For the Millennium Train, the CDR process 
was complex and protracted.  The 
complexity involved monitoring the 
systems assurance activities of eight 
major national and international Suppliers 
and their delivery of contract deliverables 
to comply with many elements of the 
Systems Assurance Program.  The 
coordination of Millennium Train technical 
reviews and Systems Assurance elements 
within a high stochastic environment 
increased the complexity of the systems 
assurance process. 

An important lesson learned from the 
Critical Design Review process is that it is 
an important component of risk 
management.  The Technical Review 
process, including CDR and System 
Verification Review (SVR), is a complex 
iterative process for mitigating technical, 
cost and schedule risk under the Contract. 

Addressing the technical review process in 
risk mitigation terms is a paradigm shift in 
that it requires a different approach to the 
more conventional view of engineering 
management, completing schedule 
milestones and collecting milestone 
payments.  It requires a “win-win” 
management strategy involving both the 
Principal and Prime Contractor to 
constructively develop and deliver contract 
deliverables that satisfy specified needs.  
Implementation of a “win-win” strategy 
requires all contracted parties to be 
actively engaged in risk mitigation action 
over the life of the contract. 

 

Figure 3 The Second Generation of 
Sydney Double Deck Passenger Train, 
The Comeng / Goninan Series 

 

 

 

 

Figure 4 The First Generation of 
Sydney Trains 

 

The following sections of the paper are 
devoted to the presentation of 
innovative aspects of the Millennium 
Train.  It will become apparent to the 
reader that there are many individual 
aspects of the Millennium train that are 
each worthy of a technical paper in 
their own right. 
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Vehicle Crashworthiness System 
The crashworthiness design requirements 
specified for the Millennium Train Contract 
paves the way for greater safety in railway 
passenger car operations.  The Millennium 
Train specification contains many 
requirements that can be considered 
amongst the worlds best practices and 
indeed are probably beyond current world 
standards. 

The specification has many collision 
requirements from low speed shunting 
type accidents to high speed vehicle 
impacts. One of the high speed impact 
requirements necessitates at least 2200 kJ 
of collision energy absorption capacity on 
the leading carriage. This far exceeded the 
comparable British Railtrack Standard 
requirement (at the base date of the 4GT 
specification) of energy absorption 
capacity of 1000 kJ on the leading 
carriage.  Later Railtrack standards are 
comparable. 

Previous SRA passenger vehicles have 
historically specified quasi-static strength 
requirements to meet the need for medium 
to higher speed collisions.  In most 
instances static vehicle strength alone is 
not sufficient to ensure good performance 
in a collision.  Without sufficient energy 
absorption capacity, collision forces 
quickly compound until a structural buckle 
initiates.  The provision of energy 
absorption requirements in the Millennium 
Train Contract is a new and important 
development for passenger car design in 
Australia. 

The Millennium train has a basic 2-car pair 
configuration of a driver Trailer Car (TC) 
and a Motor Car (MC). Combinations of 
two pairs form a Millennium train basic 
consist.  The lead portion of the driver 
Trailer Car is fitted with an automatic 
coupler while all other couplers are semi 
permanent couplers. 

The driver Trailer Car has high energy 
absorption capacity as it leads the train 
and any impact usually initiates with this 
vehicle.  The ends of the cars have the 
following energy absorption items. 

• Coupler rubber draftgear  
• Coupler piercing die 
• Crash boxes 

These elements form the basis of the 
crashworthiness system.  This 
combination of collision elements is 
specifically designed to be able to cater for 

different collision scenarios that optimises 
the collision performance of the vehicle. 
Lower speed collisions are handled by the 
coupler based elements while higher 
speed collisions are handled by the 
coupler and crash boxes.  The 
characteristics of the coupler rubber 
draftgear and piercing die have been 
designed by the coupler manufacturer to 
meet the specific energy absorption 
requirements. 

The lead crash boxes on the Trailer Car 
are mounted on the underframe structure 
and are designed to activate when the 
coupler energy absorption devices have 
been exhausted.  The crash boxes are 
mounted in a designated crumple zone 
within the nose cone portion of the train. 

Anti climbers have been installed on all 
interfaces between vehicles.  This includes 
the leading vehicle ends and the 
intersections between vehicles.  The anti 
climbers are an extremely important safety 
feature as they prevent vehicle over-riding 
and keep the collision zones interlocked. 

The crashworthiness design affords the 
Millennium Train a much better capability 
to withstand accidents and the modelling 
technology has allowed improved 
prediction of the train’s performance in a 
collision situation. 

 

Figure 5 Millennium Train 
Trailer Car Collision elements 
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Bogie Design Development 
Specification Requirements 
The 4GT Bogie Design requirements were 
exceedingly challenging.  The bogie had to 
safely negotiate highly twisted track in all 
operating conditions, yet deliver a vehicle 
ride comfort equal to or better than the 
current best passenger car (the V Set).  In 
addition, the bogie must retain the 4GT 
medium width body within kinematic 
gauge at all times and provide a very 
robust structural frame to ensure long term 
trouble free life. 
Specification Analysis 
This set of requirements presented an 
extremely difficult design task as many 
requirements were in conflict with each 
other.  That is to say, a highly compliant 
suspension to accommodate track twist 
presented difficulties in holding the 
carbody within kinemantic gauge.  EDI 
Rail initially began development of a 
conventional twin air spring bogie 
arrangement, however it became obvious 
that this bogie suspension style would not 
be able to meet all of the requirements 
A close analysis of all the requirements 
revealed that a new bogie suspension 
design was needed.  The suspension 
needed to separate the effects of track 
twist from vertical support, so that each 
parameter could be tuned to meet the 
different criteria of wheel unloading and 
vehicle ride. 

 

 
Figure 6 The Millennium Train 
Single Air Spring Bogie 
Concept Review 
The single air spring bogie concept has a 
large centrally mounted single air spring. 
This air spring provides all of the vertical 
support that the conventional two air 
springs would provide.  A large anti-roll bar 
provides the roll stability to the vehicle. 
This concept allows the vehicle roll and 

vertical suspension components to be 
separated and individually optimized, 
unlike conventional twin air spring bogie 
arrangements. 
The principal benefits of the single air 
spring bogie are: 

• Excellent capability for handling 
twisted track with little variation in 
wheel unloading performance 

• Optimised vertical ride 
characteristics 

• Improved lateral suspension 
characteristic 

• Improved Bogie yaw performance, 
as the single air spring bogie 
provides an optimal amount of yaw 
stiffness when compared to twin air 
spring bogies. 

Rigorous Design Analysis 
The bogie design including the suspension 
and frame was exhaustively analysed to 
ensure it would meet the requirements first 
time.  In this critical area of design 
development the CDR process and design 
traceability ensured all aspects were 
considered. 
The bogie suspension was simulated and 
the design validated with the vehicle 
dynamics software tool, ‘Vampire’.  It was 
extensively analysed for wheel unloading 
(track twist) performance, kinematic gauge 
compliance, vehicle ride comfort and bogie 
stability. 
The bogie frame was rigorously analysed 
with Finite Element Analysis (FEA) and 
purpose written weld metal fatigue 
software.  The frame design was subject 
to numerous individual and combination 
load cases.  In addition the dynamic 
vehicle simulation output was combined 
into the fatigue study to ensure the frame 
would survive an arduous duty cycle.  The 
design inputs included the requirements to 
meet and pass the onerous bogie frame 
test specification UIC 615-4, including the 
last stage 3 that is meant to “break bogie 
frames”, in test conditions. 

Bogie Physical Testing 
The successful full-scale fatigue testing of 
the bogie frame is only one part of the 
extensive bogie validation test program.  
On track testing has confirmed the bogie 
performance in all areas, vehicle ride 
gauge compliance and stability.  EDI Rail 
believes that the Millennium Train is now 
the best riding vehicle in the SRA fleet. 
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Passenger Comfort and Environment 

The design of the Millennium Train has 
satisfied many internal ergonomic 
features, that have not been included in 
previous SRA passenger car rolling stock 
contracts.  Some of these are: 

Seating.  Ergonomically designed seats 
are reversible so passengers can face the 
direction of travel. The seating has been 
improved with more emphasis placed on 
seating comfort. In addition, seating has 
been located so the car structure does not 
interrupt passenger viewing. 

 

Figure 7 Lower Deck Interior 

Windows.  Each car has been designed 
with large panoramic windows that align 
with seat armrests for improved passenger 
comfort. Together with the large windows, 
a lowered side sill provides greater 
shoulder space for 2 and 3 abreast 
passenger seating. 

Internal Destination Indicators. Internal 
Destination Indicators are installed in all 
saloons to display train stop and other 
train crew information to passengers.  
These are controlled by a Global 
Positioning System. 

Digital announcements are made to 
passengers to keep them informed about 
the journey. 

Surveillance.  Digital surveillance 
cameras are located in all passenger 
saloons to continuously record images.  
Images can also be monitored from the 
crew compartment. 

Passenger Movement.  Easier passenger 
movement to both upper and lower decks 
from the vestibule has been accomplished 
by the use of wide easy-going stairs. 

End saloons have tip up seats to provide 
additional space for wheel chair 
occupants. 

Passenger bodyside doors and Intercar 
Doors are wide to enhance the flow of 
passengers. 

 

Figure 8 Upper Deck Stairs from 
Vestibule. 
Note help points and high visibility hand 
rails 

Passenger Help Points.  Each passenger 
vestibule is fitted with two Passenger 
Emergency Intercom (PEI) Help points for 
communication with the Train Crew.  A 
passenger seeking help can be viewed by 
the Train Crew via a dedicated camera 
that maintains visual contact with the 
passenger until the situation has been 
addressed. 

Climate Control.  All cars are fitted with a 
dual climate control air conditioning 
system. The A/C system employs 
individual zone control in that the upper 
deck, lower deck and the two end saloons 
are individually temperature controlled. 
This provides for the optimal passenger 
comfort as it allows for different thermal 
loads in the zones.  This feature is a 
significant advancement of previous 
systems that regulate the supply air by 
sensing the return air temperature only. In 
cooler weather the air conditioning system 
de-humidifies the air to prevent misting of 
windows which improves passenger 
comfort and viewing. 
Disabled Passengers.  All edges of 
floors, steps and handrails are colour 
coded and fitted with tactile features to 
assist disabled and visually impaired 
passengers.  The design meets the 
intended requirements of the draft 
Disability Standard For Accessible Public 
Transport as were current at the Contract 
award stage. 
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Computer Based Train Operating 
System 
Each four car Set has a computer-based 
train operating system.  This system 
comprises two subsystems: Train 
Operating System (TOS) and an Event 
Recorder (ER) system.  The Event 
Recorder is an independent system with 
active redundancy that continues 
recording train events even though TOS 
functions may cease. 

Event Recorder.  The Event Recorder 
establishes a continuous record of train 
events and performs functions similar to 
those of an aircraft “blackbox” recorder.  
The recording of critical train events 
provides a means of storing data in a 
protected environment for later recovery 
and analysis.  There are two Event 
Recorder per 4-Car Set. 

Train Operating System.  The TOS 
performs a variety of monitoring functions 
across: 

• Intercar and inter-Set Interfaces 
• Passenger Access subsystem 
• Brakes subsystem 
• Traction subsystem 
• Climate Control subsystem 
• Auxiliary Power subsystem 
• Main Power subsystem 
• Lighting subsystem 
• Crew Control subsystem 
• Communications subsystem 

TOS Functions.  The main TOS functions 
are: 

• Capture subsystem operating status 
data and display subsystem status 
information 

• Record and display subsystem 
alarms 

• Control of subsystem elements 

The TOS continuously polls each 
subsystem and reports subsystem 
operational status to both Driver and 
Guard via colour display units.  Each 
display unit enables the Train Driver / 
Guard to: 

• Receive operational data; such as, 
train speed, brake pressure, 
auxiliary mechanical and electrical 
power, main power, climate control, 
doors and much more information of 
relevance to train operation. 

• Fix faults during the train-run by 
using built-in trouble shooting 
menus. 

• Monitor the opening / closing of 
doors. 

• Launch built-in tests and to display 
results. 

The TOS also provides a visual man-
machine interface for the Train Crew and 
Maintenance Crew.  TOS system 
hardware / software is connected by a 
network protocol that enables Driver 
control of non-train-lined equipment and 
the monitoring of subsystem equipment. 

 

Figure 9 TOS Display Units 

Two Driver Display Units (DDU) are 
located on the Drivers control desk while 
the Guards Display Unit (GDU) is located 
on the Guards control desk of each Trailer 
Car.  Each display unit is based on a 
single board size CPU with an 800 x 600 
pixel resolution colour display, including an 
anti-vandalism touch screen.  The DDU 
and GDU include internal intelligence 
capable of file handling and graphical 
display. 

In addition to allowing crew to monitor the 
above-listed subsystems, the display units 
enable the Train Crew to: 

• Validate train-run information 
• Display main driving instrumentation 
• Display TOS subsystem status 

information 
• Certify train readiness for operation 
• Display subsystem faults 
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Communication And Video Surveillance 
The Communication subsystem, including 
video surveillance equipment, provides an 
integrated state-of-the-art passenger 
information and security system that 
provides automated visual and audio 
passenger information announcements as 
well as visual monitoring and recording of 
passenger compartments. 

Surveillance System 
The surveillance system, with six cameras 
per car, is a monitoring system designed 
to assure the safety of passengers and to 
protect equipment.  Images from 24 
cameras within a 4 car Set are received at 
the rate of one frame per second and are 
recorded in digital format onto an 80 GB 
hard drive.  Each frame shows the date, 
time, car number and camera ID.  The 
Guard can monitor each camera image for 
either a 4 or 8 car Set using the internal 
surveillance monitor. 

Passenger Emergency Intercom.  
Multiple Passenger Emergency Intercom 
(PEI) stations are provided in each car, 
including units positioned to be suitable for 
wheelchair passengers. 

Crew Intercom.  Crew Intercoms (CI) are 
located at each crew cab door and on the 
Drivers desk. 

Internal and External Public Address.  
Internal and External Public Address (PA) 
subsystem hardware is mounted within 
each car with associated power supplies 
and power amplifiers.  The PA subsystem 
on the upper deck includes a hearing aid 
loop and an ambient noise compensation 
module to assist hearing impaired 
passengers.  The PA subsystem is 
synchronised with the Internal Destination 
Indicator (IDI) and Door Control Unit 
(DCU). 

Internal Destination Indicator.  The 
Internal Destination Indicator (IDI) 
comprises LED matrix modules, controller 
electronics and integrated modular power 
supplies for text and graphic display of 
information. 

External Destination Indicator.  The 
External Destination Indicator (EDI) is a 
high intensity LED destination display 
fitted to the headboard on each Trailer Car 
for text and graphic display of train 
destination information. 

Global Positioning System.  The Global 
Positioning System (GPS) is used to 
establish an absolute track position for 
automating message displays and 
announcements.  A dead-reckoning 
system is used as a secondary source 
during loss of GPS reception whenever 
the train passes through tunnels or is 
underground. 

Digital Voice Annunciator.  The DVA 
system is a significant development over 
previous generation trains.  It automates 
train destination announcements and 
enables the Train Crew to announce other 
messages to passengers.  Routine 
automated message announcements 
enable the Train Crew to attend to other 
train operation tasks. 

The DVA system provides the following 
functions: 

• Displaying station arrival, stopping 
pattern and special messages on 
the Internal Destination Indicators 
(IDI). 

• Displaying destination messages on 
the External Destination Indicator 
(EDI). 

• Synchronising Public Address (PA) 
announcements with IDI messages 
and other special messages. 

The display of messages is controlled 
according to the DVA mode of operation 
selected.  The DVA mode is selected by 
the operator and may be changed at any 
time via the Train Operating System (TOS) 
using the Driver and Guard Display Units 
(DDU / GDU). 

The crew can control the DVA by using 
touch sensitive buttons and keys on the 
display screens.  Keys on the display 
initiate navigation between screens while 
the buttons on the screens initiate the 
selected action. 

The Digital Voice Annunciator in 
association with the DDU / GDU provides 
a variety of messages and displays for 
controlling the communication system and 
making announcements to passengers via 
the high quality sound system. 
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Maintenance Support 

 

Figure 10 Millennium Train at the 
Eveleigh Maintenance Centre 

Millennium Train maintenance 
requirements have been derived from 
several reliability based analyses; namely, 
Reliability Prediction Modeling, Failure 
Modes, Effects and Criticality Analysis 
(FMECA) and Maintenance Analysis using 
a Reliability Centred Maintenance 
approach.  In addition, each of these 
analyses has contributed to deciding the 
range and quantity of logistic support 
resources needed to maintain and support 
operation of the Millennium Train. 

An important end product of the 
Maintenance Analysis task is a Millennium 
Train Technical Maintenance Plan (TMP).  
The TMP is the outcome of a complex 
analytical process aimed at optimising the 
economics of maintenance. 

EDI Rail used an RCM approach to 
optimise the cost of maintenance relative 
to mitigating the risk that a train Set will 
not be available for revenue service, when 
required.  Adopting an established 
methodology, such as RCM, reduces the 
complexity associated with Maintenance 
while mitigating train Reliability and 
Availability risks for both the Principal and 
EDI Rail. 

 

Figure 11 The Millennium Train attracts 
interest at a suburban platform 

Conclusion 
Both EDI Rail and SRA are well satisfied 
with the technical outcomes of the 
Millennium Train project.  The reaction 
from the public and SRA operations staff 
has been remarkable.  Constant 
compliments are received about the 
vehicles amenity, comfort and smooth 
ride.  EDI Rail and SRA are pleased with 
the final result and consider that the 
Millennium Train provides the correct 
balance of features required to advance 
the Sydney suburban rail transport system 
into the new millennium. 
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ROLLINGSTOCK BOGIE ASSEMBLY AND WEIGHING STATION 

Shiva Rajagopalan 
Senior Engineer, Mechanical - MainTrain 

 
 
SUMMARY 
 
Following a number of unexplained derailments of Electric Multiple Unit (EMU) Trains in Sydney and 
also the rapid settlement of the rubber springs installed on Tangara Cars, State Rail specified that all 
cars were to be weighed and balanced following bogie replacement. 
Research showed that although there were devices available throughout the world for weighing cars 
and bogies, these did not meet the requirements of State Rail or the maintenance workshops in 
achieving the desired result. 
To meet State Rail specifications, MainTrain, which is contracted to State Rail for EMU Car Heavy 
Maintenance initiated a project to research and develop a bogie assembly and weighing station that 
would meet all production requirements and achieve specification. 
A unique wheeling and weighing station for bogies has now been built and installed in the MainTrain 
Bogie Shop with excellent results, and has set the standards for accuracy and consistency in bogie 
balance.  All cars now released from MainTrain meet State Rail Specifications in regard to weight and 
balance. 
This paper presents a description of history behind the development of the machine, concept, design 
and manufacturing process, results of the review and potential benefits. The main conclusion of this 
work is an improved understanding of the weighing process, parameters to which the car weighing 
performance is sensitive and a basis for evaluating and manufacturing alternative designs. 
 
1.  INTRODUCTION 
 
In Sydney the city transport system has an 
extensive fleet of double deck EMU cars 
operating on the City Rail network. The total 
fleet size of the EMU Fleet is 1468 vehicles 
comprising 450 Tangara cars, 773 Double 
Deck Suburban Cars and 245 Double Deck 
Inter City Cars. 
 
The operating conditions can be severe as a 
large percentage of the track runs over hilly 
mountainous country, with many curves, some 
constructed for speeds of the Victorian era. 
Although much of the track is on concrete 
sleepers, there are still many timber sleepers 
in service.  After heavy rainfall, which is 
prelevant in the Sydney area, many soft spots 
result in vehicles having to negotiate track 
irregularities. 
 
After a number of unexplained derailments, the 
resulting investigations considered that one of 
the possible contributing factors could be car 
out of balance. City Rail instituted the 
installation of car weighing stations in their 
Service and Maintenance depots including 
those managed by MainTrain.  This led to 
Tangara cars, which have a rubber primary 
suspension, being weighed at every bogie 
change.  Subsequently other cars with helical 

primary spring suspensions were involved also 
in derailments of these particular cars were 
discovered to be out of balance.  City Rail 
issued a mandatory requirement that all cars 
be weighed and balanced after repair or bogie 
change prior to going into service. 
 
2.  HISTORY 
 
Prior to the introduction of the Tangara cars, 
EMU cars operating in NSW were weighed 
and balanced prior to introduction to 
commercial service.  It was considered at that 
time that cars operating in the 8-9 tonne range 
at each wheel would not cause deterioration of 
the track structure. 
 
An investigation of available information 
indicated that rail systems worldwide did not 
completely balance their lower speed 
passenger stock.  TRTA in Tokyo, the 
benchmark operator adopted by MainTrain did 
not balance their cars. 
 
Prior to the introduction of Tangara cars, the 
practice that was employed for weighing the 
cars when they first were designed, was to 
make estimates of the installed equipment and 
balanced prior to installation. When the first car 
of the series was built, the car was tested for 
load distribution to confirm the balance of the 
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car.  This practice left the bogie out of balance 
to the extent of almost 500kg on the gearbox 
side due to the weight of the gearbox, gear 
wheel, oil, WN drive and pinion. 
 
This factor has not been taken in to account on 
NSW vehicles having metal primary springs 
and it appears that many railways throughout 
the world do not compensate for this type of 
imbalance. This situation had been accepted 
for 30 years for double deck cars, and for 
many single deck units dating back as far as 
1925. 
 
Cast bogies as shown in Appendix A 
manufactured prior to Tangara were 
constructed with spring seats varying by as 
much as 3mm in level.  If the casting exceeded 
this dimension a compensating packer was 
welded in the low spring pocket. 
 
Tangara bogies as shown in Appendix B were 
fabricated with the spring seats being 
machined to close tolerances. The primary 
springs are rubber, and the subsequent 
settlement has required the wheels to be 
balanced.  This requirement has resulted in 
consideration being given to the remainder of 
the fleet and to solve the problem a weighing 
station was installed at the MainTrain depot to 
check the weight and balance of cars prior to 
release from the workshops after repairs. 
 
The procedures developed included the 
installation of loose packings on top of the 
springs at each spring pocket, based on 
dimensions taken on a level stand.  The 
springs had previously been calibrated and 
packing added to ensure that all springs were 
the same height such that the added packing 
compensated for frame variations. This 
method met with some success, but it was 
difficult to meet the balance figure of 700kg 
over one axle as required by State Rail.  It was 
also difficult to accept this method in the 
production system, as incorrect bogies 
required removal from the cars for re-packing. 
 
To address this issue, it was concluded 
necessary to weigh the bogies on their own 
prior to fitting to the car. It was agreed that a 
bogie weighing machine be installed in the 
bogie shop.  When the design was further 
considered it was concluded that the weigh 
station should be built as an assembly station, 
hence being an integral part of the production 
line. 
 
3.  CONCEPT 
 
Preliminary evaluation of several commercially 
available bogie weighing machines was carried 

out considering such parameters suitability for 
purpose, interfacing with the existing 
production system that included such 
parameters as suitability to the needs, 
interchangeability, interfacing with existing 
production system, cost and local support.  In 
the following are the details of the evaluation: 
 
• Most commercially available machines 

are designed to weigh the completed 
bogie, which including traction motors and 
other components.  The drawback with 
this system is that the bogies are required 
to be stripped, re-packed to compensate 
for imbalance, re-built and re-weighed to 
test the corrected bogie. Such stripping 
and reassembly adds significant cost to 
the operation. 

 
• These machines have limited options to 

facilitate different types of bogies and 
interchangeability only can be achieved 
after modification these machines were 
modified to suit. 

 
• One of the important factors in the 

evaluation was the requirement for 
interfacing the new machine with existing 
production facilities. None of the 
commercially available machines were 
suitable to integrate with the existing 
production line for final assembly of 
bogies at the MainTrain Depot. 

 
• Local support services were another 

important consideration, as any down time 
of the machine would have serious 
consequential effects on the cycle time to 
overhaul the rollingstock.  None of the 
commercially available machines were 
locally manufactured and most of them 
had only limited local support services. 

 
4.  MAINTRAIN ALTERNATIVE DESIGN 
 
Due to the non-availability of any suitable 
commercially available machines, MainTrain 
decided to custom design a assembly station 
which could pre-assemble the bogie, weigh the 
bogie and pre-finish the bogie assembly.  The 
bogie wheel and weigh station was built to 
wheel the bogie frame excluding traction 
motors and other components, weigh the 
bogie, raise frame to pack springs with shims 
to compensate for imbalance and finish 
weighing.  The following aspects were 
considered for finalising the concept design: 
 
• Types of bogies to be weighed. 
• Weigh without traction motors and brake 

cylinders. 
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• Central pull type loading arrangement. 
 
• Unique feature to raise and lower the 

bogie to fit packing. 
 
• Central interlocking system to ensure safe 

operation of the machine 
It was considered that the positioning of the 
traction motors and brake cylinders balanced 
each other so there was no requirement for 
them to be fitted for weighing. 
 
 
5.  CONFIRMATION OF THE EFFECTS OF 

BOGIE WEIGHING WITHOUT 
TRACTION MOTOR AND OTHER 
COMPONENTS 

 
The new concept of weighing bogies without 
traction motors, brake cylinders and other 
components previously had not been tested or 
documented.  This concept was verified by 
carrying out simple dimensional tests.  The 
tests were as follows: 
 
Test – 1 
 
• Every bogie type was assembled (with 

traction motors and other components) 
and under no load the actual compression 
of the primary springs was measured and 
recorded. Subsequently a measurable 
load was applied by the use of an existing 
hydraulic press and the actual 
compression of the primary springs was 
measured and recorded. The difference in 
compression was calculated and 
recorded. 

 
• Every bogie in Test–1 was partially 

disassembled (removal of all traction 
motors and other components) and a 
measurable load equivalent to Test-1 plus 
additional load to compensate the weight 
of the removed components was applied.  
The actual compression of the primary 
springs was measured and recorded. 

 
• The compression of the springs has a 

direct relationship to wheel loading.  It 
was noticed that there was little difference 
in the compression lengths between the 
two tests.  The tests actually confirmed 
that weighing of bogies excluding traction 
motors and other components was 
possible and the results were reasonably 
close to each other. 

6.  DESIGN PROCESS 
Design of the wheel and weigh station was 
based on the existing State Rail bogies that 
were overhauled at MainTrain.  Following are 
the key reasons for the new concept: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Bogie assembly and weighing station 
 
• Assembly and weighing station rather 

than weighing station only. 

• Centre pull type design to ensure equal 
loading at the point of loading and to 
simulate the car setup. 

• Different wheelbases and sizes of the 
bogies. 

• To accommodate different types of axle 
box arrangement. 

• To have capacity to load bogies at varying 
loads depending on the type. 

• To accommodate both Cast and 
Fabricated bogies. 

 

7.  DESIGN FEATURES 
 
Main Fabrication Structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. Fabricated main structure for weighing 

Load Cylinder 
 

Centre structure 
Main Line 
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The Weighing Station was fabricated within the 
centre structure as shown above and was 
designed to take up any residual stress.  The 
centre structure was also designed to ensure 
that there is no effect of deflection on the main 
rail during the load cycle. The material used for 
the main structure is a 700WB115-welded 
beam and this was selected for its high 
moment of inertia about the x-x axis. The 
construction was such that the entire imposed 
load from the load applicator was transferred 
to the bogie wheels, not through the main 
structure but through an inner frame, which 
when deflected did not affect the weighing 
system load cells located on the rails attached 
to the main framework. This section also 
enabled the bogies to pass over the various 
elements of the machine without interference. 
 
7.1 Principle of Loading 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Load transference beam 
 
The load transference beam was freely 
suspended and held by the load applicator to 
facilitate the lowering and raising of different 
types of bogies.  The load transference beam 
was coupled to the load cylinder to apply the 
required load at the loading point as shown in 
the figure above. 
 
The load applicator was capable of acting as a 
constant load upon the bogie.  Any change in 
deflection of the bogie suspension would 
automatically be compensated by the load 
applicator, whether that compensation required 
a raising or lowering of the applicator.  Once 
loaded, such changes in suspension height 
were not likely to be greater than ±5mm.   
 
The load applicator applied its force vertically 
at the nominal bogie center. The applicator 
applied the vertical force to the transference 
device through the self-aligning connection.  
The purpose of the lateral movement of the 
applicator and this self-aligning connection 
was to allow only vertical forces to be applied 
to the bogie.  The transference device was 
located on the bogie via the center pinhole, to 

the load cylinder and locating on the side-
bearer or air spring seating. 
 
The force applied to the bogie by the load 
applicator was to be within the range of 0 to 
30000 kgs in steps. Once applied, the load 
was maintained within ±1% of the pre-set load.  
A pre-selector control was arranged such that 
any applied load could, by changing the 
selector setting, be varied throughout the 
specified range of loading.  However, on 
removal of the load at the end of the test any 
setting on the pre-selector was cancelled back 
to minimum loading to prevent operator error 
causing an overloading of any subsequent 
bogie. 
 
7.2 Automatic Wheel Base Adjustment System 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Wheel base positioning system 
 
An important feature of the wheeling and 
weighing station was that the system could 
position the wheelset / bogie to the required 
wheelbase dimension for assembly and 
weighing.  The entire system slides on linear 
bearings and these bearings require minimum 
maintenance. Provision was made for 
individual fine adjustment of each of the 
adjusting systems to allow for variation in 
manufacturing tolerances, such allowance 
being ±2mm of nominal wheelbase.  This fine 
adjustment was to ensure that by centring the 
adjusting system to the axle centre, only 
vertical forces were created between the wheel 
and the load cells. 

LOADING POINTS 

Linear Bearing 

Loading 
points 

Direction of travel 



Shiva Rajagopalan Rollingstock Bogie Assembly and Weighing Station 
MainTrain 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

73 

7.3 Axle box / Journal box location system 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Axle box positioning system 
 
The location system in the wheeling station 
was built around a combination of linear 
bearings and a low-pressure hydraulic system.  
The low-pressure hydraulic system prevented 
any damage to the axle box and bearing, the 
advantage of this was to limit the applied force 
to 800N. When locating the bearing boxes they 
could be at different angles so the location 
system allowed the location fixture to be 
manually retracted and re-applied at all four 
stations. 
 
The location fixture was held in place by the 
hydraulic system until a bogie was lowered 
onto the bearing boxes.  The hydraulic system 
allowed the fixture to collapse under the weight 
of the bogie whilst keeping the bearing boxes 
aligned. One location fixture was designed to 
cater for all types of axle boxes. 
 
7.4 Frame Lifting Device 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6. Bogie frame lifting system 

Correction of bogies for any imbalance 
required balance packing to be inserted on top 
of the primary springs.  The frame-lifting device 
consisted of four cylinders, which were 
simultaneously operated to raise and lower the 
bogie frame for packing.  This operation was 
critical in achieving consistency in the weigh 
results and any wrong operation would result 
in unacceptable inaccuracies. 
 
7.5 Weighing System 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7. Weighing station details 
 
The weighing system consisted of four load 
cells; the load cells were continuous rail track 
strain gauge types.  This system was 
developed and installed by Rail Infrastructure 
Corporation.  Measurement accuracy was 
around +/- 10kgs.  Strain gauges measured 
the strain in the rail under load and a computer 
system converted that to actual wheel loads in 
kgs.  This system was similar to MainTrain's 
car weighing system. 
 
7.6 Computer System 
 
A fully integrated computer system displayed 
and printed the weighing results with 
calculated suggested packing for adjustments.  
The software incorporated all combinations of 
bogies with a completely integrated database, 
which captured weighing information of each 
bogie for future reference and analysis.  The 
hardware had a built-in feature for future 
upgrading to convert existing manual control to 
a computerised control system. 
 
7.7 Interlocks 
 
Using a (PLC), many interlocks were 
introduced to prevent accidents or damage to 
the machine, some of the functions of the 
interlocks were: 

Axle Box         Axle box location fixture 

Lifting Cylinders 
Balance packing 
is inserted here 

Strain gauge Load cells 
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• The bogies could not be moved until all 
cylinders, rams, fixtures and locks were 
disengaged. 

 
• Loading could not commence until the 

bogie was locked in place. 
 
• Loading could not commence until the 

load bar was locked in place. 
 
• The bogie could only be loaded to a 

preset limit. 
 
• Inadvertent use of the machine was not 

allowed. 
 
8.  MANUFACTURE 
 
Manufacture of the wheel and weigh station 
was a joint project between MainTrain and 
TYSCI Technologies (A local Australian 
Company). From the initial consultation, 
several manufacturing designs were produced 
in sketch form to evaluate each design’s 
merits.  These were compared with the 
specifications and finally one was selected as 
the preferred option. Upon finalisation of the 
manufacturing design, the assembly drawings 
were produced and from this the basic 
construction was generated. Some of the 
reasons for selecting this manufacturing 
design were: ease of manufacture, cost, 
simplicity of operation, reliability and reduced 
maintenance costs.  One of the critical factors 
to be considered for this one off design was 
risk assessment and risk reduction. 
 
• The wheel and weigh station was 

manufactured as three separate sections 
(wheeling station, weighing station and 
finishing station). The main reason for 
three-piece construction was to test the 
functionality of each section individually 
and also to facilitate transport and 
installation. 

 
• Positioning the bogie on the machine in 

both the wheel assembly and weigh 
station areas was done using a digital 
proportional amplifier driving dual 
hydraulic cylinders through proportional 
directional valves. This was designed to 
give accurate positioning and it could 
position the bogie within 0.5 mm. Each 
cylinder in turn moved a frame, which 
locked the wheel in position by a hydraulic 
applied lock lever. 

 

• The weighing system was fitted to the 
weigh station after the entire assembly 
was installed and leveled at MainTrain.  
This reduced any risk of damaging the 
weighing equipment during transportation 
and installation. 

 
• The wheel and weigh station had in-built 

safety interlocks to minimise any risk 
associated with safety hazards to the 
operator and also to avoid any damage to 
the station when it was in operation. 

 
• The workstation was custom built to 

MainTrain's requirements and was unique 
in design with many innovative devices 
such as PLC's, dual hydraulic system and 
a completely integrated interlock system.  
Most importantly the entire station was 
manufactured in Australia using locally 
available components.  80% of the parts / 
components were standard shelf items 
available in Australia. 

 
Using hydraulics in this machine had many 
advantages and unique features as set out 
below; 
 
• Accurate positioning through an analogue 

feedback circuit. 
 
• Steady movement and speed control 

settings through the digital amplifier. 
 
• By using two cylinders in series one axle 

set or bogie could be accurately 
positioned. 

 
• The low-pressure hydraulic system at 50 

bar used a pressure compensated piston 
pump. 

 
• The loading system used a second 

pressure compensated piston pump at 
210-bar pressure. 

 
• Each pump delivery was filtered to 10 

microns for system reliability and 
longevity. 

 
• Heat generation and noise levels were 

within OH&S recommendations. 



Shiva Rajagopalan Rollingstock Bogie Assembly and Weighing Station 
MainTrain 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

75 

9.  INSTALLATION AND TESTING 
 
9.1  Installation 
 

Location of the machine was critical to 
production and was installed in an area 
where the dependency on the overhead 
crane was minimal.  
The station was positioned close to a 
support to ensure that the suspended 
floor construction in the bogie shop 
supported the weight of the machine and 
also to minimise the effect of any vibration 
transferring to the weigh station. 
 

9.2  Testing For Performance 
All types of bogies were tested in the 
wheel and weigh station for operational 
and engineering requirements.  Minor 
modifications were carried out to improve 
the performance.  Weighing analysis as 
shown in the graphs indicate the 
improvements achieved during the testing 
phase. 

 
9.3  Review By Consultant 

After installation and testing, an 
independent consultant reviewed the 
entire wheel and weigh station procedure. 
The weighing results were also analysed 
by the consultant to ensure that they were 
in accordance with the requirements of 
State Rail specification. 

 
10. RESULTS 
 
Graphs in Appendix D and E indicate the 
accuracy of the weighing process for cast and 
fabricated bogies.  The weight difference 
between wheels on an axle is the critical 
measurement; this difference peaked at 250 to 
300kgs in the beginning and started to reduce 
over a period of time. Graph in Appendix C 
shows the relative reduction in the number of 
weighings required over the same time period. 
The reduction in the difference followed minor 
modification to the procedure and the process. 
Some of the minor modifications were: 
 
• A wider contact area was established at 

the point of loading to ensure that the 
bogie was rigid and simulated the setting 
under a car. 

 
• Some of the bogies were found to have 

casting defects in the pocket and these 
bogies were machined to suit. 

• The hydraulic lifting cylinders were 
lowering and raising the frame in an 
uneven manner and resulted in unrealistic 
and unacceptable repeat weighings.  A 
weight compensation pressure related 
valve was fitted to ensure that the frame 
raised and lowered without altering or 
disturbing the setting. 

 
11. BENEFITS 
 
• The design of the machine meets and 

exceeds all operational, engineering and 
safety requirements. 

 
• Bogies currently being balanced by the 

use of wheel and weigh station are within 
0.5% of the acceptable tolerance for 
weight differential between wheels on an 
axle. 

 
• Owing to the provision of balanced 

bogies, there has been a greater than 
50% reduction in the cycle time for 
weighing cars. 

 
• Following the introduction of the wheel 

and weigh station, the car weighing data 
shows that cars are consistently achieving 
an average imbalance not more than 2% 
between wheels on one axle.  This is 50% 
better than the State Rail specification. 

 
 
• A combined benefit in terms of cost 

savings is estimated to be around 100,000 
dollars per year. 

 
12. CONCLUSION 
 
In conclusion, the main objective of improving 
car weighing process was achieved with 
excellent results. The car weighing results are 
now consistent and well within the State Rail 
specifications in regard to weight and balance 
of cars. These improvements will help in 
minimising the effects of out of balance cars 
being a contributory factor in derailments. 
 
In future, analysis of the data being collected 
shall determine the need for car weighing. 
Cars fitted with completely balanced bogies, 
will only require the car and air bag heights to 
be adjusted to ensure balanced wheel loads. 
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APPENDIX A 

CAST BOGIE DETAILS 
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APPENDIX B 
FABRICATED BOGIE DETAILS 
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APPENDIX C 

 
APPENDIX D 

 

CAST & FABRICATED BOGIE - DATA ON REPEAT WEIGHING PER 
BOGIE
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APPENDIX E 
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CASE STUDY ON THE DEVELOPMENT AND DEPLOYMENT OF AN 
AUTOMATED AND WEB BASED SAFETY CASE TOOL 

 
Pierre Rochecouste, BE, Grad Dip Sys Eng, 

Senior Systems Consultant, Engineering Systems 
Rail Infrastructure Corporation 

 
James (Jim) Kennedy, ARMIT (Mech Eng), Grad Dip Mntce Mgt, Grad Dip Risk Mgt. 

Manager, Engineering Systems 
Rail Infrastructure Corporation 

SUMMARY 

Since 1992, the Rail Infrastructure Corporation and its predecessors have used Reliability Centred 
Maintenance Analysis (RCM) to provide due diligence analysis protection against opaque or 
inadequately developed preventive maintenance plans. Recent emphasis on occupational health and 
safety risk exposures typified by the NOHSC1:1010 (1994) document along with the current and 
proposed legislation regarding "Corporate Killing" UK, "Corporate Manslaughter" (Victoria) and 
"Corporate Culpability" (Queensland) required modifications of the RCM process to integrate Task 
Hazards Analysis. 

This paper will describe the drivers behind and the solutions adopted for extending the original RCM 
analysis process into an integrated safety case analysis that includes human task error along with 
equipment failure when analysing hazards.  

RIC has developed and deployed a MIL-STD-2173AS2 (1986) and AS43603 (1999) compliant tool to 
assure that not only are equipment failures managed by an appropriate preventive maintenance 
program but also the subsequent preventive and corrective tasks are assessed for risk and 
appropriate control mechanisms put in place. This paper also reports on the role played by the 
intranet/internet and web enabled systems in cost effectively deploying such a tool to assure 
continuous improvement and aid the development of a learning organisation. 

 

1 INTRODUCTION 

The disastrous train collision and fire at 
Ladbroke Grove on 5 October 1999 cost 31 
lives and led to a number of investigations and 
reviews.  These reviews by the Health and 
Safety Executive (HSE) and UK Government 
and in particular the review of Railtrack's 
Safety and Standards Directorate undertaken 
by the Department of the Environment, 
Transport and the Regions (UK) resulted in 
many recommendations. The release of the 
Railways (Safety Case) Regulations 20004 
(UK) implement some key recommendations 
from that review. 

The Railways (Safety Case) Regulations 2000 
seek to strengthen the arrangements for 
assuring safety on the railways. The regulation 
requires all Infrastructure Maintainers, Train 
Operators and Station Operators (and Railway 
Operators who combine some or all of these 
functions) to submit suitable and sufficient 
safety cases to the Health and Safety 
Executive for acceptance, prior to the conduct 
of railway operations. 

In Australia, the NSW Rail Safety Act5 (1993) 
requires owners and operators to submit a 
safety management plan to the Director 
General of the NSW Department of Transport 
under the terms of the accreditation as an 
owner or operator. 

In addition, NOHSC1:1010 (1994) and the 
NSW OH&S 20016 Regulation sets out 
requirements for the implementation of a 
systematic risk management process for 
workplace hazards. 

1.1 What Is A Safety Case? 

The word "case" is used in a variety of 
contexts. In the railway context,  'Safety Case' 
is derived from the concept of a court case: the 
defendant "presents its case" to the court in 
order to convince the judge that its proposition 
is right. 

For our purposes, the proposition is that a new 
(or modified) system is safe enough to use and 
somebody has to present the case so that the 
regulatory authority can reach a decision. 
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As such, the safety case must convince the 
regulatory authority, who may not have a deep 
knowledge of the technical issues involved, 
that a given product or system: 
 
• is safe enough to be introduced into use 

in a particular rail context, or  
• was safe enough if already in operation: 

the safety case could well be used as 
evidence in genuine legal proceedings 
many years after the system was 
authorised and commissioned.  

The information provided to the various 
authorities must support this argument. 

Supporting documentation7 accompanying the 
release of the Railways (Safety Case) 
Regulations 2000 provides the following 
information on the Safety Case: 

"Purpose of a Safety Case" 

"6. Railway Safety Cases need to provide 
sufficient specific information (known as 
"particulars") to describe the nature and extent 
of the operation, and to demonstrate that:  

• The railway operator has undertaken 
adequate risk assessment for all 
operations, has identified the 
measures which need to be taken to 
control risks to health and safety of 
workers and the public, and has 
systems in place to ensure that those 
measures will be implemented and 
maintained; and  

• The railway operator has or will 
implement an effective safety 
management system that will exercise 
effective control over routine and non-
routine operations (including 
emergencies) in a manner that 
complies with all relevant statutory 
provisions. " 

"7. The purpose of a Safety Case is to explain:  

• what the health and safety risks are, 
and how they are assessed;  

• what the duty holder does to manage 
them;  

• who does it and how and when they 
do it; " 

"What is a Safety Case? " 

"20. A Safety Case is the means of 
demonstrating that an activity or operation, to 
be or being undertaken will, so far as is 

reasonably practicable, be safe and without 
risks to health…….." 

"22. Safety Cases which are pitched at too 
high a level, and do not provide a clear linkage 
between the key risks and the specifications 
and procedures which control them are 
unlikely to be acceptable…….." 

Under Section 14 of the NSW Rail Safety Act, 
owners and operators are required to submit a 
safety management plan that: 

" (a) identifies any significant potential risks 
that may arise from the construction and 
maintenance, or construction or maintenance, 
of the railway specified in the application….." 

Under Clause 25 of NOHSC:1010 (1994), 
employers are required to: 
 
" An employer must ensure that hazards are 
identified in accordance with Clause 65 - 

(a) before and during the introduction of plant 
to a workplace;  

(b) before and during any alteration to the plant 
or change in the way the plant is used or a 
system of work associated with the plant, 
including, where appropriate, a change in the 
location of the plant, which is likely to involve a 
risk to health or safety; and 

(c) if new or additional health or safety 
information relating to the plant or its 
associated systems of work becomes available 
to the employer." 
 
Under Chapter 2, Clause 9 of the NSW OH&S 
2001 Regulation, employers are required to: 
 
"Employer to identify hazards 
(1) An employer must take reasonable care to 
identify any foreseeable hazard that may arise 
from the conduct of the employer’s undertaking 
and that has the potential to harm the health or 
safety of: 
(a) any employee of the employer, or 
(b) any other person legally at the employer’s 
place of work, or both." 

From the information provided by the Railways 
(Safety Case) Regulations 2000 and the NSW 
Rail Safety Act, it is clear that the safety case / 
safety management plan needs to set out the 
risks involved with the construction, 
maintenance or operation of the equipment, 
and the possible consequences of failure. 
Those requirements and the requirements 
identified under NOHSC:1010 (1994) and the 
NSW OH&S 2001 Regulation require the 
organisation to specify what will be done (or 
has been done) to minimise the probability and 
the impact of these failures. 
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For the purpose of this paper, the term Safety 
Case will be used to refer to both the Safety 
Case and Safety Management Plan.  

1.2 What is a Safety Case Tool? 

Production of Safety Cases to meet the 
requirements of these regulations is an 
onerous task for railway owners and operators. 
Equally, acceptance of submitted Safety 
Cases by the respective statutory organisation 
is a task of both high priority and high 
importance.  

One of the most common problems with Safety 
Cases is that they are too concise and lack 
transparency. It simply isn’t sufficient to just 
refer to dozens of documents and state that all 
the information is there, leaving it up to the 
assessor to read through them all and extract 
the necessary facts.  

The safety case must in itself contain enough 
information to give a clear impression of the 
system’s safety properties and indicate where 
the details can be found if this is desired. 

If a high level requirement was to be 
developed for a Safety Case Tool, it would be 
as follows: 

To provide a cost effective solution that shows 
a demonstrable and valid argument that a 
system is adequately safe for a given 
application and environment from the time it is 
put in operation until it is disposed of. 

2 NOTATION 
MRA  
Maintenance Requirements Analysis 
 
RIC  
Rail Infrastructure Corporation 
 
RCM  
Reliability Centred Maintenance 
 
FMEA 
Failure Mode and Effect Analysis 
 
FMECA 
Failure Mode Effect and Criticality Analysis 
 

3 DISCUSSION 
The Rail Infrastructure Corporation and its 
predecessors completed simple FMEA/RCM 
analysis of most of the rail infrastructure 
between 1992 and 1995.  The results were 
implemented in Technical Maintenance Plans 
and progressively improved from 1995 (See 
process at Figure 1).  
 

 
Figure 1:  RIC MRA process - early 1990's 

 
Issues on cost-effectiveness, traceability, 
transparency of the decision making process 
and management of changes to the regulatory 
environment are some of the major factors that 
led the organisation to question and review the 
process used in the early 1990's.   
 
The mixed paper/spreadsheet approach 
adopted for the early analysis had significant 
transparency limitations. There was no easily 
traceable connection between each task in the 
service schedule and the functional failure that 
task was managing. If the developed 
FMEA/RCM information was to be reviewed on 
an ongoing basis by all parties concerned, 
some fundamental process changes were 
necessary.  
 
The publication of NOHS:1010 in 1994 gave 
warning of a future need for significantly 
improved management of the FMEA/RCM 
analysis process. In addition, the advent of the 
NSW OH&S 2001 Regulation requested the 
organisation to review its preventive and 
corrective tasks for risk and ensure that 
appropriate control mechanisms be put in 
place. 
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Commencing in late 1996 a number of 
maintenance analysis software tools were 
reviewed and the best selected for testing. The 
trial was a failure as the decision process for 
the determination of the task interval was not 
available (Black Box). In order to gain the 
confidence and sign off from the rail safety 
regulator, the decision process must be made 
available and transparent. With no tool evident 
in the market place, a series of requirements 
workshop were held in early 1999 to define a 
tool to replace the ad hoc spreadsheets and 
databases. Development of the new tool, 
named MIMIR™ after a Norse Myth, began in 
late 1999.  

4 CASE STUDY 

4.1 Why was MIMIR™ and Hazan™ 
developed? 

 
The analysis process used in the early 1990's 
developed generic Technical Maintenance 
Plans (TMP) that had one preventive 
maintenance solution for an asset type across 
NSW. The TMP took little account of the 
impact of varying reliability performance or 
operating environment across the state.  The 
solution was based on what the asset was 
rather than where it was (functional context). 
 
The TMP listed types of equipment and their 
applicable Service Schedules that comprised 
groups of tasks, each addressing a root cause 
failure mechanism, to be done to specific 
equipment at a specific frequency. Where 
appropriate and available, each task referred 
to an authorised standard describing how the 
task was to be done and containing controlled 
data such as accept/reject criteria The initial 
Technical Maintenance Plans were primarily a 
due diligence tool that addressed safety issues 
rather than economic issues.  They assured 
that the asset was “safe to use” but not 
necessarily “fit for purpose”. A tool to provide 
economic justification for tasks and frequency 
could now be built using the consistent 
baseline provided by the original TMP’s.  
 
The MIMIR™ development program was 
designed to: 
• Meet a growing need for an accessible, 

transparent and cost-effective MRA 
analysis tool; 

• Satisfy principles contained in an available 
international standard, in our case selected 
a United States Military Standard (US MIL-
STD-2173AS2 ), and  

• Satisfy emerging requirements to optimise 
service schedule frequencies to a 
particular operating context and provide 

Technical Maintenance Plans ”tailored” to 
a particular area. 

 
When the Draft NSW OH&S 2000 Regulation 
was issued for comments in the late 1990's, it 
was deemed that while MIMIR™ was able to 
deliver the basic maintenance task description, 
it was not fully able to satisfy the requirements 
of the proposed regulation.  
 
The parallel development of a task description 
tool, Hazan™  (short for Hazards Analysis) 
was commenced in mid 2000 to meet: 
 
• the structured approach of AS43603; 
• requirements of both current and proposed 

OH&S regulations; and 
• to complement the MIMIR™ software with 

a comprehensive task description.  
 

4.2 What do MIMIR™ and Hazan™ do? 
 
MIMIR™ was developed specifically to 
facilitate and document the MRA process. It 
identifies: 
• Which assets are important to the 

business? 
• What are its functions? 
• How does it fail to perform that function? 
• What causes it to fail? 
• What happens when it fails? 
• How can that failure be managed? 
• What can be done if the failure cannot be 

managed? 
 
Hazan™  was developed to fully document 
each service schedule or repair/construction 
task by identifying: 
• the support elements (tools, procedures, 

records and competencies) for each 
activity comprising the maintenance task 
identified as part of the MRA process, 

• what health and safety risks are likely in 
performing the maintenance tasks, and 
their qualitative level of risk exposure, 

• What controls are available to manage 
these risks and how effective those 
controls are, and 

• Producing an automated output in three 
forms for use by the person doing the task, 
the OH&S regulator and the rail safety 
regulator. 
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Figure 2: Overview of MIMIR™ and Hazan™  

 
Figure 3: MIMIR™ - FMECA Analysis 
Screen  

 
Figure 4: MIMIR™ - Analysis Review Screen 

 
Figure 5: Hazan™  - Hazard Analysis 
Screen 

4.3 What are the advantages of using 
MIMIR™ and Hazan™? 

Both tools offer several features that make 
them effective in facilitating the MRA and Risk 
Analysis processes.  
 
MIMIR™ and Hazan™ allow the original 
analysis to be stored within a software library. 
The analysis can then be retrieved, re-
analysed and updated based on current asset 
failure rates, technology improvements, 
changing business requirements and improved 
maintenance practices. It can also now be 
performed in a way that does not waste the 
industries resources by repeating the analysis 
for each new application. 
 
For the analysts, a well-structured and 
complete data set simplifies their task and 
shortens the time needed to produce a new 
analysis. The approval process is also 
shortened by requiring only the previously 
approved information and an assessment 
report of the changes made to the original data 
set. 

The web feature of both tools allows access 
from remote areas and the sharing of 
knowledge across not only RIC but also 
potentially the entire rail industry. This means 
that new equipment can be analysed once at 
development then shared across the whole 
industry on the Internet. 

This new capability for availability and 
transparency of the data: 

• Provides an accessible knowledge base 
(from anywhere in the world) that contains 
functions, failure modes, effects, causes, 
and potential tasks and their associated 
hazards and controls  

• Allows any RIC staff to challenge the 
content of both MIMIR™ and Hazan™;  

• Provides reports containing succinct task 
details and support information to 
maintenance staff without burdening them 
with regulatory requirements/jargon; and 

• Provides a clear linkage between the key 
risks and the maintenance practices, which 
control them. It provides an adequate level 
of detail to the regulatory bodies on how 
each risk is effectively controlled cross-
referencing to standards and procedures 
as appropriate. 

For approving authorities, life is also simplified. 
When the analysis report is clear and easy to 
understand, all they need to look for is an 
assessment report showing the changes and 
its impact. If they require access to the original 
documentation in order to become convinced 
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of the product’s safety it is directly and readily 
available across the Internet/Intranet. Such a 
tool allows the entire decision process from 
functional requirement through to aggregated 
activity list to be readily audited – this is 100% 
transparency. Safety cases will become 
increasingly simpler and cheaper to the 
industry as a whole with gains to all 
stakeholders. 

4.4 What for the Future? 

Development work is now almost complete on 
MIMIR™ 2.0 which supports design FMECA in 
compliance to principles contained in MIL-STD 
1629A8.  The new tool is planned for use in 
support of the systems assurance process on 
the Parramatta to Chatswood Rail Link Project. 

It is intended that infrastructure designers (and 
as necessary equipment suppliers) use the 
tool to progressively identify all the potential 
failures as the design matures and document 
the end solution.  The tool would then be used 
to complete the RCM process and linked to 
Hazan™  to do the associated task analysis 
with outputs being machine ready for direct 
loading into RIC’s maintenance management 
system MIMS (Mincom Information 
Management System). 

This step will be a major milestone in rail 
lifecycle management. It will, for the first time, 
seamlessly and cost effectively link design and 
maintenance knowledge into live maintenance 
plans that assure fit for purpose assets and 
provide transparent decisions on future 
maintenance needs and their associated 
funding.   

5 CONCLUSION 
A safety case is a line of argumentation and 
not just a collection of documents. RIC’s 
MIMIR™ and Hazan™  prescribe a clear 
structure for the contents that can be drawn 
upon by way of reports that are produced as a 
part of normal work.  

The approach enforces a transparent and 
effective way of producing and documenting 
safety related rail products. In return, it leads to 
timely and efficient approval processes that 
are widely available across the industry.  

In the future, it can be expected that direct 
access to the tools by various equipment users 
will be provided as the applicability of the 
process will become simpler and simpler 
because they will be based on already existing 
and approved information. This will facilitate 
and accelerate both the production and the 
authorisation processes.  
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LEVEL CROSSING RISK MANAGEMENT 
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SUMMARY 
 
The risk associated with level crossings is an issue that is of growing concern to rail operators, road 
authorities and users and the community.  As has been expressed in such cases as the investigation 
into the Glenbrook accident, the public expects that preventable accidents should not occur.  
Therefore, the concept of "As Low As Reasonably Practicable" (ALARP) is questionable under these 
circumstances.   
 
VicRoads in association with VicTrack Access are in the process of developing a low cost level 
crossing protection system to enhance existing passive crossings across Victoria on single line freight 
routes with a maximum line speed of 80km and less than 12 trains per day.   Based on supporting 
studies, the authors present a methodology for level crossing risk management. 
 
Level crossings present a potential for severe accidents and a substantial risk is associated with 
continuing to allow at grade crossings.  World's best practice is tending towards the concept of 
allowing no new level crossings to be installed as is the policy in Germany.  Rail and road 
organisations in Australia support this trend with a preference for grade separation of all new road rail 
crossings especially in the metropolitan areas.  The legacy remains and the authors proposed Next 
Steps for ranking the backlog in terms of risk reduction per dollar spent (expressed in EFPMAUD - 
equivalent fatality prevented per million Australian dollars).  The pros and cons of this approach are 
discussed. 
 
 
1. SCOPE AND INTRODUCTION 
 
The risk associated with level crossings is an 
issue that is of growing concern to rail 
operators, road authorities and users and the 
community.  As expressed in such cases as 
the Glenbrook accident investigation /inquiry, 
the public expects that preventable accidents 
should not occur.  Therefore, the concept of 
"As Low As Reasonably Practicable" (ALARP) 
is questionable under these circumstances.   
 
 
2. APPROACHES TO LEVEL CROSSING 

RISK MANAGEMENT 
 
Risk & Reliability Associates (R2A) believe 
that there are a large number of risk 
management frameworks or paradigms in 
existence and that none of them can stand 
alone to provide a complete risk management 
solution.  However there appear to be only 
three generic methods by which organisations 
can proceed with strategic tasks to address the 
concept of risk: 
 

i) Expert knowledge provided from 
experts, literature and research 

ii) Facilitated workshops of experts and 
interested parties 

iii) Interviews with selected stakeholders. 
 
Each of these methods has different strengths 
and weaknesses depending on the culture of 
the organisation and the nature of a particular 
task.  Basically, it must be ensured that there 
is sufficient expertise to focus on the problem 
at hand.  In the case of level crossings this 
includes railway operators, road authorities, 
accident researchers and risk facilitators. 
 
Table 1 lists the different methodologies that 
could be used in the implementation of the 
paradigms and the various risk management 
techniques that can be used to identify and 
manage risks associated with level crossings.   
 
Some of the more popular techniques are 
discussed further in the following sections. 
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 Technique>> 

Risk Management 
Paradigm 

Expert reviews Facilitated workshops Selective 
interviews 

0. The rule of law Yes 
(Legal opinions) 

 

Yes 
(Arbitration, moot courts) 

Yes 
(Royal 

Commissions) 
1. Insurance approaches Yes 

(Risk surveys, 
actuarial studies) 

Yes  
(Risk profiling sessions) 

Yes  
(especially moral 

risk) 

2. Asset based, 'bottom-up' 
approaches 

Yes 
(Quantified Risk 

Assessment (QRA), 
availability and 

reliability audits) 

Yes 
(Hazard & Operability 

Studies (HazOps), Failure 
Modes & Effects 

Criticality Analysis 
(FMECA, Reliability 

Centred Maintenance 
(RCM)) 

Difficult 

3. Threat based 'top-down' 
approaches 

Difficult 
in isolation 

 

Yes 
(Strength,  Weakness, 
Opportunity and Threat 

Analysis (SWOT) & 
vulnerability workshops) 

Yes 
(Interviews) 

4. Business (upside AND 
downside) approaches 

Yes 
(Actuarial studies) 

Difficult 
in isolation 

Yes 
(Fact finding 

tours) 
5. Solution based ‘best 

practice’ approaches 
Difficult to be 

comprehensive 
Difficult to be 

comprehensive 
Yes 

(Fact finding 
tours) 

6. The development of 
biological, systemic 
mutual feedback loop 
paradigms 

Yes  
(Computer 

simulations) 

Yes 
(Crisis simulations) 

Difficult 

7. The development of risk 
culture concepts 

Yes 
(Quality audits) 

Difficult 
 

Yes 
(Interviews) 

 
Table 1: Risk Management Paradigm - Technique Matrix 

 
2.1 Hazard Based Risk Management 
 
The Australian Risk Management Standard 
AS4360:1999 follows a traditional bottom-up 
hazard based approach to risk management 
namely: What can go wrong, what can be 
done to prevent such things and then what 
can be done if it does happen.  Figure 1 
illustrates the seven steps involved to carry 
out the risk management process outlined in 
the standard:  
 

Establish the context

Evaluate risks

Analyse risks

Identify risks

Treat risks

Assess risks
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Figure 1: Risk Management Overview 
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The main elements are in the form of an 
iterative process: 
 
a) Establish the Context - This step 

establishes the strategic, organisational 
and risk management context in which 
the rest of the process will take place.  
Risk assessment criteria and structure to 
be used should also be defined. 

b) Identify Risks - Identify what, why and 
how hazards arise. 

c) Analyse Risks - Determine existing 
controls and establish the likelihood of 
the events and the severity of the 
consequence. 

d) Evaluate Risks - Compare projected risk 
levels against criteria to determine 
acceptability or otherwise of each hazard 
and set risk priorities. 

e) Treat Risks - Accept and monitor low-
priority hazards.  For all other hazards 
develop and implement a specific 
management plan which includes 
consideration of funding. 

f) Monitor and Review - Monitor and review 
the performance of the risk management 
system and changes which might affect 
it. 

g) Communicate & Consult.  Communicate 
and consult with both internal and 
external stakeholders at each stage of 
the risk management process and 
concerning the process as a whole. 

 
For each stage of the process adequate 
records should be kept to satisfy an external 
audit. Typically a 5x5 risk matrix is employed. 
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H H
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Figure 2: Australian Standard AS4360:1999 

Risk Matrix  
 
Risk & Reliability Associates (R2A) have 
carried out a number of studies in which the 
hazards associated with level crossing have 
been identified.  Some case studies are 
discussed below: 
 

2.1.1 Threat and vulnerability assessment 
 
A threat and vulnerability approach was used 
to identify the critically exposed groups and 
their vulnerability for a boom gate protected 
level crossing.  A scoring system assessing 
the criticality of the vulnerability was employed 
to identify the most critically exposed group.  
A sample vulnerability table for boom gate 
protected level crossings is shown in table 2. 
 
 

Threat >>> 
Asset to be Protected 

Train 
Kinetic 
Energy 

Vehicle 
Kinetic 
Energy 

Boom 
Gate 

Energy 
Pedestrians inc. Prams xxx xx x 
Bicycle Riders xxx xxx x 
Vehicle Occupants xxx x x 
Motor Cycle Riders xxx xxx x 
Buses xxx xx x 
Train Passengers x x n/a 
Train Crew x xx n/a 
Signal men x x n/a 
Station Staff x x x 
Cars/Trucks xxx n/a x 
Train n/a xx n/a 

 
 
Scores 
xxx Critical vulnerability that must be addressed  
xx Moderate vulnerability 
x  Minor vulnerability 
n/a No detectable change in vulnerability 
 
 
Table 2: Sample Vulnerability Table for 

Boom Gate Protected Level 
Crossing 

 
2.1.2 Review and assessment of historic data 
 
Risk identification and control can often 
involve the review of detailed incident 
definition and consideration of the recording 
requirements.  This acknowledges that the 
existing practices for level crossing equipment 
has "established through usage" that it is 
"safe".  Hazard identification and risk analysis 
is still required for any proposed changes. 
 
R2A has also undertaken risk work on the 
Melbourne Airport Rail Link (MARL) for the 
Broadmeadows line.  Our view is that these 
crossings are only acceptable because they 
already exist.  If a new rail line was 
contemplated then a much higher standard 
would be expected by the community.  
Fatalities have occurred in the past on this 
line. 
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R2A analysis showed the seven 
Broadmeadows level crossings as the most 
problematic risk in a comparison between the 
Albion and Broadmeadows corridors.  This 
was reflected as a major concern by the 
community  during the public hearings 
regarding the options.   The Broadmeadows 
express option produced the greatest concern 
due to fast train travelling through the existing 
level crossings. An "almost certain" moderate 
risk is an "extreme" hazard requiring 
immediate action (signals, full booms etc).   
 
2.1.3 Cause-consequence modelling 
 
A cause-consequence approach, (after Lees, 
1998) combines fault tree and event tree 
techniques to focus on a central event, i.e the 
point in time in which control over damaging 
energy is lost.  A time sequence approach is 
used to quantify the events that must conspire 
together to cause a loss of control, while an 
energy damage approach is used to consider 
the consequences of the event.   
 

HAZARD

CONTROL

& LOC Null Event

Accident

Injury

Fatality  
 

Figure 3: Cause-Consequence Model 
 

The fault tree side of the model can be 
expanded to determine the exposure of critical 
groups at level crossings.  This formed the 
basis of a R2A study in which different forms 
of level crossing protection were investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Train Driver 
fails to whistle

5.00E-03
or Driver fails to  

Road vehicle hear Train
driver fails Unprotected 3.49E-02

to hear whistle FL 3.49E-02
Unprotected 3.00E-02 BB 1.05E-01

FL 3.00E-02
BB 1.00E-01 LOC

& Driver fails to apply 
Road vehicle brakes in car stopping distance

driver fails 1.05E-05 NP
see  Train 1.08E-06 CTC & FL

Unprotected 3.00E-04 4.18E-07 CTC & BB
CTC 1.00E-03

& Fails to see
Train presence train/xing

activation NP 3.00E-04
failure CTC & FL 3.10E-05

CTC 1.00E-03 Road vehicle CTC & BB 4.00E-06
or driver fails to see

/hear level xing
NP 1.00E+00

Driver fails to CTC & FL 3.10E-02
see active CTC & BB 4.00E-03
crossing

FL 3.00E-02
BB 3.00E-03

Figure 4: Fault Tree 
 

 

where  NP is no protection  
FL is flashing lights 

 BB is boom barriers 
 CTC is continuous track circuit  
 
Note:  pure probability per exposure of an 

individual in a vehicle to a train. 
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For a road vehicle driver to unintentionally 
collide with a train, one of two things would 
have to fail; the driver fails to either see or 
hear the approaching train or if available, the 
level crossing protection system. 
 
The exposure per trial of road vehicle drivers 
failing to see or hear the approaching train or 
any active level crossing protection for the 
various levels of level crossing protection has 
been estimated.  That is, for every train / 
vehicle collision pair the comparative 
probability of a failure is:    
 
Passive protection (NP) 1.05 E-05 
CTC and flashing lights 1.08 E-06 
CTC and boom barriers 4.18 E-07 
Full boom barriers (BB) 1.39 E-07 
Boom barriers and signals 9.75 E-08 
Grade Separation 3.00 E-08 
 
2.1.3 Train / road traffic density cross product 

approach 
 
Typically, to calculate the probability 
associated with the hazard of being hit by a 
train at the level crossing the following base 
assumptions were used: 
 
16000 vehicles/day cross the level crossings 
40 trains per week 
6 day week 
 
Number of trains  =  
40 trains per week ÷ 6 days per week  
 = 6.67 trains per day 
 
If 6 to 10 people in the first rank of traffic are 
at risk, (those persons who must stop and are 
near the level crossing) every time a train 
goes through the level crossing then, for 
example: 
 
Exposure = 6.67 trains / day * 6 people 
exposed / train movement over level crossing 
 = 40 people exposed to a train 
collision per day at a level crossing 
 
Probability of a exposed person in a road 
vehicle (who must stop and are near the level 
crossing) meeting a train: 
 = (6.67 trains per day * 6 people 
exposed per train) ÷ 16000 vehicles per day  
 = 2.5 E-03 per day 
 
Based on 50 trials per annum, (a busy tourist 
for example) the likelihood of a person in a 
vehicle meeting a train at a level crossing is 
2.5 E-03 * 50 = 0.125 per annum.  (To 
establish the likelihood of death of that 
individual, this would be multiplied by the 
control failure probability above.) 
 

However, if a person mostly meets a train, the 
following applies: 
 
Train traffic runs through the level crossing 8 
hours per day. 
 
The majority of road traffic occurs during 15 
hour per day 
 
Number of trains = (40 trains per week ÷ 6 
days per week) ÷ 8 hours per day  
 = 0.83 trains per hour 
 
Based on 6 people being at risk, (those 
persons who must stop and are near the level 
crossing) every time a train goes through the 
level crossing then: 
 
Probability of a person in an exposed road 
vehicle (who must stop and are near the level 
crossing) meeting a train: 
 
 (0.83 trains per hour * 6 people exposed per 
train) ÷ (16000 vehicles per day ÷ 15 hours 
per day) = 4.67 E-03 per trip.  Consider 
also 10 people exposed per train. 
 
It is expected that a person travelling to and 
from work daily between a residential origin 
and a workplace origin will travel across the 
level crossing 480 times per year.  Therefore 
the likelihood of a person in a vehicle meeting 
a train at a level crossing is 3.75 per annum. 
 
Based on the failure probability figures 
estimated previously, the  individual risk has 
been calculated in Table 3. 
 
10 people exposed to 
0.83 trains per hour 

3.75 pa Individual Risk 
per million 

Passive protection 1.05 E-05 40 
CTC & flashing lights 1.08 E-06 4 
CTC & boom barriers 4.18 E-07 1.6 
Full boom barriers 1.39 E-07 0.5 
Boom barriers & signals 9.75 E-08 0.35 

 
6 people exposed to 0.83 
trains per hour 

2.24 pa Individual Risk 
per million 

Passive protection 1.05 E-05 23.4 
CTC & flashing lights 1.08 E-06 2.4 
CTC & boom barriers 4.18 E-07 0.94 
Full boom barriers 1.39 E-07 0.31 
Boom barriers & signals 9.75 E-08 0.22 

 
Table 3: Individual Risk 
 
Persons whose habits are such that they 
nearly always encounter a train are of course 
exposed to greater risk. 
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By comparison the road toll is around 125 
chances per million per year i.e. a person 
regularly using a passive level crossing 
encounters significant additional risks.  For 
active protection the risks to an individual are 
acceptable.   
 
Various authorities suggest acceptable 
frequencies of death for individuals in critical 
exposed groups.  These numbers are in 
chances per million per year.  That is, the 
chances, on average, of being struck and 
killed by lightning in NSW is one in ten million 
per year or alternatively, for an individual, 
once in every ten million years. 
 
This data can also be represented in a triangle 
type diagram, sometimes referred to as "the 
dagger diagram". 
 
 

Negligible risk

Intolerable; risk cannot be 
justified except in 
extraordinary circumstances

Broadly 

Acceptable

Acceptable

Limit for Royal Soc. U.K.*

Limit for W.A. E.P.A*

Objective for N.S.W DoP, 
H.S.E U.K., Royal Soc. U.K.*

Risk Categories 

I

II

III

IV

V

Car Accident Deaths

Typical 
Quantification 

Values

Lightning Strike Deaths

Levels of Risk Acceptability

Trivial risk

Undesirable; tolerable 
only if reduction is 
impractical or  if cost is 
grossly disproportionate 
to the improvement 
gained

Tolerable if the cost of 
reduction would exceed 
the improvement gained

10      per year-7

10      per year-6

10      per year-5

10      per year-4

 
 
Figure 5: Risk Levels for Individuals in a 

Critically Exposed Group 
Diagram (without quantification) appears in IEC 61508 as 
figure B1 
 
The two key levels seem to lie around road 
death statistics and the chances of being 
struck by lightning.  In simple terms, it seems 
that if we believe something is more 
dangerous than driving a car then the risk is 
unacceptable (about one chance in 10,000 per 
year), but that if it is about as likely as being 
struck by lightning (about one chance in 10 
million per year), then it is probably so low that 
we don't expect anyone to do anything about 
it.  In the range between these two figures cost 
benefit studies to reduce the risk to as low as 
reasonably practicable is appropriate 
 

Many organisations are now emphasising the 
risk criteria of tolerance rather than 
acceptance.  To tolerate risk means that risk is 
not regarded as negligible, meaning that it 
cannot be ignored.  Rather, it must be kept 
under review and reduced still further to the 
negligible level if and when this becomes 
practical.  The key element is the process by 
which it is demonstrated that all practicable 
measures have been taken to reduce risk 
levels to a minimum. 
 
2.2 Application of the ALARP Principle 
 
The community has a much greater risk 
aversion to single events in which a large 
number of people could be killed compared to 
frequent distributed deaths.  Train collisions 
fall into this 'aversion' category since train 
energies are massive compared to cars and 
have the potential to result in a large number 
of fatalities. 
 
Because of this the Railways typically spend 
between three and ten times more dollars per 
life saved than road agencies.  Cost benefit 
calculations typically evaluate equivalent 
fatalities prevented per million Australian 
dollars (EFP/MAUD). Level crossing accidents 
however mostly involve single fatalities and 
thus fall "between the cracks" justifiable 
neither by "black spot" road safety programs 
nor railway "not less safe" practices. 
 
2.3 Best Practice Approach 
 
Economic arguments relating to the cost 
benefit do not address the strong ALARP (As 
Low As Reasonably Practicable) principle of 
always reducing risk to 'world best practice' 
unless the cost is grossly disproportionate to 
the benefit.  An 'undesirable' risk, let alone an 
'intolerable' risk necessitates the strong 
ALARP principle of risk reduction 'grossly 
disproportionate' to the benefit. 
 
Justice McInerney in his report regarding the 
Glenbrook Inquiry stated "… better value in 
terms of the number of lives saved can be 
obtained by expending money on roads than 
the same amount of money spent on railway 
infrastructure.  However, it seems equally 
clear that the public expectation of 
government in relation to the safety of 
railways does not allow for that type of 
comparative analysis."  
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It is acknowledged that level crossings present 
a potential for severe accidents and a 
substantial risk is associated with continuing to 
allow at grade crossings.  Industry recognises 
that grade separation is the superior form of 
risk control as it eliminates the risks 
associated with level crossings.  World's best 
practice is tending towards the concept of 
allowing no new level crossings to be installed 
as is the policy in Germany.  Rail and road 
organisations in Australia support this trend 
with a preference for grade separation of all 
new road rail crossings especially in the 
metropolitan areas. 
 
2.4 Road Risk Management Comparison 
 
Road risk management employs the ‘black 
spot’ program for which three casualty 
(meaning injury or death) accidents in a five 
year period imply a ‘blackspot’.   
 
In Victoria there are approximately 24,000 
road casualty accidents per year of which 400 
of these result in fatality.  This is a ratio of 60 
casualty accidents to a single fatality accident.  
This is an improvement on the campaign of 
the 1970s to reduce the road toll to below 
1000 per annum but nevertheless remains 
"undesirable".  For occupational risks, if your 
job is more dangerous than driving to work 
then your employer has a case to answer.  
Strangely the road crash test dummy arose 
from test pilot dummies.  Their employers 
realised more test pilots died on the roads and 
donated their technology for the benefit of the 
world. 
 
A 'blackspot' is defined as three casualty 
accidents (meaning injury or death) having 
occurred at the one location.  For casualty 
accidents, a typical 'blackspot' could be three 
accidents in five years (60 in 100 years).  With 
most road accidents expect only one fatality in 
100 years as per the above ratio.  However, 
with level crossings most accidents could 
result in a fatality, making any level crossing 
with an accident frequency less that 100 years 
in principle equal to a 'blackspot'.  A passive 
level crossing fatality frequency of 1 in 50 
years is twice as bad as your average 
'blackspot'. 
 
Another way of considering this is to 
observe that level crossing fatalities may 
only be 1% of the road toll, but may be more 
than 90% of railway-related fatalities.  From 
a railway operations viewpoint, level 
crossing are not "low" risk, they are one of 
"the" risks.  
 

3. RISK FRAMEWORK 
 

Active level crossing protection through 
signalling equipment is expected to protect 
personnel, rolling stock (track and trains), 
pedestrians and road vehicles. 
 
These assets are exposed to various threats 
at level crossing including equipment faults 
and failures, pedestrian and road vehicle 
violations and interference with equipment.  
Pedestrian and road vehicle violations are 
defined as those acts which ignore the 
warning of the signalling system and trying to 
beat the approaching train. 
 
As per the cause-consequence diagram, the 
hazard associated with level crossings is 
defined as critically exposed people at the 
level crossing when a train is approaching.   
 
3.1 Hazard Severity 
 
Trains moving at line speed may cause 
multiple deaths if they strike a bus or any 
other multi-passenger vehicle.  A train line 
speed of 80 km/hr carries sufficient damaging 
energy for cars /buses /pedestrians struck by 
train to ensure almost certain fatalities.  
Typically, if a train collides with the following 
then the following fatality probabilities apply: 
 
* Pedestrian fatalities in around 7 in 10 

collisions 
* Passengers in cars fatalities in around 2 or 

3 in ten collisions 
* Buses depend on age and design, around 1 

in ten chance of multiple fatalities per 
collision for coaches, possibly higher for 
commuter buses. 

 
This is to say that fatality following an accident 
involving a train is 'almost certain' on the 
balance of probabilities and 'likely' beyond 
reasonable doubt. 
 
3.2 Hazard Likelihood 
 
It follows that all level crossings are high risk 
due to the combination of very high proportion 
of fatalities to accidents and frequency.  
However, there are degrees in the legacy risks 
that Australian railways have inherited.  Rail 
data collected since 1990 in Victoria indicates 
that there have been 74 fatalities in 963 level 
crossing accidents.  These figures and the fact 
that there have been 87 level crossing 
incidents recorded in the past 12 months 
indicates that level crossing accidents are 
causing concern to the rail operators in 
Australia. 
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Railways are long term infrastructure.  
Therefore a  5 year investment cycle similar 
to that used by road authorities is not 
sensible especially in relation to level 
crossing safety.  
 
For the train and traffic densities assumed to 
date, an accident frequency of 1 in 50 years  
is expected at a passive level crossing.  In 
urban areas, even with boom barriers, it is 
expected that a fatality could occur around 
every 20 years or so.  Therefore, in a 100 year 
period, there could be five fatalities.  This 
exceeds the payback criteria used by 
VicRoads which indicates that this is in the 
unlikely region. 
 
VicRoad criteria also gives no consideration to 
possible multiple death situations (school 
buses especially) despite there being 
instances of trains colliding with buses. 
 
4. RAILWAY LEVEL CROSSING 

PROTECTION 
 
The installed cost of conventional level 
crossings is prohibitive on low usage and 
occupation (private property) road crossing of 
railway lines.  A passive crossing with signage 
to Australian standards costs only $15,000 
and almost all public road crossings would 
now be compliant.  An active crossing to 
signalling track circuit standards can cost in 
excess of $180,000 for flashing lights alone 
and $400,000 with boom barriers. 
 
4.1 Alternate Low Cost Level Crossing 

Protection 
 
VicRoads in association with VicTrack Access 
are in the process of developing a low cost 
level crossing protection system to enhance 
existing passive crossings across Victoria on 
single line, non track circuited freight routes 
with a maximum line speed of 80km and less 
than 12 trains per day.  The technology is 
based on inductive loops and radio links rather 
than track circuits. 
 
It is anticipated that such low cost level 
crossings will provide enhanced safety 
compared with crossings that are fitted with 
only warning signs (passive) but may not 
provide the same level of confidence of 
warning as crossings with flashing lights 
and/or boom barriers. 
 
 

5. NEXT STEPS 
 
Risk Assessments investigating the 
implementation and use of new level crossing 
technology should address the following 
questions: 
 
(a) How much safer are alternative crossings 

compared with unprotected crossings? 
 
(b) How do alternative crossings with varying 

degrees of fit out, reliability, signage and 
public education compare to standard 
level crossings? 

 
(c) What is the reduction in safety when 

alternate crossing protection fails, 
compared with a passive crossing? 

 
(d) What is the net change in safety for the 

alternative crossing for a range of 
assumptions including train density, 
mean time between failures and mean 
time to repair? 

 
(e) What other practices may improve the 

level of safety offered without 
significantly increasing the cost? 

 
(f) What further observations may be 

pertinent?  
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WAYSIDE SYSTEMS FOR SAFER RAILROADS 
 

Kris Kilian MESc, Monica Kilian PhD,  
Lynxrail 

 
Summary Wayside monitoring systems provide round-the-clock safety checks. The wayside 
system described in this paper is used by a major private railroad operator to conduct 
condition monitoring and safety audits for trains at full operational speeds of up to 75 km/hr. 
The system checks for presence, damage, and wear of critical components on freight 
wagons, and its 24 hour operation helps to ensure continued safe train operation. Since 
rolling stock components are monitored frequently, the system also contributes to reduced 
maintenance costs. In many cases, wayside systems can replace visual monitoring by a 
human inspector. 
 
 
1. INTRODUCTION  
 
Railroad safety is a prime concern for 
every operator. Safety glitches can lead to 
downtime and accidents, both of which 
cost money (and possibly lives) and lead 
to adverse publicity for railroads. 
Furthermore, regulations governing 
railroad safety are bound to become more 
stringent. This means, among other things, 
that railroad safety systems must be 
transparent and auditable. For operators, it 
is also important that the costs of safety 
systems are reasonable so that there is no 
temptation to skimp on systems that can 
dramatically improve safety. Safety must 
be affordable.  
 
The most important safety check 
conducted by railroad operators is the roll-
by inspection, whereby one or more train 
inspectors monitor the train for faults. Such 
roll-by inspections have several drawbacks 
that may compromise safety: 

• Train needs to travel very slowly to 
allow for visual inspection 

• Inspection occurs only when train 
is fully assembled (this means that 
train inspectors frequently have to 
travel long distances, depending 
on the yard, and turnaround time 
is thereby increased) 

• The train inspector has to be 
extremely vigilant – ideally a roll-
by inspection should be carried 
out by at least 2 people for 
verification of assessment  

• Both sides of the train need to be 
checked – this incurs time and / or 
cost penalties. Checking one side 
only, however, compromises 
safety. 

 
Safety systems need to be able to inspect 
both sides of the train while it is travelling 
at normal speeds, as this will ensure that 
all safety checks are carried out and 
turnaround time is reduced. To minimise 
its cost to the operator, a wayside system 
should ideally fulfil a range of objectives: 
increase safety, improve maintenance 
procedures, and contribute to lower 
operating costs. There are wayside 
systems available that combine safety 
checks with routine monitoring of 
components. 
 
2. VITAL SAFETY CHECKS FOR 
DEPARTING TRAINS  
 
Some of the most important safety 
concerns that need to be checked before 
each departure are: 

• Hand brake applied 
• Wheel not rotating 
• Missing or broken components, 

such as end cap bolts, springs 
• Wheels that should be condemned 

(i.e., wheels that have reached 
critical or unsafe dimensions. 
Excessive hollowing, thin flanges 
and thin rims can lead to wheel 
failure, which in turn can cause 
derailment) 

• Dragging equipment (such as 
brake pipes, cylinders, etc) 

• Bearing health – especially 
excessive noise or temperature 
(which could indicate imminent 
bearing failure) 

• Draft gear failure (leads to train 
parting) 
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• Wagons swaying excessively (can 
lead to derailment) 

 
All of the above can be checked by 
wayside systems. The temperature of 
bearings can be monitored by hot boxes, 
wheel flats can be identified by wheel 
impact detectors (using accelerometers), 
bearing condition can be monitored by 
acoustic emission technology, and most 
other concerns can be checked by 
machine vision systems. 
 
Ideally, all of the above technologies 
should be used to form a network of 
systems that will contribute to safer 
railroad operations. 
 
This paper focuses on machine vision 
technologies, as the authors are involved 
in the development and implementation of 
these technologies. The paper will 
describe how existing machine vision 
technology deals with the following safety 
concerns: wheel profiles, wagon roll, 
missing components (ie, end caps, brake 
shoes), dragging equipment, draft gear, 
non-rotating wheels, and wheel profiles 
 
3. DEVELOPING MACHINE VISION 
SYSTEMS THROUGH A SYNERGY OF 
ENGINEERING AND OTHER 
DISCIPLINES  
 
A major advantage of machine vision 
systems is that they can perform all the 
tasks routinely carried out by a human 
inspector, as they use the electronic 
equivalent of sight and hearing, with the 
benefit of performing these functions 
faster, more reliably and more accurately 
(especially where actual measurements 
are concerned). The other important 
benefit of these systems is the fact that 
they can be easily audited. Because all 
data is stored digitally, it can be easily 
transferred to remote locations and viewed 
or audited by a variety of authorized 
personnel, or by another verification 
system. 
 
The initial disadvantages of designing a 
machine vision system are the high costs 
and complexity of development. To 
develop a machine vision system, you 
need to tap into advanced engineering 
skills in the following disciplines: electronic 
engineering, electrical engineering, 
mechanical engineering, and software 
engineering. Furthermore, the input of 

information technology specialists and 
optoelectronics specialists is 
indispensable.  Each of the above areas of 
expertise is required to develop a reliable 
wayside machine vision system that can 
monitor trains at high speeds. 
 
Some of the basic technical issues that 
need to be considered are 
 

• Sense vehicles and reference 
them to the cameras 

• Apply appropriate lighting 
(electronically controlled)  

• Image capture, taking into account 
a wide variety of variables, such 
as speeds, different rolling stock 
types, train configuration, etc 

• Image processing – automatic, 
and either in real time or with a 
slight delay 

• Correct networking and 
communication via LAN or WAN 
or radio (as may be applicable) 

• System compatibility with other 
systems in use 

 
This short list can only hint at the real 
complexities and the high cost of 
development.  
 
3.1 Adapting Core Technology To 
Different Operating Environments 
 
However, once the necessary core 
technology is developed, it can be easily 
adapted to a variety of operations with 
minimal cost. This is a case where the 
core technology requires a lot of effort and 
resources, but once development is 
completed the core technology can be 
quickly and easily modified to satisfy 
almost any requirements of different 
operators.  
 
Furthermore, operators can pick and 
chose which functions they want for their 
particular operation. This flexibility makes 
machine vision technologies economically 
attractive and suitable for every size of 
operation. The hard-won technical know-
how can be re-used and re-configured to 
account for different operator 
requirements. In other words, you do not 
have to re-invent the wheel for each new 
system or different operational 
specification. 
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The systems can be housed in small, rack-
mounted units (see figure 1). 
 

 
Fig 1 Photograph of rack-mounted 
system 
 

 
4. SAFETY CONCERNS ADDRESSED 
BY MACHINE VISION SYSTEMS 
 
4.1 Wagon Roll 
 
Wagon roll can be dangerous when the 
vehicle sways due to uneven loading or 
because of broken springs on one side of 
the vehicle. In the worst case, the vehicle 
can be derailed when the centre of gravity 
shifts sufficiently to cause vehicle roll. 
Centrifugal forces may further exacerbate 
the rolling motion. Therefore, it is important 
to assess vehicle sway before the train 
departs the yard and the mine area.  
 
Machine vision can assess sway by 
looking at the compression of springs. 
Pictures are taken from both sides of the 
vehicle, and the system automatically 
compares their compression from side to 
side and from bogie to bogie. This 
particular function assesses not only sway, 
but also yaw of the wagon.  
 
Compression is measured along the 
following lines: 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2 Diagram with arrows showing the 
directions of spring movement on each 
bogie 

If the compression on one or more springs 
exceeds a pre-set limit, the system flags 
this vehicle as a critical condition.  
 

  
Fig 3  Photograph of captured spring 
 
4.2 Missing Or Broken Components 
(e.g., End Caps, Brake Pads) 
 
Images are taken and assessed to detect 
missing or broken end caps, end cap 
bolts, keeper plates, and similar 
components, and to detect missing brake 
pads and brake pad keys. 
  
For the purpose of image processing, 
each component is assigned a certain 
ideal shape, which is detected by the 
processing algorithms. If the shape is not 
found within a designated area on the 
picture, the system flags a missing 
component. If the shape is found, but does 
not conform to the expected parameters, 
the system reports on this non-
conformance. This technique is applied to 
all components that need to be checked 
for presence and soundness. A fault found 
can be automatically flagged for 
immediate attention. Where non-critical 
items are found to be faulty, a review can 
be carried out at a later stage.  
 
 

 
 
Fig 4  Finding end cap components 
(end cap bolts, keeper plate) 

Roll

Pitch 
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Fig 5 Finding brake pad components 
(brake pad key, presence and thickness 
of brake pad) 
 
4.3 Dragging Equipment 
 
Dragging equipment is detected only when 
it extends below a certain level on the 
vehicle. If something is on or very close to 
the rail, a picture is taken (because the 
dragging equipment sets off the sensors, 
which in turn initiate triggering for image 
capture). The picture must then be 
reviewed by train operation personnel to 
ensure that there is no critical condition. 
The system is not requested to define the 
dragging equipment, as this operation is 
too complex and the number of critical 
incidents is too low to warrant the 
expenditure needed to develop this 
functionality.  
 
Often, dragging equipment may be 
inconsequential to safe operation (for 
example, if a chain is hanging lose), and it 
is not worthwhile to stop the train. 
Therefore, the system may detect 
dragging equipment, but it is not set up to 
differentiate or assess the severity of the 
detected incident.   Because the system is 
online and the images can be viewed in 
real time, the importance of the critical can 
be assessed to see if preventive action 
should be taken.    
 

 
 
Fig 6 Finding Dragging Equipment (i.e. 
Brake Pipe dragged on the rail) 

4.4 Draft Gear 
 
If the draft gear pack is damaged, the 
coupler is pulled out of the draft pocket or 
pushed further into the draft pocket, 
depending on whether the train is slowing 
down or speeding up at the time the 
picture is taken. The damaged draft gear 
will translate into unacceptable distances 
between the striker casting face and the 
back face of the coupler. The machine 
vision system will automatically measure 
the distances, compare them to 
acceptable variations, and flag when a 
coupler is out of limits. This problem is 
difficult to detect reliably by a human 
inspector, as it is difficult to make a quick 
judgment on the relevant distances. 
 

 
 
Fig 7 Finding excessive draft gear 
movement by measuring specified 
distances 
 
4.5 Non-Rotating Wheels 
 
One of the most dangerous conditions for 
a train is to depart with one or more 
wheels not rotating. Locked wheels can 
cause damage to the rail and wheel, and 
can also lead to derailments.  
 
Machine vision is used to detect rotation of 
the wheel. This can be achieved by 
following and assessing the expected 
trajectory of each end cap, or by doing the 
same for a marked point on a wheel. Two 
or more pictures of each wheel are taken 
and the system automatically calculates 
the expected angle of rotation for each 
wheel (the angle of rotation is a function of 
the radius of the wheel). See figures 8 and 
9 for examples. 
 
The system sounds an audible alarm 
when a non-rotating wheel is detected (the 
system can detect locked as well as 
partially rotating wheels). Wheels can be 
referenced by axle number, or by car ID 
number (where train configuration is 
supplied to the system in advance). 
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Fig 8 Finding rotating wheels (the 
configuration of the end cap bolts 
configuration has changed as 
expected, thus indicating a normally 
rotating wheel) 
 

 
Fig 9 Finding non-rotating Wheels (the 
configuration of the end cap bolts has 
remained the same, thus indicating a 
locked wheel) 
 
4.6 Wheel Profiles 
 
Machine vision technology is used to 
measure and assess the following 
parameters on each wheel: 
 

A) Hollowing 
B) Rim thickness 
C) Flange height 
D) Flange width 
E) Vertical flange 

 
A data bank is kept for each wheel, and 
trending provides reliable results. 
 
Measurements are accurate to +/- 0.5 mm. 
The measurements are taken at the points 
shown in Figure 10. These points are the 
same as given in the AAR Field Manual. 
 
The WPMS reports on a train within 5 
minutes of the last wheel passing the 
system. 
 
Data can be reported in a variety of ways. 
Summary reports are available for each 
parameter of the wheel, as well as for 
each wheel and each car.  The system 
can also export the data as test files. Data 
can be used to trend wheel wear and to 
schedule machining. 

Critical limits can be set as required, and 
an exception (warning) report can be 
generated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 10  Wheel measurement points as 
per AAR Field Manual 
 
5. CAN WAYSIDE SYSTEMS REPLACE 
HUMAN INSPECTIONS? 
 
A main attraction of wayside systems is 
that they are on call 24 hours a day and 
are not susceptible to fatigue, inattention, 
boredom, inconsistency, and other human 
frailties. Furthermore, a system can “see” 
more accurately than a human and can 
also monitor components that are 
otherwise difficult to access.  
 
The question whether wayside systems 
can replace human inspectors entirely 
depends largely on the individual system’s 
reliability, and what kinds of safeguards or 
redundancies are built into it.  
 
Self-diagnosis identifies correct operability 
of the system and flags when the system 
fails to operate correctly. In addition, the 
system should incorporate several levels 
of monitoring to ensure that data is audited 
and problems are flagged correctly. For 
example, when checking whether a hand 
brake is applied, the system should other 
related parameters, such as brake pads, 
wheel rotation, as well as the actual hand 
brake application indicator.  
Obviously, a system that does not contain 
self-diagnostics or data redundancy 

RT 

 

VF 1” 

FW 

3/8” FH 
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features should be used to complement, 
rather than replace, human inspection. In 
this case, however, human inspections 
would not need to take place on site, but 
could consist of reviewing problem images 
on a computer, either in real time (for 
safety critical applications), or at another 
convenient time. However, if a system is 
highly reliable and contains a number of 
self-diagnosis features and redundancies 
(should data obtained from one input be 
absent or invalid), there is no reason why it 
could not replace human inspections, even 
in safety critical applications.  
 
6. CONCLUSION 
 
Wayside systems using machine vision 
technologies can conduct reliable safety 
audits of moving trains. These systems 
can flag critical faults immediately, thus 
making train operations safer. They also 
assist in maximising the utilisation of 
components by trending their wear so that 

they are replaced only when needed. By 
combining safety and maintenance 
features, wayside monitoring systems are 
an economic way of ensuring railroad 
safety.  
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ALTERNATIVE TESTING METHOD FOR THE MEASUREMENT OF 

BALLAST FOULING : PERCENTAGE VOID CONTAMINATION 
 

Frank Feldman – Manager Ballast Cleaning and Formation, Program Maintenance Services, QR, Mackay 
Darryl Nissen – Bachelor of Engineering Technology (Civil), Infrastructure North, QR, Rockhampton 

 
 

SUMMARY 
Economic constraints are driving the need for Queensland Rail (QR) to obtain more cost effective 
maintenance methods such as better planning of proactive ballast-cleaning cycles. One means to achieve 
this would be implementing testing methods that quantify the measurement of ballast fouling. Existing tests 
do not realistically represent the extent of contamination. A contributing factor is that they are based on a 
sieve analysis test that measures the mass of particles passing different sieve sizes. The Percentage Void 
Contamination (PVC) is a volume based test, which measures the extent of void fouling for the depth of the 
ballast profile, and takes into account the different densities of the contaminants. 
 
This paper validates the PVC test by evaluating test results and comparing to existing test methods. The 
PVC is a percentage value calculated by measuring the volume of contaminants (fouling material passing 
9.5mm sieve) and dividing by the volume of voids within the existing ballast (retained on 9.5mm sieve). 
 
Within QR’s coal systems, it has been noted that most of the ballast fouling is due to coal infiltration and 
ballast breakdown. The volume ratio range of contamination is in the order of 70% - 95% coal and 5% - 30% 
ballast. Ballast cleaning is an efficient recycling maintenance activity used by QR to maximise ballast life and 
decrease overall maintenance costs. However, as the extent of fouling is predominantly based on visual 
inspections by track staff, ballast cleaning is not programmed as effectively as might be possible if it was 
measured more quantitatively. 
 
The volume of voids within new/clean ballast constitutes approximately 45% of the total volume of ballast 
within track. As ballast becomes fouled its functions are minimised until the level of contamination reaches 
the bottom side of the sleeper. At this stage ballast loses its resilience, void storage and drainage capabilities 
and the total substructure then starts to fail. For minimal adverse effects on the superstructure, a minimum 
live ballast depth of 100mm is required and the maximum limit of contamination should reflect this. When the 
extent of fouling has reached this limit, the ballast cleaning process needs to be initiated to maximise the 
cost effectiveness of track maintenance. Therefore the Percentage Void Contamination test needs to be 
implemented in existing ballast cleaning procedures as a quantitative measure of ballast fouling. 
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1 INTRODUCTION 
As stated by Selig and Waters’ (1994), ballast is 
a select crushed granular material placed below 
and around the sleepers and performs the 
following functions: 

• Resists vertical, lateral and longitudinal 
forces applied to the sleepers to retain 
track in its required position; 

• Provides some of the resiliency and 
energy absorption for the track; 

• Provides appropriate voids for storage of 
fouling material in the ballast; 

• Facilitates maintenance surfacing and 
lining operations by the ability to 
rearrange ballast particles with tamping; 

• Provides immediate drainage of water 
falling onto the track; 

• Reduces pressures from the sleeper 
bearing area to acceptable stress levels 
for the underlying material. 

 
In a newly constructed state, the volume of voids 
within the ballast is approximately 45% of the 
total volume of ballast within track. As ballast 
becomes foul its functions are minimised until the 
level of contamination reaches the bottom side of 
the sleeper. At this stage the total substructure 
starts to fail. Selig and Waters (1994) have stated 
that ballast can become fouled from any of the 
following sources: 

• Ballast breakdown; 
• Infiltration from ballast surface; 
• Concrete sleeper wear; 
• Infiltration from underlying granular 

layers; 
• Sub grade infiltration. 

 
Within the coal systems of QR it has been noted 
that most of the ballast fouling is by coal 
infiltration and ballast breakdown. This ratio 
range of contamination is in the order of 70% - 
95% coal to 5% - 30% ballast. 
 
Ballast cleaning is an efficient recycling 
maintenance activity used by QR to maximise 
ballast life and decrease overall maintenance 
costs. Existing ballast cleaning programs are 
formulated by canvassing requirements from 
local Infrastructure Maintenance staff. The coal-
fouled locations are identified subjectively and 
therefore not located or justified as consistently 
as could be achieved by scientific means such as 
material testing. 
 
Existing ballast fouling test methods such as D-
bar and Fouling Index are determined from sieve 
analysis and are based on mass. These tests do 
not take into account the different densities of 
contaminants and therefore do not give a true 

indication of the percentage of void fouling. The 
density of ballast ranges between 2500kg/m3 and 
2800kg/m3 and the density of coal is between 
800kg/m3 and 900kg/m3. This means that coal 
fines for the same mass as ballast can occupy 
three times the voids in the ballast profile, 
reducing drainage significantly. This reduction in 
ballast drainage also causes the formation to 
remain saturated and thereby reducing its 
bearing capacity. 
 
Because of the misrepresentation of void 
contamination, D-bar and Fouling Index tests are 
not frequently used to locate unacceptable fouled 
ballast locations within Infrastructure districts. 
Inefficiencies in existing test methods have 
underlined the need for a simple test to measure 
the percentage of void contamination for the 
existing ballast profile. This report outlines this 
new procedure and compares results with 
existing test methods. 
 

 
Figure 1: Shows cutter bar on Ballast-

cleaning Machine 
 
2 SAMPLE LOCATIONS 
 
2.1 NORTH COAST LINE 
 

 
 

Figure 2: Map showing Blackwater System 
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Eight ballast samples were taken between Bajool 
and Archer on the North Coast Line on the down 
track prior to undercutting. These eight locations 
are listed below: 
 
These samples were tested for sieve analysis 
and percentage void contamination. Samples 
were also taken at six locations, shown below, 
after the Ballast-cleaning Machine (BCM) had 
screened the contaminated ballast. This testing 
was undertaken to ensure the efficiency of the 
BCM. 
 
No. LOCATION FOUL 

SAMPLE 
DATE 

CLEAN 
SAMPLE 
DATE 

1 606.780kmDN 06/03/01 08/03/01 
2 608.780kmDN 06/03/01 26/03/01 
3 610.660kmDN 06/03/01 26/03/01 
4 611.600kmDN 15/03/01 - 
5 612.000kmDN 06/03/01 27/03/01 
6 612.561kmDN 15/03/01 - 
7 614.750kmDN 14/03/01 09/04/01 
8 615.700kmDN 14/03/01 27/03/01 

Table 1: Fouled & clean ballast sample 
locations 

 
Samples were taken and tested between Bajool – 
Marmor at the following locations and dates: 
 
No. LOCATION FOUL 

SAMPLE 
DATE 

CLEAN 
SAMPLE 
DATE 

1 596.418kmUP 07/06/01 - 
2 597.399kmUP 07/06/01 - 
3 598.402kmUP 07/06/01 - 
4 601.740kmUP 29/05/01 - 
5 602.769kmUP 29/05/01 - 

Table 2: Fouled ballast samples 

2.2 CENTRAL LINE 
Samples were taken and tested for sieve analysis 
on the Central Line at the following locations and 
dates: 

 

No LOCATION FOUL 
SAMPLE 
DATE 

CLEAN 
SAMPLE 
DATE 

1 51.226kmUP 09/04/01 10/04/01 
2 52.050kmUP 09/04/01 10/04/01 
3 53.122kmUP 09/04/01 10/04/01 
4 54.000kmUP 09/04/01 10/04/01 
5 60.305kmUP 19/04/01 20/04/01 
6 61.000kmUP 09/04/01 20/04/01 
7 77.154kmDN 17/05/01 17/05/01 
8 78.000kmDN 17/05/01 17/05/01 
9 81.050kmDN 17/05/01 17/05/01 
10 82.428kmDN 17/05/01 17/05/01 
11 84.104km 29/05/01 29/05/01 
12 103.011kmDN 23/04/01 09/05/01 
13 103.011kmUP 23/04/01 30/04/01 
14 113.659kmDN 09/05/01 09/05/01 
15 114.482km 09/05/01 09/05/01 
16 128.000km 09/05/01 17/05/01 

Table 3: Sample locations for Central line 

2.3 NEWLANDS BRANCH 
Samples were taken and tested for sieve analysis 
on the Newlands Branch at the following 
locations and dates: 
 
No LOCATION FOUL 

SAMPLE 
DATE 

CLEAN 
SAMPLE 
DATE 

1 60.000km 17/05/01 - 
2 141.000km 17/05/01 - 
3 143.000km 17/05/01 - 

Table 4: Sample locations on Newlands 
branch 

 

 
 

Figure 3: Map showing Newlands Branch 
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3 TESTING METHODOLOGY 

3.1 CURRENT TEST METHODS 
There are currently two main methods for testing 
the degree of fouling of ballast within the track, 
the D-bar and Fouling Index. Both methods are 
calculated from sieve analysis and therefore 
based on the mass of the ballast particles and 
contaminants. 
 

3.1.1 D-bar 

D-bar is a number that represents the weighted 
geometric average of particle sizes passing 
through grading sieves from a full sample. These 
grading sieves are based on the QR ballast 
specification. A new Grading A ballast has a 
typical D-bar = 36.60mm and ballast is deemed 
to need replacement when D-bar ≤ 10mm. 
 

3.1.2 Fouling index 
Fouling Index is the summation of the percentage 
fines passing the 4.75mm sieve and 75 microns 
sieve (FI = P%4.75 + P% 0.075). The degree of 
fouling ranges for clean ballast (FI < 1%) to highly 
fouled (FI ≥ 30%). 
 

 
Figure 4: Container used for transport of foul 

ballast samples 

3.2 PERCENTAGE VOID CONTAMINATION 

3.2.1 Scope 
The aim of this test method is to determine the 
percentage of void contamination of a ballast 
sample taken from the total depth of the ballast 
profile. This percentage value is calculated by 
dividing the volume of contaminates by the 
volume of voids within the ballast profile. The 
percentage of fouled voids indicates the lack of 
drainage capabilities and loss of resilience of the 
ballast. This ratio can be used to formulate 

ballast-cleaning strategies. The Percentage Void 
Contamination is determined in a compacted 
state to assimilate actual track conditions. 

3.2.2 Referenced documents 
AUST STD METHODS 

AS1141 Methods for sampling and 
testing aggregates 

AS1141.1 Method 1: Definitions 
AS1141.2 Method 2: Basic testing 

equipment 
AS1141.3.1 Method 3.1: Sampling 

Aggregates 
Table 5: Sampling & testing methods 

 
3.2.3 Apparatus 

• A cylindrical water-tight measure made of 
steel and conforming to these 
dimensions - 25l capacity, 350mm 
diameter and 250mm depth; 

• Metal tamping rod, 16mm diameter, 
600mm long with at least one tapered 
end for a distance of 25mm to a spherical 
shape having a radius of 5mm; 

• Balance or scale - ± 5g; 
• Sample divider – AS 1141.2; 
• Scope or shovel. 

3.2.4 Test portions 
A sample of ballast shall be obtained in 
accordance with AS 1141.3.1. The location 
of the selected sample is between the top of 
sleeper and formation level. Divide the 
sample by sieving through a 9.5mm sieve. 

3.2.5 Procedure 
a) Sample retained on 9.5mm sieve 
(ballast) 

• Test portion sufficient to overfill measure 
by 10%; 

• Determine mass M1 of ballast retained on 
9.5mm sieve; 

• Fill one third and compact 25 blows with 
tamping rod; 

• Repeat the above step until measure is full 
then level the surface; 

• Determine mass M1/1 of ballast in the 
measure; 

• Fill with water and determine mass of 
ballast and water M2; 

• Calculate volume of voids V1 = (M2-M1/1) 
/ density of water. 
b) Sample passing a 9.5mm sieve 
(contaminates) 
• Determine mass M3 of contaminates 

passing a 9.5mm sieve; 
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• Calculate revised mass of 
contaminates M3/1=(M1/1xM3)/M1; 

• Compact as above and determine 
volume of contaminates (M3/1), V2. 

 
c) Calculate Percentage Void 
Contamination from the following 
equation: 

 
PVC = V2x100/V1 

 

 
 

Figure 5: Shows volume of clean ballast & 
voids versus volume of contaminants 

 

3.3 RATE OF RETURN 
The rate of return is the calculated percentage of 
ballast returned to the track after the ballast 
cleaning process has been completed.  The rate 
of return can be influenced by the following 
factors: 

• Moisture content of the ballast; 
• The extent of contamination; 
• Difference in depth of ballast profile from 

design; 
• Efficiency of the ballast-cleaning screens. 

 
When the ballast is saturated the screens cannot 
clean the ballast effectively therefore total 
renewal of the ballast profile may be the only 
option. Theoretically, the volume of the ballast 
profile should not change until the volume of 
contaminants is greater than the volume of voids. 
When this happens the rate of return is equal to 
the volume of ballast plus the volume of voids 
divided by the volume of ballast plus volume of 
contaminants. 
 
However as contaminants are concentrated at 
the bottom of the ballast profile through train 
loading, resurfacing and rainfall, they may start to 
force the ballast particles apart even when the 
volume of contaminants is less than the volume 
of voids. Therefore even in this case there still 
may be a slight variation in ballast profile volume 
after cleaning. This pushing apart of ballast 

particles must take place for the volume of 
contaminants to be greater than the volume of 
voids. 
 
The rate of return is also affected by the 
difference between the design ballast profile and 
the existing ballast profile. In areas with low 
strength soil formations, ballast depths have 
been significantly increased to reduce the 
bearing pressures on the sub grade. By reducing 
the ballast depth to the design, the rate of spoil 
and rate of return are both maximised.  Through 
the cleaning process the screens may reject a 
small quantity of useful ballast and this will 
impact upon the rate of return. Therefore the 
correct size, speed, throw, spacing, angle and 
flow into the screens must be evaluated to fully 
maximise the efficiency of the cleaning process.  
 
A co-efficient of cleaning efficiency (K) can be 
added to equation (1) to adjust for this variation. 
In general, this co-efficient will have a value of 
0.9 in dry, slightly fouled and design depth 
conditions but depends on the factors that 
influence the rate of return. 
 
Therefore for fouled ballast with PVC less than 
100% the rate of return is outlined in equation (1) 
below: 
 
Rate of Return  
= K x volume of existing ballast profile……….(1) 
 
When the fouled ballast has PVC greater than 
100% then the rate of return is shown in equation 
(2): 
 
Rate of Return  
= K x (volume of ballast + volume of voids)….(2) 
 (volume of ballast + volume of contaminants) 

3.4 BALLAST LIFE PREDICTION 
The Percentage Void contamination will give a 
quantitative measure of ballast fouling for the 
depth of the ballast profile.  Given this measure 
of fouling, a limit of contamination, a time period 
since undercutting and any changes in traffic 
volume or type, a rate of contamination and a 
ballast life or ballast-cleaning cycle can be 
predicted for a track section or rail corridor. For 
QR, the effect of ballast strength on ballast life 
has been significantly minimised due to the high 
source material standards outlined in the QR 
Ballast Specification. 
 
Tests can be performed every two kilometres 
along a track section to calculate an average 
PVC (PVCAVE) for any track section. A rate of 
contamination (ROC) can then be calculated by 
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dividing the average PVC by the actual ballast life 
(BLACT) since previous undercutting of the track 
section. 
 
ROC (%/yr) = PVCAVE/BLACT…………………..(3) 
 
This testing regime needs be completed in three 
year cycles for coal lines and six year cycles for 
freight lines to monitor the rate of contamination. 
This cycle of testing will ascertain if any changes 
in the rate of contamination are experienced. 
Given that the ballast depth under the sleeper is 
250mm and the depth of crib ballast is 230mm, 
the maximum PVC at total fouling to the bottom 
side of sleeper is approximately 50%. If the 
minimum depth of live ballast under the sleeper 
for track stability is 100mm then the allowable 
PVC limit to initiate ballast cleaning is reduced to 
30%. 
 

 
 

Figure 6: Shows the PVC Limit of 
Contamination 

 
The allowable ballast life (BLALL) or ballast 
cleaning cycle can be calculated by dividing the 
allowable PVC limit (PVCALL) by the rate of 
contamination for the track section. 
 
BLALL (yrs) = PVCALL/ROC……………………(4) 
 

4 RESULTS 

4.1 SIEVE ANALYSIS OF FOULED 
BALLAST 

Appendix A shows that all of the sieve analyses 
from the test sites are outside the particle size 
distribution envelope outlined in the specification 
for Grading A ballast. This grading limit failure 
indicates that all samples have some degree of 
fouling. The D-bars are all greater than 10, which 
have been the lower limit, used for justifying 
cleaning. The Fouling Indices are all less than 30, 

which is the maximum recommended limit for the 
indication of highly fouled ballast. 
 

4.2 PERCENTAGE VOID CONTAMINATION 
The test results for the Percentage Void 
Contamination (PVC) are listed in Appendix A. 
These results show a comparison between PVC 
of contaminants passing the 4.75mm sieve and 
9.5mm sieve, 9.5mm sieve and 19mm sieve and 
19mm sieve and 26.5mm sieve. Testing was 
undertaken using the two sieve sizes to identify 
contaminants in order to achieve a better 
comprehension of the relationship between the 
volume of voids and the volume of contaminants. 
 

4.3 SIEVE ANALYSIS OF RECYCLED 
BALLAST 

Recycled ballast sampled from the BCM screens 
at the locations shown in Appendix B indicates 
that most particle size distributions are within the 
specification for a Grading A ballast. Heavily 
fouled areas show that screened ballast is 
outside specification but still give a D-bar greater 
than 26mm. 

5 DISCUSSION OF RESULTS 
D-bar and the Fouling index are based on the 
sieve analysis and Figure 7 confirms the 
expected trend of D-bar decreasing and Fouling 
Index increasing. 
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Figure 7: Shows D-bar & Fouling Index 
relationship 

 
The trend between % passing 26.5mm sieve and 
the D-bar indicates that as % passing 26.5mm 
increases the D-bar decreases. However for a D-
bar of 20mm, % passing 26.5mm sieve ranges 
from 19 to 56. The trend shown in Figure 8 was 
anticipated, when comparing a number of particle 
sizes to just one. 
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Figure 8: Shows % passing 26.5mm sieve & 
D-bar relationship 

 
In general, Figure 9 shows that as D-bar 
decreases the PVC increases. Figure 9 also 
shows that for PVC (9.5mm) of 35%, the D-bar 
ranges from 15 to 25mm. This range difference is 
significant and can be justified by the variation in 
densities of the fouling material. 
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Figure 9: Shows D-bar and PVC relationship 
 
The PVC passing 9.5mm sieve gave a more 
relevant perception of fouling as it compared 
reasonably well with visual inspections. Selig and 
Waters (1994) have previously validated that 
material passing 9.5mm sieve are considered to 
be contaminates. Results in Figure 10, which 
show PVC above 100 %, indicate that the ballast 
particles have been forced apart by 
contaminants. This may have occurred during the 
continuous process of compaction from loads 
and vibration from traffic and resurfacing 
operations. 
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Figure 10: Shows D-bar & PVC (9.5mm) 
relationship 

 
Results in Appendix A show that two samples 
with similar particle distribution, D-bar and 
Fouling Index, may have different PVC’s by a 
factor of three. This indicates that the types of 
contaminates for the two samples are different 
and this reflects in the make-up of their densities. 
This means that one sample has a large amount 
of broken down ballast in its fouling material while 
the other may have a large amount of coal. 
 
Results shown in Appendix B indicate recycled 
ballast is returned to track with D-bars in the 
range between 26 and 36mm. These results 
were foreseen, as the smallest screen on the 
Ballast-cleaning Machine is 30mm. D-bars of 
clean ballast in the range of 26 to 29mm show up 
to 37% passing 26.5mm sieve but only 2% 
passing 9.5mm sieve. 
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6 CONCLUSION 
The ballast sample was taken through the depth 
of the total ballast profile. This gives a greater 
perception of how much of the ballast is fouled. 
For example, if only the ballast below the bottom 
of sleeper is examined (sampled and tested) and 
it shows total contamination, one might consider 
that it has just been reached in time. However, if 
the whole profile depth is tested and 75% 
contamination is discovered then one could 
conclude that the section should have been 
undercut several years prior to initial sampling 
and testing. 
 
The BCM returns clean ballast to the track in 
most cases in near specification limits, however 
any short falls are always in highly fouled areas. 
Results show that even in these highly 
contaminated areas, D-bars are still above 26. 
However D-bars below 30mm have a large % 
passing 26.5mm sieve. It can be concluded that 
the BCM screener was processing fouled ballast 
inefficiently at these locations. 
 
The PVC on 9.5mm sieve gives the best 
perception of fouling in the ballast. PVC of 50 % 
shows that the contamination has reached the 
bottom of sleeper and this compares reasonably 
well with visual inspections in concrete sleeper 
track with 250mm of ballast. Even though it must 
be taken into account from visual inspection, 
contaminates in the top half of the fouled area 
are only loosely compacted and therefore this 
ballast is still partially live. This is why PVC gives 
a more realistic perception of fouling as it 
measures the compacted volume of 
contaminates. The assumption that material that 
passes the 9.5mm sieve are defined as 
contaminates also agrees with Selig and Waters 
(1994). The PVC is a more relevant than existing 
test methods as it takes into account the different 
densities of contaminates, being a volume-based 
test. 
 
Some results of PVC show a percentage greater 
than 100. This implies that ballast particles must 
have been forced apart by train traffic vibration, 
resurfacing and rainfall. This mechanism starts at 
an early stage as contaminates migrate and 
concentrate at the bottom of the ballast profile. 

7 RECOMMENDATIONS 
The Percentage Void Contamination test should 
be implemented into existing ballast cleaning 
procedures so that the amount and rate of ballast 
fouling can be measured and proactive ballast-
cleaning cycles is better predicted. 
 

It is known that when fouling reaches the bottom 
side of sleeper (PVC = 50%, in concrete sleeper 
track with 250mm of ballast) the substructure 
starts to fail. Therefore the limit of contamination 
must be less than 50%. Also the bottom side of 
sleepers will have much higher wear rate due to 
increased attrition between foul ballast and 
sleeper. For minimal stability and operation of the 
superstructure, a minimum ballast depth of 
100mm is required, reducing the allowable limit 
for contamination or PVC to 30%. When the 
extent of fouling has reached this limit, the 
ballast-cleaning process must be initiated to 
maximise the cost effectiveness of track 
maintenance. This allowable limit of PVC will 
change for different track standards and different 
ballast depths. 
 
The PVC on 9.5mm sieve is the most relevant 
selection compared with other sieve sizes. It has 
a more realistic relationship between visual 
inspection and actual void contamination. 
Sampling and testing should be completed every 
two kilometres in three year cycles for coal lines 
and six year cycles for freight lines to fully 
comprehend the rate of contamination and 
effectively predict ballast cleaning programmes.  

8 FUTURE DIRECTIONS 
Continuous data collection, correlation and 
analysis over time will result in actual rates of 
contamination. These rates with appropriate 
limits will produce better ballast life predictions 
thus more efficient ballast cleaning and 
resurfacing cycles. Further investigation into 
rates of return will result in more efficient 
utilisation of ballast contracts. 
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APPENDIX A - Sieve analysis and PVC test results 
 

LOCATION 63mm 53mm 37.5mm 26.5mm 19mm 9.5mm 4.75mm 0.075mm D_bar Fouling Index PVC (4.75mm) PVC (9.5mm) PVC (19mm) PVC (26.5mm) 

Maximum 
(Grading A) 100 100 70 15  5  0.7  30.0     

Minimum 
(Grading A) 

100 95 35 0  0  0 10.00      

596.418U-NCL 100 97 71 27 16 10 8.6 3 21.95 11.6  13.0 32.7  
597.399U 100 98 60 26 9.6 3.5 2.5 0.2 29.60 2.7     
598.402U 100 97 54 15 8.1 5.7 5.2 1.3 29.17 6.5  20.0 23.2  
601.740U 100 100 89 67 40 23 21 6.4 10.88 27.4  122.5 173.2  
602.769U 100 99 68 34 21 17 15 2.9 18.40 17.9  72.2 79.4  
606.780D 100 99 64 28 12 6.8 4.7 1 26.03 5.7 13.5    
608.780D 100 99 79 38 17 9.5 5.7 1.3 21.86 7.0 26.9    
610.660D 100 99 64 30 15 10 8.2 1.6 23.41 9.8 26.8    
611.630D 100 99 71 26 9.5 4.3 3.1 0.5 27.69 3.6 11.3 13.4   
612.000D 100 100 84 47 26 15 11 2.6 17.03 13.6 35.8    
612.561D 100 100 87 55 30 20 16 5.3 13.23 21.3 74.9 76.4   
614.750D 100 96 60 18 9.5 6.3 5 0.9 28.24 5.9 27.0 30.7   
615.700D 100 97 64 28 16 12 9.8 2.5 21.95 12.3 41.3 46.1   

51.226U-CL 100 100 97 42 10 4.4 3.5 1.5 22.95 5.0 10.4 11.9   
52.050U 100 99 89 41 11 4 3 0.9 24.33 3.9 13.3 15.0   
53.122U 100 100 94 43 14 7.6 6.1 1.8 21.06 7.9 16.7 19.5   
54.000U 100 99 94 40 12 6.4 5.2 1.4 22.37 6.6 15.5 17.7   
60.305U 100 99 72 28 15 9.8 8.7 2.1 22.61 10.8 32.2 36.9   
61.000U 100 99 63 29 21 16 14 2.4 19.77 16.4 31.0 35.9   
77.154D 100 99 96 47 19 13 11 3.5 17.07 14.5  36.8 48.7  
78.000D 100 100 97 66 40 30 26 6.6 9.90 32.6  112.6 146.1  
81.050D 100 100 94 56 28 17 15 3.8 14.55 18.8  39.6 86.3  
82.428D 100 100 97 53 20 11 9.4 2.4 17.90 11.8  36.9 49.2  
84.1047D 100 100 78 28 14 12 11 2 21.34 13.0  45.2 52.2  
103.011D 100 100 64 29 15 8.5 3 1 24.66 4.0 32.6 35.7   
103.011U 100 100 74 35 23 20 14 1.5 17.60 15.5 29.5 41.9   
113.659D 100 99 77 37 20 11 9 2 20.61 11.0  38.4 64.0  
114.482D 100 100 74 29 15 12 12 2.3 21.23 14.3  49.7 55.4  
128.000 100 100 84 40 21 15 13 3.4 17.37 16.4  55.7 80.7  

60.000-NB 100 100 93 67 44 22 15 3.9 11.74 18.9   157.5 380.2 
141.000 100 100 86 56 29 8 3.4 0.6 19.92 4.0   88.6 275.4 
143.000 100 96 77 50 29 11 5.8 1 19.70 6.8   145.4 212.8 
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APPENDIX B – Sieve analysis for cleaned ballast 
 

LOCATION 63mm 53mm 37.5mm 26.5mm 19mm 9.5mm 4.75mm 0.075mm D_bar Fouling Index 

Target 100 98 53 7  0  0 36.60 0.0 

Minimum 100 95 35 0  0  0 10.00  

Maximum 100 100 70 15  5  0.7  30.0 

606.780D-
NCL 100 99 52 6.8 1 0.5 0.4 0.1 35.99 0.5 

608.780D 100 96 44 7.4 1.4 0.7 0.7 0.3 36.72 1.0 

610.660D 100 98 48 9.7 3.3 2.1 1.9 0.3 34.46 2.2 

612.000D 100 96 59 14 3.9 2.2 1.8 1.6 31.20 3.4 

614.750D 100 97 47 5.6 0.9 0.7 0.7 0.5 36.30 1.2 

615.700D 100 96 52 12 2.8 1.4 1.1 0.2 34.57 1.3 

51.226U-CL 100 100 79 20 3.2 1.1 1 0.5 30.11 1.5 

52.050U 100 100 65 13 2 0.7 0.6 0.4 32.94 1.0 

53.122U 100 100 80 18 1.6 0.6 0.6 0.4 30.87 1.0 

54.000U 100 100 78 22 1.7 0.3 0.3 0 30.83 0.3 

60.350U 100 97 41 5 4 2.3 0.9 0.9 34.94 1.8 

61.000U 100 97 50 6 1.3 0 0 0 36.96 0.0 

77.154D 100 100 86 23 2.5 1.4 1.4 0.4 29.13 1.8 

78.000D 100 100 93 34 5.2 2.2 2.1 0.4 26.60 2.5 

81.050D 100 100 92 34 5.5 1.6 1.4 0.3 27.07 1.7 

82.428D 100 100 93 37 4.9 1.1 1 0.6 26.75 1.6 

84.1047D 100 100 60 9.7 2.5 1.2 0.9 0.1 33.85 1.0 

103.011U 100 97 51 27 0.4 0.3 0.1 0 34.24 0.1 

113.659D 100 100 50 6.2 0.8 0.4 0.4 0.2 36.20 0.6 

114.482D 100 99 41 3.8 1.8 1.4 1.3 0.5 36.43 1.8 

128.000 100 98 69 16 2.2 0.7 0.7 0.2 32.53 0.9 
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1. INTRODUCTION 

Railway authorities in Australia are increasingly con-
cerned about the excessive cost of track mainte-
nance. Track foundations and ballast related prob-
lems are consuming the major proportion of track 
maintenance budget (Indraratna et al. 1998). The 
sharp edges and corners of angular ballast particles 
are breaking off in track under heavy cyclic rail traffic 
loading. The degraded fine particles fill the voids be-
tween larger aggregates, thereby reducing the 
drainage properties of ballast. Moreover, in the ab-
sence of an appropriate sub-ballast layer or in the 
presence of poorly graded sub-ballast, clays and silt 
size particles often accumulated in the ballast layers. 
These fine grained soils originate from the saturated 
subgrade soil (clay pumping) through the void 
spaces of sub-ballast and ballast layers under cyclic 
train loading, causing fouling of ballast. Additionally, 
the pulverised ballast particles and migrated fine 
particles due to clay pumping form a thin layer sur-
rounding larger aggregates, thereby reducing the 
frictional resistance and increasing compressibility. 
When the track settlement and lateral deformations 
become excessive, the fouled ballast needs to be 
cleaned or replaced with fresh ballast, in order to 
keep the track in its desired level and alignment for 
stability and safety purposes. 
 
The ballast maintenance cost in New South Wales 
(NSW), Australia, is considerably high compared to 
other national and international railways. For exam-
ple, in NSW, the ballast maintenance cost is over 15 
million dollars per year (Indraratna et al. 2002). Rou-
tine track maintenance in terms of replacing fouled 

ballast with fresh ballast promotes further quarrying, 
hence, degrading the environment. On the other 
hand, the huge stockpiles of waste ballast create 
concerns, following the current strict regulations of 
Environment Protection Authority.  With a view to 
develop a cost effective and innovative track sub-
structure construction and maintenance, the Univer-
sity of Wollongong, in collaboration with Rail Infra-
structure Corporation (RIC) of NSW, has initiated a 
major research programme to investigate the poten-
tial use of recycled ballast stabilised with various 
geosynthetics. The purpose of adding geosynthetic 
layer(s) in recycled ballast is to compensate for the 
loss of bearing capacity, shear strength and dynamic 
resiliency occurred during the previous degradation 
and fouling process in the track. The geosynthetic 
layers may also be used to act as a filtering and 
separating layer, and also to improve horizontal 
permeability of the track. Before utilising recycled 
ballast (with or without geosynthetics) in the track 
foundations, its performance in terms of resisting 
track settlement and lateral deformations must be 
investigated both in the laboratory and in the field. 
 
Ballast in railway track is subjected to cyclic loading 
during the passage of the trains. In the past, the be-
haviour of ballast under cyclic loading was simulated 
in the laboratory using large triaxial chamber having 
rigid walls. The lateral displacement of ballast in ac-
tual railway track is not fully restrained (Indraratna et 
al. 2001). The confinement offered by the rigid walls 
is, therefore, a major shortcoming in modelling bal-
last degradation and associated settlements. In spite 
of the deficiency in ballast modelling, some investi-
gators still use a rigid wall box for simulating railway 
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foundations (Atalar et al. 2001). In the past, semi-
confined devices have been used by several investi-
gators (Jeffs & Marich, 1987; Norman & Selig, 
1983). In order to simulate lateral movement of bal-
last and associated track settlement properly under 
dynamic rail traffic loading, a large-scale cubical tri-
axial rig with movable walls was designed at the 
University of Wollongong, and built with the assis-
tance of Rail Services Australia. In this study, the 
performance of recycled ballast stabilised with geo-
synthetics has been investigated in the cubical triax-
ial apparatus under cyclic loading conditions. Two 
types of geosynthetics (i.e. geogrid and woven geo-
textile) were used in the current study. Two cyclic 
triaxial tests were conducted on fresh and recycled 
dry ballast specimens without any reinforcement. 
Another two tests were carried out on dry recycled 
ballast, one stabilised with a geogrid and the other 
with a geotextile. In order to simulate the track under 
flooded condition, two additional tests were con-
ducted on saturated recycled ballast specimens sta-
bilised with a geogrid and a geotextile. This paper 
describes the findings of these model experiments, 
and the results are discussed to examine the role of 
geosynthetics in stabilising recycled ballast. 

2. FUNCTIONS OF BALLAST 

The ballasted track foundation is usually comprised 
of several graded layers of aggregates placed above 
the compacted subgrade. The sleepers or ties (tim-
ber or concrete) are firmly embedded in the upper 
ballast layer in the track. The primary functions of 
the ballast are (Jeffs, 1989) to:  
• provide minimal plastic deformation of the track 

vertically, longitudinally and laterally,  
• provide necessary degree of elasticity and dy-

namic resilience for the other track components,  
• transmit the imposed wheel loading to the for-

mation layer at an acceptable stress level,  
• facilitate track installation and maintenance op-

erations,  
• provide adequate drainage of the track structure 

and, 
• retard the possible growth of weeds. 
 
Additional functions include tolerable degradation 
due to cyclic loads and its environment, and resist-
ing external entry of fine particles so that mainte-
nance and renewal cycles are acceptable. 
 
When compacted, ballast originated from crushed 
volcanic rocks can often perform most of the above 
functions satisfactorily. Due to the breakage of sharp 
corners during previous cycles of loading, recycled 
ballast usually offers less frictional resistance, hence 
higher settlement and lateral deformation compared 
to fresh ballast. Therefore, it is essential to stabilise 
recycled ballast, and the potential of recycled ballast 

stabilised with geosynthetics must be investigated to 
find a cost-effective solution to track sub-structure 
maintenance. 

3. MATERIAL CHARACTERISTICS 

3.1 Ballast Properties 

The recycled ballast used in the current investigation 
was collected from Chullora (NSW) stockpile. The 
waste ballast, which was removed from the deterio-
rated track during maintenance was collected, 
cleaned and sieved in a recycling plant.  Physical 
examination of recycled ballast indicates that about 
90% of the specimen comprised of semi-angular 
crushed rock fragments, while the remaining 10% 
consisted of semi-rounded river gravels and other 
impurities (cemented materials, sleeper fragments 
etc.). The fresh ballast was collected from Bombo 
quarry (NSW), which is a major source of ballast 
used by Rail Infrastructure Corporation. It represents 
sharp angular aggregates derived from crushed vol-
canic basalt (latite). A capping layer comprising of 
gravel-sand mixture was used beneath the ballast 
specimen in the laboratory model to act as a filter 
and separator between the subgrade and ballast 
bed. A thin layer of compacted clay was used be-
neath the capping layer to represent the subgrade. 
The grain size distributions of ballast and capping 
layers used in the current study are shown in Fig. 1 
along with RIC ballast specifications. The same gra-
dation curve shown in Fig. 1 was followed in the 
preparation of fresh and recycled ballast specimens. 
Table 1 shows the physical characteristics of fresh 
ballast, recycled ballast and capping materials. 
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Figure 1.  Grain size distribution of ballast and 
capping layer 
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Material Particle 

shape 
dmax 
(mm) 

dmin 
(mm) 

d10 
(mm) 

d30 
(mm) 

d50 
(mm) 

d60 
(mm) 

Cu Cc 

Fresh 
 ballast 

Highly 
angular 

63.0 19.0 24.0 30.0 35.0 38.0 1.6 1.0 

Recycled 
ballast 

Semi-
angular 

63.0 19.0 24.0 30.0 35.0 38.0 1.6 1.0 

Capping Angular to 
rounded 

19.0 0.05 0.07 0.17 0.26 0.35 5.0 1.2 

Table 1. Grain size characteristics of ballast and 
capping layer 

3.2 Properties of Geosynthetics 

In the current study, two types of geosynthetics were 
used to stabilise recycled ballast. One is a geogrid 
and the other is a woven geotextile, both made of 
polypropylene. The physical and strength character-
istics of these geosynthetics are described below. 

3.2.1 Geogrid 
 
The physical properties of the geogrid are given in 
Table 2, while its strength characteristics are given 
in Table 3. 
 

Characteristics Unit Data 
Material - Polypropylene 
Structure - Bi-oriented geogrid 
Mesh type - Rectangular aper-

tures 
Aperture size MD mm 40 
Aperture size TD mm 27 
Mass per unit area g/m2 420 

Note:  MD: machine direction; TD: transverse direction 
 
Table 2. Physical characteristics of geogrid 
 

Characteristics Unit MD TD 
Tensile strength at 2% strain kN/m 10.5 10.5 
Tensile strength at 5% strain kN/m 21.0 21.0 
Peak tensile strength kN/m 30.0 30.0 

Yield point elongation % 11.0 10.0 

Table 3. Strength characteristics of geogrid 

3.2.2 Woven Geotextile 
 
A high strength woven polypropylene geotextile was 
used in the present study. The physical, strength 
and geotechnical characteristics of the geotextile are 
given in Table 4. 
 

Characteristics Unit Data 
Material - Polypropylene 

Mass g/m2 450 
Pore size mm 0.25 
Wide width tensile strength kN/m 80 

Flow rate litres/m2/sec 32 

 
Table 4. Characteristics of woven geotextile 

4. MODEL EXPERIMENTS 

4.1 Large-scale Cubical Triaxial Apparatus 

Ideally, the behaviour of ballast should be investi-
gated in the real track under actual operating condi-
tions (Jeffs & Marich, 1987). However, such field 
tests are excessively costly, and disrupt traffic flow. 
Moreover, many variables are difficult to control in 
the field to enable the formulation of definitive ballast 
behaviour. Therefore, laboratory model experiments 
are usually performed on railway ballast. To model 
the ballasted track in the laboratory, a large-scale 
cubical triaxial rig (800 x 600 x 600 mm) was fabri-
cated, in collaboration with Rail Services Australia 
(Ionescu et al. 1998). Simulating the lateral spread-
ing of ballast in real tracks, the cubical triaxial rig 
(Fig. 2) with unrestrained sides provides an ideal fa-
cility for physical modelling of ballast response under 
cyclic loading. In the laboratory model, the vertical 
cyclic load (σ'1) is provided by a servo-hydraulic ac-
tuator, and the load is transmitted to the ballast 
through a 100 mm steel ram and rail/sleeper ar-
rangement. A system of hydraulic jacks and load 
cells attached to the vertical walls of the rig provides 
the intermediate and minor principal stresses (σ'2 
and σ'3). The cyclic load is controlled by an auto-
matic electronic panel board (DARTEC). The vertical 
deformations of sleeper and settlement plates, and 
lateral movements of vertical walls are measured us-
ing digital vernier callipers and dial gauges. 

4.2 Specimen Preparation 

In order to simulate the track foundation in the labo-
ratory, the cubical triaxial chamber was filled with 
subgrade and ballast materials in four layers. The 
bottom layer consisted of compacted clay of 50 mm 
thick, to simulate the subgrade soil layer of the track. 
A capping layer of 100 mm was used above the clay 
layer, to represent the sub-ballast layer. A load bear-
ing ballast layer of 300 mm was placed above the 
capping layer. A timber sleeper and rail segment 
was placed above the compacted load bearing bal-
last. The space between the sleeper and the walls 
was filled with crib ballast (150 mm). Either fresh 
ballast or recycled ballast was used in both the load 
bearing and the crib ballast layers, depending on the 
type of test. In some test specimens, a geosynthetic 
reinforcement layer was placed at the ballast-
capping interface (i.e. the weakest interface) to sta-
bilise the recycled ballast.  To monitor the vertical 
stresses in the ballast specimen, two pressure cells 
were installed at the sleeper-ballast and ballast-
capping interfaces. Eight settlement plates were in-
stalled at each of the sleeper/ballast and bal-
last/capping interfaces, to measure the vertical de-
formations of the ballast specimen. The ballast and 
capping layers were compacted with a vibratory 
hammer in several layers, each 75 mm thick, to 
achieve representative field densities. To minimise 
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the risk of particle breakage during compaction, a 5 
mm rubber pad was used beneath the vibrator plate. 
The bulk unit weights of the compacted ballast layer 
and capping layer were about 15.3 kN/m3 and 21.3 
kN/m3, respectively.  The initial void ratio (eo) of bal-
last layer was about 0.74. All six-test specimens 
were compacted to the same initial density.  
 

 
 
Figure 2. Large-scale cubical triaxial apparatus 
built at University of Wollongong 

4.3 Test Procedure 

After preparing the test specimen, low confining 
pressures (σ'2 = 10 kPa and σ'3 = 7 kPa) were ap-
plied to the vertical walls of the triaxial chamber 
through hydraulic jacks, to simulate small field-
confinement. An initial vertical load of 10 kN was 
applied to stabilise the sleeper and ballast, and to 
serve as the reference for all settlement and lateral 
movement measurements. The cyclic load was ap-
plied with a maximum load intensity of 73 kN to pro-
duce the same average contact stress at the 
sleeper-ballast interface as in the track for a typical 
25 tonnes per axle traffic load. The cyclic load was 
applied at a frequency of 15 Hz, simulating a train 
speed of 80 km/hour for a distance of 1.5 m between 
two axles. The total number of load cycles was se-
lected to half a million, since previous test experi-
ence indicates that beyond this number of load cy-
cles, the rate of settlement increase is negligible. 
The cyclic loading was halted at selected number of 
load cycles, and the readings of settlement, wall 
movements and loading magnitudes were recorded. 

5. TEST RESULTS 

5.1 Ballast Settlement Behaviour 

The settlement characteristics of ballast under cyclic 
loading are highly non-linear, and depend on the 
stress state (Ionescu et al. 1998). The settlement of 
ballast  under cyclic loading is shown in Fig. 3 for the 
six test specimens with and without geosynthetic re-

inforcement. As expected, fresh dry ballast produces 
the minimum settlement amongst the six test speci-
mens. Recycled ballast (without reinforcement) 
shows higher settlement due to its reduced angular-
ity (from previous degradation) and the presence of 
micro-cracks, compared to fresh ballast. Figure 3 
also indicates that the inclusion of woven geotextile 
reinforcement in recycled dry ballast decreases the 
settlement almost to the same magnitude as that of 
fresh dry ballast. On the other hand, inclusion of 
geogrid reinforcement in the recycled dry ballast im-
proves the settlement behaviour moderately, but not 
to the same extent as that of the woven geotextile. 
The large apertures of geogrid (40 mm) in compari-
son with d50 of ballast (35 mm) and the relatively 
high tensile strength of woven geotextile (see Tables 
3 and 4) are two factors that probably contribute to 
this observed behaviour. Also, the woven geotextile 
acts as a better separator at the ballast-capping in-
terface, preventing ballast fouling. As expected, 
saturated (wet) ballast specimens produce higher 
settlement compared to the dry specimens irrespec-
tive of the type of reinforcement. Figure 3 indicates 
that saturated recycled ballast stabilised with geog-
rid reinforcement shows the highest settlement 
amongst all other test specimens. It is clear from 
Fig. 3 that all specimens show a rapid increase in 
settlement at the initial stages of loading, but stabi-
lise within about 100,000 load cycles, beyond which 
the settlement increases at a diminishing rate. 
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Figure 3. Settlement of ballast under cyclic load-
ing 
 
The rail track settlement is related to the logarithm of 
number of load cycles (Raymond et al. 1976; Jeffs 
and Marich, 1987). Figure 4 shows the ballast set-
tlement-load cycle data plotted in a semi-logarithmic 
scale, which indicates that the settlement can be 
represented by the following function: 

( )s Log Nα β= +  (1) 
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where, s = ballast settlement; N = number of load 
cycles; α and β are empirical constants depending 
on the initial compaction, type of ballast, type of rein-
forcement and degree of saturation. The settlement 
predictions by Eq. (1) are also plotted in Fig. 4 (solid 
lines) for comparison. Figure 4 also indicates that 
the rate of settlement of recycled ballast can be re-
duced by inserting geosynthetics, while the de-
crease in the rate of settlement is more significant in 
the case of woven geotextile. Saturation of recycled 
ballast stabilised with geosynthetics increases the 
rate of settlement. 
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Figure 4. Prediction of ballast settlement under 
cyclic loading 

5.2 Strain Characteristics 

The ballast settlement data along with the settlement 
plate measurements were used to calculate the ver-
tical strain (major principal strain, ε1) of the ballast. 
Figure 5 illustrates the major principal strain of bal-
last against the logarithm of number of load cycles 
for all six-test specimens. Recycled ballast produces 
higher vertical strain compared to fresh ballast, as 
expected. However, the decrease in the rate of ver-
tical strain of recycled dry ballast is almost the same 
if either geogrid or geotextile reinforcement is in-
cluded. Saturation of recycled ballast (stabilised with 
geosynthetics) increases the rate of vertical strain. 
The performance of the woven geotextile under wet 
conditions is lightly superior to the geogrid, in the 
absence of effective ‘separation’ function of the latter 
at the ballast-capping interface. 
 
As indicated in Fig. 5, the major principal strain of 
ballast may also be related linearly with the loga-
rithm of number of load cycles, irrespective of the 
type of ballast, geosynthetic reinforcement and satu-
ration. Thus, the major principal strain of ballast may 
be described by the following logarithmic function: 

1 ( )Log Nε χ ζ= +  (2) 

where, ε1 = ballast vertical strain; N = number of load 
cycles; and χ and ζ are empirical constants. The 
solid lines shown in Fig. 5 represent the predictions 
of  major principal strain using Eq. (2). 
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Figure 5. Major principal strain of ballast under 
cyclic loading 
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Figure 6. Intermediate principal strain of ballast 
under cyclic loading 
 
The intermediate principal strain (ε2) and minor prin-
cipal strain (ε3) of ballast were calculated from the 
average lateral movement of the vertical walls and 
initial lateral dimensions of the specimen. The strain 
perpendicular to the sleeper is the intermediate prin-
cipal strain, while the strain parallel to the sleeper is 
the minor principal strain. Figure 6 shows the inter-
mediate principal strain (ε2) data along with the trend 
lines (solid lines) plotted against the logarithm of 
number of load cycles. As expected, the recycled 
ballast specimen (without any geosynthetics) gives 
higher lateral strains compared to the fresh ballast. 
Figure 6 indicates that the magnitude of the inter-
mediate principal strain (ε2) of recycled dry ballast 
decreases significantly with the inclusion of woven 
geotextile reinforcement. It is interesting to note that 
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the magnitude of ε2 becomes even less than that of 
fresh ballast at higher number of load cycles. In con-
trast, inclusion of geogrid reinforcement in recycled 
dry ballast is not as effective. It is important to note 
that the aperture of geogrid (40 mm) is larger than 
the mean size of ballast (d50 = 35 mm) used. The au-
thors believe that the high aperture geogrid provides 
less frictional contact area with ballast, thereby, not 
generating sufficient shear interlock. If a smaller ap-
erture geogrid had been used (e.g. less than 30 
mm), the effect of geogrid in decreasing lateral strain 
of recycled ballast is expected to be much greater. 
Also, the large aperture geogrid does not provide the 
optimum separation between ballast and capping 
particles. Moreover, the tensile strength of the 
geogrid is less than that of the woven geotextile 
used in this study (see Tables 2-4). Figure 6 also in-
dicates that saturation of recycled ballast stabilised 
with geogrid reinforcement does not affect the lateral 
strain (ε2) significantly. Contrary to this, saturation of 
recycled ballast stabilised with woven geotextile in-
creases the rate of lateral strain (ε2) considerably. 
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Figure 7. Minor principal strain of ballast under 
cyclic loading 
 
Figure 7 shows the minor principal strain (ε3) data 
along with the trend lines (solid lines) against the 
number of load cycles in a semi-logarithmic scale. 
Similar to intermediate principal strain, minor princi-
pal strain of recycled ballast (without stabilisation) is 
higher than that of fresh ballast, as expected. Figure 
7 indicates that the inclusion of geogrid in recycled 
dry ballast decreases the minor principal strain 
slightly, while the inclusion of geotextile decreases 
the magnitude of ε3 to even less than that of fresh 
ballast at higher number of load cycles. Saturation of 
recycled ballast stabilised with geogrid increases the 
rate of ε3 significantly. Physical inspection of geogrid 
indicates that the roughness of geogrid is different in 
the two lateral directions. This is probably one of the 
reasons for the higher rate of ε3 in saturated recy-
cled ballast stabilised with geogrid. In contrast, satu-
ration of recycled ballast stabilised with woven geo-

textile has negligible effect on the rate of minor 
principal strain. 
The summation of the three principal strains is the 
volumetric strain of ballast. The volumetric strains of 
ballast (contraction is considered as +ve) are plotted 
in Fig. 8 against the number of load cycles. As ex-
pected, fresh dry ballast produces the least volumet-
ric strain, while saturated recycled ballast stabilised 
with geosynthetics shows the highest volumetric 
strain. Volumetric strain of recycled ballast is higher 
than that of fresh ballast, because of the less angu-
larity (less internal friction) of the former. The de-
crease in volumetric contraction of recycled dry bal-
last is higher in the case of geogrid inclusion 
compared to the woven geotextile. The higher lateral 
spread (negative ε2 and ε3) of recycled dry ballast 
with geogrid inclusion compared to geotextile inclu-
sion (see Figs. 6-7) compensates more along with 
positive vertical strain (ε1), thereby producing less 
volumetric strain in the former. The volumetric 
strains of saturated recycled ballast stabilised with 
geogrid and geotextile reinforcement approach the 
same value at higher number of load cycles. This in-
dicates that when wet, both geogrid and geotextile 
become less effective in controlling volumetric strain. 
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Figure 8. Volumetric strain of ballast under cy-
clic loading 
 

5.3 Particle Breakage 

The breakage of ballast particles influences the de-
formation characteristics of railway track (Selig and 
Waters, 1994, Indraratna et al. 1998). The degrada-
tion of ballast particles under cyclic loading is a 
complex mechanism that initiates at the interparticle 
contacts, followed by complete crushing of the 
weaker particles upon further loading. The breakage 
of ballast causes differential track settlement and 
lateral movement. Accumulation of pulverized fine 
particles in the void spaces between larger aggre-
gates decreases permeability of ballast, and in many 
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cases, may cause localized undrained failure in 
rainy seasons. In overstressed railway foundations, 
rapid fragmentation of particles and subsequent 
clogging of ballast voids with fines is commonly ob-
served (Ionescu et al. 1998). Chrismer and Read 
(1994) reported that the primary cause of ballast 
contamination is the degradation of aggregates, 
which accounts for up to 40% of fouled material. 
 

10 100
Grain size (mm)

0

20

40

60

80

100

%
 P

as
si

ng

All ballast before test

Fresh ballast after test

Recycled ballast after test

Ballasts tested under
25 ton/axle @ 15 Hz
cyclic loading for 
500,000 cycles

 
 
 
Figure 9. Conventional plotting of particle size 
distribution of ballast before and after test 
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Figure 10. Alternative plotting of change in parti-
cle size of ballast 
 
 
In order to evaluate the degradation characteristics 
of ballast with and without geosynthetics, the load 
bearing ballast was isolated from the crib ballast and 
capping materials by placing very thin non-woven 
geotextile at the interfaces, which prevented migra-
tion of pulverized particles in between these layers, 
but not sharing any lateral load. Before and after the 
test, each ballast specimen was sieved carefully, 
and the changes in ballast grading were recorded. 
Figure 9 shows the conventional plotting of particle 
size distribution of two ballast specimens before and 
after test. Since the changes in particle size due to 
degradation of ballast cannot be illustrated clearly in 

the conventional particle size distribution plots (Fig. 
9), an alternative method was developed, where the 
difference in percentage by weight of each grain size 
fraction before and after the test (∆Wk) is plotted 
against the aperture of the lower sieve correspond-
ing to that fraction. In this method, an index of parti-
cle breakage (Bg) was introduced, which is equal to 
the sum of positive values of ∆Wk expressed as a 
percentage (Marsal, 1973). 
 
Figure 10 shows the variations of ∆Wk with different 
grain sizes of ballast. It is clear that fresh ballast suf-
fers least degradation, while recycled ballast is more 
vulnerable to breakage. Inclusion of geosynthetics 
(geogrid or geotextile) to recycled ballast increases 
its resistance to degradation. As indicated in Fig. 10, 
saturation of recycled ballast stabilized with geosyn-
thetics does not increase particle breakage signifi-
cantly.  For fresh ballast, particle sizes of 45 to 60 
mm are most susceptible to degradation. For recy-
cled ballast with and without geosynthetics, particle 
sizes of 30 to 50 mm are the most vulnerable to 
breakage (Fig. 10). The values of the breakage indi-
ces (Bg) for different test specimens used in the cur-
rent study are shown in Table 5.  
 
 
Type of ballast Breakage Index, Bg 
Fresh ballast (dry) 1.50 
Recycled ballast (dry) 2.96 
Recycled ballast with geogrid (dry) 1.70 
Recycled ballast with geotextile (dry) 1.56 
Recycled ballast with geogrid (wet) 1.88 
Recycled ballast with geotextile (wet) 1.64 

 
Table 5. Particle degradation of ballast 
 
The test results indicate that recycled ballast under-
goes 97% more breakage compared to fresh ballast 
under similar loading conditions. Inclusion of geogrid 
and geotextile in recycled ballast reduces particle 
breakage by about 42% and 47%, respectively. 

6. CONCLUSIONS 

The behaviour of recycled ballast has been investi-
gated in a laboratory model apparatus under cyclic 
loading conditions, with and without geosynthetic re-
inforcement. This study indicates that the deforma-
tion of railway ballast, both fresh and recycled, var-
ies non-linearly with the number of load cycles. The 
settlement of ballast may be expressed by a linear 
function of the logarithm of number of load cycles. 
The current study confirms that recycled ballast pro-
duces higher settlement compared to fresh ballast 
under identical loading and boundary conditions. In-
clusion of a geosynthetic layer in the recycled ballast 
at the ballast-capping interface decreases the mag-
nitude and rate of settlement, and the effect is more 
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pronounced with a high strength woven geotextile. 
Saturation of recycled ballast increases the settle-
ment by about 6-7 mm. All ballast specimens irre-
spective of type of ballast, reinforcement or satura-
tion, stabilises within about 100,000 loading cycles, 
beyond which settlement increases at a diminishing 
rate. 
 
The vertical and lateral strains of ballast may also be 
represented by a logarithmic function of number of 
load cycles. Similar to settlement, the vertical strain 
of recycled ballast is higher than that of fresh ballast. 
Inclusion of geogrid or geotextile reinforcement in 
recycled dry ballast decreases the rate of vertical 
strain by almost the same degree. Saturation of re-
cycled ballast increases the rate of vertical strain. 
 
Inclusion of woven geotextile in recycled dry ballast 
decreases the lateral strains (ε2 and ε3) to even less 
than that of fresh ballast. Installation of large aper-
ture geogrid in recycled dry ballast provides little 
benefit in reducing lateral strains. Saturation of recy-
cled ballast stabilised with geogrid reinforcement in-
creases the rate of minor principal strain signifi-
cantly.  As expected, volumetric strain of recycled 
ballast decreases with the inclusion of geogrid or 
geotextile layer. However, the volumetric strain of 
recycled ballast stabilised with geosynthetics in-
creases when saturated with water. 
 
This research study indicates that fresh ballast parti-
cles of size 45 – 60 mm are most susceptible to 
breakage, while recycled ballast particles of size 30-
50 mm are most vulnerable to degradation. Recy-
cled ballast shows about 97% more breakage com-
pared to fresh ballast. By inclusion of a geogrid or a 
geotextile layer in recycled dry ballast, particle 
breakage could be reduced by about 42-47%. Satu-
ration of recycled ballast stabilised with geosynthet-
ics increases the particle breakage by about 5-10%, 
as the effect of geosynthetics decreases significantly 
upon wetting. 
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Summary: Cost Effective Strategies for Railway Batter Erosion Control are presented. Plot scale field trials 
were set up on a railway embankment batter on the Laleham branch near Blackwater as part of HEFRAIL 
Project. The embankment at this site exhibited considerable tunnel (piping) erosion on the top access road 
and the batters as a result of the formation being strongly sodic and moderately saline. Hence the shoulder of 
the embankment had to be reconstructed. The erosion control strategies on the plots were centred on control 
(doing nothing after surface preparation), limited use of erosion control blankets and waste ballast as mulch 
on seeded plots. It has been demonstrated that with a cost effective irrigation system, 100 % grass cover 
establishment on railway batters is achievable within 12 weeks. 100 % grass cover reduces erosion by over 
90 % compared with the bare scenario. The cost of the 25 different treatments imposed at this site varied 
between $2.62/m2 and $4.11/m2, including an irrigation cost of $1.68/m2. The shoulder reconstruction cost of 
$3.27/m2 is additional. It is estimated that current conventional civil engineering remediation measures 
related to erosion on railway batters within Central Queensland coal network cost on average $11.73/m2. 
Therefore, the treatments imposed are cost effective. The irrigation unit cost is expected to decrease with the 
larger scale of irrigated batter area and the refinement of the technologies, and installation procedures.   
 
INTRODUCTION 
 
Minimal erosion damage remediation works to 
maintain train operations within the Central 
Queensland coal network has an annual budget 
expenditure of half a million dollars. However, 
these remediation works do not provide long 
lasting solutions to the erosion problems. 
Research into cost effective strategies for 
erosion control on railway batters was carried 
out between June 1997 and September 2000 
under the Erosion Project (Gyasi-Agyei et al., 
1998, 2000, 2001). HEFRAIL Project, initiated on 
1 October 2000 has been designed around the 
recommendations offered by the Erosion Project. 
The objective of HEFRAIL project is to develop 
methodology for selecting cost effective 
strategies for the mitigation of hydrology and 
erosion problems, and fire risks, for sites within 
Central Queensland. 
 
This paper presents the results of the HEFRAIL 
Project plot scale erosion control field trials set 
up on a railway embankment batter on the 
Laleham branch near Blackwater in November 

2000. The erosion control strategies on the plots 
were centred on control (doing nothing after surface 
preparation), limited use of erosion control blankets 
and waste ballast as mulch on seeded plots. Cost 
effective irrigation system was set up to aid the 
establishment of the grasses. The following are 
three principal reasons for selecting this site for 
HEFRAIL Project field trials:  

• This site was prepared and hydromulched in 
1998 but the treatments were unsuccessful. 

• The embankment at this site exhibited 
considerable tunnel (piping) erosion on the 
top access road and the batters. 

• The site offered opportunity to source 
irrigation water free from high pressure water 
mains. 

 
SITE DESCRIPTION 
 
The Laleham field trials site is situated between 
7.85 km and 8.150 km marks on the Laleham 
railway line, Central Queensland, Australia. Within 
the study region the respective mean minimum and 
mean maximum daily temperatures are 7oC and 
22 oC in July, and 22oC and 35 oC in January. Mean 
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monthly rainfall varies between 21 mm in August 
and 104 mm in January, with an annual average 
value of 640 mm. Class A pan mean annual 
evaporation for the study region is estimated as 
2400 mm. Hence annual potential evaporation 
exceeds annual rainfall within the study region.  
 
Table 1 presents the chemical properties of the 
soil relevant for erosion control. The soil is 
characterised as strongly alkaline, moderately 
saline, and strongly sodic. Thus it is susceptible 
to dispersion and erosion (Witheridge and 
Walker, 1996 and Queensland Department of 
Minerals and Energy, 1995). Emerson crumb 
tests placed the soil into Class 2, indicating that 
it will slake with some dispersion when 
saturated. The soil is classified as sandy clay 
loam based on the USDA soil classification 
system (Marshall et al., 1996). The median 
diameter, d50, is 80 µm. Average values of dry 
bulk density and particle density of the soils are 
1.75 Mg/m3 and 2.63 Mg/m3, respectively. 
 

Chemical Property Value 
pH(1:5 water) 9.4 
chloride (mg/kg) 605 
electrical conductivity (1:5water) (dS/m)  0.7 
potassium (meq/100g) 0.1 
calcium (meq/100g) 8.3 
magnesium (meq/100g) 9.7 
sodium (meq/100g) 8.5 
cation exchange capacity (meq/100g) 26.6 
exchangeable sodium percentage (ESP) 32.0 
calcium:magnesium ratio 0.9 

Table 1.   Soil chemical properties 
 
EROSION CONTROL BLANKET LAYOUT 
 
Erosion control blankets (mats) are used on 
steep slopes where there is a high risk of losing 
soil and seeds by rainfall and runoff. These 
products help to reduce raindrop impact, reduce 
runoff velocities, store water, and encourage 
infiltration. Steep slopes, high intensity rainfall 
and dispersive soils within Central Queensland 
railway formation dictate the need for the use of 
erosion control blankets. Three types of erosion 
control blankets, Jutemat Finemat (JM), 
Enviromat (EM) and Coconut Fibre Light (CN), 
were selected for the field trials. The blankets 
can be costly where laid on all batter sections. 
Therefore attention is focussed on laying the 
blankets on critical sections of the batter in order 
to reduce costs.   
 

A cross-section and plan view of a railway 
embankment is shown in Fig. 1. The batter section 
is divided into 4; upper (U), middle (M), open (O) 
and lowest (L). The width of the sections to be 
blanketed is taken as the width of the erosion 
control blanket used, 1.83 m for Finemat, 1.2 m for 
Enviromat, and 2.3 m for Coconut Fibre. Note that 
the open (O) section is left without erosion control 
blanket. Section M is only to increase the extent of 
section U. Therefore section M is inextricably linked 
to section U. The most critical section is the outer 
verge (U) where the blanket is expected to spread 
runoff thereby reducing the risk of rilling before the 
grasses are established. Also it is believed that 
covering the lowest sections of the batters would 
reduce the risk of emergence of erosion pipe 
(tunnel) outlets in dispersive soils, and induce 
deposition of eroded sediment and seeds. 
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Fig. 1: Cross-section (top) and plan view 

bottom) of an embankment 
 
WASTE BALLAST 
 
Ballast consists of crushed aggregate (rock). Its 
depth is generally 250 mm under concrete sleepers 
(Grade A) and 200 mm under the bottom edge of 
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steel sleepers (Grade B). Grade A ballast is from 
63 mm size down to 0.075 mm, and Grade B 
between 53 mm and 0.075 mm (Plunkett, 2000). 
The bulk density of ballast ranges between 
2.5 tons/m3 and 2.8 tons/m3.  
 
Void volume of the ballast within the track is 
about 45 %. Within the coal systems of QR it has 
been noted that most of the ballast fouling (void 
clogging) is due to infiltration by coal and ballast 
breakdown. However, coal accounts for 70 % to 
95 % and ballast breakdown 5 % to 30 % of the 
fouling (Nissen and Feldman, 2002). Depending 
on the degree of fouling, the fouled ballast may 
be cleaned and recycled, or dumped. The 
dumped fouled ballast is referred to as “waste” 
ballast. Stockpiles of waste ballast are 
predominant along railway lines within Central 
Queensland.   
 
The waste ballast is spread on the batters as 
mulch for the establishment of grasses. The 
inter-ballast voids will increase water storage 
and retention time thereby increasing hydraulic 
gradient and hence increasing infiltration. Also 
the ballast will help reduce raindrop impact and 
runoff velocities (Morgan et al., 1998; Poesen 
and Ingelmo-Sanchez, 1992). The grass roots 
will anchor the ballast from washout or gravity 
sliding/rolling. Should fire occur after 
establishment of the grasses, the ballast should 
be in place to minimise erosion on the batters, 
before a revegetation program becomes 
effective. This is to say, the ballast provides a 
degree of permanent protection against erosion.  
 
SURFACE PREPARATION AND EROSION 
CONTROL TREATMENTS 
 
The chemical analysis of the soil indicated that it 
is strongly sodic, having ESP value of 32 %. This 
site was prepared and hydromulched in 1998 but 
the treatments were unsuccessful. Within 3 
years extensive tunnel (piping) erosion has 
developed on the batters and access road as 
shown in Figs. 2 and 3. Attempts have been 
made by QR workers to improve the access road 
by filling the pipes with soil and ballast. Owing to 
the severe and extensive nature of rill and piping 
erosion, the embankment shoulder had to be 
reconstructed. The shoulder was constructed in 
benched layers and compacted with  a sheep 
foot roller at optimum moisture content. To 
ensure adequate compaction of the outer verge, 
overwide embankment was constructed followed 
by back trimming to the finished profile. A 300 m 
long batter surface, with slope length varying 

between 9 and 12 m and slope angle between 30o 
(1:1.73) and 35o (1:1.43), was prepared. Thirty 10 m 
wide experimental plots were demarcated on the 
prepared embankment batter.  
 
Table 2 presents the treatment imposed on 
individual plots numbered 1 (right end) through 30 
(left end). CT refers to control plots (doing nothing 
after construction). Since the soil is strongly sodic 
and strongly alkaline, gypsum (GP) was spread and 
mixed in the top 100 mm of the soil of the seeded 
plots, and control plot LA-03 (CT4), at a rate of 
50 tons/ha. This mixing process scarified the 
surface as well. Application of gypsum to the 
calcium-deficient soil will increase soil porosity, 
structural stability, soil infiltration and hydraulic 
conductivity, and reduce soil crusting, soil swelling 
and shrinkage. Gypsum application also improves 
root penetration and seedling emergence rates 
(Witheridge and Walker, 1996). Waste ballast (WB) 
was spread on five plots at a rate of 3 m3/100 m2 
(300 m3/ha or 0.03 m3/m2). Grassmaster fertilizer 
was applied by hand broadcast to the seed plots at 
a rate of 1 ton/ha. This fertilizer contains N, P, K, S 
and Ca percentages of 11.0, 4.0, 8.0, 8.0, and 1.2, 
respectively. Three perennial grass seeds, 
Gayndah buffel (BG), pioneer Rhodes (RD) and 
Sabi urochloa (SB), were applied by hand 
broadcast at rates indicated in Table 2. The plot ID 
with extension “-U” means the erosion control 
blanket is laid on the top section only,  “-UL” means 
it is laid on the top and lowest sections only, and “-
UML” means it is laid on the top, middle and lowest 
sections. Fig. 4 demonstrates the laying of an 
erosion control blanket at the lowest section of an 
embankment batter. 
 

 
Fig. 2: Eroded embankment batter 
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Fig. 3: Erosion pipe inlet on the access road  

 
 

Fig. 4: Laying an erosion control mat at the 
lowest section of an embankment batter 

 
 

Fig. 5: Water intake at air valve no. 17 
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Plot Seed (g/100m2) Separate Cost ($/m2) Total ($/m2) 

NO ID BG RD SB SP GP WB SF EB IR C1 C2 
LA-30 CT1 - - - 3.27 - - - - - - 3.27 
LA-29 CT2 - - - 3.27 - - - - - - 3.27 
LA-28 JM-UML 500 500 500 3.27 0.49 - 0.51 1.42 1.68 4.11 7.38 
LA-27 WB1 500 500 500 3.27 0.49 1.14 0.51 - 1.68 3.82 7.10 
LA-26 CN-UL 500 500 500 3.27 0.49 - 0.51 1.12 1.68 3.80 7.08 
LA-25 SD1 500 500 500 3.27 0.49 - 0.51 - 1.68 2.68 5.96 
LA-24 EM-U 500 500 500 3.27 0.49 - 0.51 0.29 1.68 2.97 6.24 
LA-23 SD2 - - 1000 3.27 0.49 - 0.47 - 1.68 2.64 5.91 
LA-22 JM-U 667 333 333 3.27 0.49 - 0.49 0.47 1.68 3.14 6.41 
LA-21 SD3 333 667 333 3.27 0.49 - 0.50 - 1.68 2.67 5.95 
LA-20 EM-UL 333 667 333 3.27 0.49 - 0.50 0.57 1.68 3.24 6.52 
LA-19 WB2 667 333 333 3.27 0.49 1.14 0.49 - 1.68 3.81 7.08 
LA-18 CN-UML 333 667 333 3.27 0.49 - 0.50 1.69 1.68 4.36 7.63 
LA-17 CT3 - - - 3.27 - - 0.00 - - - 3.27 
LA-16 CN-U 750 250 250 3.27 0.49 - 0.48 0.56 1.68 3.21 6.49 
LA-15 SD4 250 750 250 3.27 0.49 - 0.49 - 1.68 2.67 5.94 
LA-14 EM-UML 750 250 250 3.27 0.49 - 0.48 0.86 1.68 3.51 6.78 
LA-13 WB3 750 250 250 3.27 0.49 1.14 0.48 - 1.68 3.80 7.07 
LA-12 JM-UL 250 750 250 3.27 0.49 - 0.49 0.95 1.68 3.62 6.89 
LA-11 SD5 250 250 750 3.27 0.49 - 0.49 - 1.68 2.66 5.93 
LA-10 SD6 - - 1000 3.27 0.49 - 0.47 - 1.68 2.64 5.91 
LA-09 SD7 - 1000 - 3.27 0.49 - 0.48 - 1.68 2.65 5.92 
LA-08 WB4 1000 - - 3.27 0.49 1.14 0.45 - 1.68 3.77 7.04 
LA-07 SD8 - 1000 - 3.27 0.49 - 0.48 - 1.68 2.65 5.92 
LA-06 WB5 - 1000 - 3.27 0.49 1.14 0.48 - 1.68 3.79 7.07 
LA-05 SD9 1000 - - 3.27 0.49 - 0.45 - 1.68 2.62 5.90 
LA-04 SD10 400 200 400 3.27 0.49 - 0.46 - 1.68 2.64 5.91 
LA-03 CT4 - - - 3.27 0.49 - - - - 0.49 3.77 
LA-02 CT5 - - - 3.27 - - - - - - 3.27 
LA-01 CT6 - - - 3.27 - - - - - - 3.27 

NB: Refer to Sections 3, 5 and  7.6 for abbreviations 
 

Table 2.   Field trial plot treatments and costs 
 
IRRIGATION SYSTEM  
 
Sprinkler irrigation systems used in previous field 
trials caused erosion and localised instability. Also 
water losses associated with the sprinkler irrigation 
systems were very high, bearing in mind the water 
scarcity semi-arid environment of the study region. 
Hence an alternative water efficient irrigation 
system was required. 
 
Water was tapped at the Air Valve No. 17 of 
2500 kpa pressure mains supplying raw water to 
South Blackwater mine (Fig. 5). A 38 mm (1 ½ 
inch), 1.3 km long, poly pipe conveyed the water to 
the site. Two 3:1 pressure reducing valves installed 
in series reduced the pressure to a static value of 
350 kpa (50 psi) at the site.  The open end flow rate 
was measured at 175 L/min (10.5 m3/h) with the 

most likely peak being 100 L/min (6 m3/h) when 
connected to the driplines. 
 
Fig. 6 depicts the layout of the irrigation system set 
up at the site. A 19 mm (¾-inch) diameter dripline 
with emitter spacing of 300 mm was used. Each 
emitter has a maximum discharge of 1.5 L/h. The 
driplines were laid in rows, each row following the 
same contour as much as practicable. U-shape pins 
were used to secure the driplines on the batter. A 
battery operated controller was used to automate 
the operation of the irrigation system at the field trial 
site. Irrigation was switched off automatically, using 
mini-clik rain sensor attached to the controller, for 
about 3 days after 25 mm or more rainfall event. 
The control plots (LA-01, LA-02, LA-03, LA-17, LA-
29 and LA-30) were not irrigated. Four irrigation 
bays were set up. Table 3 presents the irrigation 
water requirement per bay.  
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Right Bay 
Number of 10 m wide plots  13 
Number of rows of dripline 7 
Total dripline length (m)  910 
Total number of drippers  3033 
Combined maximum discharge  (m3/h)  4.55 
Left Bay 
Number of 10 m wide plots  11 

Number of rows of dripline 7 
Total dripline length  770 
Total number of drippers  2567 
Combined maximum discharge  (m3/h)  3.85 

 

Table 3.   Maximum rate of water requirement 
per bay

 

batter plot
30     29       28         to          18     17     16         to         04       03    02    01 

filter

control box
valves 1,2,3,4

pressure 
reducing
valves

19 mm dripline
19 mm poly pipe
25 mm poly pipe
38  mm poly pipe

gate
valve

high pressure 
water mains

dripline spacing
0.5 m between top 9 rows
and 1.0 m for the rest

 
Fig. 6: The irrigation system at the site 
 
RESULTS 

 

7.1 Rainfall 
 
Rainfall was monitored at the Gregory site, 25 km 
away from the Laleham site. Previous data suggest 
that rainfall at Laleham site is likely to be more than 
that recorded at Gregory site. Table 4 shows rainfall 
events greater than 10 mm during the grass 
establishment period. The field trials were set up 
between 14 and 23 November 2000, seeding on 18 
November 2000. Rainfall events on 18 (57 mm) and 
21 (32 mm) November 2000 soaked the soil very 
well and thus boosted seed germination.  

 

Date Rain 
(mm) Date Rain 

(mm) 

08-11-00 11.4 02-02-
01 37.3 

09-11-00 14.4 
02-03-
01 23.1 

18-11-00 57.0 11-03-
01 11.4 

21-11-00 31.8 21-03-
01 32.6 

15-12-00 10.5 23-03-
01 15.3 

27-12-00 59.0 26-04-
01 14.1 

29-01-01 22.2   

Table 4.   Rainfall events greater than 10 mm  
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7.2 Irrigation  
 
The irrigation system at the Laleham site worked 
very well as intended. Each bay was initially 
irrigated for 90 min/day 7 days/week stating on 23 
November 2000. This was equivalent to 10.5 mm of 
rainfall. The plots were well wetted despite the 
excessive hot and dry weather. So the run time was 
cut back to 75 min/day 7 days/week on 23 
December 2000. On 16 January 2001 the watering 
days was set to Monday, Wednesday, Friday and 
Sunday, and the duration cut back to 60 min/day. 
On 15 February 2001, 12 weeks after seeding, the 
irrigation was turned off. The driplines were pulled 
from the grasses and rolled, as demonstrated in Fig. 
7, for use at another site.  
 
7.3 Crack Development at the Outer Verge 
 
Cracks developed at the outer verge of the 
embankment after a few initial rainfall events (Fig. 
8). These cracks could be caused by settling, and/ 
or sliding, of the outer verge. Inadequate 
compaction could also lead to cracking. The crack 
phenomenon is accelerated by elevated moisture 
level at the outer verge by the irrigation and/ or 
natural rainfall. Shrink-swell (temperature variation) 
movement could also cause the development of the 
cracks. Runoff entering the cracks induces tension 
stresses as a result of moisture level variations, 
enlarging and propagating the cracks in the 
longitudinal direction. Therefore, once started 
cracks enlarge, deepen and propagate parallel to 
the track, before stopping or slowing down after 
some time. Some cracks may appear sealed after a 
storm event. The properties of the soil may also 
play a role in the crack development. The cracks at 
the outer verge of the embankment were repaired 
on 17 January 2001. At this stage the cracks have 
not recurred (Fig. 9). 
 

 
Fig. 7: Rolling of driplines 

7.4 Erosion and Rill Development 
 
The first two storm events (57 mm on 18-11-00 and 
32 mm on 21-11-00) caused extensive rilling on 
batter sections without mulch (erosion control 
blanket or waste ballast), washing away some 
seeds and ameliorants. With the subsequent 
establishment of grasses on the seeded plots, the 
rills could not progress further and the seeded 
batter sections became well stabilised. Most rills 
developed at the top sections of the embankment 
were obliterated by mulch placed on the batters. 
Placement of erosion control blanket at the bottom 
section of the railway batters induced deposition of 
eroded material from above, be it soil, seeds or 
ameliorants. The initial rills developed on the control 
plots were deepened and widened as a result of 
erosion caused by the rainfall events (Fig. 10). 
 
7.5 Grass Growth 
 
Figs. 11 and 12 show grass coverage on two plots 
after six weeks of treatment. It was apparent that 
grass germination on the waste ballast plots was 
quicker than the unprotected plots with the same 
seed composition. The waste ballast induces  
infiltration, minimises evaporation and provides 
microhabitat conditions favourable for grass growth. 
Although the erosion control mats provide 
immediate protection against erosion, the seedlings 
struggle to grow through them. Enviromat offers the 
least resistance to seedling emergence of the three 
erosion control mats. However, coconut fibre being 
the strongest, provides a stronger initial erosion 
protection of the batters. The waste ballast spread 
on the batter provides a permanent protection 
whereas the erosion control mats are biodegradable 
and could be damaged by agents such as fire and 
animals. However, waste ballast has the potential to 
spread weeds, noticeably bean weed (Sesbania 
cannabina), and it should be sourced with caution. 
Also as QR ballast cleaning operation becomes 
more refined waste ballast may contain high amount 
of coal dust which might inhibit grass growth. 
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Fig. 8: Cracks at the top of the embankment 
 
 

 
Fig. 9: After crack repairs 
  
 

 
Fig. 10: Rill development on a control plot  
 

 
Fig. 11: Grass coverage on plot LA-25 as at 31-

01-01 

 
Fig. 12: Grass coverage on plot LA-27 as at 31-

01-01 
 
Pioneer Rhodes grass is the fastest growing closely 
followed by Gayndah buffel. Sabi grass is the 
slowest growing of the three grasses used in the 
field trials. Apart from these initial observations, all 
seeded plots achieved excellent grass coverage 
(nearly 100 %) within 12 weeks after seeding. The 
limited patchy grass growth on the control plots is 
not enough to control erosion. 
 
COST ANALYSIS  
 
Table 2 presents the costs of the treatment on 
individual plots. The cost C1 includes seeds and 
fertiliser (SF), erosion control blanket (EB), gypsum 
(GP), waste ballast (WB), and irrigation (IR). This 
irrigation cost consists of recyclable equipment and 
labour. C1 costs are essentially where treatments 
are imposed on freshly constructed/ reconstructed 
batters. C2 costs comprise C1 and surface 
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preparation (SP) costs. In the estimation of the 
irrigation equipment costs, it is assumed that each 
component of the equipment will have an average 
life span of 10 installations. This translates to about 
10 % depreciation per site. Labour cost on irrigation 
is about 60 % of the total irrigation cost. 
 
It is estimated to cost about A$11.73/m2 if the 
railway batters are not treated. This cost covers 
maintenance procedures of embankment widening, 
cleaning of cutting track sections, filling of erosion 
pipes and rills with soil, culvert cleaning, and 
replacement of sediment fouled ballast (Gyasi-Agyei 
et al., 2001 and Gyasi-Agyei, 2001). With an 
erosion reduction of at least 90 %, compared with 
the bare scenario, by 100 % grass cover (Gyasi-
Agyei and McSweeney, 2002), and total cost of 
seeded plots varying between $2.62/m2 and 
$4.11/m2 without surface preparation costs, all 
treatments are cost effective. Even with additional 
$3.27/m2 to cover surface preparation costs, the 
treatments are cost effective. 
 
CONCLUSIONS 
 
Cost effective railway batter erosion control 
strategies have been presented. Plot scale field 
trials of the erosion control strategies were set up 
on a railway embankment batter on the Laleham 
branch near Blackwater as part of HEFRAIL Project. 
The erosion control strategies were centred on 
control (doing nothing after surface preparation), 
limited use of erosion control blankets and waste 
ballast as mulch on seeded plots. It has been 
demonstrated that with a cost effective irrigation 
system, 100 % grass cover establishment on 
railway batters is achievable within 12 weeks. 
Based on results at another field trials site where 
soil loss was monitored, a grass coverage of 100 % 
reduces erosion by over 90 % during the first wet 
season compared with the bare scenario. This 
result should improve with time. The cost of the 
different treatments imposed at the site varied 
between $2.62/m2 and $4.11/m2, including an 
irrigation cost of $1.68/m2. Surface preparation cost 
of $3.27/m2 was additional. It is estimated that 
current remediation measures related to erosion on 
railway batters within Central Queensland coal 
network cost on average $11.73/m2. Therefore, the 
treatments imposed are cost effective. The irrigation 
unit cost is expected to decrease with the larger 
scale of irrigated batter area and the refinement of 
the technologies, and installation procedures. Large 
scale field trials of the railway batter erosion control 
strategies is, therefore, recommended. 
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DEVELOPMENTS IN MODERN ENERGY EFFICIENT  
ELECTRIC LOCOMOTIVES  

 
David J. Gale,  B. Sc. Bombardier Transportation 
Janis Vitins, Dr. Sc. Bombardier Transportation 

SUMMARY 
Modern electric locomotives incorporate features such as state-of-the-art databus communication 
networks, remote radio diagnostic access and compact, low maintenance propulsion equipment. This 
technology is applied to the latest generation of the BR 185 locomotives for DB Cargo, Germany, 
which will shortly be one of the largest fleet of electric locomotives employing newest technology 
permitting a lightweight, high powered electric locomotive to be realized. 
 
These new locomotives provide substantial cost savings to the railways as a result of conditioned 
based maintenance, energy savings through regenerative braking and advanced control strategies. 
This permits more efficient overall operations and increased productivity through improved utilization 
of the railway infrastructure, such as in northern Sweden where train loads are increased with the new 
LKAB locomotives by more than 50%. 
 
This paper presents an update on the current status of developments of the applied technology and 
illustrates the associated cost benefits.  
 
Notation :   IGBT - Insulated Gate Bipolar Transistor; GTO - Gate Turn-off  Thyristor;  
  ETCS - European Train Control System; LCC- Life Cycle Costs.  
 
 
1. INTRODUCTION 
 
Over the past two decades, the developments 
in the field of high power and control 
electronics technology has permitted 
significant advances to be realized in the 
performance of electric locomotives.   
 
Today, state-of-the-art traction converters with 
IGBT power semiconductor switching devices 
give the best performance in terms of power to 
weight and volume. The advantages of IGBT 
over GTO converters are the following: 

Ø Smaller size and weight 
Ø Lower power losses  and thus higher 

efficiency 
Ø Easy and low cost replacement of the 

IGBT devices 
Ø Higher locomotive reliability and 

availability 

Thus, combined with the powerful 
asynchronous traction motor, the locomotive 
rated power is now more generally defined by 
the maximum power available from the 
overhead supply network, rather than the 
installed power capabilities of the locomotive 
propulsion systems. Substantial weight 
savings of the traction converter allow to 

reduce the axle load where low track forces 
are important. Alternatively, additional 
equipment can be installed into the 
locomotive, e.g. head-end power for 
passenger trains or additional train safety 
systems for cross-border traffic.  
 
Advances in microprocessor  technology  and  
associated control algorithms enable 
sophisticated vehicle control strategies to be 
implemented, which serve to optimize the 
overall locomotive performance and power 
efficiency [1,2]. Today’s control systems 
allow to regenerate power into all overhead 
catenary systems and even help to stabilize 
the supply network at difficult load 
conditions.  
 
Furthermore, databus communications and in-
depth diagnostic features provide operational 
and maintenance staff with comprehensive 
information. Radio transmission of this 
information, e.g. by GSM, permits on-line 
access for condition based maintenance and is 
an important input to train operations.      
 
Modern electric locomotives feature higher 
performance in terms of tractive effort and 
power with very high adhesion capability even 
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at adverse track and weather conditions. 
Operationally they represent a sound 
investment  in terms of energy consumption 
and maintenance/support costs.  
 
2.    PRODUCT DEVELOPMENT  
 
2.1 IGBT Traction Converter  
 
AC propulsion technology has seen a steady 
development over the last two decades. The 
German Railways BR120 locomotives was the 
first large fleet of ac drive electric 
locomotives. These locomotives required 480 
power semiconductor devices to provide a 
tractive power level of 5.6 MW at the wheels.  

 
Table 1. summarizes the ongoing converter 
development, which when we consider that 
Swiss Federal Railways (SBB) Re460  
locomotive was delivered in the early 1990s 
with GTO technology, the achievable power to 
weight/volume levels permitted by the IGBT 
have more than doubled in the last decade. 

 
Technology Ratio* 

IGBT water cooled,  
4.5 kV/1.5 kA devices. (ESLV)  

1.66/ 736 

F-GTO water cooled,  
4.5kV/3kA devices. (EP10) 

1.27/ 565 

GTO oil cooled,  
4.5kV/2.5kA devices. (WAG9) 

0.9/ 436 

GTO oil cooled,  
4.5kV/2.5kA devices. (Re460) 

0.67/316 

GTO oil cooled,  
2.5kV/2.5kA devices. (Re4/4) 

0.42/200 

Forced commutation thyristor. 
E120 loco German Railways 

- 

*Ratio : Power to weight (kW/kg)/ 
             Power to volume (kW/m3) 

 
Table 1. Traction Converter Development 

The other major advantage of the IGBT 
semiconductor device is the reduction in 
overall power losses and corresponding 
improvements in overall locomotive power 
efficiency. 
 
Consequently, by virtue of the compact design 
and through a  modular approach, the traction 
converter can be configured to suit the specific 
operational needs, i.e.  

Ø AC supply, 25 kV, 15 kV, 12 kV etc. 

Ø DC supply, 3 kV, 1.5 kV, 0.75 kV etc. 

Ø Group or single axle drive 

Ø Integrated auxiliaries 

Through integration of the locomotive auxiliary 
converter into the traction converter further 
savings in weight and volume are provided 
with obvious cost advantages. Also, using 
traction power components the auxiliary 
converter becomes more reliable and 
concerning maintenance, the overall part 
count for spares is reduced. 
 
Fig. 1 shows a typical block diagram of a 
converter configuration for an AC supply  
locomotive with integrated auxiliaries and with 
a bogie group drive. 

A C  s u p p l y
M

3

A u x C o n

Fig.1  Power Circuit Block Diagram 

The insulated gate bipolar transistor (IGBT) 
application represents an on-going 
development using microchip processing 
technology  for high power devices. Devices 
with 4.5 kV blocking voltage are used on 
locomotives with a dc-link of 2.8 kV – without 
change of converter topology compared with 
the GTO. Devices with 6.5 kV are presently 
under development. This high voltage device 
will further rationalize traction converters for 
3kVDC supply voltage.  

The first fleet of Euroshuttle locomotives, 
operating the road vehicle  transport service 
between the UK and France, was supplied in 
1993. These locomotives were equipped with 
oil cooled GTO converters and deliver 5.6 MW 
rated power to the wheels.  

 
 
Fig 2. Euroshuttle Locomotive 
Eight years later, in December 2002, the first 
of the latest generation was delivered with 4.5 

x2 
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kV IGBT technology. Rated at 7.0 MW, these 
locomotives will enable the Heavy Goods 
Vehicle shuttle operational speeds to be 
increased. 
 
2.2 Converter Control 
 
The interaction of the electric locomotive to 
the supply system is dictated by the 
transformer design for an AC locomotive and 
the line reactor design for a DC locomotive -
combined with the control schemes of the 
traction converter. Various pulse patterns and 
algorithms are used by Bombardier 
Transportation for the traction motor control so 
to obtain optimum performance in all speed 
and power ranges.  
The major control strategies used are: 

♦ Indirect Self Control (ISC) in the low speed 
range 

♦ Direct Self Control (DSC) in the medium 
speed range 

♦ Field Weakening (FW) in the upper speed 
range 

 
The application of different control strategies 
for the traction motor leads to the following 
overall system advantages: 

Ø low motor torque pulsation and thus high 
adhesion utilization.  

Ø minimum stress on bogie and drive 
components. 

Ø lowest possible motor and converter 
current ripple so as to obtain the 
maximum possible utilization of the 
converter power components. 

Ø low line distortions particularly on 3 kVDC 
lines where the inverter is directly 
connected to the overhead line via the 
input choke. 

Ø low switching losses and thus high 
locomotive power efficiency. 

 
On an AC supply the overall locomotive 
performance is determined by the line 
converter (also called the 4-quadrant 
controller) in conjunction with the transformer. 
The objective of the 4-quadrant controller is to 
maintain the supply voltage and current in 
phase, thereby from the supply system 
perspective, equating the locomotive to a 
purely resistive load, hence with a power 
factor of unity (cosö = 1).   

However, in certain applications, the 4-
quadrant controller is pre-set to operate  with a 
leading or lagging factor, to suit the supply 
system characteristics. Leading power factor 
operation is often used as a means of 
compensating  for the effects of older 
locomotives operating on the network with a 
lagging power factor. Thus improving the 
overall power factor as observed from the 
supply substation. 

Substation

Line impedance

Locomotive

 
 
Fig. 3  Simplified Supply System Diagram  
 
In addition, the line current drawn (or fed back) 
by the locomotive causes a voltage drop 
between the feeding substation and the 
pantograph of the vehicle. In AC systems this 
voltage does not only depend on the demand 
of active power but also on the level of 
reactive power.  
 
The active power is determined by the power 
demand from the traction and auxiliary 
equipment. With  the 4-quadrant controller the 
reactive power can be readily controlled,  thus 
enabling the locomotive to fully optimize the 
installed capacity of the supply system. 
Hence, by virtue of the reactive power control, 
the following dependencies can be used to 
keep the line voltage within given limits: 

♦ consumption of inductive reactive power 
to lower the voltage at the pantograph. 

♦ consumption of capacitive reactive power 
to raise the voltage at the pantograph 

 
This is normally done by means of a control 
loop measuring the line voltage and acting on 
the converter voltage, which is controllable in 
both amplitude and phase within the limits of 
the converter design. 
 
The following conclusions can be made using 
modern propulsion and control technologies: 
 
Ø Train operations are more reliable as a 

result of the line voltage stabilisation.  
Ø e.g. the control concept of operating the 

locomotive  as a mobile "static var 
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compensator", was first applied in the 
1980’s to the EL 17 locomotives in Norway 
and is now a standard feature for many 
new electric locomotives. 

Ø More trains can be operated on the given 
power supply infrastructure due to the 
substantial reduction of reactive power in 
the catenary system. 

 
Ø e.g. the introduction of the high volume 

Zurich S-Bahn trains in 1990 required only 
marginal investment to the network power 
supply, resulting in a cost saving of 
approx. 50 Mio CHF compared to 
alternatives with trains designed with DC 
traction motors and phase-angle control. 

 
Furthermore, important energy savings are 
possible as a result of regeneration with 
energy being supplied to other vehicles on the 
network or back to the power grid. [1,2] 
 
2.3 Train Control 
 
Initiated by the International Electrical 
Commission (IEC) and the Union 
Internationale des Chemins de Fer (UIC), the 
Train Communication Network (TCN) is now 
the internationally accepted communications 
standard, also adopted by the IEEE Rail 
Transit Vehicle Interface Standards 
Committee as IEEE 1473.  
 
The TCN is designed for interconnecting 
programmable equipment between and within 
rail vehicles. With acceptance of this 
standardized system, worldwide interoper-
ability of rail vehicles can be achieved 
between vehicles of different railways and 
between equipment of different suppliers on 
the basis of an open communication network. 
 
The TCN architecture consists of two 
communication levels : 

Ø Wire Train Bus (WTB) and  

Ø Multi-function Vehicle Bus (MVB) 

.  

Wire Train Bus, WTB Wire Train Bus, WTB

WTB

TCN Gateway
MVBMVB

MVB  
 
Fig.4  Passenger Train Communication 

The Wire Train Bus operates at 1 Mbit/s over 
a distance of 860m on twisted wire pairs. The 
WTB is especially designed for variable train 
compositions such as international UIC trains 
as specified in UIC leaflet 556 and provides 
unique features such as auto-numbering of 
vehicles.  
 
The Multi-function Vehicle Bus operates at 1.5 
Mbit/s over optical fibres and/or twisted wire 
pairs. All busses of the TCN operate on the 
same principles and provide two main 
transmission services: 
  
Ø deterministic transmission of time-critical 

process data through periodical source-
addressed broadcast.  

Ø reliable transmission of messages on 
demand through a transport protocol and 
call/response session protocol.  

 
The TCN supports a 7-layer architecture and 
routes message packets based on logical 
addresses. The application interface is 
independent from the bus.  
 
Network management services support 
commissioning and maintenance. Guidelines 
for conformance tests allow manufacturers to 
test their products to achieve interoperability. 
 
Whereas the WTB is a proven and 
economical solution for communication 
between locomotives in a consist and between 
vehicles within a passenger train, it is less 
suited for communication to remote 
locomotives in long freight trains with 
distributed power.  
 
In this case, a combination of TCN for coupled 
locomotives in consists and radio 
communication, e.g. by Locotrol, between 
consists is often selected. 
 

WTB

WTBMVB MVB

MVB  
Fig 5.  Freight Train Communication 
 
This solution is now being used on mixed 
freight trains in Switzerland on the transalpine 
north-south freight corridor (Gotthard Line). 
The Swiss application has proven that remote 
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radio control is a reliable and cost effective 
solution even in narrow mountain valleys with 
steep grades of 26‰.  
 
Furthermore, remote operation has been 
underway for some time now in USA and 
Australia for very long & heavy trains [3].  
 
2.4 Remote Radio Access  
 
In addition to the above described control of 
remote locomotives, radio communication also 
provides a convenient means to obtain on-line 
diagnostic and  train data while the trains are 
operating in service. 
 
A mobile station is mounted onto the 
locomotive, serving as a dial-in-point for 
communication. The mobile station acts a  
communication gateway between one or more 
wireless networks (e.g. cellular phone or 
WLAN system) and the MVB databus of the 
locomotive and hence also to the connected 
vehicles of the train.  
 
Access to a particular train is obtained from a 
work station with a PC using a standard web 
browser software. Interactive communication 
from this PC is via internet or intranet to a 
ground station and then by radio to the 
locomotive of the train. The ground stations 
provide a web home page and security 
mechanisms, operate a local database 
containing directories of available vehicles 
and uploaded diagnostic data and provide 
automatic dial-out mechanisms for interactive 
and batch-driven sessions to mobile stations in 
the vehicles. 
 

 
Fig 6. MITRAC Remote Access 
 
Remote radio access offers many new 
opportunities to the railways for reducing 
maintenance costs and increasing vehicle 
availability as listed below: 

Ø Specific failure modes can be marked so 
that ground personnel are automatically 
informed of the train status. Diagnostic 
data can also be attached to this 
information. 

Ø Data stored in the diagnostic computer 
can be downloaded for analysis of the 
service and workshop personnel while the 
locomotive is in operation.  

Ø The locomotive driver can be supported 
online from the ground personnel in case 
of irregularities of operation or system 
failures. 

Ø Process data can be analyzed online from 
workshop and engineering personnel, e.g. 
for assessing operational parameters, 
reading energy meters and analyzing 
specific locomotive data. 

Ø With the addition of condition monitoring 
major components within the locomotive 
which are subjected to wear can be 
continuously monitored so that the 
workshop personnel are automatically 
notified when excessive wear is reached. 
Condition monitoring is the basis for the 
effective scheme of Reliability Centered 
Maintenance. 

 
Other useful applications for remote radio 
access are: 

Ø Remote starting-up of locomotives, e.g. 
heating/cooling of the driver’s cab or of the 
train. 

Ø Transmission of the train number and 
specific train data, e.g. weight, length, 
configuration, etc. 

Ø Transmission of the train position 
monitored by onboard GPS to the next 
station or to the train operations center. 

Ø Registering of vehicles and trains.  

Ø Fleet management and train disposition. 
 
2.5 Train Protection Systems 
 
The open communication vehicle bus (MVB) 
permits safety systems such as driver’s 
vigilance, train protection systems and cab 
signal equipment to be readily integrated.  
 

Cellular RadioWireless LAN Satellite

Bluetooth

Internet / Intranet

Client Station Ground Station

Mobile Stations in railraod vehicles

Mobile Clients
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Fig. 7  SBB Re 482 Train Protection System 
 
For example, an advanced solution prepared 
for radio based communication is installed on 
the latest SBB Cargo cross border freight 
locomotives, type Re 482, see Fig. 7. This 
train safety system complies to the new 
standard European Train Control System 
(ETCS). On the other hand, conventional 
equipment is also provided for the present 
German and Swiss infrastructure, to cater for 
the progressive introduction of ETCS at track 
level. The locomotive is prepared for the 
installation of up to ETCS Level 2 and later to 
Level 3, i.e. with complete radio based control 
using the GMS-R radio, including online train 
scheduling. All train safety systems - 
conventional and ETCS -  are connected via 
the MVB to the redundant ETCS display in the 
driver’s desk. In this way the driver’s desk 
remains unchanged even as new train safety 
systems are added. 
 
2.6 Bogie Development 
 
The Flexifloat bogie used on locomotives by 
Bombardier has an extremely simple and 
highly performing concept. However, many 
years of  in-service experience has 
demonstrated its effectiveness for high 
tractive and braking effort applications, not 
only at starting but also up to high speeds. The 
principle concepts are used on heavy haul 
locomotives with 30 t axle load as well as high 
speed Talgo trains at 350 km/h. 
 

 
 
Fig 8. Flexifloat Bogie for Heavy Haul. 
 

The partially steering bogie, as installed on the 
new LKAB locomotive [4], provides an 
excellent compromise between a simple 
rugged design and good running performance. 
Wheel-set stiffness levels required for running 
stability are achieved by the primary spring 
characteristics and the stiffness of the axle 
links. Both parameters are matched  in order 
to obtain good operational characteristics.  
 
The push/pull rod transmits the tractive and 
braking effort to the carbody. It is inclined and 
its virtual extension goes to the rail surface at 
the center of the bogie so to equally distribute 
the axle loading (minimization of load transfer) 
even at high motor torque. This feature is a 
prerequisite to obtain a high adhesion 
capability and thus high pulling power. 
 

 
 
Fig 9. Bogie for Freight Locomotives 
 
The Flexifloat bogie used on freight 
locomotives, e.g. BR 185 and Re 482 series, 
is seen in Fig. 9. It features the following 
characteristics: 

Ø Simple and light weight frame 
Ø Short axle base of only 2.6 m 
Ø Soft lateral stiffness of the wheelsets 
Ø Wheel disc brakes 
Ø High secondary suspension 
Ø Nose suspended drive 
 
With this design a long wheel life well over 1.0 
Mio km is achieved, e.g. in Germany.  
 
3.0 MARKET DEMANDS 
 
3.1 European market  
 
Recent market developments resulting from 
the collaboration of National Railways means 
that the traditional country borders are losing 
their importance as these operators focus on 
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streamlining their operations with point to point 
service, irrespective of borders.  
 
This initiative is supported by the European 
Community which has defined freight corridors 
with free access to all operators. Furthermore, 
in most European countries today freight 
operations of the Railways are split off as 
separate companies, with the objective to 
become profitable in the European rail freight 
business.  
 
The new DB Cargo locomotive, type BR 185,  
replaces aging locomotives and also provides 
DB Cargo with the opportunity to access nine 
neighbouring countries with AC catenaries on 
the North-South freight corridors between 
Sweden and the Italian border.  

 
 
Fig.10  German Railways BR 185 
Locomotive 
 
For this application the BR 185 is setting a 
new standard as cross-European locomotive 
for AC catenaries. ( i.e. 15 kV & 25 kV ). The 
next step in the development process is to 
extend the electric locomotive design to a 
multi-system variant, catering for all supply 
voltages which are encountered within Europe 
(i.e. 15 & 25 KVAC + 3 & 1.5  KVDC).     
 
The concept of  a multi-system locomotive is 
not new and over the past ten years there 
have been several attempts by the National 
Railways to specify and procure their own 
multi-system locomotives for cross-border 
operation. However, these locomotives were 
very specific, specified down to a tremendous 
level of detail, resulting in special designs, 
which invariably failed to satisfy the 
commercial and technical requirements, e.g. 
due to excessive weight.  New technologies 
and designs of today will make the high 
powered multi-system locomotives technically 
feasible at a competitive market price. 
 

3.2 Heavy Haul  
The new heavy haul locomotives of the  
Swedish LKAB iron ore mines are aimed at a  
substantial reduction of ore transportation 
costs [5].  

 
 
Fig.11 LKAB Double Locomotive 
 
These nine 12-axle (Co’Co’+Co’Co’) high 
power locomotives  replace the existing 12-
axle Dm3 and 6-axle EL15 units (used in 
double traction) and thereby increasing the 
train loads from 5‘200 to 8'160 tons.  
 
The contractual requirement for the 
locomotive efficiency is 86%. A generic 
tractive/braking effort diagram illustrating the 
locomotive efficiency at the various points of 
operation is shown in Fig. 12. 
 
For heavy haul freight operations, important 
performance factors include train mass and 
train throughput times. Furthermore, the 
energy savings benefits which can be  enjoyed 
as a result of the inherent regeneration 
capabilities mean that the modern electric 
locomotives represent a commercially viable 
alternative to retaining existing aging 
technologies. 
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Fig 12.  Tractive Effort / Speed Diagram. 
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4.  Life Cycle Cost Analysis   
 
4.1 General  
 
Railway operators contemplating the 
procurement  of new locomotives are advised 
to carefully consider the full life costs as 
applied to their specific application.  
 
The LCC analysis serves to highlight the fact, 
that in addition to the initial purchase price of 
the new locomotives, the major contributing 
factors to the operating life cycle costs over a 
typical 35 year period are : 

Ø Energy 

Ø Preventative Maintenance  

Ø Corrective Maintenance 
 
As described above, the technological 
advances in electric locomotives provides 
significant savings in each of these areas - for 
many applications the most important being 
energy. 
 
For an existing operation, currently being 
performed with existing locomotives, a  
comparative life cycle cost analysis should be 
performed in order to  determine the most cost 
effective business case to be adopted.  
 
4.2 Methodology  
The following approach is recommended : 
 
1. Benchmark the current operations, in 

terms of  annual freight tonnage hauled, 
numbers of locomotives, locomotive 
maintenance and energy costs. 

 
2. Determine the anticipated life cycle costs 

for the same business case with the 
introduction of new locomotives. This will 
of course take into consideration the 
potential higher performance of the new 
locomotives. 

 
3. Based upon the above, comparative 

analysis can then be performed with 
combinations of existing and new 
locomotives. However, this must also  
take into consideration the limited life 
expectancy of the existing locomotives.   

 
Modern train performance simulation 
programs, generate useful input data for the 
LCC analysis. In particular,  train throughput 

times, and energy consumption for both 
existing and new locomotives. 
 
The LCC analysis is of course based upon a 
number of pre-defined assumptions, however 
the scope can be made as wide as is deemed 
to be beneficial.  
 
For example when considering  operational 
improvements, e.g.  
 
Ø track re-alignment  
Ø track upgrades for higher axle loads 
Ø electrification  
Ø signaling systems 

  
which invariably require extensive  
infrastructure investments, cost elements can 
also be included into the LCC analysis in order 
to  fully assess the business case for such 
decisions.  
 
Where the infrastructure investment has 
already taken place at some time in the past, 
for a representative LCC analysis,  the 
associated cost of retaining the required level 
of infrastructure can also be included.  
 
By adopting this process, informed decisions 
can be made upon the appropriate point in 
time to replace or upgrade/overhaul existing 
locomotives. In addition, long term strategic 
decisions can be taken with regards  
electrification, since the LCC performance of 
operations performed with Diesel or Electric 
locomotives can also be assessed in a similar 
manner.  
 
4.3 LCC Comparative Results  
 
To illustrate the LCC analysis process, a 
typical calculation has been made for an aged 
fleet of  locomotives operating a freight 
service.   
 
The graphical analysis illustrates the results 
showing comparative operational costs 
resulting from a mixed fleet of 62 Diesel & 
Electric locomotives. For a future 15 year 
operations, investments by way of major 
overhauls and upgrading of the existing fleet 
are assessed. 
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Fig. 13  Life Cycle Cost Comparison 
 
Through the analysis  it is determined that a  
new fleet of 31 electric locomotives, due to 
increased performance capabilities, enables 
the locomotive fleet size to be effectively 
halved. Furthermore, the reduced energy and 
maintenance costs savings offset the initial 
procurement investment, resulting in reduced 
overall life cycle costs 
 
5.0 CONCLUSIONS,RECOMMENDATIONS 
 
The ongoing technological developments in 
the field of power and control electronics, and 
their application in electric locomotives 
continues to permit their performance 
capabilities to be increased with reduced and 
optimized maintenance regimes. 
 
In many cases, one new electric locomotive is 
capable of replacing two existing locomotives, 
which provides obvious operational cost 
savings. Furthermore, with the modern 
compact designs, significant scope now exists 

for upgrading the performance of existing 
locomotives as part of a reliability 
improvement program. 
 
Energy is a major cost factor in most railway 
operations. The benefits of regeneration and 
optimized performance can provide major 
direct energy cost savings and also indirect 
savings in relation to supply system 
infrastructure.  
 
All aspects of the railway operation need to be 
carefully considered and life cycle cost 
analysis methods provide a useful means of 
capturing the anticipated cost savings - 
thereby formulating future investment 
business  plans.  
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LOCOMOTIVE MODERNISATION – BENEFITS AND CASE 
STUDY 

 
Bryan Gromacki, GE Transportation Systems 

Stephen Carmody BE (Elec), A Goninan & Company Limited 
 

SUMMARY 
 
In an increasingly competitive market, the efficient utilisation of assets, whether they are new 
or old, is a major goal for all Australian railways.  The emergence of new microprocessor 
technologies coupled with previous conservative structural design, allows the partnership of 
the microprocessor and ballast to provide increased haulage capacity, due to the higher 
adhesive mass and higher adhesion capability. 
 
This paper will first define some common terms and issues with the design of locomotives 
today, then describe the product available for use in modernisation projects and lastly review 
a case study where the above partnership has been applied to the benefit of one railway 
operator. 
 
1.0 INTRODUCTION 
 
Forming the basis of locomotive 
performance design are two simple 
parameters: 
 
Ø Power at rail - which defines running 

times. 
Ø Tractive Effort at rail - which defines 

trailing load capability. 
 
Train performance simulations can be run 
on any combination of the above 
parameters to best determine the specific 
requirements for the application, although 
rail asset owner authorised limits on axle 
load and outline gauge limit the range of 
possible combinations available for each 
operator. 
 
The emergence of the retrofitable 
microprocessor allows higher utilisation of 
a locomotive, if it is currently limited by its 
adhesive mass.  This limit may be 
attributed to either the adhesion capability 
of the current control system or the 
available adhesive mass due to some 
previous axle load restriction. 
 
A locomotive is classed as “Adhesion 
Limited” if the product of the Adhesive 
Mass and the Wheel Slip Control System 
(Adhesive Tractive Effort) is less then the 
capability of the propulsion system 
(Continuous Tractive Effort).  Adhesion 
limited locomotives are the best 
candidates for the modernisation concept 
described. 

 
The Tractive Effort at rail parameter is limited 
by both of the above factors, ie. the adhesion 
capability of the control system and the 
available adhesive mass. 
 
The modernisation project described in the 
case study, addressed both of these factors 
to allow an overall increase in the Tractive 
Effort at rail.  Adhesion tests were performed 
before and after the modernisation program 
to allow a comparison of the results and a 
validation of the expected increase in 
haulage capability. 
 
The introduction of the microprocessor onto 
this class of locomotives had some other 
benefits apart from the obvious increase in 
haulage capability.  These included a 
reduction in component count, the addition of 
a familiar Diagnostic Display panel (DID) and 
a step change in the fault diagnosis 
capabilities onboard the locomotive. 
 
2.0 NOTATION 
 
STE Starting Tractive Effort (kN) 
CTE Continuous Tractive Effort (kN) 
ATE Adhesive Tractive Effort (kN) 
TE Tractive Effort (kN) 
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3.0 LOCOMOTIVE DESIGN 
 
3.1 The Speed Tractive Effort Curve 
 

 
 

Figure 1 – Speed Tractive Effort Chart 
 
The performance capability of a diesel 
electric locomotive can be best described 
by the Speed – Tractive Effort Curve as 
shown in figure 1. 
 
The various aspects of this Curve are 
described below: 
 
Power Output – A 
The power out of the engine available for 
use as traction is approximately a constant 
figure in each notch.  This curve takes the 
form of a hyperbole as electrically: 
 
 Power = Current x Voltage 
 
but due to transmission losses in the 
alternator and traction motor, this power 
figure is not constant over the entire speed 
range. 
 
And as: 
 
 Speed ∝ Voltage 
 
And Tractive Effort ∝ Current 
therefore 
 
Power ∝ Speed x Tractive Effort 
therefore at any speed, 
 

 Tractive Effort ∝ 
Speed

Power
 

Maximum Tractive Effort – B 
Also known as the Starting Tractive Effort 
(STE) the maximum Tractive Effort is limited 
by the current capacity of the system.  This 
limit may be imposed by any of the major 
propulsion components, such as the 
rectifiers, inverters or the traction motors. 
 
Maximum Speed – C 
This is limited by the maximum rotational 
speed of the Traction Motor, or the Voltage 
limit of the system. 
 
Continuous Tractive Effort – D 
Referred to as CTE, this is the Tractive Effort 
that can be continually produced by the 
locomotive at the stated ambient conditions. 
 
This does not refer to the amount of Tractive 
Effort that can be put to rail. 
 
Any tractive effort produced above the CTE, 
can only be produced for a limited time and 
therefore is described in terms of Short Time 
Ratings and requires a time period to also be 
stated  eg. 400kN @ 5 minute rating. 
 
Continuous Speed – E 

As Speed ∝ 
EffortTractive

Power
 

 
therefore for a given CTE, a Continuous 
Speed is defined. 
 
Below this speed and provided the tractive 
effort is required, a locomotive will enter its 
short time ratings. 
 
Adhesive Tractive Effort – F 
This is a function of the mass of the 
locomotive and the adhesion capability of the 
locomotive considered as a system. 
 
The required design goal is to have the 
Adhesive Tractive Effort below the 
Continuous Tractive Effort, as this results in a 
mass limited locomotive and perhaps future 
upgrade opportunities, due to increases in 
allowable axle load or an increase in the 
adhesion capability of the locomotive. 
 
3.2 Adhesive Tractive Effort 
 
The effects of mass and adhesion capability 
can be seen in Table 1: 
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Locomotive 
Adhesive 

Mass 

Adhesion 
Capability 

Adhesive TE 

92.3t 26% 235 kN 
100t 24% 235 kN 
109t 22% 235 kN 

 
Table 1 – Effects of Mass and Adhesion 

Capability 
 
a) Adhesive Mass 
Therefore for the same Adhesive TE and 
dependent on the level of adhesion that 
can be achieved, this will determine the 
locomotive adhesive mass required. 
 
Locomotive adhesive mass is the total 
locomotive mass less a reduction for the 
expected consumables in fuel, sand etc. 
 
The locomotive adhesive mass can be 
increased quite simply by adding dead 
mass to the locomotive.  This is usually in 
the form of ballast and various factors 
need to be considered, including: 
- Balance of the locomotive 
- Volume required 
- Effort required to install 
 
b) Adhesion Capability 
Various factors affect the adhesion 
capability of a locomotive, some of which 
are: 
Ø Control System 
Ø Bogie Weight Transfer 
Ø Wheel Diameter 
Ø Wheel and Rail Profile 
Ø Rail Conditions 
Ø Propulsion System Configuration 
Ø Sanding Arrangement 
Ø Brake Pad Configuration 
Ø Wheelslip Algorithm 
 
As the topic of this paper is centered on 
the cost effectiveness and the case study 
is centred around an Upgrade Project 
where the majority of the above factors will 
remain constant, we will concentrate on 
Control System developments. 
 
For this point of discussion, all other 
factors affecting the adhesion capability of 
a locomotive are ignored.  Therefore the 
increase in adhesion capability of 
locomotives over time will be directly 
attributed to the control system 
improvements. 

Figure 2 – Despatch Adhesion 
 
As is demonstrated from Figure 2, the 
despatch adhesion capability of locomotives 
has increased by almost 111% over 34 
years.  Based on the age of locomotives still 
in service, the adhesion capability of 
locomotives may have doubled since they 
were introduced into service. 
 
Therefore this presents a large opportunity to 
upgrade locomotives to take advantage of: 
- advances in control technology 
- increases in allowable axle load 
 
4.0 ADVANCES IN CONTROL 
 TECHNOLOGY 
 
4.1 Introduction 
 
The GE BrightstarTM Control System was 
developed with the prime intent of retrofitting 
older locomotives in order to extend their life 
and provide gains in reliability, availability 
and performance.  Brightstar consists of one 
control panel with 20 input/output cards and 
one CPU card. 
 
4.2 Adhesion Systems 
 
With Brightstar applied, improvements in 
adhesion vary depending on the base 
locomotive. 
Existing adhesion systems can be grouped 
into four types: 
Ø Voltage-imbalance type 
Ø Wheel speed type 
Ø Motor current type 
Ø And motor speed type 
 
Brightstar offers two types: motor speed type 
and motor current type, although the 
Brightstar motor current type also measures 
voltage and uses the motor’s characteristic 
data in order to compute motor speeds.  
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Table 2 shows a comparison of the 
absolute all-weather despatch adhesion 
and some other features among the 
various types for a locomotive with 6-
parallel (6P) motor configuration. 
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Typical All-
weather 
Adhesion (%) 

18 20 23 25 25 26 

Controlled 
Rate of Power 
after Slip 

no yes yes yes yes yes 

Synchronous 
Slip Protection no yes yes yes yes yes 

Non-
Microprocessor 
Electronics 

no yes yes no yes no 

Proportional 
Power 
reduction 
during slip 

no yes no yes yes yes 

Motor 
Overspeed 
Protection 

no yes no yes yes yes 

Insensitive to 
Wheel Dia. 
differences 

no yes no yes yes yes 

Microprocessor 
Control no no no yes no yes 

System 
Malfunction 
Diagnostics 

no no no yes no yes 

Filter out Truck 
Dynamics no no no yes no yes 

 
Table 2 

 
Adhesion improvement with Brightstar is 
best stated in terms of percentage 
improvement from the base locomotive.  
As stated earlier, there are many factors, 
such as rail conditions, that can affect 
adhesion performance.  For this reason, 
two identical locomotives at different 
railroad properties may have different 
absolute all-weather despatch adhesion 
levels.  When applying Brightstar, we 
prefer to acknowledge the increase in 
adhesion performance in terms of 
"increase from the base" as opposed to 
absolute.  For instance, if a locomotive 

with Analog Motor Current-type adhesion 
system has a historical all-weather rating of 
20%, due to poor rail conditions at the 
railroad, we would offer that Brightstar motor 
speed type will provide approximately 23%, 
maintaining the 3% improvement in absolute 
percentage, as opposed to the typical 26%.  
Table 3 shows a comparison in percentage 
improvement among the systems: 
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Difference 
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Voltage 
Imbalance Type  2 5 7 7 8 

Wheel Speed 
Type   3 5 5 6 

Analog Motor 
Current Type    2 2 3 

Brightstar Motor 
Current Type     0 1 

Brightstar Motor 
Speed Type      1 

 
Table 3 
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And Table 4 shows adhesion improvement 
in terms of percentage increase from the 
base of the absolute number. 
 
 
 
 
 
 

6P 
Increase 

in All 
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Voltage 
Imbalance 
Type 

 11% 28% 39% 39% 44% 

Wheel 
Speed 
Type 

  15% 25% 25% 30% 

Analog 
Motor 
Current 
Type 

   9% 9% 3% 

Brightstar 
Motor 
Current 
Type 

    0% 4% 

Brightstar 
Motor 
Speed 
Type 

     4% 

 
Table 4 

 
The Case Study locomotive started as an 
Analog Motor speed type.  With Brightstar 
applied, the initial expectation was an 
improvement of 1% in absolute all-weather 
adhesion percentage.  This was the first 
locomotive where Brightstar was fitted 
over an existing motor speed type system.  
Limited testing had been performed to get 
data on the percentage increase 
expectation.  The improvements in the 
case study are strictly limited to the 
software.  That is, no changes to the 
propulsion circuit or motor speed sensors 
were made.  The actual improvement in all 
weather adhesion is discussed in the next 
section. 
 
Improvements are made possible with a 
Brightstar system that cannot be readily 
achieved with the existing analog system.  
Brightstar allows variable wheelslip/slide 
limits over the locomotive speed range 
and between wheels, and filters speed 
signal noise; whereas the analog system 

offered fixed wheelslip/slide limits and is 
more susceptible to noise.  Brightstar can 
thus maximize the time-average motor 
current – which is proportional to Tractive 
effort. 
 
5.0 Case Study – QR 2600 Class 
 
5.1 Locomotive Description 
 
This locomotive is a GETS designed, 
Goninan built locomotive, originally placed 
into service in 1983 with a GE7FDL12 engine 
rated at 2430 Gross Horsepower, GE761A20 
traction motors with a CTE of 259 kN at 18.6 
kph and a gross mass of 95 metric tonnes (ie 
fully fuelled). 
 
These locomotives had the following Speed 
Tractive Effort Curve: 

 
 

Figure 3 – U22 Speed Tractive Effort 
Curve 

 
An adhesion test was performed before the 
upgrade and indicated a dry adhesion 
capability of 25%; together with an adhesive 
mass of 93300 kgs, resulted in available rail 
Adhesive TE of 232 kN which is less then the 
CTE of 259 kN.  Therefore the locomotive 
can be described as Adhesive Mass Limited 
and is therefore a candidate for improving its 
haulage capability. 
 
5.2 Performance Improvement 
 
The required performance improvement was 
to achieve the same haulage capability as 
the existing 2800 class in operation at QR. 
 
A comparison of these classes can be found 
in Table 5 below: 
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Parameter Existing 
2600 Class 

Existing 
2800 
Class 

Proposed 
Modernised 
2600 Class 

Model U22C CM30-8 C22-MMi 

Gross Mass 95.3 t 116.7 t 107.8 t 

Adhesive 
Mass 

92.7 t 111.4 t 102.5 t 

Engine 7FDL12 7FDL12 7FDL12 

Gross 
Horsepower 

2430 hp 3200 hp 2430 hp 

Traction 
Motor 

GE761A20 GE761 
ANR2 

GE761A20 

CTE 259 kN @ 
18.6 kph 

266 kN 
@ 26kph 

259 kN @ 
18.6 kph 

ATE 227 kN 306 kN 261.4 kN 

Adhesion 
Capability 

25% 28% 26% 

 
Table 5 – Locomotive Class 
Comparison 
 
Therefore the 2600 Class Adhesive 
Tractive Effort is the limiting factor and 
needed to be raised to be equal or greater 
than the Continuous Tractive Effort value. 
 
5.3 Upgrade Options 
 
To increase the haulage performance of 
the locomotive to take full advantage of 
the CTE, there were two (2) options: 
- increase the all weather adhesion 

capability to 28% 
or  

- increase the locomotive adhesive 
mass to 102.5 tonnes. 

 
Adding 12.5 tonnes of dead mass to a 
locomotive approximately 20 years old 
would require significant structural 
analysis, as well as 2 cubic metres of 
space on a narrow gauge, low outline 
locomotive. 
 
Obtaining an increase of 3% in all weather 
adhesion capability was also a risk based 
on the limited application and testing of the 
proposed control system upgrade. 
 
Therefore, as always in Engineering, a 
compromise was reached, that being a 10 
tonne increase in adhesive mass coupled 
with a 1% improvement in all weather 
adhesion capability. 
 
These combinations can be summarised 
in the following table. 

 Adhesive 
Mass 

Adhesion 
Capability 

Adhesive 
TE 

Original 
Locomotive 92.7 t 25% 227 kN 

Mass 
Increase 102.5 t 25% 251 kN 

Adhesion 
Increase 92.7 t 28% 255 kN 

Mass + 
Adhesion 100 t 26% 255 kN 
 

Table 6 – Locomotive Upgrade Options 
 

5.4 Performance of Upgrade 
 

a) Prototypes 
As the project included the upgrade of the 
first two (2) locomotives as prototypes, it was 
intended to include the full 12.5 tonnes of 
ballast on these prototypes and assess their 
performance.  Depending on the outcome of 
the adhesion testing, a decision would be 
made as to the amount of ballast required on 
the remaining units. 
 

b) Addition of Ballast 
As the upgrade would take place 
concurrently with a locomotive major 
overhaul, this facilitated the addition of the 
12.5 tonnes of ballast. 
 

The most common areas for the addition of 
ballast are: 
 

− above the draft gear pocket and 
− sill beam doubler plates 
 

The space above the draft gear pocket was 
available, but the use of doubler plates on the 
sill beam was viewed as too labour intensive. 
 

A further concept had to be developed to 
position the remaining 7.5 tonnes of ballast, 
as 2.5 t was positioned above each draft gear 
pocket. 
 

The concept utilised was to position ballast 
on the inside of the sill beam web.  This had 
the advantage of not affecting any of the 
external structures and equipment but 
required the development of a different fixing 
technique.  The fixing of the ballast had to be 
non load bearing so as not to alter the 
original structural load paths. 
 

c) Validation 
Due to the increased mass to be carried on 
the existing bogies, in-service strain gauging 
testing of the bogies would be performed.  
This would act as validation of the FEA 
performed and also obtain the data 
necessary to predict a remaining fatigue life 
of the bogies. 
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6.0 RESULTS 
 
6.1 Haulage Capability 
 
Haulage and adhesion testing was 
performed on upgraded locomotive 2606 
in July 2000 on the Mt Isa – Townsville 
line. 
 
The locomotive was successful in hauling 
2000 tonnes from Charters Towers to 
Mingela without stopping. 
 
The locomotive was also successful in 
lifting the 2000 tonne load on the 1 in 93 
grade at Mingela. 
 
The locomotive achieved a maximum of 
30.5% adhesion during acceleration. 
 
The results of the lift test at Mingela can 
be seen in figure 4. 
 

 
 

Figure 4 

 
6.2 Adhesive Tractive Effort 
 
The locomotive achieved an Adhesion 
Level of 30% up to the Notch 7 
horsepower curve.  The locomotive fully 
fuelled, weighed 110.5 tonnes.  Allowing 
for the originally predicted adhesive mass 
of 102.5 tonnes, this would result in the 
following performance characteristics. 
 

Adhesive Mass  102.5t 
Adhesion Capability  30% 
Adhesive Tractive Effort 302 kN 
Continuous Tractive Effort 259 kN 

 
The locomotive is now propulsion system 
limited rather then adhesive mass limited. 
 

7.0 CONCLUSION 
 
Locomotives can be modernised to improve 
their performance, utilising a combination of 
modern microprocessors and modern 
structural design techniques. 
 
The candidate locomotive must be chosen 
based on certain parameters to ensure the 
benefits achieved outweigh the costs 
involved. 
 
Verification and validation has to occur to 
ensure the modification is both feasible and 
the locomotive life can extend beyond the 
payback period. 
 
Further changes in technology will continue 
to make more and more locomotive upgrades 
feasible and ensure a greater utilisation of 
current assets. 
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THE USE OF SIMULATION IN DETERMINING BETTER LONG HAUL 
DRIVING STRATEGIES 

 
Duncan Ward, BE, PhD, Sydac Pty Ltd 

Tony Sinclair, QR 
Pat Wilson, MEd, BTeaching(F.E.T) 

Delphic Consultants 
 
SUMMARY 
For a number of years QR has been active in the investigation of better driving strategies for long 
haul trains with the use of simulators. This paper describes a number of the techniques being used 
and the benefits of simulation for this type of investigation. 
Driving strategies on long haul trains are required to meet a number of criteria including safety, fuel 
consumption, schedule, freight care and rolling stock care. It is argued that simulation provides an 
ideal mechanism for examining these effects. 
In particular, this paper looks at a case study in which simulation was used to determine a new 
strategy for traversing a particularly treacherous section of track that had recently seen a major 
derailment. Using real time simulation and experienced train drivers, a safe strategy was developed 
on the simulator before it was put into operation. The result was a much higher confidence in the 
proposed strategy to meet the safety and other requirements than could otherwise be made. 
 
1 Introduction 
In recent years computer simulation of all 
types has been increasing in its areas of 
application. In particular the use of simulators 
to provide training in industries such as rail 
has seen a growing acceptance. The primary 
reason for the acceptance of simulation in the 
rail industry is it ability to deliver a high quality 
training environment that does not impact on 
rolling stock or track availability. 
As well as a tool for the training of rail 
personnel [3][6][8], simulators are finding an 
increasing role in the areas of driving 
methodology and incident investigation 
[1][2][4][5][7]. Both of these areas utilise both 
the adaptability of the simulators and their 
ability to be “driven” in real time by 
knowledgeable train drivers. This is made 
possible by the improved accuracy and depth 
of simulation in modern full immersion training 
simulators.[9][10] 
Examples of driving strategy investigations 
include: 

• Power brake driving verses coasting 
driving 

• Driving strategies for new train 
configurations 

• Fuel efficiency investigations 
• New (or proposed) track driving 

strategies 
Some examples of incident investigation are: 

• SPAD reconstruction 
• Train equipment failure recovery 

techniques 
• Accident reconstruction 

In all the examples above the driving simulator 
provides a means of integrating the 
experience of train drivers with a repeatable 
and configurable driving scenario. The drivers 
are able to experiment with different 
techniques of operating the train while in a 
controlled environment. The simulator realism 
means that the drivers are not required to be 
computer or simulation literate and, as such, 
can experiment with driving techniques as if 
they were operating a real train. 
The simulation systems ability to be 
configured to many different scenarios allows 
investigation of parameters that would be very 
difficult or impossible on a real train. This is all 
done without the need to be constrained by 
track and equipment availability. 
To illustrate these applications of driver 
training simulators, this paper outlines a 
particular investigation done recently on a QR 
coal train derailment. The derailment occurred 
on a section of track called Black Mountain. 
This section of track is a long and steep 
decline with many tight curves. It had 
previously been the site of other derailments. 
The derailment raised a number of important 
questions that needed to be answered before 
the section of track could be opened for further 
use. These included: 

• What was the primary cause of the 
accident? 

• Could the primary cause be 
prevented? 

• What were the secondary effects that 
resulted in the derailment? 
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• Could the secondary effects be 
prevented? 

• Could driving strategies be developed 
to minimise the likelihood of 
reoccurrences? 

• What effect would the new driving 
methods have on schedules etc? 

All these questions had to be answered without 
running a train on the section of track in 
question. 
It was decided to use one of the QR 3000 
class locomotive simulators to assist in the 
investigation. The main steps involved in the 
investigation were: 

1. Fine tune the simulator for “normal” 
conditions. 

2. Modify the simulation model to reflect 
the reported and hypothesised primary 
failure causes. 

3. Investigate the train behaviour with 
the modified simulation model. 

4. Report back to the investigators on the 
results of the simulation. 

5. Once the cause was identified develop 
a driving strategy on the simulator that 
would prevent the accident if the 
primary cause occurred. 

6. Demonstrate the new driving strategy 
on the simulator to the safety 
regulators. 

7. Trial the strategy on the real train. 
8. Use the simulator to educate drivers 

on the new driving strategy. 
 
1 Simulator Description 
The model developed for the 3000 class 
simulators was based around SYDAC’s 
extensive experience in modelling train and 
brake system dynamics. The core of the 
models was developed from high fidelity (non 
real time) models of complete brake systems 
and train dynamics. These models were 
originally designed to predict the behaviour of 
train dynamics under normal and abnormal 
conditions as an aid for engineering design. 
The models were built by simulating actual 
physical behaviour of the system without 
resorting to extensive empirical data. By 
simplifying the models SYDAC was able to 
produce an accurate model of the train and 
brake dynamics that still maintained its 
“physical” nature. This approach means that 
the operators at QR can modify the behaviour 
of the model by altering real train parameters 
such as wagon mass and brake system 
volumes. 
Attached to the train and brake system 
dynamics model is an accurate simulation 
model of the locomotive and its functionality. 

This model includes simulation of the 
locomotive traction and braking systems, 
locomotive control logic and the distributed 
power systems. 
 
2 Simulator baseline tuning 
The first step in the accident investigation 
using the simulator involved tuning the 
simulator to ensure that it accurately reflected 
the “normal” behaviour of a train of the type in 
question on the particular section of track. To 
do this drivers experienced with the track 
section were used to evaluate the 
performance of the simulator. Their comments 
were fed back to the simulator engineers and 
the model tuned. The drivers then evaluated 
the tuned model. This iterative technique 
quickly resulted in a model that accurately 
reflected the performance of the train under 
normal driving conditions. 
It should be noted that, while the driver 
training simulators on the whole closely reflect 
the behaviour of the trains in any 
configuration, by tuning the model to the 
specific configuration involved in the 
investigation a high confidence in the results 
of the train behaviour for non-normal 
conditions can be achieved. 
To tune the simulator it was necessary to get 
experienced drivers to provide their knowledge 
of the train behaviour. If detailed data on train 
performance for the particular configuration 
and conditions was available it may have been 
possible for the simulation engineers to tune 
the model with that data. For accident 
investigations of this nature it is very unlikely 
that this data would exist so it is necessary to 
use the experience of the operators to validate 
the model. 
Tuning of the simulator in this instance 
involved altering the following parameters: 

• Brake pipe pressure wave propagation 
rates 

• Triple valve accelerated application 
bulb activation rate 

• Brake system thermal constants 
(brake fade) 

• Curve dependant train rolling 
resistance 

 
3 Primary Cause Investigation 
Following the tuning of the model for the 
specific conditions, the known abnormal 
factors and hypothesised failures were 
incorporated into the model. The simulator 
was then driven by experienced drivers to 
investigate the effect of the possible failure. 
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In this instance it was known that the remote 
locomotive consist had experience a 
communications interrupt near the time of the 
accident. The driver, having noted that the 
train was not stopping at the normal rate with 
the application of the train brake, applied an 
emergency brake. In normal operation the 
remote locomotive consist controller (Locotrol) 
would sense the emergency application even 
with a communications interrupt and apply 
emergency brakes on the rear of the train. 
The first investigation involved looking at the 
behaviour of the train with a communications 
interrupt only. Results from this indicated that 
the train should have pulled up without running 
away. 
From these results the train engineers 
hypothesised different scenarios that would 
result in the emergency brakes not being 
applied on the rear of the train. The initial 
investigations involved looking at the 
possibility that a brake pipe cock was 

inadvertently closed between the lead and 
remote consists1. 

                                                   
1 The Locotrol system has internal check 
procedure to prevent this occurrence. The 

Results of this investigation showed that the 
train would not pull up even with emergency 
brakes and full dynamic brake. The reason for 
the failure to pull up was that only the train 
brakes in front of the remote consist would 
apply as the remote consist would never 
receive the emergency brake signal via the 
brake pipe2. The heat generated in the brakes 
that were on increased brake fade which, in 
turn, allowed the train speed to increase and 
again increase the brake temperature. Once 
this cycle was started there was no way 
stopping the train from running away. This is 
illustrated in Figures 1 and 2. These plots 
show the difference between a “normal” train 
stopping operation and one with the failure 
mode simulated. The kick up at the end of the 
graph in both speed and brake fade is an 
indication that the train had reached an 
uncontrollable state. Note that the brake fade 
has been normalised by the maximum value 
to allow a comparison to be made with 

different numbers of active brakes. 
                                                                          
reasoning to how this could occur is not 
covered here. 
2 During non comint operation the train would 
brake normally under these conditions. 
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Another failure mode investigated was with all 
brake pipe cocks open but a failure in the 
remote locomotive consist brake system that 
would cause the emergency brake to not 
apply. In this case the rear brakes would apply 
but at a much reduced rate. The reason for 
this is that for the rear brakes to apply the 

brake pipe pressure must drop. With the 
remote brake system not responding the whole 
brake pipe needs to exhaust via the lead 
locomotive brake system thus greatly reducing 
the rate of brake pipe pressure drop. 
The initial reaction to this failure mode was 
that it should not result in a run away train due 
to the fact that the rear brake would eventually 
apply. The simulation found however, that for 
the particular section of track the brake fade 
“death spiral” was entered and the train would 
not pull up. 
Detailed inspection of the remote consist 
brake controller found that the above failure 
did occur due to a faulty o-ring. 
 
4 Fail Safe Driving Strategy 
Following the discovery of the primary cause 
of the accident, it was realised that it was not 
possible to guarantee that the conditions that 
caused the accident would not reoccur. This 

meant that it was imperative to develop a 
driving strategy that would prevent the 
secondary effects of the initial failure from 
creating a run away train. 
To develop this strategy the simulators were 
again used with experienced drivers to test 
different ideas in realistic conditions. While the 
safety of the operation was the primary goal, it 

was also a requirement that the impact on 
train running times be minimised. Again the 
simulator provided a means of evaluating both 
the safety and running times for different 
driving strategies. 
The strategies initially developed involved 
limiting the maximum speed that the train was 
allowed to experience during the downward 
journey. By doing this the train could be 
controlled using varying amounts of train and 
dynamic braking even if a communications 
interrupts occurred and the remote brake 
system failed. The strategy was tested under a 
number of conditions for example with the 
communications interrupt occurring before and 
after the initial brake application. 
Following the development of a good driving 
strategy, this was demonstrated to the safety 
authorities on the simulators. This gave the 
operators and the safety authorities confidence 
in the suitability of the modified operational 
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procedures before they were tried on the 
actual track. 
The demonstration on the simulators was then 
followed by a trial of the driving method with a 
real train. Successful demonstration of this 
satisfied the safety authorities and normal 
operation could then recommence. 
The final stage in the investigation was to train 
the drivers on the new driving method on the 
simulator. The simulator could also be used to 
demonstrate the dire consequences of not 
following the strategy if a failure of the type 
that caused the initial accident were to occur. 
A follow up exercise was undertaken to further 
improve the driving method to prevent the 
train from “bogging down”, ie stopping 
prematurely. This again utilised the simulator 
to develop and test the proposed driving 
method before it was used in operation. 
 
5 Conclusion 
Simulation and simulators are gaining a larger 
role in the everyday running of operations 
such as heavy haul trains. In particular, the 
combination of accurate and detailed full 
immersion training simulators offer the user a 
means of investigating events or developing 
techniques that are either difficult or 
impossible to achieve using real trains. 
The key to this new application of full 
immersion simulators is their ability to 
combine the skills of experienced operators in 
an artificial but realistic environment. This 
allows the engineer and operator to cooperate 
to produce an optimal outcome for the 
endeavour undertaken. 
This concept is graphically demonstrated by 
the case study presented here. The “Black 
Mountain” derailment investigation 
successfully used the QR 3000 class electric 
locomotive simulators to investigate the 
accident causes and then develop new 
working practices to ensure safety even if a 
similar primary failure was to occur again. 
In the case study the experienced drivers 
could impart their knowledge in a realistic but 
controlled environment while the engineers 
could impart their knowledge by altering the 
simulated trains behaviour. This cooperation 
quickly led to a diagnosis of the failure 

mechanism and a solution to prevent the 
derailment occurring in the future. 
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SUMMARY 

Traditionally most railway maintenance organisations use a track geometry recording vehicle to 
identify safety issues related to track condition.  Most just use the list of priority exceedances to drive 
repair and renewal programs.  Some organisations have begun using all the data rather than just the 
exceedances to make longer term decisions and to monitor degradation of the track.  This paper 
describes the development of such a system by the Rail Infrastructure Corporation (RIC) over the past 
two years called SmartTrack.  SmartTrack is a web based tool used by RIC engineers to plan tamping 
and ballast cleaning programs across their maintenance areas.  The paper deals with the work 
processes that revolve around the use of the system but also some of the detailed data issues of how 
signal matching of recording runs was achieved so that changes in a track segment could be 
compared over time to calculate track degradation rates.  How these degradation rates are then used 
to predict future condition and work programs is presented.  The integration of SmartTrack with 
several other RIC asset management systems is described and the advantages and efficiencies that a 
web based tool have brought to RIC are also discussed. 
 
KEYWORDS 
Track geometry, tamping, condition monitoring, degradation modelling, signal matching. 
 

1 INTRODUCTION 

Failure of the process for competitive bidding 
of railway work in New South Wales has not 
made the industry environment any less 
competitive.  In fact, a cautious Treasury now 
drives the NSW asset owner, Rail 
Infrastructure Corporation (RIC), to create 
efficiencies and demonstrate that maintenance 
funding requests are justified. The words “fit for 
purpose” and transparency of decision making 
have become the new focus of railway 
organisations that are cognizant of Railtrack 
PLC’s demise at the Marketplace. 

In its new combined role, RIC has continued 
with the development of its Total Railway 
Asset Management Solution (TRAMS)1 now 
rebadged as the “End to end” process 
designed to integrate RIC’s decision process 
from client requirement through to funding 
identification.  A key part of this program will 
be the continued development of the 
SmartSuite set of products covering ballast 

(SmartTrack), sleepers (SmartTie) and rail 
(SmartRail)  

The most mature element in the suite is 
SmartTrack which provides a mature condition 
monitoring / degradation modelling capability 
to help field staff optimise and justify when  
and where to do track ballast corrective 
maintenance.  

In 1997 RSA embarked on Stage 1 of the 
project which was a literature search to find 
what decision tools were available for 
predicting future track condition and 
prescribing appropriate maintenance activity to 
improve that condition.  Some of the models 
investigated included: MARPAS2, 
ECOTRACK3, TMAS4, TM$5, and BINCO6.  All 
these models generally use analytical/ 
algorithm type techniques to develop major 
periodic maintenance (MPM) plans for track.  

In Stage 2 RSA planned to assess these 
models for possible purchase and utilisation.  
TM$ from Burlington Northern Santa Fe 
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Railroad was found the most suitable and a 
copy of the software developed in the mid 80’s 
was obtained on trial.  Unfortunately TM$ 
needed extensive calibration to make it 
suitable for our track structures and it also had 
a high data processing overhead on our track 
geometry data.  The risks associated with 
continuing with TM$ were assessed moderate-
high.   

At Stage 3 RSA investigated what pavement 
management systems road authorities were 
using.  The Roadmodel system used by 
Queensland Main Roads and developed by 
Road Asset Management Systems (RAMS) 
was assessed.  It was different to any system 
seen previously in that it solely relied on data 
analysis and not model algorithms. A pilot 
program showed potential and some 
significant advantages over TM$ and so further 
development into a railway system called, 
TrackWear was undertaken. 

Although relatively successful at identifying 
candidates for tamping under certain 
circumstances some significant shortcomings 
soon became evident.  Key issues were: 

• Inability of the track condition data to be 
accurately aligned from run to run hence 
distorting growth data 

• Difficulty in assessing age of ballast, and 
hence age related degradation,  

• Difficulty in deploying and managing the 
software on stand alone machines across 
NSW. 

• Use of non standard terminology ie use of 
% bands rather than a single 3σ value  for 
the definition of condition index. 

• Use of DOS based software that limited 
the richness of the user interface 

• Difficulty of connecting standalone 
systems to other asset data available from 
the MIMS7 and other RIC information 
systems. 

This paper outlines the SmartTrack system its 
development to date and probable directions. 
The full SmartSuite variant (2 out of 3 modules 
complete) will eventually predict the MPM work 
required for the three main track elements of 
surface, rail and sleepers. At the time of writing 
the wood sleeper management module is in 
the final stages of validation and the rail 
module has commenced development. 

2 USER REQUIREMENTS 

The user requirements for SmartTrack were 
determined from workshops following evidence 
that the former TrackWear tool would not 
satisfy key users both internal and external.  
The objectives for the new tool were to: 

• Configure the previous TrackWear 
concepts to suit RIC requirements for track 
surface management in a manner that is 
deliverable across the RIC Intranet. 

• Input track geometry data, track 
configuration data, operational data, and 
maintenance data and validate results 
against current experience. 

• Use the current track geometry car (RVX) 
or the improved AK car laser and inertial 
data to measure condition, predict track 
degradation and thus predict where MPM 
will be required. 

• Provide MPM planners with a tool that 
assists their 1 to 5 year planning with 
objective evidence for required work. 

• Provide asset owners with a tool that 
shows the effect of work programs on the 
performance of their asset and future 
budget requirements, and a ‘what-if’ tool 
for scenario analysis. 

3 DATA REQUIREMENTS 

SmartTrack uses track geometry data from 
RSA’s Track Evaluation Vehicles, AK or ‘RVX 
car’ to predict the performance of the track.  
This data is imported for each line and is put 
through three steps: 

• Data cleaning to remove outliers caused 
by measurement equipment malfunction.  

• Signal matching of the data to align it with 
previous runs.  This is accurately done to 
±1m using RailTune, a signal matching 
program developed by the CSIRO based 
on voice recognition algorithms.8 

• The data is summarised by calculating the 
mean and three standard deviation values 
for each parameter for each 100m 
section.  This is the basic unit of 
information used by SmartTrack. 

The above condition data is integrated with 
other data such as: track configuration, sleeper 
type, curvature, speed, presence of bridges, 
level crossings and turnouts, and work history,.  
This data is sourced and managed from a 
number of other TRAMS modules which are 
linked to SmartTrack as shown in Figure 1. 
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Figure 1 SmartTrack System 

4 SMARTTRACK FUNCTIONS 

The key condition index deemed as the best fit 
with ballast performance from the previous 
TrackWear project is top and twist. A total of 6 
individual and combined parameters can be 
selected from the menu. 

Some of the key functions available in 
SmartTrack are outlined in the following 
paragraphs. 

4.1 View Current Run + Growth Rate 

The first requirement of any client is a view of 
the current condition of the track ballast similar 
to that on the trace print-out from the track 
recording vehicle.  This can be provided with 
overlays of track growth rates to assist a 
comparison of absolute values of parameter 
measures.  

A powerful feature of SmartTrack is its ability 
to calculate an annual degradation growth rate 
for each parameter for each 100m section of 
track.  These growth rates are determined 
using a linear regression algorithm through the 
previous 100m values for each parameter. 

The menu option in Figure 2 shows any of an 
available set of condition parameters (top, 
versine, twist, and gauge) from the most recent 
track recording run for each 100m section. It 
also includes an additional aligned graph 
showing the growth rate for that parameter in 
that track section and two optional graphs 
showing track configuration and MIMS work 
order information by quarter. 

A growth history can be selected by double 
clicking the growth bar for the particular 100m 
section. High growth rates should be 
investigated as candidates for either ballast 
cleaning or substructure and drainage 
restoration.  High growth rates can occur due 
to the presence of turnouts, level crossings or 
bad bridge ends in the 100m section. 

Figure 2 Current Run & Growth Rate 

4.2 View History of a 100 m Section 

A plot of the condition history of any 100m 
track section. Figure 3 shows the 3 standard 
deviation values of selected track condition 
measurement(s) against the selected section’s 
track geometry car run dates.  It also lists the 
current growth rate of each parameter 
calculated for that track section.  An upward 
slope on this graph indicates degradation has 
occurred while a downward slope indicates 
that work has been done 
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Figure 3  100m History for Each Parameter 

4.3 Cumulative Index as a quality 
measure 

Cumulative track index data is a valuable 
mechanism for displaying the quality of the track 
as represented by the average condition index 
value and the data distribution. Figure 3 shows 
the cumulative frequency distribution of top and 
line condition measurements for a selected track 
section. 

The ability to select track recording vehicle runs 
at similar times each year and a year apart 
provides a valuable indicator of track quality 
change over time. This characteristic is also 
shown at Figure 4 with quality deteriorating as 
the curve moves progressively toward the right 
and the slope of the line flattens reflecting a more 
widely distributed data set. 

Figure 4   Cumulative Track Index Data 

A potentially valuable but yet to be effectively 
used attribute is the option of plotting the 
current and future “do nothing” cumulative 
frequency distribution by selecting the View 
Future Data box.  This shows the projected 
effects of not doing any track maintenance 
based on the estimated annual growth rate for 
each 100m section. 

4.4 Predicting the future 

Increasingly accurate measures of current 
growth rates for each 100 metre section allows 
future track condition to be predicted in varying 
monthly steps (2 mths or 6 mths etc) for any 
selected number of years. Beyond 3 years is 
discouraged due to loss of accuracy and 
impact of interventions during that time. Figure 
5 shows an example of extrapolating assessed 
growth rates. 

Figure 5  Predicted future PCI values 

4.5 Future Conditions and Costs 

Of prime concern to all track maintainers is the 
future cost of sustaining current condition and 
what happens if the money is not available. As 
shown at Figure 6, SmartTrack models “what 
if” scenarios for the track condition for a 
selected track section for 1 year from the 
current run, given variable maintenance cost 
and effectiveness inputs.  This function will 
also calculate the maintenance cost required 
to keep that track section at its current 
condition. 

The model requires assessment of 
maintenance effectiveness and cost of 
maintenance appropriate to the area under 
study.  While not available immediately the 
data will be available within 12 months as our 
works management system is implemented. 

Figure 6:   Predicting condition and costs 
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4.6 Reports 

A comprehensive list of reports are available 
that flag potential tamping locations and areas 
of poor condition that are candidates for closer 
examination. The data can be selected direct 
from the screen and transferred by “cut and 
paste” to other applications such as Microsoft 
Excel for further specialised analysis. The 
available displays are: 

• Current conditions 

• Tamping Locations by Speed 

• High Growth Rates 

• Future Tamp Dates 

• Worst X% for a selected track section and 
selected track condition parameter. 

• Worst X% for a grouped set of tracks 
representing an organisational set. 

The last selection is particularly valuable as it 
allows the track engineer to group a selection 
of lines and determine where the worst say 
10% of track sections are across those lines, 
thus giving them a priority listing for work 
based solely on current condition. 

5 KEY BENEFITS 

SmartTrack in conjunction with an integrated 
set of reporting tools offers significant benefits 
to RIC and its key stakeholders.  The tool will 
increasingly provide the objective data 
necessary to justify to third parties the 
proposed programs for MPM work and 
supporting information on the impact of not 
doing that work.  The visual aspect of the tool 
significantly improves the explanation of track 
degradation and its link to maintenance 
solutions to non technical rail and treasury staff 
responsible for the funding process. 

Additional data available from improved and 
new data systems is expected to allow 
determination of the most cost effective 
intervention strategies. The key feature of 
SmartTrack will be the quantification of the 
optimum strategy for MPM work on each track 
section based on its rate of degradation as 
determined from track condition monitoring. 

Additionally, SmartTrack’s facility to sort and 
analyse data by particular configurations of 
track type, track speed, types of sleeper,  
provides significant potential for ongoing track 
performance research. 

6 CONCLUSION 

To improve its service to key stakeholders RIC 
has continued the development of a now 
proven condition monitoring and degradation 
modelling capability that provides a better 
understanding of the impact of maintenance 
strategies on the track asset.  SmartTrack will 
allow RIC to utilise the available maintenance 
budget at the right time and in the right place 
to minimise life cycle maintenance cost. 

In this regard SmartTrack is part of a toolkit 
that will provide visibility of the impact of track 
maintenance decisions to a wide audience 
over the RIC Intranet.  The implications of 
delayed renewal expenditure resulting in 
increased tamping and corrective maintenance 
costs will become increasingly visible.  On the 
basis of this information, the asset owner can 
optimise threshold levels for doing work to suit 
varied business objectives for different areas 
and configurations. 

SmartTrack uses the full potential of track 
geometry recording data in selecting its 
tamping programs in an objective manner by 
analysing actual track performance data rather 
than using algorithms like most track 
degradation models.   The integration of 
SmartTrack with data from other sources such 
as work history and defect management 
systems is progressively providing a complete 
picture of the justification to do maintenance .  
It also has significant potential for similar 
benefits for the rail and sleeper components of 
track maintenance now in development. 
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AUTOMATED VISUAL TRACK INSPECTION 

Lynn Fenwick, Marketing Director 
Omnicom Engineering Limited 

Summary 
 
As line speeds and train frequencies increase, the margin for error decreases, resulting in an 
increased risk for those whose duties take them on or about the track.  This is particularly applicable 
to track walkers and inspectors who may operate alone and whose attention may be occupied by their 
work. 
 
To address this issue an inspection system called “OmniInspector” has been developed by Omnicom 
Engineering.  This system enables images of the track and surrounding infrastructure to be captured 
using broadcast quality digital video cameras. These images are linked to positional information 
captured using real time GPS, an inertial system and a link node reference map.  All the data is 
captured from a railway vehicle operating at line speeds.  The data is generally processed and 
delivered to the track inspection department within 48 hours. The subsequent office-based inspection 
of the track, by replaying the data through the OmniInspector software, permits the inspection 
department to identify, classify and action faults in complete safety. 
 
This paper describes the OmniInspector system and its introduction on the UK’s West Coat Main Line 
railway whilst considering the technological development and implementation. 
 
1 INTRODUCTION 
 
The West Coast Main Line situated in the UK 
covers 2700 miles of track with running line 
speeds of up to 125mph and carries over a 
hundred trains a day comprising both 
passenger and freight.  Carillion, the company 
responsible for maintaining and inspecting a 
substantial proportion of this track and 
infrastructure, have over recent years, 
experienced increasingly stringent safety 
standards.  Carillion (and all other 
maintenance companies) are having to cope 
with increasing train speeds, reduced 
headway and reduced access opportunities 
whilst maintaining safety as the first priority.  
With limited space for track works, fewer and 
shorter possessions and the introduction of 
new standards, the establishment of new 
technology is now becoming a necessity. The 
concept of a virtual track inspection system, 
enabling fast, efficient and safe track walking 
inspections (but without physically walking the 
track) has now become both a desirable and a 
realistic option.  This in turn, provides a 
significant contribution towards the 
determination of appropriate maintenance 
strategies. 
 

 
 
(Diagram 1. Carillion Inspection Vehicle) 
 
2 TRACK WALKING 
 
Over the years in the UK the practice of track 
walking has changed very little. As the 
description suggests, the inspector physically 
walks the track looking for visual defects and 
recording them. Ways of covering the track in 
recent years have ranged from foot to karts, 
but always requiring access to the track (which 
is both expensive and unsafe due to the 
exposure to trains operating at line speed 
and/or the necessary protection or possession 
costs). 
 
Until recently the inspector could walk along 
the edge of the track, providing an element of 
safety, but with the introduction of a new 
standard RT/CE/S/103 (issue 4) the inspector 
must now walk down the track centre, between 
both rails of the track they are inspecting. On 
the WCML with over 30000 train miles a day 
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on main lines and increasing red zones where 
walkers are not allowed on the track without 
possessions, separating people from trains is 
costly and disruptive.  Carillion are finding that 
traditional inspection methods are rapidly 
becoming untenable in this intensive 
environment and are pursuing innovations and 
new technology such as OmniInspector.  
 
The quality of the data currently collected can 
also be subsequently analysed by discipline 
engineers with regards to its quality, reliability 
and consistency.  Prior to this solution being 
available, reliance had to be placed upon the 
subjective judgment of the inspector walking 
the track, with regard to the classification of 
the faults identified.  There is also a high risk 
of faults being missed due to the inspector 
having to both look out for oncoming traffic at 
the same time as inspecting the track and 
infrastructure.  The recorded description of a 
fault can vary depending upon how the 
individuals record and label the faults and also 
the locational value is guessed on a basis of 
how long ago they passed a milepost.  
Traditionally the information is recorded onto 
paper in freehand which is often difficult to 
read once back in the office, especially if it has 
been exposed to poor or wet weather.   
 
3 WHY OMNIINSPECTOR 
 
OmniInspector offers a method of automating 
track inspection enabling it to be completed in 
a safer and more consistent manner.  Using 
such a system enables the inspection process 
to be completed without having to take 
possession of the track and also without 
anyone having to access the track.  
Inspections can be timetabled to regularly 
cover the track which results in reduced 
interference with revenue-earning trains.  The 
system also provides accurate and consistent 
positional information and a standard format of 
fault recording.  All the image and fault data 
collected can be stored and revisited later if 
required for monitoring purposes. 
 
4 SYSTEM DEVELOPMENT 
 
4.1 Background 
 
Based on OmniSurveyor3D, the proven video 
infrastructure surveying system that is now 
regularly used by Railtrack for ongoing 
infrastructure surveys, Omnilnspector draws 
upon the same fundamental technology 
enabling images to be linked to a precise 

geographic locational reference and replayed 
on a computer. 
4.2 System Elements 
 
OmniInspector has various system elements, 
all image and positional data is recorded on 
industrial PCs using specially developed 
software.  
 

 
 
(Diagram 2. Internal Cameras) 
 
A standard configuration of five high-speed 
digital frame grabbing cameras capture 
images of the track and surrounding area;  
• A front camera captures a “drivers eye” 

view that is most suited for assessing the 
general condition of the surrounding 
infrastructure;  

• A front left camera captures visual 
information of the cess and boundary 
areas;  

• A both rail camera provides images of the 
4ft area and condition of ballast and 
sleepers;  

• Two left and right rail camera provides 
close-up pictures of each rail showing 
fastenings and rail head condition. 

 
All the images are recorded onto PCs for 
downloading upon completion of the 
inspection run. 

 
 
(Diagram 3. PCs Onboard Vehicle) 
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Positional information is gathered using: 
• a real time Global Positioning System 

(GPS) 
• an inertial system 
• an Advanced Warming System (AWS) 

sensor 
• a link node reference map.   
 
As the survey vehicle travels along the track, 
GPS is recorded and referenced against 
inertial information, when an AWS is passed 
this position is recorded and referenced 
against an accurate link node reference map.  
Using software, specially developed by 
Omnicom Engineering, an accurate positional 
reference is derived for each individual image, 
giving geographic and local referencing. 
 
Visual inspection can be further enhanced by 
adding additional recording systems to the rail 
survey vehicle. Carillion have decided to 
obtain basic track geometry data to enable 
them to maintain the track more efficiently 
through “automated” routine inspections.   
AEA Technology Rail’s “Trackmon” system 
has been interfaced with the OmniInspector 
system to provide an accurate recording and 
display method of the geometric quality of the 
rails.   This system records 35m Top, 70m 
Top, 3m Twist, Cyclic Top & Lateral 
Accelerations and by using OmniInspector, 
this data can be reviewed and interpreted 
efficiently with precise location referencing.   
 
4.3 Technical Issues Arising 
 
The latest technology in cameras was required 
for picture quality and output.  Camera 
operation was initially unstable causing the 
cameras to lose synchronisation.  This was 
due to the electrical noise that exists in the rail 
infrastructure environment.  Various modes of 
camera operation were tried until a suitable 
mode was found that gave reliable stable 
digital images.   
 
The train systems were intended to be more 
closely integrated together over a local area 
network when the concept was developed.  It 
was subsequently found that the processing of 
the image data along with the data required to 
be moved around the network for monitoring 
purposes caused problems and fatal exception 
errors on the computers that collected the 
image data.  This was overcome by reducing 
network traffic and simplifying the image 
collection done by the frame grabbing 
computers. 

 
5 TRACK INSPECTION PROCESS 
 
5.1 Production of Inspection Data 
 
The rail inspection vehicle travels the track 
identified for inspection gathering all image 
and positional information.  The vehicle covers 
the rail network at normal line speeds and no 
lineside access or referencing is required.  At 
the end of each run (generally a day) the data 
is downloaded and dispatched to the 
Omnicom office for processing. This involves 
each image frame being allocated a locational 
reference along the track. The image and 
positional data are then merged together to 
produce one contiguous file for use in the 
inspection software that contains all captured 
views.  This data is then transmitted to the 
maintenance company for use in their 
inspection. 
 

 
 
(Diagram 4. Inspection Software) 
 
 
5.2 Human Factors 
 
The processes for the OmniInspector system 
have been subject to a rigorous analysis with 
respect to human interaction.  This has been 
specifically so for the OmniInspector viewing 
software which requires workers to undergo a 
considerable change to their working routine.  
Currently they walk the tracks carrying out the 
inspection that is required to establish the 
work needed for maintenance.  Both the old 
and new method can be distracting and 
attention of the inspector can be distracted for 
a few seconds due to various reasons.  With 
the new system of recorded data it is possible 
to have a record that can be reviewed again 
and again yet when walking the track the only 
record is that made at the time of the man on 
the track.  Whilst relying upon humans to 
perform the work there will always be an 
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element of inaccuracy that can creep in but 
using a system that records consistently 
should definitely be seen as a way forward. 
 
6 CONCLUSION 
 
Significant progress has been made in the 
field of train-based survey and inspection 
techniques resulting in opportunities to 
minimise the exposure of individuals to 
operational trains. 
 
These techniques are initially perceived a 
novel and not generally accepted as 
applicable across all areas and disciplines. 
Four main factors are driving track 
maintenance organisations to adopt this 
technology: 

• accountability for increasing onerous 
inspection frequencies 

• practical and achievable levels of 
safety 

• productivity and profitability 
• repeatability and auditability. 

 
Consideration must be given to embedded 
custom and practice with its consequential 
resistance to changes in methods of working. 

Cultural change can be a significant factor that 
is frequently underestimated or overlooked. 
 
7 WAY FORWARD 
 
As previously mentioned, fragmentation and 
diversification within the rail industry has 
resulted in a multiplicity of solutions to meet 
the responsibility of diligence in the provision 
of asset stewardship.  We believe that the 
solution(s) covered within this paper has a 
significant contribution to make towards 
meeting the ever challenging goals of 
providing a safe and reliable national rail 
infrastructure.  Such innovation must be fully 
supported by the industry and embedded 
within the daily working patterns of all parties 
involved in the provision of rail infrastructure 
maintenance support.  Additionally, the 
integration and rationalisation of the current 
diverse and fragmented rail-based survey and 
data gathering initiatives would remove 
considerable duplication and provide a 
standard platform for national data and 
decision support solution. 
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SUMMARY 
 
The hot bearing and hot wheel detection systems on the Goonyella and Blackwater coal lines 
in central Queensland are being used for condition monitoring of braking systems.  Two of the 
sites with wheel detectors were chosen to be near the foot of grades which loaded trains 
negotiate using a train air brake minimum application.  Condition monitoring of the air brake 
system on coal wagons is being carried out using the wheel temperatures at these sites.  
Wagons having low wheel temperatures when the wheels on most of the train are warm are 
identified as having “cold wheels” and a report is sent to Rollingstock Maintenance staff to 
schedule repairs.  If the number of wagons with cold wheels, or their position in the train 
breach rules for operational integrity, then an alarm is also sent to the train crew and to 
Network Control for immediate action.  Wagons having wheels significantly hotter than others 
in the train are classified as “overbraking wagons” and a report is again sent to Rollingstock 
Maintenance.  Identification of cold wheels and overbraking wagons has been found to be 
very repeatable and indicative of brake system faults.  Condition monitoring of air braking 
systems in this manner can eliminate the need for most time based maintenance for wagons 
which regularly travel over these sites. 
 
1. INTRODUCTION 
 
A system of trackside infra-red hot bearing 
and hot wheel detectors has been 
operating on the Goonyella line in central 
Queensland since mid 1999 (Ref.1, 2) and 
on the Blackwater and Moura coal 
systems since April 2002.  The main 
object of the project was for prevention of 
derailments due to bearing failures, 
however hot wheel detectors were added 
at some of the hot bearing detector sites 
for identification of handbrakes left 
dragging and for condition monitoring of 
the air brake system on coal wagons.  The 
recent commissioning of Automatic 
Vehicle Identification readers and 
progressive tagging of coal wagons have 
facilitated greater use of the system for 
condition monitoring. 
 
In the coal fields, where the railway is 
predominantly purpose built and the 
dynamic braking performance on the 
locomotives is very good, the automatic 
train brake is not used a great deal, 
perhaps 3 to 6 times per return trip.  This 
lack of usage or particularly the long time 
and distance between usage brings with it 
an implied requirement for brake 
maintenance.  With this type of operation, 

occurrences of dragging, or more 
importantly “stuck” brakes, must be 
minimised.  The braking system also 
needs to be reliable so that the designed 
braking performance is available to control 
the speed down the steeper grades and to 
make a full service or emergency stop if 
necessary. 
 
2. BRAKING SYSTEM DEGREDATION 
 
On new rollingstock the air brake system 
is sensitive to small changes in brake pipe 
pressure and will react by providing the 
designed force between the brake block 
and wheel for the size of the brake pipe 
pressure reduction.  In a train of similar 
rollingstock each wheel will receive a 
similar heating power and the temperature 
of all wheels in the train is quite uniform.  
When the pressure in the brake pipe is 
restored the braking force will be removed 
and all wheels will cool at a similar rate, 
again maintaining fairly uniform 
temperatures throughout the train.  Figure 
1 is a schematic diagram of the brake 
system used on QR coal wagons. 
 
As rollingstock ages, the braking system 
gradually becomes less sensitive to 
changes in brake pipe pressure. 
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A number of factors can lead to poor brake 
release sensitivity such as 
 
• degradation of lubrication, seals, 

diaphragms and springs and entry of 
contamination (water, dust, etc) in the 
triple valve, relay valves, or brake 
cylinders 

• wear of the brake beam tangs and the 
liners upon which they slide in the 
bogie sideframes 

• local train brake pipe leakage or 
brake system internal leakage 

 
These types of degradation will prevent 
the brake blocks from retracting when the 
brake pipe pressure is restored so that 
these wheels continue to be heated and 
will be hotter than others in the train.  In 
some cases the brake blocks will continue 
to drag when the air in the brake cylinder 
is exhausted.  In other cases the brake 
cylinder pressure is not released and 
increases each time a brake application is 
made causing even more heat input 
(“stuck brakes”).  Other faults cause the 
brake cylinder pressure to steadily rise 
under a sustained brake application. 
 
Most of the same types of degradation can 
also result in application insensitivity 
where the elements of the brake system 
on a vehicle prevent or reduce the 
demanded braking force being delivered to 
the wheels.  In some cases the brakes will 
apply initially but the brake cylinder 
pressure will decrease slowly during a 
sustained brake application. 
 
When brakes are applied, degradation of 
brake cylinders, brake beam slides, lever 
bushes and pins can result in frictional 
losses which are likely to affect the force 
on some brake blocks more than others.  
Some noticeable variations in temperature 
of the wheels on a wagon would then be 
expected. 
 
Maintenance of braking systems has 
traditionally been time based with 
maintenance intervals determined from the 
Brake Engineer’s “best feel”, having 
regard to the risk of faults and failures, 
technological improvements in design, 
materials and greases, maintenance costs 
and available resources.  Triple valves and 
brake cylinders have been overhauled at 
intervals of about 8 years on modern 
equipment.  Many of these components 
are still functioning perfectly when 

overhauled and if contamination or 
defective parts are introduced at this time 
the maintenance effort is 
counterproductive.  Unit train rollingstock 
is often purchased in large numbers over a 
relatively short time period creating a large 
loading on maintenance facilities once the 
maintenance interval approaches.  
Condition monitoring is therefore highly 
desirable to enable the targeting of 
rollingstock whose performance indicates 
the need for maintenance while keeping 
serviceable equipment running. 
 
3. DESIGN OF SYSTEM 
 
The selection of detector sites for 
condition monitoring of braking systems 
requires the braking energy usage to be 
high enough just before the detector.  In 
the Goonyella system an obvious site was 
near the foot of the Connors Range near 
Sarina.  All loaded coal trains descend this 
range on their way to the ports of Hay 
Point and Dalrymple Bay and will have 
had a minimum brake application (or 
slightly more) applied at nominally 40km/h 
for the last 15 to 20 minutes.  At the 
33.987 km there is an auto transformer 
which is part of the electric traction supply 
system.  It had power, communications 
and sufficient space to install additional 
equipment.  This location is just after 
where train drivers release the air brakes 
after descending the range.  This site is 
about 12km from Jilalan depot where 
trains are marshalled and stowed so that it 
is also suitable for identifying any 
handbrakes inadvertently left dragging 
when the empty train departs.  Wheel 
temperature measurements commenced 
at this site in mid 1999. 
 
In the Blackwater coal system the choice 
of site for air brake condition monitoring 
was not so obvious as there are no grades 
sufficiently steep and long enough to 
require such a long air brake application.  
After talking to experienced drivers, wheel 
temperature measurements were taken at 
several likely trackside locations with a 
hand held infra-red gun to ascertain what 
sort of average temperature was achieved.  
A site at 38.675km on the Central Line 
near Wycarbah was chosen.  This location 
was also ideal for checking bearing 
temperatures before the loaded trains 
reach the North Coast line where they run 
parallel to passenger and general freight 
trains.  Power to the site was available 
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from the signalling system and 
communications was arranged via radio 
modem to a nearby communications room.  
At the time of writing this paper much 
temperature data had been collected but 
Blackwater system sites had not been 
formally commissioned. 
 
A number of other hot bearing detector 
locations were also chosen to have hot 
wheel detectors installed.  These were 
generally sites following a station where 
coal trains are stowed during shut-down 
periods to identify any handbrakes not fully 
released.  These locations are also 
reasonably spaced for identifying wagons 
with the air brakes dragging or “stuck” on. 
 
In the Moura coal system, the locations 
most suitable for preventing bearing 
failures were not particularly suitable for 
hot wheel detectors.  Due to project 
budget constraints and the relatively low 
traffic on this system no hot wheel 
detectors were installed. 
 
Conventional infra-red hot bearing and hot 
wheel scanners and Sentry system 
manufactured by Southern Technologies 
of USA are used to acquire the basic 
temperature data at each site.  The data 
are then passed to the “TIE” (Trackside 
Interface Equipment).  The TIE is an 
Industrial PC which carries out further 
analysis of the data, generates alarms 
when necessary and sends the data to a 
server in the Network Control centre at 
Mackay (for Goonyella system) or 
Rockhampton (for Blackwater and Moura 
systems). 
 
As well as checking whether absolute 
temperature thresholds are exceeded, the 
TIE performs statistical calculations on the 
temperature data to look for bearings and 
wheels that are significantly hotter than 
others on the same side of the train.  
Lower priority alarms are raised when 
lower temperature thresholds are 
exceeded.  The difference in temperature 
between the two wheels on an axle is also 
calculated and compared against 
thresholds.  When no air brake application 
has recently been made, a temperature 
difference can identify a handbrake left 
dragging on systems where the handbrake 
force acts more on one side such as with 
Wabcopac / Auscopac / Alpac brake 
systems.  If the train has recently been 
braking then a large difference can point to 

excessive rigging friction reducing the 
brake block force on one side. 
 
The TIE also looks for “sliding wheels”.  If 
the braking force is sufficient to overcome 
the frictional force at the rail the wheelset 
may lock and slide along the rail head, 
particularly on empty wagons.  At the 
height that the wheels are scanned by the 
HWD equipment, the temperature may 
only be in the order of 80 degrees C above 
ambient even when the wheels of an 
empty wagon have been sliding for 
100km.  This is less than the temperature 
at the tread of a wheel that is rotating with 
the handbrake dragging lightly and 
therefore will not be detected as abnormal.  
A sliding wheel can be very serious as the 
hollow worn in the tread may steer it the 
wrong way through turnouts causing a 
derailment.  In the very least the large flat 
will exert extremely high impacts once the 
wheel is able to revolve again, usually 
after the wagon is loaded for the return 
trip.  The software for sliding wheels looks 
for wheels hotter than the average, which 
also have bearings that are cooler than 
average because they are not rotating, 
and raises a high priority alarm. 
 
Individual axles are grouped into 
locomotives and wagons based on their 
spacing.  If the average wheel temperature 
in the train exceeds a threshold, the TIE 
checks whether any wagons have wheels 
that are significantly hotter or colder on 
average than other wagons.  These are 
then classified as “overbraking” or “cold 
wheels” respectively. 
 
The TIE also checks that the number of 
wagons with cold wheels and their 
locations in the train satisfy rules designed 
to ensure the operational integrity of trains.  
If these conditions are not met then an 
“Excess Cold Wheels” alarm is raised.  An 
important catch would be cold wheels on 
the last wagon in the train. 
 
4. ACTIONING OF ALARMS 
 
If an urgent problem is detected then the 
TIE broadcasts a synthesised voice alarm 
message over the wayside radio channel 
to the train crew asking them to stop the 
train immediately (Category 1) or at the 
end of the section (Category 2) for 
inspection.  An alarm prompt is sent to the 
Network Controller’s UTC screen and a 
hard copy report is printed with full details 
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of the alarm(s) and with spaces for writing 
the results of the inspection and action 
taken.  The complete report form is then 
sent to Rollingstock Maintenance staff for 
any follow-up action required.   
 
A computer located in the Network Control 
centre has a graphical user interface for 
viewing wheel and bearing temperatures 
from the database.  Clicking on the site 
icon on a map display brings up a list of 
trains past the site.  Selecting a train then 
brings up a view of the first vehicle in the 
train with an alarm and displays all wheel 
and bearing temperatures in either 
degrees Celsius above ambient or as a 
statistical score.  Clicking on the wheel or 
bearing will bring up the temperature 
history past any previous and subsequent 
detector sites.  It is simple to scroll through 
other vehicles in the train to ensure that 
handbrakes are not dragging to a lesser 
extent on nearby wagons or to look at the 
temperatures on the other wagon of a pair 
sharing the same control valve. 
 
Following a Hot Wheel or Sliding Wheel 
alarm the train crew inspect the wheels 
nominated by the system to determine 
whether the brake blocks are still bearing 
forcibly against the wheels due to either a 
handbrake not fully released or a stuck air 
brake and take appropriate action such as 
releasing the handbrake or isolating the air 
brake.  They also inspect the condition of 
the wheels for flats, metal build-up, paint 
blistering and excessive thermal cracking 
and, in conjunction with the Rollingstock 
Defect Co-ordinator, determine whether 
the vehicle needs to be detached or a 
speed restriction imposed. 
 
For Excess Cold Wheel alarms, the train is 
stopped at the end of the section and a 
brake function test carried out.  The 
requirements for operational integrity of 
the train are required to be met prior to 
departure.  In many cases the air brake 
does apply on the wagons with cold 
wheels because a greater brake pipe 
reduction is made during testing and the 
application is only viewed for a short time 
in the test.  Prior to the train departing for 
another trip to a mine, wagons with cold 
wheels are detached or remarshalled into 
acceptable locations in the train. 
 
Some hot wheel alarms are classified 
Category 3 and are not sent directly to the 
train crew.  These alarms are of a nature 

such that the train may continue until the 
next scheduled stop to change crews or 
cross another train, or prior to departing 
the mine.  The Network Controller 
arranges a suitable place for the 
inspection and conveys the details of the 
alarm to the train crew. 
 
If there are no urgent problems detected 
then no alarm messages are given to 
Network Control or the train crew.  Trains 
operated by QR are identified by the 
vehicle class read from the AEI tag on the 
lead locomotive and Category 5 condition 
monitoring alarms are generated if certain 
criteria are met.  These alarms are sent to 
Rollingstock Maintenance staff for 
attention, sorted by the train identification 
number into Passenger Services Group or 
Coal and Freight Services Group trains.  
“Ringfencing” principles are implemented 
into the system so that information on non-
QR trains is not available to QR Business 
Groups. 
 
Many faults identified by the system can 
be corrected by Rollingstock Maintenance 
staff in the marshalling yard.  Alternatively 
wagons with the air brakes isolated by the 
train crew can be kept in service until 
systematic servicing sees them coming 
through the depot for other work.  Because 
the overall performance of the train is 
always available from the latest cold wheel 
report, the number of wagons without 
functional brakes in the train can be 
managed. 
 
Some faults identified by the system 
cannot be identified by a conventional 
brake test and require the brake pipe 
pressure or brake block to wheel force to 
be measured for a sustained period to see 
whether the pressure builds up or leaks 
away.  These types of faults in the past 
were often only picked up by maintenance 
records showing a high incidence of hot or 
skidded wheels and by this time a high 
cost had already been incurred. 
 
5. SUCCESS OF THE SYSTEM 
 
At the time of writing this paper the system 
was not being utilised to its full potential as 
AEI readers had only just been 
commissioned and less than half of the 
coal wagon fleet had been tagged.  Some 
very encouraging results however have 
already been obtained. 
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Figure 2 shows wheel temperatures on a 
train of relatively new wagons after 
descending the Connors Range.  The 
wheel temperatures are very uniform apart 
from two wagons with cold wheels and 
one overbraking wagon.  Figure 3 shows a 
train that is showing greater variation in 
temperatures after some degradation 
during approximately 10 years in service. 
 
The wheel temperatures measured at 
Wycarbah are not as uniform, even on a 
train of relatively new wagons due to the 
shorter time the train is braking before the 
detector. Figure 4 shows such a train.  
Wagons with cold wheels can still be 
identified as shown in Figure 5 which is a 
train with older classes of wagon on the 
remote consist.  In this case the average 
temperatures for each vehicle are plotted 
since cold wheels or overbraking are 
identified according to the average 
temperatures. 
 
A database of cold wheel and overbraking 
alarms from GA033 site maintained for a 2 
month period has shown that the same 
wagons are consistently identified for each 
trip they make with few exceptions.  In 
some cases the wagons with cold wheels 
have their air brakes isolated while in other 
cases there is a degradation in application 
sensitivity so that they don’t apply under a 
minimum brake application or they apply 
but leak off under the sustained 
application.  Provided their numbers and 
locations in the train do not breach 
operational integrity rules, they can remain 
in service until servicing is convenient.  
Occasionally an Excess Cold Wheels 
alarm occurs because there are more than 
two wagons with cold wheels in a row or 
one wagon with cold wheels is within the 
last 6 wagons on the train.  This is 
corrected before the next trip to the mine 
by detaching or remarshalling the 
offending wagons. 
 
An example of an overbraking wagon 
identified after descending the Connors 
Range is given in the Figure 6.  No fault 
was apparent in a normal brake test 
however the load cell reading rose from 
562 to 725 kg in 10 minutes.  A small leak 
around the triple valve was corrected, the 
triple and relay valve were changed, and 
water was blown out of the Supplementary 
Reservoir. 
 

The sliding wheel alarm was only 
implemented in July 2001 but already a 
number of cases of sliding wheels have 
been detected.  Some of these cases have 
been “stuck brakes” on empty wagons 
which resulted in all wheels of the wagon 
sliding.  One of these was at night and 
Network Control also received a report of 
sparks seen coming from the wheels as 
the wagon passed a track maintenance 
gang.  Handbrakes applied hard enough to 
slide the wheels on empty wagons have 
also been detected.  One case was 
missed due to the train stopping for an 
extended time shortly before a detector 
site so that the bearings were not warm 
enough in the remainder of the train to 
allow the bearing temperatures on the 
sliding wheels to be differentiated. 
 
Hot wheel alarms of varying severity have 
been very successful in identifying when 
handbrakes have not been released fully 
when stowed trains have been returned to 
traffic.  Through educating staff of the 
consequences of dragging handbrakes 
and maintaining performance statistics, 
the incidence of these alarms has been 
reduced to less than one third of the level 
when the HBD/HWD system was 
commissioned.  Occasionally the 
handbrake has been seized or ballast 
caught in the chain on ballast wagons. 
 
A number of faults have also been 
identified on locomotives such as defective 
dynamic brake interlocking (which had left 
the automatic brake applied on the 
locomotive while in dynamic brake 
descending the Connors Range), faulty 
parking brakes, a defective brake rack and 
badly adjusted brake rigging. 
 
Faulty components have been identified 
on new wagons which has allowed 
corrective action to be taken early in the 
contract. 
 
When an air brake fault occurred on an 
eighty-five (85) wagon head-end power 
train, wheel temperature measurements 
after descending the Connors Range 
showed that brakes had not applied 
behind a certain wagon.  This focused 
investigations around this wagon and 
simplified the process of finding the fault. 
 
When train EV37 derailed after suffering a 
loss in braking while descending the 
Connors Range on 1 July 2001, wheel 
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temperature measurements on the same 
vehicles for the previous 20 trips were 
examined to show whether there had been 
any anomalies.  These were found to be 
normal with cold wheels consistently 
detected on one wagon only.  The cause 
of the loss of braking effort was 
subsequently found to be an O-ring 
jammed in a feed valve cut-out valve on 
the remote control wagon which prevented 
it from closing when radio communications 
failed, thereby pumping off more than half 
the brakes on the train.  Had wheel 
temperature readings been available from 
a detector higher up the range than the 
derailment site, we would have known how 
many brakes were applied and to some 
degree how hard they were on and the 
time spent on calculations and tests during 
the investigation would have been greatly 
reduced. 
 
6. OTHER POTENTIAL USES FOR 

THE SYSTEM 
 
Errors in driver methodology can be 
identified by studying graphs of wheel 
temperature along the train.  Excessive 
speed down the grade will cause the 
average wheel temperature to increase.  
Improper use of dynamic brake will require 
higher air brake forces and will also result 
in hotter wheels.  Hot wheel detectors on 
descents where trains use cyclic braking 
such as the Toowoomba and Kuranda 
ranges would identify the acceptability of 
different methods used by different drivers. 
 
If heavier wagons are to be introduced in 
the future, the braking forces could be 
increased for trial on some existing 
wagons and the increase in wheel 
temperature at the foot of the range 
determined quite easily.  A range of 
different braking forces could be 
economically trialled to allow early 
prediction of the feasibility of staying with 
tread braking. 
 
The load-proportional valves used on QR 
container wagons to adjust the braking 
forces in proportion to the loads on each 
bogie could be checked by wheel 
temperatures if the weight on each bogie 
was available from a weighbridge.  The 
correct operation of these valves is 
important to allow the stopping distances 

to be achieved whilst avoiding skids flats 
from wheels sliding whilst braking. 
 
7. CONCLUSIONS 
 

• Wagons with cold wheels or 
overbraking after a brake 
application, are identified 
consistently on consecutive 
passes using wheel temperature 
measurement analysis even 
though normal brake tests may fail 
to find any fault.  This allows 
maintenance to be scheduled 
around the braking performance. 

 
• Wheel damage and brake block 

wear from brakes dragging or 
sticking on can be minimised by a 
system of hot wheel detectors 

 
• Investigations into many aspects 

of brake system performance can 
be facilitated through wheel 
temperature measurements 
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Fig. 2 - EG17 at GA033 15:10 19/01/2000
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Fig 3 - EV45 at GA033 06:34 2/1/02
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Fig  5  Average Wheel Temperatures per vehicle CL039 06:56 22/3/02
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Fig 6   Average Wheel Temperatures per vehicle
 EV41 at GA033 12:17 23/9/1999

0

50

100

150

200

250

300

350

400

0 20 40 60 80 100 120

Vehicle number

W
h

ee
l t

em
p

er
at

u
re

 (
D

eg
re

es
 C

 a
b

o
ve

 a
m

b
ie

n
t)

2 locos + ELRC

cold wheels wagon

2 locos

overbraking
 wagon pair



 

 

Conference on Railway Engineering 
Wollongong, 10–13 November 2002 

175 

TRACK FORMATION BEHAVIOUR IN ARID ENVIRONMENTS 
 

A. B. Phillips BSc(Eng), PhD, FIEAust, Tony Phillips Consulting Pty Ltd 
J. White BEng, MIEAust, Golder Associates 

 
SUMMARY 
Australian Rail Track Corporation's (ARTC's) line between Perth and Melbourne suffers in places from 
recurring formation problems. ARTC embarked upon a study aimed at understanding the 
mechanism(s) better.  A distinct link was noticed between the problems and geology, suggesting a 
geotechnical cause.  Three, widely separated, sites were selected for study.  Geotechnical 
investigations indicated that soil moisture content beneath the track varied surprisingly little during the 
year, but it was always higher than that of the surrounding ground.  This was attributed to the ballast 
funnelling water into the subgrade during wet periods and subsequently protecting the surface from 
evaporation.  Corresponding effects were observed in terms of soil suction and soil strength.  Survey 
showed that the track normally moved downwards, even when the surrounding ground heaved.  It is 
believed that this settlement is due to plastic strain in the sub-grade resulting from repeated train 
loading and not shrink-swell behaviour.  Based on the data collected, it is suggested that, during and 
immediately after wet periods, surplus water in the ballast can lead to temporary softening of the 
subgrade.  The method proposed by Li and Selig (1998) allows plastic strain to be calculated for a 
given soil strength and loading regime.  This paper suggests that the effects of periodic softening 
might also have to be accounted for, if the method is going to be applied successfully in arid and 
semi-arid conditions.    
 
INTRODUCTION  
 
Certain sections of the Australian Rail Track Corporation's (ARTC) line between Perth and Melbourne 
suffer from recurring formation problems, where the track frequently goes out of alignment.  Problems 
were thought to be related to expansive soil behaviour.  In order to develop cost effective stabilisation 
techniques, ARTC embarked upon a track formation study, aimed at understanding the mechanism(s) 
better.   
 
Three geographic locations were selected, Figure 1.  The first was a 28 km section of track in the 
vicinity of Woomera S.A., known as the Pimba Bank; the second was a 150km section of track to the 
east of Kalgoorlie W.A., from Zanthus to Parkeston; and the third was a 50 km stretch through 
Horsham Vic., from Lubek to Pimpinio.  These will be referred to as Pimba, Kalgoorlie and Horsham 
respectively.  From the outset it was acknowledged that it would not be possible to investigate and 
monitor the entire 200km of track, at such widely separated locations, on a limited budget.  The 
chosen alternative was to undertake detailed investigation and monitoring of a single site within each 
geographic location.  The information acquired was assumed to be typical rather than specific.  In 
outline the study involved: 
 

• Correlation of formation problems with geology. 
• First stage geotechnical investigation - in winter. 
• Second stage geotechnical investigation - in summer. 
• Ground movement survey - over a six month period between winter and summer. 
• Collection of weather records.  
 

The information from each site was analysed independently, but common threads were identified in 
order to draw general conclusions. 
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NOTATION  
 
εp  = cumulative plastic strain in the subgrade soil. 
σd  = deviator stress at the point in the ground being considered =  (σ1 - σ3) under the applied load. 
σs  = soil compressive strength  = (σ1 - σ3) at failure = qu 
σ1  = major principal total stress 
σ3  = minor principal total stress  
qu  = unconfined compressive strength of the soil (= hand penetrometer reading) 

N  = number of load cycles 
a, b and m, are empirical parameters used in the Li and Selig (1998) equation (quoted in table 4). 
 
1. GEOLOGY 
 
The full length of each geographic location 
was inspected with ARTC staff who were 
familiar with the local formation problems.  At 
Kalgoorlie, where the complex geology has 
been mapped at 1:100,000 scale, it was 
possible to observe that the worst reported 
formation problems seemed to coincide largely 
with Quaternary alluvial deposits shown on the 
map.  This suggested a link with geology.  A 
similar relationship was noticed at Pimba, 
where problems were confined to superficial 
deposits over the Simmens Quartzite Member, 
and at Horsham where they were limited to "a 
thin layer of dark grey clay" (noted on the 
geological map) associated with the Parilla 
Sand.  These observations were by no means 
exhaustive, but a link between geology and  
formation problems with a geotechnical cause, 
does not come as a surprise.  

Kalgoorlie
Pimba

Horsham
Perth

Adelaide
Melbourne

Sydney

Brisbane

Darwin

Hobart

 
Figure 1 Approximate Site Locations 

 
2. GEOTECHNICAL INVESTIGATION  

2.1.1 Planning  
 
The sites selected for detailed investigation 
were chosen at random, but were clearly 
shown on the map as being underlain by the 
relevant geological formations.  Geotechnical 
investigations were planned broadly for winter 
and summer, in an attempt to observe the 

ground in its seasonal wettest and driest 
condition.  Rainfall records showed that rain 
can be recorded in any month of the year at all 
three sites.  At Pimba, the mean rainfall is 
approximately 15 mm/month with slight 
increases to 20 mm/month only in February 
and May.  At Kalgoorlie, the mean rainfall 
varies from approximately 16 mm/month in 
spring, to 28 mm/month in Summer/Autumn.   
At Horsham, winter is distinctly wetter than 
summer with typically 48 mm/month compared 
with about 25 mm/month in summer.  At all 
three sites, significant rainfall events are often 
separated by long periods of dry weather, 
which is the normal Australian outback 
condition.    
 
Daily evaporation varies far more, on a 
seasonal basis, than the rainfall and is far 
more consistent from one year to the next.  At 
Pimba mean winter evaporation rate is  
3 mm/day increasing to 13.5 mm/day in 
summer.  Similar figures for Kalgoorlie are 3 
mm/day (winter) and 12 mm/day (summer) 
and for Horsham, where the climate is less 
severe,  1.2  mm/day (winter) and 8 mm/day 
(summer).  As a result, the ground can be 
expected to dry out during the summer months 
at all three sites, due to the high evaporation 
rate, but a local wet spell can always offset 
this seasonal trend.  Only at Horsham, in June 
and July, does the mean rainfall ever exceed 
the mean evaporation.       
 
2.1.2 Stage 1 
 
The stage 1 investigations were carried out in 
winter (August 2000).  At each site a single 
row of test pits was excavated on a line 
transverse to the track, as shown in Figure 2.  
Pits were beneath the track, at 5 m either side 
of the track and at 10 m and 15 m away from it 
on one side only.  Pits were taken to the full 
reach of the excavator or, in the case of 
Pimba, to refusal on rock.  Pits were described 
in detail by a geotechnical engineer, or
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Figure 2  Section Through the Track Showing Typical Test Pit Locations 
 
 
engineering geologist. Hand penetrometer 
tests were carried out at different depths in 
each pit and samples were recovered for soil 
classification, moisture content, suction and 
clay mineralogy determinations in the 
laboratory.  Samples were suitably protected 
against moisture loss and transferred to the 
laboratory as quickly as possible in an Esky.  
The stage 1 investigation was intended to 
establish the nature of the material on each 
site and set the bench mark by which seasonal 
variations could be judged. 
 
2.1.3 Stage 2 
 
The second stage investigations were carried 
out in summer (February) and involved 
excavating a similar array of pits, close to the 
first, but far enough away not to be in 
disturbed ground.  Pits were of similar depth to 
the first ones and similarly described and 
tested.  Fewer samples were recovered 
because, on this occasion, it was not 
necessary to repeat the clay mineralogy, or 
classification tests.  The main objective was to 
observe any changes in moisture content, soil 
suction and strength, which could be expected 
to lead to ground movement.               
 
3. SURVEY 
 
At each of the geotechnical investigation sites 
an array of survey pegs was also established.  
These comprised five lines of pegs, transverse 
to the track, separated by 30 m from one 
another.  On each line, pegs were set in the 
ground every 1 m up to 10 m either side of the 
track and thereafter every 2 m to 20 or 25 m 
from the track.  At each site a deep datum was 
established and taken well below the depth of 
seasonal ground movement.  Pegs were 
surveyed first in August and then at roughly 3 
monthly intervals up to March of the following 
year.  Coordinates for the top of each peg 
were determined in three dimensions, so it 
was possible to determine both lateral and 
vertical movements of the ground and the 
track relative to the benchmark, which was 
assumed not to have moved.  
 

Survey did not proceed without problems.  The 
Kalgoorlie site was unlucky enough to suffer a 
derailment between October and December, 
following which the track was tamped and rail 
levels rose 50 to 80 mm.  This made it difficult 
to draw firm conclusions about track 
movements at this site.  Despite cordoning the 
surveyed areas off at all the sites, there is no 
doubt that traffic subsequently drove through 
the pegs disturbing them.  Nonetheless it is felt 
that the information can still be assessed, with 
this in mind, and reasonable conclusions 
drawn about the nature of ground movements. 
 
4. FINDINGS 
 
4.1 Test Pits 
 
The geological conditions were different at the 
three sites, but it is the similarities and general 
conclusions that can be drawn from all three 
that are the subject of this paper.  In simplified 
terms it can be said that: 
 
At Pimba, pits encountered rock between 1  
and 2 m below ground level.  Above this the  
orange/brown sandy clay was intensely 
cracked from the surface in pits away from the 
track.   Cracks were open as much as 25 mm 
at the surface in both winter and summer. No 
such cracking was found beneath the track 
itself. 
 
At Kalgoorlie, pits encountered a reasonably 
uniform, red brown, sandy clay from the 
ground surface to at least 4.5 m depth.  No 
evidence of cracking, or jointing, was observed 
on either occasion at the test site.  Away from 
the test site, a similar pit excavated in a clearly 
defined gilgai (Selby and Lindsay (1982)) did 
contain cracks extending down from the 
surface and extensive, slickensided joints 
below 1.7 m depth.  This suggests that 
variations in ground movement can be 
anticipated at different locations within the 
same geological sequence.  
 
At Horsham, pits encountered fairly uniform, 
light brown to light grey sandy clay with 
slickensided joints apparent below about 3 m 
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depth.  No cracking was apparent in the pits 
extending down from the surface, although 
occasional cracks could be seen on the 
surface.         
 
4.2 Soil Classification  
 
The soils at Pimba and Kalgoorlie were 
remarkably similar in that they had almost 
exactly the same liquid and plastic limits and 
classified as high plasticity (CH) clays.  The 
clays at Horsham were significantly more 
plastic, putting them close to the top of the 
plasticity range for normally encountered soils.  
The mean properties of materials from each of 
the three sites are indicated in Table 1. 
 

Site Plastic 
Limit 
PL% 

Liquid 
Limit 
LL% 

Plasticity 
Index 
PI% 

Pimba 

(9 results) 

19.4 60.4 40.9 

Kalgoorlie  

(12 results) 

17.5 59.7 42.2 

Horsham  

(20 results) 

24 89.3 65.3 

 
Table 1 

 
4.3 Clay Mineralogy 
 
X-ray diffraction on the material from Horsham 
identified it as being more than 50% smectite, 
which is a highly expansive clay mineral.  
Thermal analysis on the clay from Pimba 
showed it to be predominantly of the smectite-
type, as well, and possibly nontronite.  The 
clay from Kalgoorlie was identified as being  
essentially kaolin, which is generally less 
reactive than smectite.   
 
4.4 Moisture Content 
 
At all three of the sites tested, it was apparent 
that the moisture content was much higher, 
immediately beneath the track, than 
elsewhere.  Away from the track, moisture 
content rose with depth until it was similar to 
the value beneath the track.  This information, 
is summarised in Table 2 for each of the sites 
and a plot from the Pimba data is provided in 
Figure 3 as an example.  The moisture 
contents provided are the mean of the summer 
and winter values either beneath, or away 
from, the track.  It should be noted that rock 

was generally encountered between 1 and 2m 
depth at Pimba.  Similar plots can be produced 
with the data from the other sites and they 
show a similar effect.  
 
In the right hand column of Table 2 the value 
of Hs, the assumed design depth of suction 
change to be used when designing house 
foundations on expansive clay soils (AS2870), 
is quoted from published information for 
comparison. 

Pimba 
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Figure 3  Mean Winter and Summer 
Moisture Contents at Pimba 
 
4.5 Soil Suction 
 
Total soil suction determinations on recovered 
undisturbed block samples, using the 
psychrometer method, showed high suctions 
away from the track and low suctions below it.  
Suction is often reported in terms of the 
logarithmic pF unit [log10 (suction in cm water)].  
In this paper, suctions are expressed in MPa, 
rather than pF, so that mean values have their 
normal significance.  Suction data from each 
site is summarised in Table 3 and a plot of the 
data from Kalgoorlie is presented in Figure 4 
as an example.  Similar plots can be produced 
from data from the other sites.   
 
It is particularly interesting to note that, whilst 
the moisture contents are generally the same 
at depth, whether samples are taken from 
beneath the track or away from it (Table 2), 
suctions did not equalise in the same way at 
any of the sites.  The reason for this is not  
clear.  It is normally found that  suction 
increases as moisture content reduces, but a 
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Site Moisture 
content (%) at 

0.5m depth 
beneath track 

Moisture 
content (%) at 

0.5m depth 
away from 

track 

Moisture 
Content (%) at 

Depth 

Depth (m) at 
which 

moisture is 
the same 

everywhere 

Hs from 
published 

information 
(m) 

Pimba 32 18 24 Rock at 1.5 to 
2.0m depth 

Not applicable 

Kalgoorlie  21 14 18 2.0 >4.0  

(Walsh et al 
(1998)) 

Horsham 33 25 29 4.0 3.0m 

(AS2870)  

 
Table 2 

 
 
 

summary of data from all the sites (Figure 5) 
suggests that there is a significant degree of 
scatter.  A broadly similar relationship is 
indicated for Pimba and Horsham (solid 
points), but the Kalgoorlie data (hollow points) 
suggests that  suction is either independent of 
moisture content or very sensitive to small 
changes at the site tested.   This is probably a 
reflection of the predominantly smectite  
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Figure 4  Mean Winter and Summer 
Suctions at Kalgoorlie  

mineralogy at Pimba and Horsham compared 
with the kaolin at Kalgoorlie, which is known to 
exhibit less obvious shrink-swell behaviour. 
 
4.6 Soil Strength 
 
In situ soil strength is not easy to measure in a 
test pit and it is generally hard to recover 
genuinely undisturbed samples for triaxial 
testing in the laboratory.  One of the objectives 
of the track formation study was to establish 
simple ways by which railway maintenance 
staff, rather than geotechnical engineers, could 
assess subgrade condition and determine the 
required ballast depth.   
 
In keeping with this philosophy, hand 
penetrometer strength measurements were 
relied upon.  The hand penetrometer is a 
crude device, but it is cheap, quick to use, and 
does not require any particular technical 
knowledge or skill.  It should be noted that the 
hand penetrometer is empirically calibrated to 
read the unconfined compression strength of 
the soil being tested.  This is, by definition, 
twice the undrained shear strength of the soil.   
 
The hand penetrometer test results showed 
that soil strength was lower immediately 
beneath the track than away from it, at each 
site. At Kalgoorlie and Pimba strengths 
reached the maximum value that could be 
recorded on the instrument at a short distance 
from the track, but at Horsham it reached a 
lesser value, reflecting the less arid conditions. 
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Site Mean Suction at 0.5 m Mean Suction at 2m Depth 

 Beneath track Away from track Beneath track Away from track 

 Mpa pF MPa pF MPa pF MPa pF 

Pimba 0.5 3.7 10 5.0 1.0 4.0 10 5.0 

Kalgoorlie  0.5 3.7 5.2 4.7 0.7 3.8 4.2 4.6 

Horsham 0.3 3.5 1.5 4.2 0.3 3.5 1.5 4.2 

 
Table 3 

 
  
Plots for Horsham are presented on Figure 6 
by way of example.  It was also apparent that 
strength rose with depth beneath the track to a 
value that was similar to that recorded away 
from the track.  These results are remarkably 
consistent with the soil moisture content 
variations presented above and make the 
apparent lack of an equivalent increase in 
suction with depth beneath the track all the 
more puzzling. There would appear to be 
scope here for further research.   
 
At Kalgoorlie, but unfortunately not at any of  
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Figure 5 Summary of Suction versus 
Moisture Content Data for all Sites 

 
the other sites, time was taken to carry out a 
series of hand penetrometer tests at close 
centres beneath half of the track.  The results 
are shown as a contoured cross-section on 
Figure 7.  Here the strengths have actually 
been presented in kPa by multiplying the hand 
penetrometer readings in kg/sq cm by 100.  
The contours clearly show zones of 
progressively lower strength soil towards the 
underside of the ballast.  There is little doubt 
that if moisture contents were measured on a 
similarly fine grid of points beneath the track, 
an equivalent picture would emerge, with 
moisture content increasing as the strength 
drops.  
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Figure 6 Mean Winter and Summer Hand 
Penetrometer Strengths at Horsham 
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4.7 Variations Between Winter and  
 Summer 
 
The critical information that was sought from 
this study was how the various parameters, 
discussed above, vary between winter and 
summer conditions and how this variation 
might be reflected in track movement.  It is 
inevitable that, when data is collected from pits 
at different locations, there will be considerable 
scatter.  Making allowances for this, there 
seems to be far less variation in the 
parameters measured beneath the track than 
might be expected, if any. 
 
Figures 8, 9 and 10 indicate the variations 
recorded in the parameters presented on 
Figures 3, 4 and 6.  On each plot the data for 
the "Track" are the results obtained from the 
pits beneath the track, whilst the "Away from 
Track" figures are the average of results from 
all of the other pits.  
 

 
On Figure 8, the moisture contents at Pimba 
seem to be the same winter and summer, both 
beneath the track and away from it.  This is 
assumed to be a function of the fact that 
evaporation rate is always high in this part of 
the country and rainfall is very low and 
sporadic. 
 
Equivalent data from Horsham suggests little 
change in moisture content beneath the track, 
but a distinct reduction of moisture content 
away from the track during the summer 
months.  This is consistent with a winter where 
the mean rainfall exceeds the mean 
evaporation rate and there is a reduction in 
rainfall and an increase in evaporation in 
summer.  Equivalent data from Kalgoorlie 
suggests a similar, though less pronounced 
behaviour, which is probably consistent with 
increased evaporation and rainfall in summer.  
The important thing to note is that at none of 
the sites did moisture content beneath the 
track vary all that much. 

 
 

 
 
 
Figure 7  Penetrometer Strength Beneath the Track at Kalgoorlie in kg/sq. cm (at grid points) 
and kPa 
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Figure 8  Winter and Summer Moisture 
Contents at Pimba 
 
 
On Figure 9, there is an apparent increase in 
suction away from the track in the summer at 
Kalgoorlie, but no such change beneath the 
track.  This is reasonably consistent with the 
observed moisture content variations.  At 
Pimba a similar situation was observed, with 
the suction increasing in summer by nearly 
100% (expressed in MPa) away from the 
track.  At Horsham there was relatively little 
variation in suction either beneath the track or 
away from it, other than in the top 1.5 m.  This 
probably reflects the less severe environment.  
Again the lack of variation in suction beneath 
the track at each site is noted. 
 
On Figure 10, there seems to be little variation 
in soil strength beneath the track at Horsham 
between winter and summer and little variation 
away from it either.  Within the accuracy of the 
hand penetrometer data the same can also be 
said for Kalgoorlie and Pimba.    
 
The conclusion that is drawn from all this data 
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Figure 9  Winter and Summer Suctions at 
Kalgoorlie 
 
 
is that, although the ground away from the  
track seems to respond in a sensible way to 
seasonal weather conditions, the soil beneath 
the track is shielded from it and does not.  
Effectively the ballast creates its own soil 
moisture environment that is isolated from 
what is going on around it. 
 
5. SURVEY 
 
5.1 General Comment 
 
The survey and ground movement information 
is more difficult to interpret than the 
geotechnical data, largely because of  
disturbance to the pegs.  The situation was 
particularly poor at Kalgoorlie where, not only 
was tamping undertaken after the derailment, 
but vehicles worked in amongst the survey 
pegs to get the wagons back on the track.  At 
the other sites, tyre tracks could be clearly 
seen amongst the pegs as well.  Despite these 
problems, it is considered that some useful 
conclusions can be derived from the data. 
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Figure 10  Winter and Summer Shear 
Strength at Horsham 
 
Pimba was probably the least disturbed of the 
sites, because the access road was well away 
from the track at the test site.  Data from this 
site are presented on Figure 11.  The 
movement (since August 2000) of points at the 
same distance from the track on each of the 
five sections has been averaged, in order to 
produce single transverse sections on three 
occasions.  It may seem surprising that so 
much ground movement has occurred, but it 
needs to be understood that the site was in a 
gilgai area (Selby and Lindsay (1982)), where 
deep crack patterns develop at low points.  
 
The most important thing to appreciate from 
this figure is not so much the magnitude of the 
movement, but the apparent independence of 
the movement of the track from that of the 
surrounding ground.  Simplified summaries of 
the data from each of the three sites are 
presented below to indicate the similarities 
observed.   
 
5.2 Pimba 
 
In Figure 12 data is presented for the Pimba 
test site.  It is worth referring to Figure 11 to 
see more clearly what these plots mean.  
Three curves are presented representing 
average movement of: 
 

• the track (two rails on each of the five 
cross-sections), 

• the ground surface near to the track 
(0 to 8m from it) and 

• the ground surveyed beyond 8m from 
the track. 

 
The reason for choosing the 8 m zone nearest 
the track is clear by reference to Figure 11.  
Such a clear distinction in behaviour was not 
apparent at the other sites.  Things to notice 
on Figure 12 are that the track seems to have 
settled more than 15 mm between August and 
October.  It then stabilised to some extent and 
then, arguably, started to settle at a higher rate 
again during January and February. 
 
At the same time the surrounding ground was 
reasonably stable during August and October, 
when the track was the most active, and then 
started to rise from October to January.  It is 
also worth noting that the strip of land nearest 
the track is less affected by movement than 
that further away.  It is postulated that this 
behaviour is explicable if the following 
assumptions are made: 
 
1) The ground movements at a distance from 

the track are normal movements due to 
rainfall and seasonal changes in 
evaporation rate.  Monthly rainfall for the 
study period is indicated on Figure 13.  It is 
apparent that twice the mean monthly 
rainfall (15 mm) occurred in August 2000.  
It takes some time (months) for the effects 
of winter and spring rain to cause swelling 
of the clays and general heave.  This is 
why heave of the ground as a whole 
occurred between October and January, 
following a wet spring.  Subsequent 
settlement of the ground in January and 
February reflects the increased summer 
evaporation.    

 
2) There is less movement of the ground 

within 8m of the track, because the ground 
falls gently away from it, leading to less 
infiltration and therefore less ground 
movement response.  

 
3) The mechanism causing track settlement is 

quite different from that causing ground 
heave at the same time away from the 
track.  More is said about this below.  What 
should be noted here is that severe track 
settlement appears to have occurred as a 
direct response to the high August 2000 
rainfall.       
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Figure 11  Vertical Movements Recorded at Pimba 
 
 
5.3 Kalgoorlie  
 
In Figure 14, the mean movements of the 
track, taken from the five survey sections at 
Kalgoorlie, are plotted against time, together 
with the mean movements of the ground more 
than 10m from the track.  The 10 m zone 
nearest the track at this site unfortunately 
shows large, random, movements that can  
only be related to disturbance following the 
derailment.  It is possible to separate some of 
this "noise" from movements recorded 
afterwards but it is too difficult to present it 
here.  
 
Looking at the data that is presented, it is 
apparent that the ground moved relatively little 
on average.  By comparison there was always 
a downward movement of the track, provided 
the 70 mm rise due to tamping is ignored.  In 
particular it is worth noting that, from 
December to March, the ground rose 5 mm, 
on average, while the track settled by a similar 
amount.  It could be argued that track 
settlement was due to consolidation of the 
ballast after tamping.  That may well be the 
case, but it does seem that there were signs of 
downward movement of the track even before 
the derailment took place.          
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Figure 12 Movement versus Time for Pimba 
 
5.4 Horsham 
 
In Figure 15, the mean movement data is 
presented for the Horsham site.  In this case, 
ground movements have been separated into 
Up and Down sides, because it will be seen  
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Figure 13  Monthly Rainfall at Pimba during 
the Study Period 
 
that whilst there was a slight heave of ground 
on the Up side and on the Down side nearest 
the track, there was general downward 
movement of the ground on the Down side, 
more than 10m from the track.  This may be 
due to the presence of a paved road 
immediately beyond the Down side of the 
survey grid, although the connection is not 
clear.  It may also have something to do with 
the fact that cars can drive off the road at this 
point.  The main point to made from this data, 
taken as a whole, is the relative independence 
of track and ground movement, particularly in 
the winter (August/September) period when 
rainfall was the highest and evaporation the 
lowest.  
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Figure 14 Movement versus Time for 
Kalgoorlie 
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Figure 15  Vertical Movement versus Time 
for Horsham 
 
6. TRACK FOUNDATION MODELS 
 
6.1 British Railways Research 
 
Work undertaken by British Railways in the 
late 1960's (Heath et al 1972) indicated that 
settlement of the subgrade soils beneath a 
railway track is related to: 
 
• the magnitude of the applied stress 

(a function of sleeper type and spacing; 
ballast depth and quality; train wheel 
arrangement, speed and weight) 

• the number of loading cycles applied and 

•  a parameter, which was termed the 
"threshold" stress of the foundation soil.    

         
If the applied stress, expressed as the deviator 
stress (σ1 - σ3) at the point in the ground under 
consideration, is less than the threshold 
stress, the situation is basically stable and the 
subgrade stiffens with each successive load 
cycle, or passing train: settlement continues to 
increase, but at a decreasing rate.  If, 
however, the applied stress is in excess of the 
threshold stress, settlement increases at an 
increasing rate until failure ultimately occurs.   
At the time, it was held that the "threshold 
stress" was equal to 50% of the ultimate 
compressive strength (qu) as determined in an 
unconfined, or triaxial compression test.   
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Thus: 
 
Threshold stress  
  

= 0.5 x qu  
= 0.5 x hand penetrometer strength  

= Undrained shear strength  
 
The essence of this research was converted 
into a design method, which is now 
acknowledged to be somewhat conservative.  
However, the concept that plastic strain occurs 
in track formation soils and that it is dependent 
on some function of the applied stresses and 
the soil "strength" is a logical and powerful 
one.  It is also very plausible in geotechnical 
engineering terms that, if cyclic stresses are 
applied that are greater than the undrained 
shear strength of the soil, then large 
deformations and ultimately failure of the 
formation is likely to occur.         
 
6.2 Li and Selig Approach 
 
More recently Li and Selig (1998a & b)) have 
built on this concept and, with a lot of 
additional work, produced an empirical model 
that, in many respects, shows similar 
characteristics to the British Railways 
research.  The basic equation used to predict 
plastic strain in the track subgrade is: 
 
εp (%) = a ( σd /σs )

m  Nb  ..............................(1) 
 
where parameters are as defined at the start 
of the paper and a, b and m, are empirical 
values given in the papers and quoted here in 
Table 4 for completeness. 
 
The result of Li and Selig's work has been 
presented in AAR TTC Report no R-898 (Li et 
al (1996)) as a complete method for the design 
of ballast thickness requirements.   
 
7. DISCUSSION  
 
7.1 Observations  
 
Looked at in general, rather than specific, 
terms the data from the ARTC studies at 
Kalgoorlie, Pimba and Horsham suggests that 
in arid and semi-arid areas: 
 
1 Track formation problems can occur in 

areas of high plasticity (CH) clay. 
 
2 The presence of the track leads to the         

formation of a moist zone in the ground, 
 

 
Soil Type A b m 

CH (fat clay) 1.2 0.18 2.4 

CL (lean clay) 1.1 0.16 2.0 

MH (elastic clay) 0.84 0.13 2.0 

ML (silt) 0.64 0.10 1.7 

 
Table 4 

 
 which has lower soil suctions and 

correspondingly lower undrained shear 
strength than the surrounding ground.  It is 
reasoned that this happens because the 
ballast: 

 
• traps water when it rains and funnels it  

into the subgrade; 
• negates the effects of sun, wind and 

plant growth and therefore minimises 
evaporation from the soil beneath the 
track.  

 
3 The vast mass of the ground normally 

moves up and down in these areas in 
response to seasonal variations in rainfall 
and evaporation but, the soil beneath the 
track is inhibited from doing so by the 
reasonably constant moisture conditions 
that prevail.  

 
4 The immediate track subgrade is of lower 

strength than any of the other soils in the 
vicinity and it is subjected to high applied 
cyclic loads from passing trains.  As a 
result it undergoes continuing plastic strain 
responding to the mechanism defined by 
the British Railways research.     

 
7.2 Implications for the Subgrade 
 
Regardless of the alignment of the track there 
is always a tendency for water to run downhill 
within the ballast and collect at low points.  
This effect is pronounced on grades, but still 
applies to flat sections of track, since the 
formation is never cambered precisely enough 
to provide instant discharge of all water.  As a 
result, there are times (perhaps rare) when 
free water ponds on the subgrade.  It is 
assumed that it probably stays there for a 
some weeks, depending on the duration of the  
wet weather, before it dries out and the normal 
condition returns.   
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Lightly loaded, unsaturated CH clays respond 
to the presence of free water by softening.  
Once this happens it is postulated that passing 
trains will cause more plastic deformation of 
the subgrade than they normally do because 
of the temporarily reduced shear strength.  
This should result in a sudden downward 
movement of the track that is subsequently 
arrested when conditions return to normal.  It 
is believed that this is the behaviour that has 
been observed at Pimba (Figure 12). 
 
7.3 Implications for the Li and Selig  
 Model 
 
The Li and Selig model indicates that 
subgrade strain is a function of the applied 
cyclic load, the number of loading cycles and 
the soil strength.  Conventional use of the 
design method as presented in Report R-898 
allows for a large variety of train weights and 
configurations to be applied in order to obtain 
an appropriate ballast thickness for a given 
design life.  However, the design is dependent 
on a single value of the soil strength.  
 
On Figure 16 two curves are plotted using 
equation (1).  The parameters for a CH clay 
have been used from Table 4 together with 
strengths of σs = 250 kPa ("normal") to 
correspond to the condition of the subgrade 
that normally prevails and σs = 150 kPa ("wet") 
to correspond to a softened strength when 
there is free water in the ballast after a 
significant period of wet weather.  The deviator 
stress on the element of soil in question is 
assumed to be σd = 80 kPa for the sake of this 
example.   
 
It is apparent that if the soil is always in the 
"wet" condition, or always in the "normal" 
condition, a certain amount of plastic strain 
occurs, but it reduces with time since, for the 
chosen values of σs and σd, catastrophic 
failure is not predicted.  If however, softening 
occurs on the rare occasions when free water 
is present in the formation, equation (1) might 
be applied incrementally to each parcel of 
cycles (at least as a first approximation), so 
that the value of N is reset to zero at the 
commencement of each parcel.  If this 
happens a combined plot, such as the 
"cumulative strain" curve on the figure, could 
result.  This has been produced by assuming 
that the subgrade is initially "normal", but that 
for 7,000 load cycles in every 84,000 cycles 
the ground behaves as if it is in a "wet" 
condition before starting to strain in the 
"normal" way again once the water has gone.  

These numbers have been taken to represent 
in round terms two wet weeks every six 
months, with 500 loading cycles (say 5 trains) 
per day throughout.  It is postulated that this 
sort of behaviour would not seem 
unreasonable in soil mechanics terms. 
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Figure 16  Possible Behaviour Based on Li 
and Selig 1998 (modified) 
 
Further research is required in the laboratory 
to indicate whether or not this behaviour 
actually occurs.  High plasticity clay samples,  
would need to be subjected to undrained cyclic 
loading in a triaxial cell for a number of cycles 
at one moisture content, before allowing an 
increase in moisture content to occur, prior to 
continuing the cyclic loading.  From a practical 
standpoint it may be difficult and time 
consuming to reproduce a series of such tests 
in order to simulate a curve of the sort shown 
in Figure 16. This is because, in laboratory 
conditions, it is very difficult to allow controlled 
amounts of water to uniformly infiltrate, or exit 
from, a sample. Nonetheless it is considered 
that the exercise would be worth trying, since 
the information has very considerable 
significance for the fundamentals of rail track 
design.        
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8. PREVENTION 
 
To minimise this settlement problem in arid 
and semi-arid areas it is necessary to either: 
 
• improve formation drainage, so that 

water does not pond to any great extent 
within the ballast; or 

• increase ballast depth, to reduce the 
stress levels in the formation and hence 
reduce the magnitude of plastic strain; 
or 

• change the characteristics of the 
subgrade, so that it is less susceptible 
to plastic strain. 

 
These options have been listed in order of 
cost.  Formation drainage, installed at the right 
places should have a significant effect on 
behaviour, but it is necessary to know where 
the "right places" are.  These can be difficult to 
determine.  To some extent, trial and error 
methods can be justified as part of normal 
maintenance activities, but it is important that 
the staff who carry out the work have a clear 
understanding of the mechanism causing track 
movement and how drainage works can 
improve the situation.  With this in mind it is 
important to observe the effects of drainage 
works in a quantitative way, in order to learn 
from experience. 
 
Increased ballast depth will reduce the cyclic 
stress levels in the subgrade and therefore 
reduce the magnitude of plastic strain.  Apart 
from cost, a point may be reached where the 
ballast depth is too great to perform properly 
and yet the subgrade is still over-loaded, so 
this option requires careful assessment based 
on the application of appropriate design 
methods.   
 
Improving the characteristics of the subgrade 
is perhaps the last resort, but it is also likely to 
be the most effective solution.  It requires 
replacing the immediate subgrade soils with 
select material, or lime stabilisation, using a 
mixing and not an injection process.  It would 
seem that little can be gained from any 
stabilisation technique that affects the ground 
far beyond the immediate extent of the track, 
since that is not where the problem lies.  Soil 
reinforcement of the subgrade, could be 
considered, but it is the authors' view that it is 
unlikely to be effective unless it successfully 
confines the subgrade in a way that prevents 
plastic strain. 
 

9. CONCLUSIONS 
 
It is concluded from this study that a railway 
track, laid on clay soils, creates an artificial 
moisture regime in the ground beneath it, 
which does not respond significantly to 
seasonal, climatic variations.  The ground 
beneath the track is always wetter and softer 
than the ground around.   
 
Published information suggests that cyclic 
loading of the track subgrade from passing 
trains causes ongoing settlement that is a 
function, amongst other things, of the soil 
strength.  In areas where there is regular high 
rainfall and low evaporation it is likely that 
subgrade strength remains reasonably 
constant and track settlement is predictable 
using the Li and Selig method.  In arid and 
semi-arid conditions, however, it seems 
probable that the soil softens during infrequent 
wet periods and this leads to additional, 
possibly excessive, track movements that may 
not be predicted if a single soil strength is 
used in the analysis. 
 
The most effective remedial treatments are 
likely to be, in order of cost though not 
necessarily in order of effectiveness, subgrade 
drainage, increased ballast depth, or lime 
stabilisation of the immediate subgrade. 
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SUMMARY 
This paper concerns slope stability and the potential for landsliding along the Unanderra to Moss 
Vale Railway Line, in the state of New South Wales, Australia.  Reference is made to different 
types (Type I Type II and Type III) of landslide hazard and risk assessment ranging from largely 
qualitative to significantly quantitative.  These different types of hazard and risk assessment have 
been defined and discussed in earlier published works. 
 
In this paper quantitative assessments (Type III) are highlighted.  The approach adopted is 
demonstrated with reference to a particular case study site along the railway route referred to earlier.   
 
Most landslides in the study area are triggered by rainfall.  Therefore, analysis of rainfall, 
observational data and slope stability analyses are considered together to make coherent 
assessments of hazard.  To facilitate realistic assessment of risk, it  is necessary to consider the 
elements at risk and their vulnerability.  In particular attention should be focussed on risk to human 
safety. 
 
There are always a number of uncertainties relating to subsurface data that arise mainly from limited 
site investigation.  In many instances, the cost of more comprehensive investigations cannot be 
justified.  In other cases, there may not be enough time to carry out further investigation. 
 
Calculated or assessed risk levels should be considered in relation to levels that may be acceptable 
or tolerable.  Measures adopted as part of risk management can reduce existing risk levels 
significantly.  An important challenge is to link risk assessment and risk management for economical, 
efficient and safe railway operations. 

 
INTRODUCTION 
 
The Unanderra to Moss Vale Railway Line is 
located in the Illawarra Region, in the state of 
New South Wales, Australia.  The study track 
length commences from Unanderra 
(approximate chainage 91.0km) and ends at 
chainage 123.5 which is approximately 4.3km 
short of Robertson Railway Station, covering a 
total track length of 32.5km.  A multi-level or 
integrated hazard and risk assessment 
strategy (Type I, Type II and Type III 
approaches) has been proposed and adopted 
along this railway line as part of a 
comprehensive research project undertaken 
by the landslide research team within the 
Sustainable Earth Research Centre (SERC) at 
the University of Wollongong.  These three 
types of landslide hazard and risk assessment 
have already been briefly described in 
previous publications (Ko Ko et al  2001a, 
2001b and Ko Ko 2001). 
 

Most of the landslides/rockfalls along this 
railway line are related to prolonged rainfall or 
rainstorm events.  For example, the 
Unanderra to Moss Vale railway line was 
severely affected by landslides and rockfall 
during the August 1998 major rainstorm event.  
A Type I hazard and risk assessment by the 
Railway Services Authority (RSA) utilising 
their inhouse method immediately after the 
August 98 rainstorm event showed a dramatic 
increase in the number of problem sites in 
1998 in comparison to previous 10 years as is 
clear from Figure 1 (Pitsis 1998).  
 
 RSA Type I risk assessment data was used 
by the writers (landslide research team) to 
carry out part of Type II hazard and risk 
assessment. 
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Figure 1.  Number of risk 2 to 4 cateories 
problem sites (1989 – 1998), Unanderra to 
Moss Vale Line. 
Note: Definitions of risk 2 to 4 categories of RSA 
in-house method are reproduced in Appendix 1. 
 
Inclinometer monitoring data clearly indicate a 
direct relationship between the particular 
rainstorm event and the associated landslide 
movement.  Hence, the probability of 
landslide occurrence can be assumed to be 

the same as the probability of the recurrence 
of the landslide triggering critical rainfall.  
Type III hazard and risk assessment  was 
carried out on 3 Case Study sites.  Type III 
hazard and risk assessment of Case Study I is 
the subject of this paper which comprises 2 
adjacent sites designated as Site A (RSA 
Project No 2758) and Site B (RSA Project No 
2759), which is shown on Figure 2 (Site A is 
designated as site number 471 and Site B as 
472). These two sites have similar 
geomorphology, geology and both appear to 
be triggered by the same rainfall events and 
critical rainfall values.  This has led to the 
conclusion that these two sites could have 
been part of a larger landslide.   In general the 
probability of landslide occurrence for these 
two sites remains the same and so is the risk 
associated with them.   As such only Site A 
will be described and discussed in this paper. 
 

  
Figure 2. Location of Case Study I comprising 2 adjacent sites Site A (471, RSA Project 

2758) and Site B (472, RSA Project 2759), Unanderra to Moss Vale Railway Line. 
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Type I hazard  assessment utilising the newly 
developed University of Wollongong method 
(UOW method) indicates that Site A  has a 
very  high  hazard, that  is landslide 
reccurrence can occur within 5 year period.  
Type II analysis has also indicated that Site A 
is located in the most landslide susceptible 
geological unit. 
 
Type III hazard and risk assessment carried 
out for this research work has been based on 
(1) field observation and analysis of drilling 
investigation work and associated 
geotechnical data, (2) computer based slope 
stability analyses, (3) Data from existing 
installations such as early warning systems 
(EWS), inclinometer monitoring and water 
level measurement in boreholes, (4) detailed 
rainfall data analysis and (5) train operations.  
Risk related to human casualty associated 
with both tourist train and freight train has 
been assessed and its acceptability discussed. 
Consequence of landsliding to railway 
infrastructure and environment has not been 
assessed.   
 
PROPOSED TYPES OF HAZARD AND RISK 
ASSESSMENT 
 
As stated earlier three types (Type I,  Type II 
and Type III) hazard and risk assessment 
have been broadly categorised and utilised for 
this research.  The proposed and adopted 
Type I Type II and Type III approaches are 
briefly described below. 
 
Type I Method -  A systematic qualitative 
approach based on a detailed visual site 
inspection by an expert in the absence of 
comprehensive subsurface investigation.   
 
Type II Method -  Explores the distribution of 
stable, potentially unstable and failed sites 
within a large area or region in the context of 
geology, geomorphology, triggering agent and 
other factors.  Thus Type II assessment is  not 
site specific and focuses on a much broader 
aspect such as assessing the hazard and risk 
of a zone or an area. 
 
Type III Method – It is site specific and 
requires comprehensive subsurface and 
monitoring data. It includes detailed 
geotechnical analysis as well as the analysis 
of observational and rainfall data.  Thus Type 
III assessment would aim to provide a detailed 
knowledge of geometry, volume, displacement 
rate, safety factor, slip surface location, 
probability of movement  etc.   

 
Accordingly Type III approach is costly and 
requires data from detailed surface and 
subsurface geotechnical investigation, 
inclinometer and water level/piezometer 
monitoring as well as data from significant 
number of years of rainfall.   
 
It is appropriate and necessary to carry out 
Type I assessment for a site  before a Type III 
assessment.  At the research and 
development stage Type III assessments are 
very useful to validate or calibrate any 
proposed Type I method.  
 
HISTORICAL BACKGROUND 
 
As it approaches Robertson after approximate 
chainage 123.300km the railway track is 
founded on the red-brown clayey soil which is 
a weathering product of basalt.  From field 
observation and previous field inspections by 
RSA it appears that the terrain covered by red 
soil is prone to landslides.  Localised scarps, 
hummocky ground and leaning trees, which 
are common indicators of creeping and 
slipping land are very much in evidence at the 
site.  Reactivation of landslides is likely to be 
triggered by heavy and prolonged rainfall.   
 
An occurrence of a slip was reported to RSA 
Geotechnical Services on 12/6/91 at Site A 
and B (chainage 123.25km and 123.500km).  
A displacement of 400mm was observed at 
Site A.  If undetected such a movement could  
have caused a train derailment .  It was noted 
that very heavy rainfall ranging from 104.6mm 
to 380mm (Bureau of Meteorology Robertson 
Pie Shop Rainfall Station) had  occurred 
during the previous five days (7/6/91 - 
11/6/91) after the prolonged dry period. This 
rainfall triggered the slip movement affecting 
the rail track. A daily total rainfall of 160mm 
(Robertson Pie Shop Station) was recorded on 
12/6/91.  At this site no instability was reported 
before 1991 according to RSA geotechnical 
data files.  However,  the appearance of 
increase in the depth of ballast between 
chainage 123.535km and 123.565km 
indicated  that  there were  possible  past 
instabilities which would have required track 
levels to be brought to grade with this 
additional ballast (RSA file on Site 2758).  
From field study of the physiographic features 
and geology it is quite reasonable to assume 
the existence of ancient landsliding as well as 
more recent slope movements in this area.    
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GENERAL GEOLOGY 
  
The site has a general slope from west to east.  
According to Wollongong geological maps the 
area consists of basalts of Tertiary age 
overlying the Liverpool subgroup of the 
Wianamatta group, which comprises shale 
with some sandstone beds.  This interpretation 
is consistent with field observations and 
investigation borehole logs. 
 
West of the railway line and towards 
Robertson the soils consist of red clayey silts 
with basalt core stones, which have resulted 
from the weathering of basalt.  There are also 
numerous locations where basalt core stones 
are present.  The cutting between 123.100km 
to 123.200km consists of yellow shale with red 
basaltic soil above.  Creeks to the east of the 
site have completely weathered yellow shale  
exposed in their sides.  A cutting at 
123.600km exposed red clayey silts with 
basalt core stones.  Erosion rills below the 
zone of seepage exposed highly weathered 
yellow shale.   
 
Data from investigation boreholes also confirm 
that  the site is overlain by red brown silty clay 
with basalt core stones.  This red brown silty 
clay horizon is believed to be derived from 
basalt and the thickness of this zone ranges 
between 5.5m to 14.5m according to the 
borehole data.  Immediately underneath this 
layer is a clay layer (yellow/orange, Site B) 
and a silty clay layer (light orange brown and, 
grey and black,  Site A) layer (which is likely to 
be a residual soil).  This layer grades into 
weathered bedrock of shale (pale grey to grey) 
and siltstone(medium). Thickness of this layer 
is approximately 3 to 5m.  The immediate 
bedrock consists of shale, siltstone with thin 
sandstone interbeds and sandstone belonging 
to the Wianamatta Group. 
 
 
MONITORING 
 
Four inclinometers (boreholes 2758-1 to 2758-
4) were installed at Site A.  However, not all 
boreholes are currently serviceable.  
Boreholes 2758-1 and 2758-2 were destroyed 
within 6 months of installation, and at present 
only 2 boreholes are operational.  A total of 18 
records were available for those operational 

boreholes commencing from 21/6/91 to 
25/8/99.  During these years of monitoring a 
distinctive movement (~28mm) was detected 
in borehole 2758-3 during 20/8/98 and 4/9/98, 
see Figure 3.  From the rainfall data and water 
level measurement one can conclude that the 
movement may have occurred on 20/8/98 or a 
day later.  
 
Water level measurements in this borehole 
also indicates that the highest water level 
(0.14m from ground surface) was observed on 
20/8/98.  This corresponds well with the 
occurrence of a major rainstorm event in  
August 1998, which triggered numerous 
landslides in the Wollongong area and also 
along the Unanderra to Moss Vale Railway 
Line including the triggering of landslide 
movement at Site A.  The interelationship 
between monitored water level, movement 
data and rainfall magnitude is illustrated in 
Figure 4.  
 
 
RAINFALL DATA ANALYSIS 
 
Five rainfall station belonging to the Bureau of 
Meteorology are located in the vicinity of the 
site area (Table 1).  The distance of these 
stations varies from ~1.2km to ~3.7km.  
Amongst these, 2 stations (Robertson Post 
Office Station and Robertson Pie Shop 
Station) have been selected for detailed 
rainfall data analysis due to (a) the proximity 
of both stations to the case study site and (b) 
suitability of the data. 
 
Cumulative rainfall graphs for 1 day, 3 day, 5 
day, 7 day, 15 day, 30 day, 60 day, 90 day 
and 120 day rolling periods within the 15 year 
period from 1985 to 1999 were produced 
utilising the Robertson Pie Shop Station data.   
These graphs indicate that significant rainfall 
had occurred in June 1991 and August 1998.  
In fact rainfall ranking for the above stated 
cumulative rainfall values revealed that June 
1991 rainfall event which initially triggered the 
landslide at the case study site has the highest 
ranking in all of the ranks.  As for August 1998 
the cumulative rainfall for 15 day and 30 day 
rolling period ranked 2nd and the rest ranked 
3rd to 5th as shown in Figure 5.  
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Figure 3.  Site A, RSA Project 2758, Unanderra to Moss Vale Railway Line, chainage  
123.25km.  Inclinometer A Axis Profile for Borehole 2758-3. 
 
 

 

 

 
Figure 4.  Site A, (Case Study I, RSA Project 2758), chainage 123.25km, Inclinometer 
Monitoring (borehole 2758-3 and 2758-4) cumulative shear displacement, rate of shear, 
ground water level and 15 day rolling period rainfall curve from 1991 to 1999. 
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Since the inclinometer monitoring data did not 
indicate any significant displacement 
comparable to August 1998 (~37mm) after its 
installation in 1991, it can be interpreted that 
15 day and 30 day cumulative rainfall values 
of August 1998 which ranked 2nd after June 
1991 were the  likely landslide triggering 
critical rainfall values.  Further analysis in 

conjunction with inclinometer movement 
records and water level measurement indicate 
that the 15 day cumulative rolling rainfall 
value of 788mm is the appropriate landslide 
triggering rainfall for this particular site.  The 
maximum 15 day cumulative rainfall values 
for June 1991 was 1147.0mm. 

 
 
 
Table 1.  List of rainfall station in the proximity of case study site, operated by Bureau of  
Meteorology. 

Station Latitude Longitude Distance from Site Start End 
Robertson Post Office 34°35'00" S 150°37'00" E ~1.35km, South West 1/1/1890 30/9/1989 
Robertson Water Supply 34°36'00" S 150°36'00" E ~3.70km, South West 1/1/1902 31/12/1952 
Ocean View (Robertson) 34°34'00" S 150°37'00" E ~1.20km, North West 1/1/1962 31/12/1969 
Robertson (St. Anthony’s) 34°35'29" E 150°36'27" E ~2.55km, South West 1/1/1962 Still Open 
Robertson (The Pie Shop) 34°35'14" E 150°37'30" E ~1.45km, South 1/9/1985 Still Open 

 
 
 
 
 

 

Figure 5.  Rainfall ranking graph for daily total, 3 day, 5 day, 7 day, 15 day, 30 day, 60 day and 120 day 
rolling periods for year 1986-1998, the Pie Shop Station (Robertson), Bureau of Meteorology. 
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SLOPE STABILITY ANALYSIS 
 
Slope stability analyses were carried out to 
achieve a better understanding of the study 
sites utilising the SLOPE/W Version 4.0 
(computer software marketed by GEO-Slope 
International Limited).  Morgenstern-Price 
method (one of the options in the SLOPE/W 
software) with the assumption of  a half-sine 
wave interslice force function was used for 
determining factors of safety based on 
moment and force equilibrium. 
 
The  geometry of the slip surface  associated  
with the minimum factor of safety was 
determined by means of trial and error for Site 
A.  Subsequently it was modelled  by placing 
the railway track embankment as a  load on 
the slope. About 20 different determinations 
were carried out.  The most rational slope 
model illustrated on Figure 6 consistent with 
the investigation data was selected from these 
trials.  Sensitivity analysis were carried out on 
the basis of this selected model.   
 
The section consists of Soil 1, Soil 2 and 
bedrock, where Soil 2 wedges towards the toe 
of the slope.  The ground water levels 
fluctuate in response to different magnitudes 

of rainfall.  The model indicates that the slope 
stability approached critical equilibrium as the 
top seepage line approaches the ground 
surface assuming the effective shear strength 
parameters c=5 and ∅=25° for Soil 1.  From 
the water level measurement data it can be 
interpreted that ground water level was close 
to the ground surface during the June 1991 
rainfall event and also during the August 1998 
rainstorm event. 
 
Water level records for borehole 2758-1 and 
2758-2 representing Site A geological section 
were not available beyond 1991.  It is 
assumed that the water level in those holes 
(2758-1 and 2758-2) during the August 
rainstorm period may be in the close proximity 
of June 1991 water level which had triggered  
the landslide.  This interpretation is based on 
the water levels in boreholes 2758-3 and 
2758-4 as the water level records on 20/8/98 
exceeded  June 1991 water levels which were 
measured 3 and 4 days after the 12/6/91 
landslide occurrence. Unfortunately 
piezometers were not installed in these 
boreholes and, therefore, the interpretation of 
pore water pressures or piezometric water 
levels is subject to uncertainty. 
 

 
 

Figure 6.  Cross section of Site A, RSA Project 2758, Unanderra to Moss Vale Line, New South 
Wales. 
PROBABILITY OF LANDSLIDING 
 
Since previous landslide movement at the 
particular site has been triggered by rainstorm 

event, it is logical to assume that the 
probability of future landslide movement will 
be directly influenced by the probability of 
future rainstorm events.  From the analysis of 

 



Dr. Chit Ko Ko, Professor Robin Chowdhury and 
Dr. Phil Flentje 
University of Wollongong, NSW 
 

Landslide Hazard and Risk Along a Railway Line 

 

Conference on Railway Engineering. 
Wollongong, 10-13 November 2002 

 

198 

rainfall data in conjunction with monitoring 
data it has already been determined that 15 
day cumulative rainfall value of 788mm is the 
minimum critical rainfall required to trigger a 
landslide movement (assuming that other 
conditions such as hydrological conditions, 
geomorphology remain unaltered etc.).  The 
return period of such critical rainfall can be 
determined from rainfall records.   
 
For Case Study I (including Site A) the 
determination of return period of critical 
rainfall was based on the combined data of 
two rainfall stations (Robertson Pie Shop 
Station and Robertson Post Office Station) 

which extended to 109 years.  Although these 
two rainfall stations were located within less 
than 1.5km radius of the site there is a 
significant spatial variation within these two 
rainfall station, and adjustment need to be 
made.   There were also missing records 
ranging from a couple of month to a year in 
the first 21 years (1891 – 1921).  Thus the 
annual probability of critical rainfall value 
varies from 0.0367 – 0.0519 (using unadjusted 
data) and 0.0642 – 0.0779 (adjusted data), 
and such variation depends on the length of 
records and spatial variation adjustment, see 
Table 2.  

 

Table 2.  Average Annual Probability values of landslide triggering rainfall event for Site A. 

Number Rainfall Station Data Length of 
record 

Frequency of 
Critical Rainfall 

Total Number 
of Years 

Annual 
Probability 

1 Robertson Post Office unadjusted and The 
Pie Shop Combined  

1890 - 1998 4 109 0.0367 

2 Robertson Post Office adjusted and The 
Pie Shop Combined  

1890 - 1998 7 109 0.0642 

3 Robertson Post Office* unadjusted and 
The Pie Shop Combined  

1922 - 1998 4 77 0.0519 

4 Robertson Post Office* adjusted and The 
Pie Shop Combined 

1922 - 1998 6 77 0.0779 

* denotes that unrecorded and missing data years are omitted 
 
 
RISK ASSESSMENT - PROBABILITY OF 
TRAIN ASSOCIATED WITH LANDSLIDE 
EVENT 
 
Two types of probability can be determined 
regarding a train running into landslides. 
These are (1) occurrence of landslide 
precisely at the time when a train is passing 
through a problem site (a potential landslide 
site or an existing landslide site which may 
reactivate during a rainfall event), and  (2) 
train running into a landslide which may have 
occurred prior to the arrival of the train.  
Probability value associated with the first type 
of event will be much smaller than that 
associated with the second  type of event.  
The probabilities will depend on several 
factors which are not discussed here.   
 
There are at present two types of train 
services in operation that is (1) tourist train 
known as ‘Cockatoo Run’ (2) freight train.  Up 
until 1999 there were at least 4 ‘Cockatoo 
Run’ per week.  The schedule and frequency 
of type of operation appears  to be flexible 
and will change with time depending on supply 
and demand, and the average passenger 
intake varies from year to year.   As for the 
freight train, the average number of train 

paths per day was 13.3 for 1998/1999 and 
14.6 during peak period.  Average and peak 
usage forecasts for 2000 and 2001 are 
respectively 16.1 and 18.5 train paths per day. 
 
Tourist Train - The probability of tourist train 
encountering a landslide will be the product of  
the probability of  landslide occurrence on a 
particular day of a year and the probability of 
train encountering a landslide and the 
probability of tourist train run coinciding with a 
landsliding day.  Thus one may write: 
 
P(tourist trainencountering landslide) = P1 x P2 x P3 
where,  
P1 = probability of landslide occurrence on a   
        particular day 
P2 = probability of train running into a  
        landslide 
P3 = probability of train run coinciding with a 
        landslide day 
The probability of tourist train running into a 
landslide that has already occurred was 
calculated to be 0.0000283 (for unadjusted 
rainfall variation) and 0.00005 (for adjusted 
rainfall variation).  The tourist train normally 
undertakes a return trip and the probability 
value for a return trip is 0.00005 (for 
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unadjusted rainfall variation and 0.0001 (for 
rainfall variation adjusted).   
 
Freight Train -  Since the freight train runs on 
a daily basis, fromulation for the probability of 
freight train encountering a landslide will be: 
 
P(freight train encountering landslide) =  P1 x P2 
 
where, 
 P1 = probability of landslide occurrence on a   
         particular day 
P2 = probability of train running into a  
        landslide 
 
The probability of freight train running into a 
landslide was calculated to be 0.00005 (for 
unadjusted rainfall variation) and 0.000088 
(for adjusted rainfall variation).   However,  the  
average number of  train paths per day for 
years 2000 and 2001 was 16.  The probability 
for one of the 16 freight trains l running into a 
landslide was calculated to be 0.000799 (for 
unadjusted rainfall variation) and 0.0014 (for 
adjusted rainfall variation).   
  
 
ACCEPTABLE OR TOLERABLE RISK 
CRITERIA 
 
Fell and Hartford (1997) have suggested 1 in 
1 million (10-6) as a possible tolerable risk for 
the averages of persons at risk of loss of life 
on both an existing and a new engineered 
slope.  For the person most at risk of loss of 
life on existing and new engineered slope the 
suggested figures are 1 in 10,000 (10-4) and 1 
in 100,000 (10-5) respectively.  For landslides 
on natural slopes, it has been suggested that 
the public may tolerate risks as high as 1 in 
1000 (10-3).  However, there is no evidence to 
support this.  
 
Most slopes on the Unanderra to Moss Vale 
railway, having being constructed between 
mid 1920s to early 1930s can be categorised 
as existing slopes, and the tolerable risk for 
loss of life of  the person most at risk may 
thus be considered as 1 in 10,000 (10-4).  This 
value may be appropriate for the freight train 
engine driver.   However, for the tourist train 
the tolerable risk for the existing and new 
engineered slopes should be considered as of 
1 in 1 million (10-6).    
 
It has been assumed that a train running into a 
landslide would cause human casualty.  Thus, 
the calculated probability of human casualty 
associated with a train along the Unanderra to 

Moss Vale Railway line running into landslide 
which has occurred prior to train arrival is well 
above the tolerable level (assumed as  10-6) 
for the tourist train for Site A (0.0000566 to 
0.0001 or 5.66x10-6

 to 10-4). Human casualty 
risk for individual freight train running into 
landslide is below the tolerable level (assumed 
as 10-4), and may become intolerable if the 
same standard is set as a  tourist train where 
tolerable  risk  is  assumed as 1  in  1 million 
(10-6), since the probability values for the 
freight train running into a landslide are 
0.00005 to 0.000088 (5.0x10-5 to 8.8x10-5). 
 
As described earlier due to the higher 
frequency of train paths for the freight train the 
chances of 1 of the 16 train being caught up in 
a landslide increases and so does the risk for 
human casualty.  If the whole operation is 
taken into consideration, the risk to human 
casualty increases to an unacceptable level 
well above the tolerable level especially for 
freight train running into landslide.  Probability 
values of human casualty for 1 of 16 freight 
train range from 0.000799 to 0.0014   
(7.99x10-4 to 1.4x10-3).  These values are well 
above the assumed tolerable level  of 1 in 
10000 (10-4).   
 
 
DISCUSSION AND CONCLUSIONS 
 
A multi-level hazard and risk assessment 
comprising Type I, Type II and Type III hazard 
and risk assessment have been carried out 
along the Unanderra to Moss Vale Railway 
Line.  The main focus of this paper is Type III 
analysis for a particular case study site.  
 
Type I hazard assessment suggest that Site A 
has a very high hazard and Type II hazard 
assessment supports this conclusion since the 
geological unit underlying Site A is the most 
landslide susceptible  geological unit.  
 
Type I and Type II assessments should be 
considered complementary to Type III 
assessment.   Type I assessment is often, if 
not always necessary, before any Type III 
assessment is carried out. 
 
Type III hazard and risk assessment is site 
specific and would require a detailed surface 
and subsurface investigation work as well as 
years of monitoring and rainfall data for the 
hazard assessment part.  It is not possible to 
carry out  all aspects of Type III hazard and 
risk assessment without these data.   This 
Type of assessment becomes more complex 
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if risk to human life is to be assessed.   
Assessment of risk to property requires much 
additional data and is not considered in this 
paper.  Hence, Type III hazard and risk 
assessment can be very costly and time 
consuming. 
 
It is necessary to identify the causative factors 
causing slope instability as well as the main 
triggering agents for carrying out Type III 
hazard assessment.  Examples of relevant 
information are temporal and spatial variability 
of rainfall, landslide history and the 
relationship of rainfall to slope movements 
over time.  
 
Without careful monitoring  it will be difficult to 
determine the landslide triggering critical 
rainfall.  Piezometric water level are   
indicative of the pore water pressure which is 
the key factor in the decrease of stability of a 
slope.  Inclinometer and rainfall data analysis 
would strengthen the interpretation of 
instability occurrence and determination of the 
probability of future landslide occurrence.  
Additional readings of inclinometer and 
piezometric/water level records on top of 
regular readings is required, and these should 
be timed with rainstorm event or heavy 
rainfall.   
 
Recurrence of landslide movement could be 
affected by changes in site conditions such as 
drainage, development, vegetation etc,  as 
well as the rainfall pattern.  Recent research 
concerning the study area has led to the 
conclusion that the critical rainfall value for a 
particular landslide site can become more 
frequent over time.   
 
The probability determination of human 
casualty on tourist train and freight train are 
based on the assumption that human casualty 
is inevitable once the train encounters a 
landslide.  This is a conservative assumption.   
 
Normally only two engine drivers are involved 
on freight train.  However, as for Tourist train 
passenger on board is more than a hundred as 
such the number of casualty and injury will 
obviously be much higher.  This has not been 
taken into account for this research.   The 
probability of human casualty increases with 
the increased frequency of train operations.  

Thus the risk to human life may have a direct 
relationship with number of passengers and 
frequency of train path.   
 
Since the probability of hazard (recurrence of 
landslide and the probability of consequence 
(human casualty) are variable, hazard and risk 
assessment should be regularly updated to 
correspond to changing conditions. 
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Appendix I - Risk Assessment Matrix, RSA (1997). 

 
 
 

Probability of event affecting the track, in the short term 
 (12 months) 

(Assessment is necessary of probability of event occurring and 
affecting the track) 

CONSEQUENCE  
of the event or 
affecting the track 

HIGH (H) 
Event is 
anticipated 

MODERATE (M) 
Event is probable 

LOW  (L) 
Event is probable 
but not expected 

VERY LOW 
Event is 
possible 

Extreme (E) 
- loss of life 
expected 
-  extensive 
damage and     
   disruption                   

1 2 3 
 

Priority 3 

4 

Severe  (S) 
- loss of life is 
possible, not    
expected 
- appreciable 
damage and 
  disruption 

2 3 
 

Priority 1 
 

4 
 

Priority 1 

5 

Moderate  (M) 
- loss of life or 
serious 
  injury not 
expected 
- minor damage to 
  structures and 
facilities 

3 
 

Priority 2 

4 
 

Priority 2 

5  

Minor 4 5   
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SUMMARY 
The QR Ballast Specification has been continually developed to increase the service life of ballast 
and to stay abreast or ahead of increases in rail traffic volumes, maximum permissible axle loads 
and maximum train speeds.  When the current version of the QR ballast specification was introduced 
in 1993, the maximum axle load limit on the QR network was 22.5 tonnes.  In 2002 the maximum 
limit is 26.0 tonnes and increases to at least 30 tonnes are expected in the future.  Ballast (like other 
track structure components) is expected to last longer and carry greater loads, and the progressive 
refinement of the QR ballast specification has been necessary to ensure this occurs.  This paper 
covers the evolution of this ballast specification over the last decade.  The proposed testing 
programs for determining future ballast test limits are also discussed. 
 
 
1. INTRODUCTION  
 
QR operates an extensive narrow gauge 
railway system throughout Queensland with a 
track route length of approximately 9500km.  
This network currently includes: 
 
• almost 2000km of heavy haul track with 

maximum axle load limits of 26.0 
tonnes and tonnages of up to 140 
Million gross tonnes per annum (Mgt/a), 

 
• 3000km of mainline track with 

maximum axle loads of 20.0 tonnes and 
tonnages up to 15 Mgt/a.  

 
QR has continually strived to optimise the 
efficiency of both above and below rail assets.  
These asset improvements have been 
necessary to minimise costs and allow for 
increases in rail traffic volumes, maximum 
permissible axle loads and maximum train 
speeds. 
 
One of the major components of most railway 
track structures is ballast.  QR currently 
procures approximately 1 million m3 of ballast 
per annum for maintenance and construction 
of new track.  Ballast performs several critical 
functions within the track structure, including 
supporting train axle loads and providing 
drainage. 
 
All ballast supplied to QR must be capable of 
meeting all required functions.  If inferior 
quality ballast was supplied, early ballast 
degradation from train impact forces or 

tamping could occur and ballast life in track 
would be reduced.  An appropriate Ballast 
Specification is therefore essential for 
ensuring that all of the required functions of 
ballast are met. 
 
2. BACKGROUND 
 
2.1 Ballast Definition 

 
AS2758.7 – 1996, the Australian Standard for 
Aggregates and rock for engineering 
purposes, Part 7: Railway ballast, defines 
railway ballast as follows: 
 
‘free draining coarse aggregate used as 
support for railway track’  [Reference 1]. 
 
2.2 Functions of Ballast 
 
Ballast performs several important functions 
within the track structure.  These functions are 
as follows: 
 
• To provide a firm, even bearing for the 

sleepers and to distribute the loads 
imposed by traffic as evenly as possible 
over the formation, 

 
• To reduce pressures from the sleeper 

bearing area to acceptable stress levels 
for the underlying sub-ballast and 
subgrade materials, 

 
• To provide a resilient bed or cushion 

below the sleepers and absorb some of 
the impact from the passage of trains 
over the track, 
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• To prevent lateral movement of the 

track by filling the cribs or boxes 
between the sleepers, providing a 
shoulder at the ends of the sleepers and 
by friction on the base and sides of the 
sleepers, 

 
• To prevent longitudinal movement of 

the track (ie rail creep), 
 
• To provide drainage of the track 

structure, 
 
• To be easily worked to enable top and 

line of track to be adjusted or improved 
without the formation being disturbed, 

 
• To reduce noise (due to the absorption 

of noise within the ballast), 
 
• To provide electrical insulation in track 

containing electrical circuits,  
 
• To prevent weed growth, 
 
• To provide storage capacity for 

degraded ballast fines and other ballast 
fouling materials such as coal fines.  
Compacted ballast that has been 
supplied within specification 
requirements has an initial voids 
content of approximately 43%. 

 
[References 2 and 3] 
 
2.3 Properties of Ballast 

 
In order to achieve these functions, ballast 
must have the following properties. 

 
• Strength: 
 Particles must have sufficient strength 

to transfer loads without crushing, 
 
• Durability:  
 Particles must be resistant to abrasion 

from other particles during repeated 
loading in track and the action of 
mechanical track tamping, 

 
• Degradation: 
 Particles must be resistant to premature 

deterioration from environmental 
effects, such as moisture. 

 
• Density: 
 Ballast shall have sufficient density to 

prevent lateral and longditudinal 
movement of the sleepers. 

 
• Particle Size Distribution (Grading): 
 Ballast particle size distributions must 

be within specified limits to ensure that 

adequate load bearing capacity and 
voids content are achieved. 

 
• Particle Shape: 
 Ballast particles must be approximately 

angular in shape to ensure that particle 
interlock occurs. 

 
• Free of deleterious materials: 
 Ballast must be free of fine and 

deleterious materials that could reduce 
the voids content of ballast. Excessive 
dust can also be a hazard to track 
maintenance personnel during ballast 
resurfacing operations. 

 
Various source material and production tests 
are available for determining whether these 
properties have been satisfied. 
 
2.4 Ballast Materials 
 
Railway ballast can consist of the following 
materials: 
 
• crushed rock material from quarries, 
 
• river gravel, 
 
• screenings, 
 
• sand, 
 
• ash, 
 
• blast furnace slag. 

 
The majority of ballast consists of crushed 
rock material from quarries.  Crushed rock 
from quarries has the greatest capability to 
meet all of the required ballast properties.  
Ballast consisting of the other materials was 
used in the past due to unavailability of 
crushed rock materials and cost factors, 
though ballast from crushed rock material is 
now generally available for supply to most 
railway systems. 

 
The QR Ballast Specification has therefore 
focussed on ballast produced from crushed 
rock material. 
 
2.5  Ballast Gradings 
 
The two ballast gradings used by QR are 
known as Grading “A” and “B”.  Grading “A” 
has a maximum particle size of 63mm, and 
has particles retained on all sieves from the 
53mm sieve to the 75µm sieve.  Grading “A” 
ballast is specified for track with concrete and 
timber sleepers.  Grading “B” has a maximum 
particle size of 53mm and consists of particles 
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retained on all sieves from the 37.5mm sieve 
to the 75µm sieve.  Grading “B” is specified 
for track with steel sleepers.  The smaller 
particle sizes are easier to tamp up into the 
void under steel sleepers.  Gradings “A” and 
“B” are specified as 60mm and 50mm size 
ballast in AS 2758.7 – 1996: Aggregates and 
rock for engineering purposes, Part 7: Railway 
Ballast [Reference 1]. 
 
2.6 Ballast Types 
 
The QR Ballast Specification includes Ballast 
Types 1, 2, 3 and 4, with Type 1 having the 
highest quality requirements.  Ballast Types 1, 
2 and 3 consist of crushed rock materials 
while Type 4 can consist of sand or other 
materials [Reference 4]. 
 
The selection of ballast type is based on axle 
loads, traffic tonnages and geographic location 
(in terms of rainfall).  Type 1 ballast is 
generally used on railway lines with at least 
20t axle load limits and traffic levels of greater 
than 5Mgt/a.  Type 1 ballast is also used 
throughout the Brisbane Suburban system.  
Type 2, 3 or 4 ballasts are selected for lines 
with progressively lower axle load limits, lower 
traffic tonnages and lower annual rainfall 
levels.  For example, a railway line with a 
15.75t axle load limit, traffic levels of 12Mgt/a 
and 500 – 1200mm of rainfall per annum 
would require Type 2 ballast.  A railway line 
with a 10t axle load limit, 2Mgt/a and 400mm 
of rainfall per annum would only require either 
Type 3 or 4 ballast. 

 
2.7 Expected Ballast Life 
 
The expected service life of ballast is 
measured in terms of either rail traffic 
volumes or in years of service.  Ballast 
particles meeting the requirements of the 
specification should be capable of carrying at 
least 700 million gross tonnes of rail traffic 
before particles deterioration occurs, as shown 
in Figure 3.  Ballast fouling from coal fines, 
formation materials, frequent tamping  or 
other contaminants is also expected to cause 
a significant reduction of the load distribution 
and drainage characteristics of ballast thus 
reducing the ballast service life. 
 
For example, the duplicated bi-directional 
track section between Yukan and Dalrymple 
Bay Junction near Mackay in North 
Queensland carries 133 Mgt/a.  Each track 
therefore carries approximately 65 to 70 
Mgt/a.  If the ballast on this track section 

meets all specification requirements the 
ballast should adequately perform all required 
functions for at least 10 years, provided that 
the ballast voids content is not reduced 
excessively by coal fouling or other external 
factors during this period. 
 
3. DEVELOPMENT OF THE QR 

BALLAST SPECIFICATION 
 
A thorough ballast specification should include 
the following: 
 
• Adequate range of source material and 

product tests, 
 
• Nominated testing frequencies and 

conformance lot information, 
 
• Quality System requirements, 
 
• Delivery information, 
 
• Workplace, Health and Safety 

requirements. 
 
All of these requirements are necessary for 
ensuring that all ballast functions are 
achieved. 
 
The current version of the QR ballast 
specification has been continually refined 
since its introduction in 1993.  The major 
developments of QR Ballast Specification 
CT.147 [Reference 5] are described as 
follows. 
 
3.1 New Specification (1993) 
 
The first version of the QR ballast 
specification in its current form (CT.147) was 
issued in June 1993.  This specification was 
introduced to address a requirement for higher 
quality ballast.  The previous ballast 
specification had fewer source material tests, 
did not require source material testing of 
production runs, and did not include any 
quality system requirements. 
 
The major features of this new specification 
were the inclusion of the following eight tests: 

 
• Particle Density, 
 
• Water Absorption 
 
• Wet Strength (9.5 – 13.2mm), 

 
• Wet/Dry Strength Variation (9.5 -

13.2mm) 
 
• Washington Degradation, 
 
• Grading, 
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• Crushed Particles, 
 
• Particle Shape. 
 
Other new features were as follows: 
 
• Different test result limits for various 

source rock types,  
 
• Source material test results required 

from production lots, 
 
• First version of ballast specification with 

Quality System requirements. 
 
Four of the eight test methods were new to 
this specification.  These were Wet Strength, 
Wet/Dry Strength Variation, Washington 
Degradation and Water Absorption.  A 
comprehensive laboratory program was 
conducted on ballast sources from throughout 
Queensland to determine specification limits. 

 
Separate limits were developed for each rock 
type, as they each have different degradation 
rates.  The source rock types are as follows: 
 
• Acid Igneous, 
 
• Intermediate Igneous, 
 
• Basic Igneous, 
 
• Metamorphic, 
 
• Sedimentary, Duricrust. 

 
This specification also included requirements 
to perform source material tests during ballast 
production. 

 
3.2 New Test Requirements (1997) 
 
Several new test requirements were later 
included.  These tests were introduced 
because they were recognised internationally 
as providing valuable information on the 
expected performance of ballast in track.  The 
new ballast tests were: 
 
• Los Angeles value,  
 
• Mill Abrasion, 
 
Los Angeles value (LAV) is a measure of the 
wear resistance of ballast particles in dry 
conditions.  The test involves placing a 5kg 
ballast sample and a specified mass of steel 
balls into a Los Angeles machine, and 
operating the machine for 500 revolutions.  
The Los Angeles value is determined from the 
quantity of particle loss during the test.  The 
Los Angeles Machine is shown in Figure 1. 

 

 
 

Figure 1: Los Angeles machine 
 

The Mill Abrasion (MA) test is used to 
determine the wear resistance of ballast in the 
presence of water.  The test method involves 
adding 3kg of ballast material and 3kg of 
water to a porcelain ball mill pot.  The mill pot 
is then sealed and rotated at 33rpm for 10,000 
revolutions.  The Mill Abrasion test result 
reports the loss in weight as a percentage of 
the initial sample weight.  The Mill Abrasion 
testing mill is shown in Figure 2. 
 

 
 

Figure 2: Mill Abrasion equipment 
 

The results of these tests are used to calculate 
a factor known as an Abrasion Number.  The 
Abrasion Number (AN) is a factor that 
combines the results of the Los Angeles value 
and Mill Abrasion tests to give an indication of 
the wear resistance of a ballast sample in both 
dry and wet conditions.  Abrasion Number is 
calculated as follows: 

 
)5( MALAVAN ×+=  (1) 

 
Abrasion Number correlates directly with 
ballast life, in terms of million gross tonnes.  
Canadian Pacific Rail have demonstrated that 
ballast life in terms of rail traffic levels is 
directly correlated with Abrasion Number 
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results for different ballast grading curves.  
This relationship is shown in Figure 3 
[Reference 6].  

 

The particle size distributions for Gradings 2 to 
5 are shown in Figure 4  [Reference 6].   
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Figure 3: Canadian Pacific Rail ballast life chart 

 

 

0

10

20

30

40

50

60

70

80

90

100

63mm 53mm 37.5mm 26.5mm 19mm 13.2mm 9.5mm 0.075mm

Sieve Size

Grading 5          
(QR Grading A) Grading 4        (QR 

Grading B)

Grading 3 Grading 2

 
Figure 4: Grading Curves 

 
QR gradings “A” and “B” are very similar to 
Canadian Pacific Rail gradings “4” and “5” as 
shown.  Gradings “2” and “3” are other 
Canadian Pacific Rail ballast gradings that 
have particles distributed over more sieves 
than Gradings “4” and “5”.   
 
Limits for these additional tests were not 
introduced initially.  Test results obtained from 

ballast suppliers were compiled in a database, 
so that limits could be determined at a later 
date and subsequently added to the 
specification. 
 
3.3 New Test Limits (1999) 
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After sufficient Los Angeles value, Mill 
Abrasion and Abrasion Number test results 
had been obtained from various Queensland 
ballast sources, the data was evaluated and 
test limits were determined.  Limits were 
based on known performance levels of ballast 
already being supplied to QR.  The limits were 
selected so that ballast supplied to QR would 
be of high quality, without excluding large 
numbers of suitable ballast sources.  Figure 3 
was also considered to determine the 
maximum Abrasion Number limit.  The limits 
chosen were as follows: 
 
• LAV: Maximum of 25, 

 
• MA: Maximum of 5, 
 
• AN: Maximum of 40. 
 
The Los Angeles Value and Mill Abrasion 
limits were selected to accommodate 
variations in source material characteristics 
between different sources.  Despite the fact 
that results for one of these two tests could be 
close to the maximum limit for a particular 
sample, the corresponding result for the other 
test would need to be well below the 
maximum to ensure that the Abrasion Number 
conforms.  For example, a ballast sample with 
a Los Angeles Value of 25 would need a Mill 
Abrasion result of not more than 3 to ensure 
that the corresponding Abrasion Number was 
not greater than 40.  Conversely, a ballast 
sample with a Los Angeles Value of 15 could 
have a Mill Abrasion result as high as 5. 
 
The introduction of these test limits has 
already resulted in the exclusion of some low 
quality ballast source materials.  One supplier 
that was prevented from supplying ballast had 
an Abrasion Number result of 42.  Using QR 
Grading “B” in Figure 3, ballast with an 
Abrasion Number of 42 (5% above the 
maximum limit of 40) would have a theoretical 
ballast life of 630Mgt.  This is 6% below the 
expected ballast life of 670Mgt for Grading “B” 
ballast with an Abrasion Number of 40.   
 

A reduction in Abrasion Number values from 
45 to 40 would result in ballast life increases in 
the order of 20% for Grading “A” ballast. 
 
3.4 Quality Issues (2000) 
 
During 1999 and 2000, three ballast quality 
issues were identified.  These were as follows: 
 
• Some ballast suppliers were targeting 

close to the limits of the specified 
grading envelope rather than grading 
centrelines, 

 
• One particular ballast source met all 

testing requirements when delivered but 
degraded rapidly in track, 

 
• Fine material in ballast supplied from 

one source contained excessive 
quantities of clay. 

 
In order to rectify these issues, the following 
items were included in the specification: 
 
• Mean grading requirements, 
 
• Wet Strength and Wet/Dry Strength 

Variation requirements on portions of 
ballast samples passing the 26.5mm 
sieve and retained on the 19.0mm 
sieve, 

 
• Sodium Sulfate Soundness (SSS) test 

requirements, 
 
• Clay content requirements for material 

passing 75µm sieve. 
 
The mean grading limits were introduced to 
encourage ballast suppliers to target grading 
centrelines, with the exception of the 9.5mm 
and 75µm sieves where the target is 0%.  The 
grading envelope is relatively broad and some 
suppliers were targeting one side of the 
grading envelope, which is undesirable.  
Ballast grading impacts on all of the functions 
of ballast, therefore it is critical that ballast 
suppliers target the middle of the grading 
envelope.  The mean grading requirements 
are shown in Table 1 [Reference 5]. 
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 Percentage Passing by Mass  
 Grading "A" Grading "B" 

 

AS Sieve 
Size 

Target 
Value 

Allowable 
Range 

Mean 
Range 

Target 
Value 

Allowable 
Range 

Mean 
Range 

 63mm 

53mm 

37.5mm 

26.5mm 

19mm 

9.5mm 

75µm 

100 

98 

53 

7 

- 

0 

0 

- 

95 to 100 

35 to 70 

0 to 15 

- 

0 to 5 

0 to 0.7 

- 

95 to 100 

42 to 64 

4 to 10 

- 

0 to 3 

0 to 0.5 

- 

100 

98 

38 

7 

0 

0 

- 

100 

95 to 100 

20 to 55 

0 to 15 

0 to 5 

0 to 0.7 

- 

- 

95 to 100 

28 to 48 

4 to 10 

0 to 3 

0 to 0.5 

 
Table 1: Target Grading Requirements 

 
 
Previous versions of the ballast specification 
included Wet Strength and Wet/Dry Strength 
Variation testing on 9.5mm to 13.2mm size 
particles.  These tests provided valuable 
information on ballast strength and durability, 
but did not indicate that early ballast 
degradation was likely. 
 
In order to determine whether this ballast 
degradation was likely to occur, Wet Strength 
and Wet/Dry Strength Variation testing was 
extended to cover 19.0mm to 26.5mm size 
particles.  These larger particle sizes were 
selected because they were closer to the 
average size of ballast particles and were 
more likely to contain fracture planes. 

 
The Sodium Sulfate Soundness (SSS) test 
was also added as a possible indicator of early 
ballast degradation.  A limit for this test was 
not included initially. 
 
Clay content was introduced to determine the 
presence of clay in material passing the 75µm 
sieve.  A high clay content indicated the 
presence of contamination of the ballast 
source material. 
 
 
 
 
 
 

3.5 SSS Test Limits and QAC 
Requirements (2001) 

 
The inclusion of the Wet Strength and 
Wet/Dry Strength Variation testing on 19.0mm 
to 26.5mm size particles was reasonably 
successful at identifying early ballast 
degradation, though a more accurate method 
was required.   
 
Queensland Department of Main Roads have 
developed a detailed Quarry Assessment 
system for all quarries in Queensland.  Ballast 
production is also assessed. 
 
The latest major changes (included in 2001) 
were: 

 
• Inclusion of Sodium Sulfate Soundness 

(SSS) test limit,   
 
• Requirement for quarries to hold a 

current Queensland Department of Main 
Roads Quarry Assessment Certificate 
(QAC). 

 
After analysing alternative ballast degradation 
test methods, SSS was selected as being the 
most suitable.  Mean SSS test results from 
forty–two ballast sources were compared, 
including a source that degraded within 
months in track.  Results are shown in Figure 
5.   

 



Damien Foun, Geotechnical Engineer 
Mike Martin, Track Geotechnical Engineer 
Technical Services Group 

Development of the QR Ballast Specification 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

210

0

1

2

3

4

5

6

7

8

9

10

11

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

Ballast Sources

Figure 5:  Sodium Sulfate Soundness results from QR ballast suppliers 
 

  
Source number 5 in Figure 5 was the only 
source material that degraded quickly in track, 
and also had the highest SSS result.  The data 
verified that the SSS test was effective in 
indicating ballast with low durability not 
established by other tests. 
 
A maximum SSS limit of 6% was selected.  
This value was chosen after analysis of the 
following information: 
 
• Results in Figure 5, 
 
• SSS limits in other Australian and 

overseas ballast specifications,  
 
• SSS limits in AS 2758.1 – 1998: 

Aggregates and rock for engineering 
purposes, Part 1: Concrete aggregates 

 
The QAC certifies that quarries are capable of 
producing conforming quarry products, 
including ballast.  These certificates are issued 
by Main Roads for a period of two years, after 
assessments of the quality of material sources 
and quarry processes.   

 
4. CURRENT SPECIFICATION FORMAT 
 
The major sections of this version of the 
specification are as follows. 
 
 
 
 

4.1 Material Source Assessment  
 
Ballast sources are assessed prior to the 
awarding of QR ballast supply contracts.  The 
following information needs to be submitted by 
potential ballast suppliers for assessment: 
 
• Current Main Roads “Quarry 

Assessment Certificate” that 
demonstrates that the ballast source 
material is conforming and the 
supplier’s equipment and processes are 
technically capable of producing 
conforming ballast, 

 
• Geological report on the source 

material, 
 
• NATA endorsed test reports showing 

conformance to all source material 
tests, 

 
• Evidence that sufficient ballast reserves 

are available to supply the specified 
quantities, 

 
• Evidence that the sample taken for the 

source material testing is representative 
of the quarry as a whole, 

 
• Details of extraction and production 

operations and plant capacity, 
 
• Material Safety Data Sheets. 
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4.2 Material Requirements 
 
The material requirements consist of the 
individual limits for the specified test methods.  
The source material tests are separated into 
the five source material groups and ballast 
types 1, 2 and 3.  The source material tests in 
the current specification are: 

 
• Particle Density, 
 
• Water Absorption, 
 
• Wet Strength (13.2 – 9.5mm, 26.5 – 

19.0mm), 
 
• Wet/Dry Strength Variation (13.2 – 

9.5mm, 26.5 – 19.0mm), 
 
• Degradation factor, 
 
• Sodium Sulfate Soundness, 
 
• Los Angeles value, 
 
• Mill Abrasion, 
 
• Abrasion Number. 
 
The product standard tests are: 
 
• Particle Size Distribution (Grading), 
 
• Crushed Particles, 
 
• Particle Shape.   

 
The results of the product standard tests are 
related to the crushing and screening process, 
rather than source material properties.   
 
4.3 Compliance Testing Requirements 

 
Ballast production is divided into lots.  These 
lots should not be released for delivery until all 
test reports have been submitted and all 
results are conforming.   
 
The lot sizes and testing frequencies are 
designed to encourage suppliers to produce 
consistently conforming ballast as soon as 
possible, by increasing lot sizes and reducing 
testing requirements as quality improves.  
Product standard testing is initially performed 
5 times for each initial lot of 1,000m3 or once 
every 200m3.  When suppliers reach the 
reduced level of testing these product 
standard tests are only required every 
2000m3.  This represents a 90% reduction in 
the quantity of product standard testing. 
 
The production lot sizes and minimum testing 
frequencies are shown in Table 2. 

 
 
 

Conformance Level 

Initial 

(Lot size: 1000 
m3) 

Normal 

(Lot size: 3000 
m3) 

Reduced 

(Lot size: 6000 
m3) 

Tests 

Minimum numbers of tests per lot 

Particle density, water 
absorption and degradation 

factor 

1 1 1 

 

Wet strength and W/D 
strength variation (Both 

particle sizes) 

1 test for every 2 
successive lots 

1 test for every 2 
successive lots 

1 test for every 2 
successive lots 

Los Angeles value, Mill 
Abrasion, Abrasion Number 

and Sodium Sulfate 
Soundness 

1 test for every 3 
successive lots 

1 test for every 3 
successive lots 

1 test for every 3 
successive lots 

Grading, Crushed Particles 
and Particle Shape  

5 3 3 

 
Table 2: Maximum Lot Sizes and Minimum Testing Frequencies 
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4.4 Acceptance / Rejection Criteria 
 

If a ballast production lot meets all 
specification test requirements it can be 
released from the quarry for delivery. 
 
If a lot is non-conforming, the supplier has the 
following options: 
 
• The lot can be rejected, or 
 
• The lot may be considered at a reduced 

level of service, subject to further 
conditions.  These conditions include 
reworking of the lot so that it meets 
specification requirements. 

 
5. FUTURE DEVELOPMENTS 
 
The ballast specification is continually being 
refined to ensure that appropriate ballast is 
procured by specifying the most suitable tests 
and limits.  A major influencing factor on 
future ballast performance will be increases in 
the maximum permissible axle loads of trains.  
The maximum axle load on the QR network in 
2002 is 26.0 tonnes.  Maximum axle limits are 
expected to increase to at least 30 tonnes in 
the future to allow for increases in train 
capacity. 
 
In order to determine what test methods and 
limits will be necessary to maintain or even 
increase ballast service life in an environment 
of increasing axle loads, additional ballast 
research will be required.   
 
This proposed research involves performing 
laboratory testing on six ballast sources at 
higher axle loads of at least 30 tonnes. 
 
An investigation of the performance of ballast 
during tamping operations is also planned.  
The action of tamping tynes on ballast 
particles during mechanical tamping can 
cause significant abrasion of ballast particles.  
Tamping trials are to be performed on control 
sections with ballast from some of the major 
QR suppliers.   
 
The information can also be used to update 
the Queensland Ballast Advisory Model 
(QBAM).  QBAM is a software program that is 
used to determine whole of life costs of ballast 
materials.  This information can be used 
during tender evaluations.  The current QBAM 
software is only applicable for axle loads of up 
to 22.5 tonnes. 

6. CONCLUSIONS 
 
The continuous development of the QR 
Ballast Specification has been necessary to 
improve the cost effectiveness of maintaining 
and constructing QR’s below rail assets.  This 
has been achieved in an environment of 
increased axle loads, rail traffic levels and 
train speeds.   
 
Specification improvements have already 
resulted in the following benefits for QR: 
 
• Higher quality ballast, due to the 

introduction of new test methods and 
revised limits.  This higher quality has 
already led to theoretical increases of 
6% in the service life of ballast in track, 
with potential increases of up to 20%.  
The increase in ballast life has resulted 
in lower long term annual ballast 
resurfacing costs.   

 
• Better ballast consistency due to the 

introduction of mean grading limits and 
production testing frequencies. 

 
As maximum axle loads on the QR network 
increase from 26.0 tonnes, further 
specification developments will be necessary.  
Ballast testing at increased axle loads and 
field tamping trials are currently planned.  The 
outcomes of these programs will be 
incorporated into future versions of the QR 
Ballast Specification, so that QR’s ballast 
costs can be minimised well into the future. 
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MONITORING THE DYNAMICS OF FREIGHT WAGONS 
 

M. McClanachan (MEng) *, M. Dhanasekar (PhD MIEAust CPEng )*,  
D. Skerman (BEng MIEAust CPEng)**, J. Davey (BE MIEAust CPEng)*** 

*Centre for Railway Engineering, Central Queensland University 
**Rollingstock Engineering, Technical Services, QR 

***Network Access Group, QR 
 
SUMMARY 
An autonomous wagon dynamics monitor installed on a QR BCZY freight container wagon will auto-
matically reports the levels of severe wagon dynamics on the mixed freight routes throughout Queen-
sland. The monitor notifies QR of severe wagon dynamics events caused by track irregularities, un-
even container loading or longitudinal train dynamics.  

The monitor is fitted to a normal operating freight wagon to provide frequent reporting of the wagon 
dynamics that occur at normal operating speeds for a range of driving techniques, loading conditions 
and the wagon position within a train.  By continually accumulating the reports generated by this moni-
tor, the dynamics of the overall QR freight operation could be understood.  

Details and operation of the monitor are explained and the results from the initial tests provided.  The 
initial tests have identified wagon dynamic events such as bounce, pitch, roll and body yaw hunting. 
The events are compared to the track geometry data collected by the QR track recording car. 

  

1. NOTATION 
 
ëwagon Wavelength of wagon dynamic, m 
ëtrack Wavelength of track irregularity, m 
cbounce Critical bounce speed, m/s 
croll Critical roll speed, m/s 
fbounce Natural wagon bounce frequency, Hz 
fpitch Natural wagon pitch frequency, Hz 
froll Natural wagon roll frequency, Hz 
Iè_pitch Wagon pitch Inertia, kg.m2 

Iè_roll Wagon roll Inertia, kg.m2 

kbounce Wagon bounce stiffness, N/m 
kè_pitch Wagon pitch stiffness, N.m/rad 
kè_roll Wagon roll stiffness, N.m/rad 
mwagon Wagon mass, kg 
Tbounce Natural wagon bounce period, s 
Troll Natural wagon roll period, s 
 

2. INTRODUCTION 
 
The dynamics of wagons are affected by track 
irregularities, track curvature, track grade, the 
characteristics of the bogies, conicity of the 
wheels, uneven loading and longitudinal train 
dynamics.  The mechanics of wagon dynamics 
have been studied since the early 1900’s and 
significant improvement to the design of bogies 
and axles has been achieved.  However due to 
the complexities of the wheel-rail interaction, 
the dynamics of the wagon could seldom be 

described as being fully understood.  Wagon 
dynamics assumes importance whenever there 
is a move to increase either the operating 
speed or the axle load.  The historical devel-
opment of wagon dynamics research has re-
cently been reviewed by Gilchrist [1].   Hunting 
and curving mechanisms were particularly 
identified as ‘severe’ dynamic events.     

This paper reports a wagon dynamics monitor-
ing system developed at the Centre for Rail-
way Engineering (CRE) with funding and tech-
nical support from QR. QR Coal and Freight 
Services Rollingstock Division initiated the pro-
ject and provides continuing support, with other 
QR divisions such as Rollingstock Engineering 
and the Network Access Group providing sup-
port and direction. The monitor builds on the 
wagon-track interaction reporting system de-
veloped for QR’s Goonyella coal haulage 
operation [2]. 

Some parts of the QR network, mainly a pro-
portion of the coal carrying railways, have been 
built to modern standards incorporating a 
strong track structure with a high standard of 
alignment. However, much of the network over 
which general freight is transported was built 
many years ago with numerous sharp curves 
and short steep grades. 

The aim of the monitor is to highlight extreme 
wagon dynamics that occur due to the relation-
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ship between vertical and horizontal track 
alignment, track irregularities, longitudinal train 
dynamics, wagon speed, wagon position and 
wagon loading. While the location of undesir-
able track irregularities may be detected by 
only one trip, the determination of other rela-
tionships will require the data from many trips. 
For this reason, the monitor is designed to op-
erate continuously in a normal freight opera-
tion. The monitor inherently assumes that the 
dynamic events are caused predominantly by 
external influences. The wagon is expected to 
conform to its design performance. 

The monitor is fitted to a BCZY class freight 
container wagon, Figure 1.  A BCZY wagon 
has a tare of 17.2 tonnes and a maximum 
gross weight of 80 tonnes. The wagon has a 
length of 19.4 metres and can carry up to three 
6.1 metre shipping containers or a 12.2 metre 
container with a 6.1 metre container. The in-
strumented BCZY wagon will be run as a nor-
mal operational wagon so the monitor will re-
cord dynamic events that are present in normal 
freight services.  

 

 

Figure 1: Instrumented Wagon, BCZY 46779 

 
It is planned to operate the monitoring wagon 
on the QR freight network throughout Queen-
sland.  BCZY class wagons are generally used 
on the North Coast Line from Brisbane to 
Cairns and the Mt Isa Line from Townsville to 
Mt Isa, Figure 2. 

 

 

Figure 2: Proposed Operation of Freight 
                Wagon Monitor in Queensland 

 
 

3. DYNAMIC MONITORING SYSTEM 
 

The monitoring system on the freight wagon 
consists of a recorder/analysis system, genera-
tor system, dynamic transducers, GPS position 
receiver and communication devices. The 
wagon dynamic measurements include vertical 
wheel bearing force, lateral sideframe force, 3 
axis coupler force and coupler movement. Both 
bogies and couplers are instrumented. 

The monitor is designed to operate as a stand 
alone unit, requiring only minimal maintenance. 
To conserve power, a microprocessor turns the 
monitor on for speeds above 5 km/h. It is pro-
posed that the stored data on the monitor will 
be transferred automatically to a stationary 
computer via a wireless computer network 
similar to the previous Coal Wagon monitor 
reported in [2]. 

 
3.1 Recorder 
The recorder measures and analyses data ac-
quired from the on-board transducers and con-
trols the communication equipment. The re-
corder and battery enclosures are fitted to the 
underside of the wagon body, Figure 3. The 
recorder’s software is an object-oriented, multi-
threaded application. This enables the recorder 
to control several different subsystems simul-
taneously, such as data acquisition, GPS and 
communications. 
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Figure 3: Main Recorder 
 

Although the recorder continuously monitors 
the wagon dynamics, it only stores 150 of the 
worst dynamics events.  The length of each 
event is limited to 20 seconds of data. If a dy-
namic event occurs that is more severe than a 
currently stored event, then the onboard com-
puter will overwrite the stored event with the 
more severe event.  Limiting the amount of 
stored events reduces storage and archive 
requirements and download time. The dynamic 
events severity is graded into three categories 
based on the wheel unloading levels, the lat-
eral bogie force and the coupler force. 

On detection of an extremely severe event, the 
onboard computer will transmit a mobile phone 
SMS (Simple Messaging Service) text mes-
sage outlining the location and magnitude of 
the event. Viewing of the complete event’s 
data would be possible after the next data 
download. 

Frequency distributions for each measured 
parameter will also be recorded. These will 
provide a summary of the range of each pa-
rameter since the last download.  Frequency 
distributions can be provided for different track 
sections. This will allow the comparison of the 
wagon behaviour on different track sections.  

 
3.2 Track Position  
Track position is determined by a GPS re-
ceiver, speed transducer and bogie yaw 
measurement. In Figure 4, the transducer to 
measure bogie yaw is shown. This is con-
nected between the wagon body and the bol-
ster.  The bogie yaw measurement is used to 
identify when the wagon changes tracks where 
there is more than one track.  This is particu-
larly important for this type of wagon and oper-
ating environment as a good GPS fix is not 
always available. 

 

Figure 4: Bogie Yaw Measurement 

 
3.3 Bogie Force Measurement 
The vertical force reaction between the bearing 
adapter and the sideframe is measured on all 
axle bearings as well as the total lateral force 
exerted on each bogie.  These bogie force 
measurements are achieved by strain gauges 
placed on the sideframes.  

Figure 5 shows the calibration test setup of the 
lateral sideframe force strain gauges. The 
white patch on the top of the sideframe is one 
of the strain gauge sites that measures vertical 
bearing force.  Placement of the strain gauges 
is crucial in order to obtain sufficient signal 
magnitude and minimal effect from braking and 
secondary forces. 

 

Figure 5: Lateral Sideframe Force 
Calibration 

 
3.4 Coupler Force Measurement 
Longitudinal, lateral and vertical coupling 
forces are measured at both ends of the 
wagon.  These forces are calculated from 
combining the coupler strain and coupler 
movement measurements. A strain-gauged 
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coupler undergoing calibration is shown in 
Figure 6. The coupler strain gauges measure 
the longitudinal strain and the lateral and verti-
cal bending strains. Coupler movements that 
are measured include swing and longitudinal 
coupler displacement.  These measurements 
enable the calculation of the resultant longitu-
dinal, vertical and lateral forces on both ends 
of the wagon even for cases of knuckling and 
coupler pocket (striker) contact. 

 

  

Figure 6: Lateral Coupler Force Calibration 

4. FIELD TESTING  
 
As the monitor is in its initial stages of field 
testing, the remainder of this paper will only 
demonstrate the monitor’s ability to locate track 
irregularities that produce extreme wagon dy-
namics.  After the monitor has been operating 
continuously for some time, it is expected that 
it will locate undesirable dynamics caused by 
the combination of longitudinal train dynamics, 
track alignment and/or uneven loading. 

 

4.1 Test Configuration 
Initial field tests were performed on the North 
Coast Line and the Mt Isa Line, as shown in 
Figure 2.  Two complete trips were carried out 
over both routes. The instrumented wagon was 
used as a normal operational wagon and car-
ried various loads ranging from 10 tonnes to 50 
tonnes.  For these initial tests all the data was 
stored, although in the final version, the moni-
tor will only store the worst 150 dynamic 
events.   

The QR track recording car had measured the 
geometry of the track about 3 weeks prior to 
the wagon tests.  The track geometry data is 
presented with the corresponding dynamic 
wagon events. 

 
4.2 Data Searching 
The collected data was graded according to 
the severity of the wheel unloading.  The low-
est wheel load events were then viewed.  
Three distinct wagon dynamics were found, 
namely wagon bounce/pitch, wagon roll and 
body yaw.  These types of dynamic events are 
presented in the following sections. 

  

4.3 Pitch and Bounce Events 
Table 1 shows the details of a number of 
pitch/bounce events located at different track 
sites.  All these events were for a wagon load 
of 50 tonnes.  No significant wagon pitch or 
bounce events were found for lighter wagon 
loads.  The track wavelength was determined 
from the QR track recording car data. Wagon 
pitch and bounce are discussed separately in 
the two following sections. 

 

Site 
Speed 
(km/h) 

Wagon 
dynamic 

Freq.  (Hz) 
Event 

Track 
wave-
length 
ëtrack       
(m) 

Track-
wagon 
input 
Freq. 
(Hz) 

#13 78 2.4 pitch 8.2 2.6 

#2 59 2.1 bounce 7.7 2.1 

57 2.1 bounce 7.2 2.2 
#3 

61 2.2 bounce 7.2 2.4 

Table 1: Pitch/Bounce Events 

 

4.3.1 Pitch 
Figure 7 shows the wagon pitch motion at 
site #13. The leading bogie vertical bearing 
loads are shown in grey and the trailing bogie 
vertical bearing loads are shown in black.  The 
pitch motion has a frequency of about 2.4 Hz 
with a minimum bearing load of 50% of static. 
The smaller force amplitude of the trailing bo-
gie may be caused by an uneven wagon load 
or slight differences in the leading and trailing 
bogie suspensions. 
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Figure 7: Wagon Pitch Site #13, 78 km/h 
 

The track geometry data relating to site #13 in 
Figure 8 shows the vertical rail height or ‘track 
top’ of the left and right rails. The irregularity 
has a wavelength of 8.2 m and a maximum 
amplitude of 20 mm.  The dotted line in   
Figure 8 represents 10 mm.  Pitch motion is 
expected because the distance between bo-
gies of 13.6 m is approximately 1.5 times the 
irregularity’s wavelength. 

 

Figure 8: Track Top, Pitch Site #13 

 

The wagon’s theoretical natural pitch fre-
quency can be calculated from elementary vi-
brational theory.  The bogie spring stiffness of 
6.3 MN/m gives an equivalent wagon pitch 
spring rate of 580x106 N.m/rad.  The estimated 
Moment of Inertia is 2.2x106 kg.m2, based on a 
loading of three 6.1 m containers at 17 tonnes 
each and 100% full. Using this data and Equa-
tion 1, the undamped natural frequency for 
pitch can be calculated: 

 

pitch

pitch
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I

k

2
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f

θ
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This theoretical pitch frequency is only an es-
timate, as the exact loading configuration and 

centre of mass are not known. For a loading of 
two 6.1 m containers each 25 tonnes situated 
on the wagon ends then the theoretical pitch 
frequency reduces to 2.1 Hz. 

 

4.3.2 Bounce 
Figure 9 shows the bounce event at site #3. 
The wagon had a 50 tonne load and was trav-
elling at 57 km/h. Again, the leading bogie ver-
tical bearing loads are shown in grey and the 
trailing bogie vertical bearing loads are shown 
in black.  The frequency of motion is 2.1 Hz 
with a minimum bearing load of 68% of static.  
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Figure 9: Bounce Site #3, 57 km/h 

 

The recorded track top profile exhibited an ir-
regularity with a wavelength of 7.2 m and a 
maximum amplitude of 14 mm, Figure 10.  Two 
factors have contributed to the wagon bounce 
motion. Firstly the wavelength of the irregular-
ity is close to half the bogie centre distance of 
13.6 m, which causes the vertical track dis-
placement under both bogies to be in-phase. 
Secondly the wagon speed over the track ir-
regularity is such that it causes the frequency 
of the vertical displacement of the wheels to 
coincide with the wagon’s natural bounce fre-
quency. 

 

 

Figure 10: Track Top, Bounce Site #3 
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With a wagon spring stiffness of 12.6 MN/m 
and a loaded sprung mass of 60 tonnes, the 
undamped natural frequency for a bounce mo-
tion will be: 

 

wagon

bounce
bounce

m
k

2

1
f

π
=         (2) 

 

             3.2
60E3

12.6E6
2

1
==

π
 (Hz) 

 

The theoretical bounce frequency of 2.3 Hz is 
similar to the bounce frequency measured in 
the field tests.   

A track wavelength equal to or an integer frac-
tion of the bogie centre distance will produce 
the greatest bounce motion for a given track 
irregularity amplitude. A resonance bounce 
event will occur when the wagon speed causes 
the vertical wheel displacement frequency to 
coincide with the wagon’s natural bounce fre-
quency.  The ‘bounce speed’ for the irregulari-
ties of site #3 can be calculated using Equa-
tion 3. The irregularity wavelength of 7.2 m and 
the natural bounce period of 0.434 seconds 
gives the following bounce speed: 

bounce

track
bounce T

 = c
λ

          (3)

   

          (km/h)  60   (m/s)  16.6     
0.434

7.2
 = ==  

 
The calculated bounce speed of 60 km/h re-
lates to the speed observed in the field.  This 
speed will cause the track irregularities to ex-
cite the wagon at its resonance frequency. 

 

4.4 Roll 
Table 2 shows the details of a number of roll 
events located at different track sites.  All these 
events were for a wagon load of 50 tonnes.  
The lower wheel load value at site #5 of 31% 
of static was due to the roll event being on 
curved track.  The wheel unloading caused by 
the roll event was superimposed on the wheel 
unloading caused by over-equilibrium curving.  
All the other sites were tangent track.  

 

Site Speed 
(km/h) 

Roll 
Frequency 

(Hz) 

Min. Wheel 
      Load     

  (% of 
static) 

#1 52 0.81 55 

#5 31 0.63 31 

35 0.59 40 
#4 

54 0.86 53 

Table 2: Roll Events 

 

Two large roll events were found at site #4.  
The event at 35 km/h was closer to the critical 
roll speed of 30 km/h (as calculated below) and 
displays a lower wheel load than did the higher 
speed event of 54 km/h.  Vertical wheel loads 
for both roll events as shown in Figure 11 and 
Figure 12 were calculated from the vertical 
bearing force measurements. 
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Figure 11: Wagon Roll, Site #4, 35 km/h 
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Figure 12: Wagon Roll, Site #4, 54 km/h 

 

Calculating the theoretical roll frequency: An 
estimated moment of inertia for roll with a 
50 tonne load, Iè_roll = 0.51x106 kg.m2. Rota-
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tional spring rate, kè_roll = 8.04x106 N.m/rad.  
The undamped natural frequency for roll is: 
 

roll

roll

_

_
roll

I

k

2

1
f

θ

θ

π
=         (4) 
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1
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The theoretical roll frequency has a period of 
1.59 seconds. For irregularities with a wave-
length equal to the bogie centre distance of 
13.6 m the speed at which roll would be worst 
is calculated to be 30 km/h. 

roll

b
roll T

  =  c
d

                (5) 

 

                    (km/h) 30  (m/s) 8.55   
1.59
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Figure 13: Site #4 Track Details, Roll Event 
 

The track geometry data at the roll site #4, 
Figure 13, shows variations in versine, su-
perelevation and twist. The versine and su-
perelevation data were used to calculate the 
parameter "instantaneous cant imbalance" 
(ICI) for the two speeds that the instrumented 
wagon passed over this site.  This parameter 
represents the difference between the actual 
track superelevation (cant) and the equilibrium 
superelevation and hence is a good indicator 
of the lateral force tending to make the wagon 
roll.  The instantaneous radius of curvature is 
calculated from the versine reading to allow the 
instantaneous equilibrium superelevation to be 
calculated.  Figure 14 shows the ICI averaged 

over the bogie centre distance for speeds of 35 
and 54 km/h.  There is a quick movement to 
30 mm and then a 10 mm amplitude variation 
develops with about a 15 m wavelength. 
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Figure 14: Average Instantaneous Cant 
Imbalance for 35 km/h and 54 km/h 

 

The wagon roll response at 35 km/h of 0.6 Hz 
or 16.5 m wavelength, Figure 11, seems to 
correspond with the variations in cant imbal-
ance. The wagon response at 54 km/h of 0.83 
Hz or 18 m, Figure 12, is consistent with it be-
ing excited at higher than its natural frequency 
and hence the amplitude is not as great. The 
wagon is forced to sway at the track frequency 
and some double peaks occur in its response 
which have also been seen in QR harmonic roll 
tests at speeds other than the resonant speed.  
By comparison, Figure 11 is more sinusoidal. 

Instantaneous Cant Imbalance was introduced 
by QR in 1997 as a condition for the introduc-
tion of 100 km/h freight trains north of Rock-
hampton [3].  It is calculated at the authorised 
track speed by the QR track recording car 
software for much of the QR system and limits 
have been set in the QR Civil Engineering 
Track Standards. 
 

4.5 Body Yaw 
Body Yaw was found for a number of different 
track sites and for loads of 10 and 50 tonnes. 
Body yaw is a hunting type movement that is 
initiated and sustained by track irregularities.  
Hunting normally suggests the sustained lat-
eral displacement and yawing of wheelsets, 
which takes place on perfect track above a 
certain critical speed. At lower speeds, a lateral 
track irregularity can start a body yaw motion 
but it is quickly damped out. 

Table 3 shows the details of three body yaw 
sites found.  It was interesting to note that body 
yaw did not occur at the same site for a differ-
ent wagon load. 
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Site Load 
(tonnes) 

Speed 
(km/h) 

Frequency 
(Hz) 

#7 50 85 1.7 

50 102 1.8 
#6 

10 81 No yaw 

10 89 2.9 

16 82 No yaw #8 

50 88 No yaw 

Table 3: Body Yaw Events 

 

The body yaw cases above continued for ap-
proximately 20 seconds.  To investigate the 
dynamics of the body yaw, the data from site 
#7 was observed for a five second segment as 
shown in Figure 15. This figure shows total 
lateral bogie force for both bogies and the yaw 
of bogie 1. Bogie 1 yaw is positive for a 
counter clockwise direction and a positive lat-
eral bogie force forces the wagon body to-
wards the left.  The data indicates the body 
yaw motion is where the wagon yaws as dis-
played in Figure 16.  This motion is apparent 
as the lateral bogie forces are out of phase by 
180 degrees with each other. 
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Figure 15: Body Yaw, 50 tonne load, 85 km/h 
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Figure 16: Body Yaw Motion 

 

The bogie yaw trace for bogie 1 shows that a 
positive bogie yaw coincides with the maxi-
mum positive lateral force on bogie 1.  The 
wagon has three-piece type bogies so when a 
bogie yaws it also lozenges causing both 
wheelsets to move laterally in phase. At maxi-
mum wagon yaw, the wheelsets would be at 
maximum lateral displacement and with maxi-
mum bogie yaw and maximum lateral force, as 
shown in Figure 16a and Figure 16c.  When 
the wagon has no yaw, the wheelsets will be 
passing through the centre of the track with 
little bogie yaw and no lateral force, as shown 
in Figure 16b.  

While the body yaw did continue for periods of 
20 seconds, it was not constant as shown in 
Figure 17.  Force and bogie yaw amplitudes 
varied during the body yaw events found.  This 
variation suggests that the body yaw is sus-
tained by a number of track imperfections, and 
that it would be damped out on the removal of 
all the track anomalies. 
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Figure 17: Body Yaw, site #8 

 

The track recording car data for part of site #8 
is shown in Figure 18.  This shows a number of 
irregularities within a 200 m distance that could 
sustain the body yaw. 

 
 

Figure 18: Site #8 Track Details, Body Yaw 

5. CONCLUSIONS/FUTURE 
DIRECTIONS 
 
The initial tests of the freight wagon monitor 
have proved that the wagon monitor is capable 
of locating track irregularities that produce un-
desirable dynamic events. The events found 
on these tests reinforce that larger magnitude 
dynamics occur at speeds that coincide with 
rollingstock natural frequencies.   

When the monitor begins continuous opera-
tion, it  will  automatically  monitor  the  wagon 

dynamics for a range of different loading condi-
tions and positions within a train. Dynamic 
problems that may be highlighted could be 
caused by either a single factor or a combina-
tion of factors such as uneven loading, position 
within a train, train configuration, driving strat-
egy, speed, severely undulating gradients and 
poor track alignment/geometry. 

The further investigation and the continual 
monitoring provided by this system should pro-
vide a way to increase the cost efficiency of 
freight train operations through a greater un-
derstanding of the dynamics of these trains 
operating over the existing railway networks. 
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DUAL DUMP WAGON FOR BHP BILLITON IRON ORE 
 

Russell Donnelly 
 BHP Billiton 

 
Kris Kilian, MESc and Monica Kilian, PhD 

Lynxrail 
 
Summary BHP Billiton needed to replace damaged bottom dump wagons for its GML line, 
which is due to close in approximately three years. BHPB needed to maintain production, but 
did not want to expend capital money on new bottom dump cars that would soon become 
obsolete. It was therefore decided to design a wagon with dual dump capabilities that could 
be used first on the GML line and later modified for the MNM line, which had rotary unloading 
facilities. The dual dump wagon was based on the proven new design currently in service on 
the MNM line. 
 
 
1. INTRODUCTION  
 
BHP Billiton Iron Ore operates two rail 
systems in the Pilbara region of Western 
Australia.  The smaller of the two, the 
Goldsworthy Joint Venture (GML), consists 
of a single line railway of approx 200 km 
between Yarrie and Finucane Island. The 
trains consist of 90 bottom dump wagons 
hauled by a single 4000 HP locomotive.    
The wagons used on the line are in excess 
of 35 years old, and as the Goldsworthy 
Joint Venture is expected to cease railing 
in approximately 3 years time, only 
maintenance considered necessary to 
ensure the wagons are able to haul ore 
safely for this time is carried out. The ore 
is in high demand, and considerable 
pressure falls on maintenance staff to 
ensure rake sizes are maintained. 
 
On March 3, 2001 a derailment occurred 
on the GML line, and 21 bottom dump ore 
cars were derailed. A number of these 
wagons were deemed uneconomical to 
repair. 
 

 
 
Fig 1 Photo of derailed GML wagons 
 

BHPB was faced with the dilemma of 
trying to maintain production but at the 
same time not expending capital money 
on new wagons that would only have a 
few years of useful life. 
 
About three years ago, BHP Billiton 
started replacing the hoppers of their 
Newman Joint Venture (MNM) cars, which 
use rotary unloading facilities, with a new 
design hopper. The new hopper for the 
MNM line, the Golynx body met or 
exceeded all the requirements of BHP 
Billiton, including reduced tare, improved 
aerodynamics, 3CR12 body and improved 
load carrying capacity.   Following from the 
success of these bodies, BHPB 
approached Lynx Engineering to 
determine if it was possible to produce a 
body around the existing MNM design, but 
incorporating the bottom dump capability 
of the GML wagons.  This involved 
designing a car that had both rotary dump 
and bottom dump capabilities and which 
would operate on the GML line for the next 
few years, and on cessation of railings 
would revert to the MNM mainline. 
 
2. DESIGN PHILOSOPHY 
 

The design philosophy for the new GML 
car was to meet BHP Billiton’s 
requirements for dual dumping.  This 
meant that the car had to have an external 
envelope that would allow it to go through 
a rotary dumper without fouling the 
clamping sills and to unload without 
retaining product. Other requirements 
were: 
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• Minimize the self-weight of the 
car 

• Increase the volume within the 
allowable limits for the GML 
operation 

• Equal or better the dumping rate 
of existing bottom dump wagons 

• Eliminate hangup of product 
during bottom dumping 

• Minimize the door to body gap to 
reduce spillage and eliminate 
problems with door closing 

• Preserve the aerodynamic 
characteristics of the Golynx 
design cars 

• Use non-corrosive materials 
• Minimize costs involved in 

returning the car to the Newman 
line 

 
3. DESIGN CRITERIA   
 
A feasibility study was first performed to 
ensure that the objective of a dual dump 
wagon was achievable. This study 
involved numerical analysis and 
preliminary engineering on the 
modifications of the Golynx car.  
 
When the feasibility study proved that the 
design objectives could be met, the design 
process was started using finite element 
analysis, engineering design, fatigue 
analysis and engineering drawings.  
 
Site investigations were conducted on the 
current GML cars to identify areas where 
the new wagon design could be optimized. 
One of the main objectives of the site 
investigation was to determine what size of 
cylinder should be used for the bottom 
dump door opening mechanism. It was 
also necessary to carry out an 
investigation of the dynamic characteristics 
of the old wagon and its doors. The 
objective of this investigation was to 
establish a benchmark using the 
characteristics of the old wagon. The new 
wagon would then be designed to this 
benchmark. Ideally, the new car would 
achieve a better structural and vehicle 
dynamics performance than the old one. 
 
4. SITE INVESTIGATION OF OLD GML 
CARS 
 
The results of the site investigation were 
used to decide on changes that needed to 
be made to the existing Golynx car. Since 
the new GML car was to be returned to the 

Newman line, it needed to be insensitive 
to fatigue caused by in-train forces.  
 
Generally, bottom dump cars are fatigue 
sensitive to these forces, as the absence 
of a centre sill usually lead them to 
experience complex stress distribution due 
to in-train forces. Therefore it was 
desirable that the new dual dump wagon 
retain its original centre sill (as in the 
Golynx car). 
 

 
 
Fig 2 Existing GML wagon 
 
The site investigation of the old GML car 
consisted of several round trips to the 
mine with an instrumented car. This car 
was placed in different locations on the 
train for each trip to check its dynamic 
behaviour and the unloading pressure 
required to open the doors. The car was 
placed at the beginning, middle and end of 
the train.  
 
The dynamic behaviour of the car is 
influenced by its location in the train, 
because each location subjects the car to 
different draft and buff forces. Since the 
pneumatic compressor is located at the 
head of the train, it was expected that the 
pressure delivered to the door cylinders 
would vary depending on the car’s 
distance from the locomotive. The 
objective here was to be able to determine 
the pressure delivered at each location.  
As expected, there was some variation in 
the pressure. 
 

Test 
No 

Max 
Reading 

[kPa] 

Resulting 
Pressure 

[kPa] 
1.  Car 2 in train 705 

630 
595 
589 

2. Car 44 in train 645 
594 

588 
600 

3. Car 89 in train 858 
789 

789 
786 

Average value 704 658 
 
Figure 3 Door line pressure tests  
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For each test, the car was put in a different 
location in the train, and pressure was 
measured to ensure that the pressure 
delivered was sufficient to open all the 
doors in the train. 
 
The magnitude of forces required to open 
the doors was derived from the pressures 
in the door cylinders that were measured 
during the tests. In addition, the correlation 
was found between the pressure applied 
in the cylinder and the stresses in the walls 
the cylinders were attached to. The tests 
showed that even the lowest pressure 
measured was more than adequate to 
open the doors. As a result it was 
concluded that the size of the cylinders 
could be reduced. Smaller cylinders had 
the advantage of price, were available “off 
the shelf” and would also allow the car to 
go through the rotary dumper without 
problems.  
 
5. BOTTOM DUMP MECHANISM  
 
The existing cylinders were an expensive 
purpose built unit incorporating a locking 
cylinder in the main cylinder.  To further 
reduce the cost of the cylinders, the 
locking mechanism for the cylinder in its 
fully extended mode was removed. 
Because removing the locking mechanism 
would not positively lock the doors, the 
structural configuration and weight 
distribution of the new doors were 
designed to ensure that positive locking 
forces were applied to the doors during 
empty and loaded travel.  
 

 
 
Fig 4  New smaller door cylinder  

 

 
 
Fig 5  Existing door cylinder with 
locking mechanism (note door 
clearance) 
 
During the initial testing and 
commissioning of the new car everything 
operated normally, and it was concluded 
that the smaller cylinders would be 
adequate. However, during its first trip in 
normal operation, the train was stopped 
for a long period of time, and the iron ore 
compacted inside the hopper. When the 
new car reached the dump bridge, the 
doors would not open, and the operator 
had to use the shaker and water spray to 
unload the car. Unfortunately, it had 
emerged that the positive locking force in 
the loaded car was so great that the 
smaller cylinders were unable to open the 
doors. The cylinder design was therefore 
re- evaluated, and a larger size cylinder 
was chosen. 
 
The envelope of the body with the new, 
larger cylinders does not fit into the current 
rotary dumper used for the Newman 
wagons, which means the cylinders will 
have to be removed before the new car 
goes into the rotary dumper. However, 
since BHP Billiton does not use the same 
car interchangeably for both Newman and 
GML lines, this inconvenience is only a 
minor one. When the new dual dump cars 
are returned to the Newman line, the 
cylinders will be removed permanently. 
 
6. FEA AND DESIGN OF NEW CARS 
 
Finite element analysis was carried out on 
the dual dump wagon structure to check 
structural integrity for all operational 
conditions. The normal AAR standards 
were applied to ensure compliance. It was 
important to ascertain that changes made 
to the Golynx design for the sake of the 
GML operation did not affect the structural 
integrity of the dual dump wagon. The 
bottom dump hopper also required “false 
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walls” for clean unloading in the dump 
bridge. The structural configuration of all 
components was designed to ensure a 
minimum retrofit of the hopper once it 
finishes its bottom dump operations.  
 
7. THE FINAL WAGON  
 
Several changes were made to the final 
design to improve the car’s operational 
compatibility with old GML rolling stock: 
 

• end walls were modified to clear 
the loading chutes 

• some of the flat areas on the 
inside surfaces were redefined to 
prevent iron ore retention 

• the clearance of the underside of 
the bottom dump door was raised 
to further improve performance 
(the original design used the same 
clearance as one of the old GML 
car types; however, BHP Billiton 
asked for larger clearance) 

• the brake piping was rationalized 
to ensure compatibility with rotary 
dump cars 

• cylinder size was increased 
 

 
 
Fig 6 Final design included reduced 
door to body clearance, as well as more 
clearance from the rail 

 
 
Fig 7 Final Golynx – GML wagon  
 
8. CONCLUSION 
 
Owing to consistent demand for 
Goldsworthy ore and the reduction in the 
fleet size due to a derailment, BHP Billiton 
had to find a cost effective way of 
maintaining scheduled railings while at the 
same time not over-capitalizing on a fleet 
with limited life expectancy.  By close co-
operation between BHPB and the wagon 
designer, BHPB was able to utilize a 
proven body design suitable for the MNM 
mainline and modify it to accommodate the 
bottom dump requirements of the GML 
line.  Once the GML wagons are no longer 
required, it is simply a matter of removing 
the slope sheets and door cylinders, 
locking the doors closed, perform some 
minor brake modifications, and the wagon 
will be suitable for use on the mainline with 
negligible loss of carrying capacity. 
 
The final design of the hopper met all the 
expectations of BHPB and provided fast 
and clean unloading of ore, which in 
original cars could take up to a hour to 
unload.   
 
The solution allowed BHPB to maintain its 
rake sizes, minimize its operating 
expenditure and utilize the design benefits 
of a proven existing design. 
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SMOOTH RUNNING – A ROUTE TO COST REDUCTION 
 

M.J.R. Michell, B Bus (Tpt Econ), MCIT, AIMM, SAMROM Pty Ltd, Adelaide 
P.G. Laird, M Sc, Ph D, Comp IE Aust, MCIT, University of Wollongong 

 
SUMMARY 
One of the most important attributes of train running is the capacity to slow or stop.  The 
downside of actually doing so en route between traffic nodes is that transit times are extended 
and train operating costs are increased.  Despite this there does not appear to have been 
much attention paid to costing the process of slowing or stopping trains.  This paper attempts 
to redress this situation by investigating the cost that would be incurred by a typical freight 
train as a result of slowing or stopping from otherwise achievable running speeds – hence the 
title notation of Smooth Running. 
 
A range of cost factors were considered and built into a model.  The variability of the cost to 
these factors was then considered, indicating that the significant variables associated with 
train stopping are train gross mass, normal running speed at the location concerned, and the 
dwell time when stopped.  Similar factors were found to be significant for train slowing (such 
as for a temporary speed restriction or for a signal check) but with the restricted speed, train 
length and speed restriction length replacing dwell time. 
 
The cost of stopping and re-starting a typical east coast Superfreighter train is estimated to be 
in the order of $106 , while slowing the same train by as little as 20 km/h from 100 km/h is 
estimated to cost in the order of $30 with other degrees of slowing being between these two 
extremes. 
 
1.  INTRODUCTION 
 
From time to time, trains need to change 
their speed to suit various circumstances – 
curves, turnouts, safeworking stops, 
temporary speed restrictions, crossing 
other trains and so on. The cost of 
reducing or eliminating these impediments 
to good train running often deters 
rectification, but there are subtle costs that 
result from non rectification.  The purpose 
of this paper is to provide an insight into 
the incremental costs that arise from 
slowing or stopping a typical freight train 
and then returning that train to normal 
running speed.    
 
Freight trains vary across a wide spectrum 
and consequently what they cost to stop or 
slow down and then restore to speed also 
varies.  Disregarding traditional branch line 
operations, the most competitive (and 
therefore likely to be the most marginal) 
freight trains are inter-capital and inter-
regional general freight services, which 
are competing head on with road 
transport.  These services are competing, 
among other attributes, on transit time and 
price (which in reality means cost). Both 
factors can be significantly influenced by 

the degree to which trains are compelled 
to stop or slow. 
 
A train’s movement will be influenced by a 
combination of propulsion power, 
resistances to movement (bearings, 
wheel/rail interface and at higher speeds 
air resistance), curve resistance and the 
gravitational impact up or down grades.  
The sum of these influences will, inter alia, 
determine how much incremental work is 
needed to slow the train or bring it to a 
stop, and then return it to normal speed.  
The cost of stopping is related to the 
incremental “work” involved, along with the 
dwell time associated with any stop.  This 
paper outlines the results of a study for 
Queensland Transport (2001, see also 
Michell and Laird, 2001) with various cost 
factors that are involved in this process, 
and includes a generalised model that 
allows a simple predictive cost based on 
train tonnage, speed and dwell time. 
 
The study made use of a train simulation 
model to derive reliable data on times, 
brake work and fuel differentials as a 
result of stopping or slowing.  This was 
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established for a ‘standard’ 
(representative) train in the first instance, 
and then tested for sensitivity over a series 
of relevant variables.  The ‘standard’ train 
was designed to be representative of east 
coast inter-capital trains. 
 
2.  METHODOLOGY 
 
 There is little published data on this topic 
so a number of disconnected sources 
have been used to establish ‘reasonable’ 
cost functions, based largely on advice 
from experienced rail people. 
 
The process involved to establish the 
costs has been to create a series of data 
files of the physical measures of train 
running in each circumstance, making use 
of a proprietary train performance tool – 
SimTrain.  This enabled accurate times, 
brake work, fuel and stopping distances to 
be tabulated.  The methodology used to 
arrive at the data tables from which costs 
could be calculated was to simulate a non-
stop run of a train of the nominated 
characteristics over a notional section of 
straight and level track, then to repeat the 
run with a stop included.  The difference 
between the times, brake work and fuel for 
these two runs were the data required for 
costing.  In the case of trains slowing for 
temporary speed restrictions the same 
process was followed except that the 
second run involved slowing to a 
predetermined speed and holding that 
speed for the length of the train.  For the 
purposes of this paper the words stop, 
stopping, slow and slowing in connection 
with costs refer to reducing from normal 
running speed, then returning back to that 
speed. (i.e. the cost of deviating from 
normal speed). 
 
Cost functions were then developed by 
combining the physical data and cost 
behavioral data to arrive at costs for a 
number of situations.  Sensitivity testing 
was run across the variables to identify 
their significance. 
 
Cost headings that were able to be 
included in this study were brakes, fuel, 
rolling stock (other than brakes), load 
damage, track wear, crewing, wagon 
utilisation and locomotive utilisation.  The 
study was unable to include track capacity 
costs and opportunity costs due to their 
susceptibility to external factors but 

recognised that there will be measurable 
cost impacts from these in most cases. 
 
The identified cost for stopping or slowing 
the ‘standard’ train ranged from $106.15 to 
$29.77 as summarised in Table 1. 
 
Stop Slow – reduce to 
to 
zero 

20 
km/h 

40 
km/h 

60 
km/h 

80 
km/h 

$106.15 $97.54 $72.74 $52.51 $29.77 
 
Table 1:  Cost Of Stopping Or Slowing 
A Standard Train From 100 Km/h 
 
Reference: Appendices 1 and 2 
 
A generalised cost model for stopping has 
been developed that allows quick 
estimation of costs by train tonnage, 
speed and dwell with reliability. Appendix 
3 details this cost function, and a graph of 
the cost of stopping is given in Appendix 4.  
 
3.  SIMTRAIN PERFORMANCE TOOL 
 
SimTrain is a specialist train performance 
tool developed specifically for SAMROM 
over a number of years.  A program of 
continuous enhancement has resulted in a 
model that is highly efficient to use and 
has consistently calibrated reliably against 
field observations. 
 
Key SimTrain data is  
• a track file, containing details of 

vertical and horizontal profiles, track 
speed, and locations, and  

• a train file containing power, trailing 
load, length, maximum train speed 
and a number of details such as 
braking rates, rolling resistance and 
fuel rates.  

 
The model has a number of user defined 
operating characteristics and modes 
 
SimTrain deals with the combination of the 
track and train files at 10 metre intervals to 
calculate the aggregate rolling, curve and 
grade resistance, speed limitations within 
the train’s immediate performance domain 
and other specified requirements (e.g. 
stops).  From this it determines the power 
or braking requirement for the train and 
the consequent times and fuel 
consumption.  Output is generally in the 
form of a time, speed and fuel trace for the 
journey, but can have any combination of 
any or all of 18 output parameters at any 
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pre-selected distance intervals.   The 
operator can overlay different track speeds 
and train conditions to allow for special 
circumstances.   
 
SimTrain has been used for a variety of 
different tasks ranging from simple run 
time or fuel estimates to scheduling input, 
front end interface to cost and business 
models, new and re-arranged 
infrastructure, operating strategies, 
greenhouse gas and related 
environmental issues and major new rail 
developments. 
 
4.  THE ‘STANDARD’ TRAIN 
 
For the purposes of this study it is 
necessary to determine a ‘standard’ train. 
This train, of fixed power, trailing load, 
length, axle load, braking rate and 
maximum speed, was then used to 
establish ‘standard’ costs for stopping and 
slowing. 
 
The specification for this train was derived 
predominantly from typical East Coast 
inter-capital superfreighters as currently 
operate between Brisbane-Sydney-
Melbourne-Adelaide.  These are typical of 
superfreighter operations across the 
country.  Similar trains west of Adelaide 
are rather heavier and longer, while 
narrow gauge trains north of Brisbane are 
generally lighter and shorter. 
 
The ‘standard’ train was specified as 
 
• 2/4000 hp locomotives weighing 132 

tonnes each 
• A trailing load of 2285 tonnes (3.5 

hp/t) 
• 15 tonne axle load rolling resistance. 

(60 t gross wagons) 
• Length 1200 m 
• 100 km/h maximum speed 
• Braking rate 0.25 m/s/s 
• The train would have 164 axles and 
328 wheels 
• Dwell time for a stop 4 minutes 
• Track restriction length (for slowing) 
300 metres 
 
5.  TECHNICAL ISSUES RELATED TO 
STOPPING 
 
The normal expression of power on a 
freight train is power weight ratio.  This 
simply expresses the traction power of the 
locomotives (in horsepower) in relation to 

the trailing trainload (in tonnes).  For 
instance a p/w ratio of 3.0 hp/t could 
indicate a 1000 hp locomotive with 333 
trailing tonnes, 3000 hp with 1000 tonnes 
or 12000 hp with 4000 tonnes.  A train with 
a lower p/w ratio (for example 2.0 hp/t) will 
have a slower acceleration, lower 
maximum (balancing) speed, and not be 
able to negotiate grades as steep as a 
higher p/w ratio train.   
 
Most main line inter-modal operations 
around Australia, from Cairns to Perth, are 
scheduled at between 2.0 and 3.5 hp/t 
depending on the terrain and desired 
transit times.  The cost of stopping a train 
will vary in proportion to its trailing tonnage 
and this will vary only slightly for differing 
power/weight ratios.  Sensitivity testing 
indicated that the effect of increasing train 
tonnage, for trains of 2.5 and 3.5 hp/t, 
between 572 tonnes and 4571 tonnes 
showed little difference between the two 
cost lines 
 
The length of a train will not have a direct 
impact on the cost of stopping other than 
in technical issues in regard to braking (air 
propagation through a long train takes 
time).  However where a train has to slow 
down for a turnout to a yard or passing 
loop, or for track repairs, it will be required 
to run at the reduced speed for the length 
of the train.  The longer the train the 
greater will be the time loss involved.  
Similarly where there are speed 
restrictions for curves the train will be 
restricted for the combined length of the 
curve and the train.  Train length has an 
indirect impact on stopping in as much as 
the length/ trailing load combination will be 
a function of the average axle load of the 
train, which is a key determinant of rolling 
resistance. 
 
Rolling resistances are a combination of 
bearing resistance (generally assumed to 
be fixed in relation to speed), wheel and 
flange resistances (assumed to vary in 
proportion to speed) and air resistances 
(assumed to vary in relation to the square 
of speed).  In general the heavier the axle 
load the lower will be the rolling resistance 
per tonne of train.  This will in turn have an 
impact on acceleration, fuel and maximum 
speed for any given set of conditions.  For 
instance a train with 25 tonne axle loading 
might consume 94 litres of fuel running at 
a steady speed over a set distance. The 
same weight train, but with 5 tonne axle 
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load (empty wagons), would require 
around 216 litres of fuel to maintain the 
same speed and times.    
 
Similarly if the train with the 25 axle load 
could achieve (balance) at 133 km/h on 
level track the same weight train with 5 
tonne axle load would not be able to 
achieve more than 85 km/h.   Sensitivity 
testing shows the cost of stopping will not 
be affected by the average axle loading of 
the train above 12.5 tonne axle load (50 
tonne gross) but below that the costs for 
stopping are reduced.  This is mainly as a 
result of having to expend more work to 
keep the lighter weight wagons moving 
which reduces the differential work 
required for the stop.  
 
The train speed from which the stop is 
made will have a profound impact on the 
incremental work and time for the stop.  It 
is to be expected that stopping from higher 
speeds would involve more work and 
longer times.  The figure at Appendix 2 
illustrates this point.  Over the speed 
range 60 to 110 km/h the cost lines are 
near linear although when extended back 
to very low speeds they show some 
curvilinear characteristics arising from the 
increasing effect of time related costs at 
low speeds.  
 
The braking rate will have an impact on 
the characteristics of a stop.  Braking is 
quite complex, with friction rates of brake 
blocks being determined by composition, 
mechanical aspects, and particularly 
temperature at the wheel/brake block 
interface.  A simple approach is to 
describe the outward effect of braking in 
terms of deceleration.    Freight trains 
generally will not have braking rates 
anywhere near as high as passenger 
trains, with a ‘normal’ brake application 
being at about -0.25 m/s/s for air brakes.   
 
With very low braking rates (say 0.15 
m/s/s) the slowing of the train will be aided 
by rolling resistance over a longer distance 
than with higher rates.  This results in 
lower brake work to a stop.  However the 
incremental time loss for a stop with low 
brake rates will be considerably longer, to 
a large degree offsetting the lower brake 
work.  
 
Gradients have an effect on the cost of 
stopping, but more importantly they tend to 
determine the train characteristics in the 

first place.  The heavier the grades the 
higher will be the minimum power/weight 
ratio that can be used on that line.  The 
p/w ratio will therefore tend to be the 
outward reflection of the worst grades on 
the line, with localised grades where trains 
stop normally being less than the 
maximum grades.   Although the brake 
work and times will vary depending on the 
direction (up or down) and severity of the 
grade, the effect of grades will tend to 
average out to approximately level for a 
number of stops over any route.  
Sensitivity testing for a train with a 
maximum of 60 km/h (the highest speed 
the standard train can achieve up a 1 in 
100 grade) for a range between 1 in 100 
rising and 1 in 100 falling shows that the 
grade has relatively low impact on the cost 
of stopping. 
 
Most trains coming to a stand will do so for 
a time (i.e. the stop will rarely if ever be an 
instantaneous stop).  This time (described 
as dwell time) is controlled by factors 
external to those involved in the process of 
stopping and acceleration.  Most 
frequently it will be for adverse signals or 
to meet an opposing train on a single line 
section, but on occasions will be due to a 
train related issue.  Dwell will add time to 
the factors involved in the stop, and 
consequently the impact of longer dwell 
time will be a linear increase in time 
related costs.   
 
In summary the factors that will have a 
major influence on the cost of stopping will 
be the train specifications, particularly train 
weight, normal running speed and average 
wagon weight (or axle load) along with 
dwell time. 
 
6.  ISSUES RELATED TO SPEED 
REDUCTION 
 
The technical issues relating to reduction 
in speed are similar to those involved in 
stopping, except that the train will continue 
on its journey with a variable distance 
where it runs at the restricted speed.  
There are circumstances where a train will 
reduce speed momentarily before 
accelerating back to normal speed (e.g. to 
exchange the section authority token), but 
in most cases it will be for permanent (e.g. 
curves, turnouts) or temporary (e.g. track 
work) reasons that will have a length over 
which they apply.  In these cases the 
restricted speed will apply for the sum of 
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the train length and the speed restricted 
area. (e.g. a 1200 metre train traversing a 
300 metre restricted area will be required 
to run at reduced speed for 1500 metres).   
 
The lower the restricted speed the greater 
will be the cost impact of greater restriction 
length. The more a train has to slow (i.e. 
the greater the speed differential) the 
greater will be the brake work, fuel and 
time factors that are key determinants of 
cost. 
 
Whilst the general relationship of 
increasing cost with increasing speed 
differential between normal and restricted 
speed will apply, the cost of fixed speed 
reductions from a range of normal speeds 
will not be constant.  The cost of reducing 
from 100 km/h to 60 km/h (a 40 km/h 
reduction) will be higher than from 80 to 40 
km/h, which is higher than from 60 to 20 
km/h.   
 
The key determinants of the cost of 
slowing for a speed restriction, apart from 
the train specifications, are the normal 
running speed, the differential to the 
reduced speed and the total train distance 
over which the reduced speed will apply. 
 
7.  COST FACTORS  
 
7.1  Brakes 
 
There are many permutations for rail 
braking systems. A discussion is given by 
Macfarlane (2000).     For this project it 
has been assumed that a normal air brake 
stop would be used and the brakes  would 
use cast iron blocks. Based on some data 
collected some years ago by Australian 
National and sourced by SAMROM 
(2001), cast iron brake blocks running on 
the relatively benign Trans Australian 
route will last about 30,000 km in 
superfreighter service and involving 200 
full service stops.  Cast Iron brake blocks 
cost $20 each, while the labour to take 
them to site and install them is estimated 
at 10 man minutes on average.  The cost 
of a stop is therefore estimated at 10 cents 
per wheel per stop, plus 2.5 cents for 
replacement. 
 
7.2  Fuel 
 
Additional fuel is needed to accelerate a 
train from rest, or reduced speed, back to 
full speed.  Estimates of fuel use were 

provided by the 'Simtrain' model.  
'Simtrain' uses mathematical models 
which include the use of the Davis 
formula. An account of this formula is 
given by Hay W N (1953) and Howlett PG 
and Pudney PJ (1995). Application of 
Simtrain and related computer simulation 
to freight trains in Australia are given, for 
example, by Laird, Michell and Adorni-
Braccesi (2001) and Laird (1998a, 1998b).   
 
Fuel has been costed at 50 cents a litre 
(48 cents plus 2 cents delivery to the 
locomotive) although this obviously has 
been subject to quite rapid fluctuation in 
recent times.  The specific fuel rate for 
locomotives will be higher for older loco 
types, with 1950’s vintage equipment 
being around 25% more fuel hungry than 
contemporary locomotives. 
 
7.3  Rolling Stock and Locomotives 
 
Apart from the brake blocks there is not a 
close relationship between stopping and 
rolling stock repair.  Couplings are more 
likely to be damaged or broken during 
stopping, due to the dynamic force 
changes along the train, while 
maintenance of the brake gear itself will 
have at least a tenuous relationship to 
stopping.  On rare occasions some wagon 
body or underframe damage will result 
from loads shifting during stopping.   
 
Typical wagon maintenance is around 
$7000 per annum [SAMROM (2001)].   In 
the absence of meaningful data an 
assumption has been made that 2% of this 
amount is attributable to stopping, which 
comes out to approximately 40 cents per 
wagon per day.  Notionally locomotives 
will also incur some additional 
maintenance cost as a result of the 
changed work cycle during stopping.   
However, in the overall scheme of things 
this is not a measurable proportion of 
locomotive costs, and for this study has 
been assumed to be covered under other 
cost headings. 
 
7.4  Load Damage 
 
Load damage can occur as a result of 
stopping (for the same reason that 
couplers can be damaged), but there are 
little if any documented records.  
Customers may recover some freight 
damage from the railway, but these days 
most freight damage would be covered by 
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insurance and therefore would rarely come 
to the carriers attention.  In the absence of 
any useful data a nominal  33 cents per 
stop, has been included as a token 
amount. 
 
7.5  Track Wear and Tear 
 
Differential track wear and tear from 
stopping, and for that matter powering 
back to speed, will come from the higher 
wheel/rail forces resulting in rail head 
wear, rail creep and occasional damage 
from skidded wheels. 
 
Generalised Australian track costs are in 
the order of $10,000 per annum plus 0.06 
cents per gross tonne km (gtkm) 
[SAMROM (2001)],. It has been assumed 
for this study that the variable track cost 
will be doubled for the short distance over 
which the train is slowing.  (i.e. 0.12 cents 
per gtkm for about 1500m) would be a 
reasonable proxy for the incremental track 
cost. 
 
7.6  Crewing 
 
Most main line freight trains are two man 
crewed (the main exception being in 
Queensland between Brisbane and 
Townsville).  A two-man crew, inclusive of 
30 per cent overheads of labour, will cost 
in the region of $125 per hour.   This 
amount is used for costing train delay 
time. 
 
7.7  Utilisation 
 
Utilisation is the measure of work able to 
be achieved by rolling stock and 
locomotives.  The further these can run 
over a given time the higher will be their 
utilisation, and consequently the smaller 
will be the fleet for any given task.  In 
general utilisation tends to be ‘chunky’ in 
that it will usually be built around regular 
clock time cycles. (i.e. a service that 
cycles in 13 hours, but is scheduled to run 
every 12 hours, will require 2 fleets.  If the 
cycling time could be reduced to 12 hours 
only one fleet (half the number of locos 
and wagons) would be required). 
 
The relatively small time increments 
attributable to each stop will not in 
themselves normally change the cycle 
time or fleet requirements.  However the 
‘creep’ toward longer times will nominally 

increase the fleet requirements 
proportionately. 
 
The operating leasing cost of a new 
locomotive is around $1200/day while a 
wagon will average around $40/day.  
These are a reasonable proxy for 
ownership costs.   Based on a typical 
cycle time of 48 hours (e.g. Brisbane-
Sydney, Sydney-Melbourne, Melbourne-
Adelaide) the incremental fleet cost can be 
estimated for each stop.  This cost is not a 
direct financial cost of stopping; rather it is 
more in the nature of an economic cost.  
 
8.  TRACK CAPACITY 
 
Track will have a theoretical capacity 
based on the maximum continuous even 
flow of trains over a line in both directions.  
This capacity on double tracks will be 
determined by the follow on time allowed 
by signalling, but on single tracks will be 
determined by the frequency of crossing 
loops where opposing trains meet.  In 
practice to accommodate fluctuations in 
running, different train types (e.g. XPT’s 
and slow freights), junction and siding 
delays, the daily demand pattern and the 
need for a maintenance ‘window’ the 
practical capacity of any line will be 
somewhat less than the theoretical 
capacity.   
 
Every stop or slowing that intrudes on the 
planned running of trains will further 
reduce the track capacity by extending the 
time taken for each train to traverse the 
section.  For instance a slowing for a 1200 
metres train from 100 km/h to 40 km/h 
over a 300 metre section of track will ‘cost’ 
2.68 minutes.  On a track with very close 
headway the reduction in capacity would 
be quite severe, while on track with say 40 
minute sections it would not make much 
difference.  Similarly a stop from 100 km/h 
with 4 minutes dwell will ‘cost’ 6.5 minutes 
in all.  It is difficult to actually put a 
monetary value on the reduction in 
capacity since it depends on a whole 
series of factors that are outside the realm 
of this paper.  These include 
 
• The frequency and consistency of 
the stop or slow.  A one off will affect 
reliability but not longer-term track 
capacity, while a permanent situation (e.g. 
curves, or the need to stop for a section 
authority or token) will be a determinant of 
track capacity. 
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• The degree to which the existing 
track capacity is being utilised. 
• The cost of alternatives to 
alleviate capacity conditions (e.g. provide 
an intermediate signal, add a crossing 
loop, run longer trains, remove a curve, 
change a section authority procedure or 
duplicate the track). 
• The degree that track capacity can 
or does inhibit the business that can be 
attracted to the rail route. 
 
Although track capacity is very real, and 
normally has high cost increments to 
enhance, it can not be readily brought to 
account in the costings in this paper. 
 
9.  OPPORTUNITY COSTS 
 
Where trains are competing for traffic, 
such as inter-modal between major 
capitals and regional centres, issues such 
as reliability, transit time and price are 
major factors in the service package that 
will determine modal and carrier choice.  
 
The track profile, track standard, rolling 
stock standard, distance and power/weight 
ratio will be the principal determinants of 
the minimum transit time able to be 
achieved by rail over any route.  Every 
slowing or stop along the way will add to 
the transit time and thereby reduce the 
quality of the service package being 
offered.  In this circumstance the theory 
dictates that either the same volume will 
only be carried at a reduced price, or 
reduced quantities carried at the same 
price (generically described as price 
elasticity). 
 
With freight that is sensitive to transit times 
(such as inter-capital and inter-modal) the 
‘depressing’ effect on freight income from 
service quality degradation is likely to be 
proportionately high. 
 
On routes where institutionalised stopping 
or slowing is required the opportunity cost 
will be high.  For example all freight trains 
between Brisbane and Casino are 
required to stop at 5 loops to change the 
token (section authority), incurring a 
minimum aggregate addition to the 
elapsed train time of 45 minutes.  In other 
words rail between Sydney and Brisbane 
is at least 45 minutes longer that it could 
be, while at the same time trying to 
compete with road that is already 4-5 
hours faster than rail. 

While the opportunity cost effect is quite 
real it is not possible to include the cost 
outcome in the estimate of stopping costs 
due to 
 
• The delay must be continuously 

repeated so the ‘market’ will observe its 
effect on service. 

• The market response will have a lag – 
it will take some time for the effect to 
be seen. 

• The market response will continue for 
as long as the delay is repeated, with a 
further lag before the market will 
respond to removal of the delay. 

• Changes over time between the total 
service packages offered by different 
modes and carriers will confuse the 
isolation of a single service impact (i.e. 
the price elasticity is a dynamic rather 
than static concept) 

• Every route and traffic type will have 
different price/service characteristics. 

 
As a result it is not realistic to include a 
‘cost’ for this aspect of train delays, 
although spread over a number of stops 
over a typical inter-capital journey it is 
likely to be quite measurable.  The recent 
ARTC National Network Audit (Booz, Allen 
and Hamilton, 2001) provides some insight 
into the impact of reducing transit times. 
 
10.  CONCLUSIONS 
 
This paper has attempted to show that 
there are significant additional costs 
associated with slowing or stopping a 
train. These costs are not immediately 
obvious and do not show up 
conspicuously in the accounts.  
Nevertheless they are quite real, and in 
many cases quite manageable provided 
there is some mutual recognition of their 
impact by track owners and operators.  
While the costs will be dependent on the 
braking technology employed and track 
profile they will remain a substantial 
hidden cost for most operators. 
 
Tolerance of institutionalized slowing or 
stopping of trains, by heritage temporary 
speed restrictions, poor alignment or 
antiquated safeworking systems for 
instance,  is an issue that deserves wider 
attention by the rail community.  Adequate 
recognition of the impost on operating 
costs resulting from such impediments 
should be a part of the ‘costing standards’ 
for rail when evaluating infrastructure 
improvement projects. 



M.J.R.Michell and P.G.Laird 
SAMROM Pty Ltd & University of Wollongong 

Smooth Running –  
A Route to Cost Reduction 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

234

APPENDICES 
 
APPENDIX 1 STANDARD STOPPING 
COSTS 
 
Based on the preceding section the cost of 
stopping the ‘standard’ train including four-
minute dwell is shown in Table 2. 
 
TRAIN SPECIFICATION 
 

value 

Train Trailing Load (t) 2285 
Train Length (m) 1200 
Power/Weight Ratio 3.5 
Normal Running Speed (km/h)  100 
Dwell time at stop (mins) 4.0 
Incremental brake work at stop 
(kWh) 

241 

Incremental fuel for stop (litres) 51 
Incremental time for stop (mins) 2.5 
Distance to stop (m) 1600 
  
COST SUMMARY 
 

$. c.  

Brakes 41.00 
Fuel 28.50 
Rolling Stock 2.43 
Load Damage 0.33 
Track 2.44 
Crewing 13.75 
Utilisation – wagons 6.86 
Utilisation – locos 10.83 
  
COST OF STOP 106.15 

 
Table 2: Stopping Costs 
 
 

APPENDIX 2 STANDARD SLOWING 
COSTS 
 
The cost of slowing the ‘standard’ train from 
100 km/h for 1500 metres (1200 metres of 
train and 300 metres of track) are as shown 
in Table 3. 
 

TRAIN 
SPECIFICATION 

value value Valu
e 

value 

Train Trailing 
Load (t) 

2285 2285 2285 2285 

Train Length (m) 1200 1200 1200 1200 
Power/Weight 

Ratio 
3.5 3.5 3.5 3.5 

Normal Running 
Speed (km/h)  

100 100 100 100 

Reduced Speed 
(km/h) 

80 60 40 20 

Length of Track 
Reduction (m) 

300 300 300 300 

Incremental brake 
work  (kWh) 

84 151 200 230 

Incremental fuel 
for slow(litres) 

19 32 42 48 

Incremental time 
for slow (mins) 

0.48 1.35 2.68 5.48 

Distance to slow 
(m) 

600 1000 1300 1400 

     
COST SUMMARY $.c.   $.c.   $.c.   $.c.   

Brakes 14.29 25.69 34.02 39.13 
Fuel 9.50 16.00 21.00 24.00 

Rolling Stock 2.43 2.43 2.43 2.43 
Load Damage 0.33 0.33 0.33 0.33 

Track 0.92 1.53 1.99 2.14 
Crewing 1.00 2.85 5.67 11.59 

Utilisation – 
wagons 

0.50 1.43 2.83 5.78 

Utilisation – locos 0.79 2.25 4.47 9.13 
     

COST OF 
SLOWING 

29.77 52.51 72.74 94.54 

 
Table 3:  Cost Of Slowing 
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APPENDIX 3:  GENERALISED STOPPING COST FUNCTION 
 
 
A generalised cost function, which is reliable for normal braking over a range of typical 
Australian main line general freight trains can be expressed as 
 
c = 10 + 4.53*m + t*(0.0323 + m*0.000455) * (4.64 + m*5.59 + 0.07*(s-10)^1.562)/ (4.64 + 
m*5.59 + 0.07*(100-10)^1.562) 
 
Where:   

c = cost of ‘stop’ in dollars 
  m = dwell time in minutes 
  t = trailing load of train in tonnes 
  s = normal running speed of train in km/h 
 
Reliability range is  

m = 0-20 minutes,  
t = 500-5000 tonnes,  
s = 10-110 km/h 

 
It has not been possible to establish a reliable generalised cost model for slowing due to the 
complexity of the normal speed/reduced speed relationship. 
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APPENDIX 4:  CHART OF SPEED VS COST 
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PROCURING FINANCE AND APPROVAL FOR 
NEW INVESTMENT IN DISAGGREGATED RAILWAYS 

Adam Bisits BA, LLM (Syd.) 
Blake Dawson Waldron 

 
SUMMARY 

Effective access to Australia's disaggregated railways often requires an agreement to finance new 
investment to make access viable, such as track straightening on the Sydney - Melbourne line.  It is 
submitted that such an agreement, if not voluntarily made, can be imposed by arbitration initiated by a 
train operator under either the NSW Rail Access Regime or the generic Australian access regime.  A train 
operator could also usefully enforce safety and other standards in conditions of rail safety accreditation, eg 
to force improvements to a line operable only at night at less than 10 k/h.  Both methods of procurement of 
new investment give the train operator leverage, which otherwise it would not have, to make an agreement 
with the access "provider".  In NSW the provider is likely to include the government bodies on which Rail 
Infrastructure Corporation depends.  Not to recognise this system - which may in time come to be 
supplemented by a system based on AusLink - is akin to denying or hindering open access to railways.  
Not to use or be aware of the system jeopardises necessary engineering and management improvements 
of the kind discussed at this conference. 

1. INTRODUCTION 

The break up of the Australian railways requires 
a different approach to procuring finance and 
approval for new investment in the railways, 
investment of the kind discussed at this 
conference. 

As in the past, in many cases the railways do not 
pay their way and if trains are to run on them, 
government must pay for new investment to 
make this viable.  In the past the only potential 
operator was the monopoly railway itself.  
Investment, operation and government support 
were essentially internal to one body.  Now after 
their "coming out", the parties, including new 
operators, need to know where each stands in 
relation to the other.  Typically there will be 
agreements between train operators and track 
owners, but what about the departments of 
transport and the governments whose patronage 
keep the railways going?  They don't feature in 
the register of access agreements, nor are the 
terms of their patronage published. 

It will be submitted that effective access to 
railways often requires agreements to finance 
new investment to make the access viable, and 
if necessary the terms of those agreements, 
along with the other access terms, can be 
arbitrated under the access regimes that have 
accompanied disaggregation.  Thus the train  

operator has a means of procuring finance from 
government bodies and, it is submitted, both the  

NSW Rail Access Regime and the generic 
Australian access regime could be used to 
procure the necessary financing.  Enforcement of 
rail safety standards can also be used as a lever 
to procure new investment. 

Not to have a system for procuring finance is 
akin to denying or hindering third party access, 
which, for monopoly infrastructure like railways, 
is now variously proscribed in Australia1.  
Without a system for procuring finance for 
investment in railways the prospective train 
operator would have to make a special deal with 
government, a potentially hopeless task as found 
by the VFT and Speedrail promoters. Curiously 
the need for a system of financing new 
investment has been ignored at recent railway 
conferences and it was not grasped in the recent 
East Coast Very High Speed Train study for the 
Australian government2.  AusLink, though just a 
gleam at present, has the potential for being 
such a system. 

2. TRAIN OPERATIONS AND 
INVESTMENT 

The engineering works and equipment discussed 
at this conference illustrate the need for a system 
of financing. 
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At one end is Queensland where the system is 
government monopoly.  There, procuring finance 
and approval for the Cairns Tilt Train Alliance 
Project, a project of EDI Rail and QR – 
discussed in session B – is a matter internal to 
QR and its owner government. 

This, however, is not the usual structure in the 
rest of Australia and even in Queensland an 
independent train operator could have the 
temerity to propose a new service which required 
new investment in track or government subsidy.  
In the context of a disaggregated railway: 

• Landslide hazard – a topic in session G – 
would, one expects, be a professional 
and moral concern to the track owner but 
in terms of risk of losing business and 
lost revenue the concern is, it seems, 
primarily one for the train operators.  If 
there was a risk that their trains could be 
stopped by a landslide, one would expect 
the operators to insist on remedial works 
to remove the risks. 

• If a train operator is attracted to modern 
energy efficient electric locomotives 
(refer to session E) it would wish to be 
able to procure the necessary wiring and 
power supply to be able to use such 
locomotives.  A mere right of access to 
track is not enough: the operator needs a 
right to procure the improvements. 

• If, on scarcely-used country lines, the 
operator wished to reduce the cost of 
signalling or simplify the signalling and 
communications it would wish to be able 
to have a deal brokered on this matter, if 
it could not reach agreement with the 
track owner. 

• Automatic train inspection (session F) 
and straightening the track3 may directly 
reduce trip times and costs and attract 
new operators.  The party wishing to 
make these changes is likely to be the 
train operator who sees the business 
opportunities. 

It is clear even from the topics at this conference 
that the resolution of these issues does not 
reside exclusively with the track owner. 

3. DISCIPLINED CO-OPERATION: OPEN 
ACCESS LEVERAGE 

The rail engineering and management reviewed 
or showcased at this conference further show 
that the mere separation of rail infrastructure or 
engineering from train operations is illogical.  
However the model on which the separation was 
imposed never envisaged mere separation but in 
fact disciplined cooperation based on binding 
agreements between the separated entities, 
agreements which if not made voluntarily would 
be imposed by arbitration under an open access 
regime.  There was no scope for loose, old 
mates arrangements. 

This paper looks at how these open access 
regimes can be used to procure finance and 
approval for new investments in railways and to 
what extent the regimes can be used to tap the 
government funds that are provided for railways. 

It is convenient to look at the access regimes 
applying in this state because of the growth in 
rail traffic here and the potential for new traffic, 
such as on the line to Brisbane.  In other states 
allowance would have to be made for the local 
access regimes and to some cases of private 
ownership. 

4. NEW INVESTMENT UNDER NSW RAIL 
ACCESS REGIME 

Rail Infrastructure Corporation (RIC) is the 
statutory corporation of the NSW government 
charged with ensuring "that the NSW rail network 
enables safe and reliable passenger and freight 
services to be provided in an efficient, effective 
and financially responsible manner"4.  RIC 
publishes the NSW Rail Access Regime which 
sets out the rules for making an agreement with 
a train operator to run trains on RIC's track.  The 
regime also provides for "New Investment" which 
is defined in schedule 7 of the regime as 
"investment which extends or increases the 
capacity or efficiency of the NSW Rail Network." 
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4.1 RIC required to negotiate on New 
Investment 

Cl. 3.6 of the regime provides: 

The Corporation shall negotiate in good faith with 
Access Seekers in relation to New Investment if 
necessary so that: 

(a) Such New Investment is technically 
and economically feasible and 
consistent with the safe and reliable 
operation of the NSW Rail Network; 

(b) The Corporation's legitimate business 
interests in the NSW Rail Network are 
protected, and 

(c) The terms of Agreements take into 
account the costs borne by the parties 
for the New Investment and the 
economic benefits to the parties 
resulting from the New Investment. 

The regime thus obliges RIC to negotiate with 
train operators (Access Seekers) about new 
investments in the railway conditional on meeting 
these three criteria. 

This conference itself is a means for 
demonstrating improvements to railways which 
are technically feasible, safe and reliable.  Thus 
it is likely that there will be new investments 
which meet this aspect of criterion (a).  The other 
aspect of the criterion is economic feasibility 
which, it is submitted, judged from RIC's 
perspective means: is there someone who will 
pay for it - whether RIC, the train operator or the 
government; and from the operator's 
perspective: would train operation costs be 
reduced or train efficiency increased? 

Criterion (b), which requires protection of RIC's 
legitimate business interests, would seem to 
have very little operation.  RIC has not paid for 
its assets and until recent times most of its 
income has been from other government bodies.  
It may be thought that RIC has an interest in 
choosing one form of business over another and 
indeed this may arise if there are competing 
proposals for use of its track.  But in fact this 
competition  in doing business with RIC is not 
evident.  Most of the past access agreements do 
not look commercial.  The register of RIC's 
access agreements kept by the Independent 
Pricing and Regulatory Tribunal5 (IPART) shows 
that of some 75 registered agreements 14 
appear to relate to either commercial freight or 
public transport and the remaining 61 relate to 
minor rail enthusiast and minor tourist rail 
operations.  The published particulars do not 

give any indication at all of new investment in 
infrastructure. 

The remaining criterion (c) requires the costs of 
the parties and economic benefits to the parties, 
from the New Investment, to be taken "into 
account".  Significantly there is no obligation on 
RIC in any of the criteria to recoup its costs for 
New Investment from the train operator. 

If the parties agree on New Investment, then the 
standard form of access agreement stipulated in 
schedule 2 of the regime requires terms which 
detail "any mechanism relating to an Access 
Seeker's investment in facilities listed in 
schedule 1".  These facilities are the "railway 
track on the NSW Rail Network" and other "Rail 
Infrastructure Facilities" which are defined6 as 
including the associated track structures, 
earthworks, tunnels etc, signalling, train control, 
communications and power systems, but not 
stations or freight depots.  Thus the regime 
contemplates that the investment can extend to 
non-engineering solutions including the 
communications system of the railway. 

4.2 New Investment may be arbitrated 

If the parties are not able to agree on New 
Investment then the train operator would be 
entitled to arbitration "because a dispute exists 
with respect to the ... regime"7.  Arbitration would 
be by IPART or an arbitrator appointed by 
IPART8.  It is not just access or the denial of 
access which may be arbitrated but "one or more 
aspects of access to" the particular service9.  
Financing is such an aspect. 

The determination by the arbitrator "may deal 
with any matter relating to access by the third 
party to the service"10.  This would include the 
provision of New Investment.  The parties to the 
arbitration would be the "third party" (the train 
operator) and the "provider of the service" which 
is described as "the government agency that 
owns, controls or operates the infrastructure by 
means of which the service is provided"11.  For 
reasons briefly set out below, it is submitted that 
the provider of the service in this case should be 
regarded as not only RIC but also all the 
government bodies to which it is subject and on 
which it depends in order to provide the railway 
the subject of the arbitration. 

The obligation of both parties to comply with the 
determination is comprehensively expressed: 

The parties to an arbitration are required to give 
effect to the arbitration determination and, if the 
determination is in favour of the third party's 
access to the service, must not engage in 
conduct for the purpose of preventing or 
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hindering the third party's access to the service 
under the determination. 

Thus by involving all the government parties on 
which RIC depends, an arbitration would be able 
to conclude what New Investment should be 
carried out under an access agreement and the 
financing obligations of all the parties and other 
terms as to the investment. 

5. NEW INVESTMENT UNDER THE 
AUSTRALIAN ACCESS REGIME 

The other means of leverage for new investment 
in disaggregated railways is the generic access 
regime under part IIIA of the Trade Practices Act 
1974.  Even in a state where there is a state 
access regime for railways, it is worth 
considering the generic Australian regime 
because there might be elements in the state 
regime designed to meet local conditions (which 
favour the incumbent or are a consequence of 
privatisation as in Victoria and Western 
Australia) and which clash with the interests of a 
prospective train operator.  In NSW it is also 
worth considering the generic access regime 
over the state Rail Access Regime because: (i) 
the certification of the state regime by the 
Australian Competition and Consumer 
Commission (ACCC) expired on 30 December 
2000; (ii) the legislation under which the regime 
was established was repealed in 200112; and (iii) 
RIC is now empowered to give a rail access 
undertaking but has not yet given one.  An 
undertaking was foreshadowed by RIC in its 
annual report last year, and once the undertaking 
is made it is thought that it could take a year for 
it to be processed by the ACCC13.  Therefore at 
present and for a year after an undertaking is 
published it may be that there is in NSW no 
effective rail access regime. 

5.1 Straightening out example 

The application of the Australian regime may be 
illustrated by a rail engineering proposal.  Dr 
Laird has recorded that the cost of straightening 
out the worst 20% of the track from Sydney to 
Melbourne, by construction of three major 
deviations, all in NSW, has been estimated by 
Australian Rail Track Corporation (ARTC) at 
$773 million14.  It may be assumed that the 
deviations will shorten the line and keep the line 
on essentially the same route. 

5.2 Financing options 

(a) General 

A train operator could want these straightening 
out works (and probably other works) to make a 
Sydney - Melbourne freight service competitive.  

The operator is likely to have the information on 
which to base the necessary improvements 
because of past studies such as the ARTC track 
audit of 200115 and track information made 
available under the practice of RIC.  The 
operator will also be able to propose a scheme to 
finance the works.  Some, perhaps most, of the 
works would be characterised as grossly overdue 
and as an adaptation to the rolling stock that is 
now available to run on the line.  Thus there 
would be little if any component of the cost that 
could fairly be attributed to the train operator.  
Even operations and maintenance costs due to 
the operator's trains would have to be minimal or 
nil if they merely go to maintenance of track that 
is antiquated.  Some of the works might be for 
the particular benefit of the operator in which 
case it could propose a contribution to their cost.   

Government financing to create "competitive 
neutrality" with road or air remains in the political 
domain16 so it is difficult to factor it into a 
financing scheme.  There is in Australia no 
prohibition on competition-distorting "state aid" 
as under article 87 of the European Commission 
Treaty.  There is however a constitutional 
prohibition on a state offering bounties on the 
production or export of goods17.  This, may in 
future require consideration in some cases, for 
example where a state's financing of roadworks 
was intimately connected with the production or 
export of goods.   

(b) Financing in return for exclusivity 

The Alice Springs – Darwin railway now being 
constructed, partly at the cost of its developer, 
has a certified access regime which gives the 
developer's train operator near exclusive rights 
to use the line.  Exclusivity would have 
contributed greatly to the bankability of the 
project.  It is submitted that on the Sydney-
Melbourne line, where the traffic potential from 
straightening out works is very great, exclusivity 
over that potential could provide security for 
financing the works.  Alternatively there could be 
a modified form of exclusivity which allowed 
additional train operators onto the track in return 
for sharing in the cost of straightening out works 
to which they are beneficiaries. 

The Hilmer report, on which the Australian open 
access systems are based, placed "special 
emphasis on the need to ensure access rights 
did not undermine the viability of long-term 
investment decisions".  The report counselled 
that "due account of the likely impact of 
incentives to invest should be made in 
determining whether or not to create a right of 
access, and if access is declared, through the 
declaration of appropriate pricing principles and 
other terms and conditions"18. 
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In NSW there is already a recognition of the 
need to modify access rights in cl 4.5 of the 
NSW Rail Access Regime.  This provides that an 
access agreement "other than with the Australian 
Rail Track Corporation must not confer exclusive 
permanent or temporary rights of use and/or 
occupancy of facilities ... in favour of any person, 
including by way of sale, lease or assignments".  
Thus exclusivity could be conferred on ARTC.  
And if it could be conferred on ARTC then why 
could it not be conferred on someone else with a 
proposal, for example, to lease the line in return 
for improvements?  The generic Australian 
access regime under part IIIA of the Trade 
Practices Act would not, it is submitted, preclude 
an exclusive arrangement. 

The National Competition Council has 
recognised that on the Adelaide - Darwin route 
"rail is likely to compete with other modes of 
transport so that the effect of access on 
competition may not be substantial"19.  This 
observation is even more apt to the Sydney - 
Melbourne route.  Rail access regimes or rail 
access agreements can, it is submitted, be 
imposed for the beneficial purpose not only of 
assisting the financing of new railways but also 
to assist the financing of existing abandoned or 
rundown railways.  In fact, because access for 
the purpose of creating rail on rail competition is 
likely to be a passing phenomenon – as with the 
access granted Freight Australia and Australian 
Transport Network to run competitive grain trains 
against the incumbent FrieghtCorp (then 
government–owned), or to meet specific cases of 
overpricing – the main benefit that can be 
expected from rail access regimes ought to be in 
the rejuvenation or redevelopment of railways 
and their being put to new and more intensive 
uses. 

Financing options would also take into account 
what government funds could be made available, 
and these are considered next. 

5.3 RIC and the NSW government 

The straightening out works might fall within what 
RIC's chief executive says are "government, 
operator and RIC funded projects which produce 
a more reliable network capable of providing 
operators with a platform to achieve sound 
commercial returns"20.  This is exactly the train 
operator's objective too, so the operator would be 
entitled to include such part of the 'RIC funded' 
projects as relate to the service proposed by the 
operator. 

RIC itself is largely dependent on government 
funds for its operations: first, to make up for its 
operating losses (for the half year to 30 June 

2001,  $46.5 million); secondly, for its loop 
extension program, for the Sydney - Melbourne 
and main north lines, for which it says it 
"continue(s) to seek the release of committed 
Commonwealth funding for crossing loops to 
allow the freight growth potential of these lines to 
be realised"21; thirdly, through 'community 
service obligation' and other government 
payments, which totalled more than half its rail-
related income in the above half year22; and if 
this does not cover all its sources of support 
there are also RIC's unnamed "stakeholders 
(whose) support of our capital program reflects 
the recognition that long term planning is 
necessary to achieve sustainable growth in rail's 
market share"23.  As these government funds are 
critical to RIC's existence and future, so too a 
train operator (RIC's raison d'etre) should be able 
to take them into account in developing a case 
for improvements to enable it to access RIC's 
railway. 

In addition to the government funds on which 
RIC already makes its plans it is possible that 
there are other NSW government funds that are 
available for investment in rail, such as the 
recent $1.2 billion "government boost to country 
rail spending", which was described as 
"additional funding" for RIC24.  A state 
government subsidy is available for the carriage 
of petroleum over the Blue Mountains by rail25. 

5.4 ARTC and AusLink 

Australian government funds, real but until now 
amorphous, may crystallise in the future as (i) 
the money that would be given to ARTC to 
upgrade the parts of the NSW rail network that 
ARTC wishes to lease -$180 million for a new 
"Sydney Southern Access' and $175 million for 
the" Main South"26 and (ii) AusLink, a fund for 
the Australian government to "sponsor the 
development of an indicative rolling 5-10 year 
transport infrastructure development plan" and 
for which state and local governments, regional 
development bodies and the private sector may 
bid27.  This fund is to be the subject of further 
study until March 200328.  The significance of 
AusLink is that it could allow the train operator to 
apply directly for some of the funds needed to 
make, in this case, access to the Melbourne-
Sydney line commercially viable.  A worthy 
proposal to AusLink which attracted AusLink 
funds would have leverage in the negotiations 
with RIC and probably result in fewer unresolved 
terms of access that might need to be arbitrated. 

5.5 ACCC arbitration 

With an outbreak of just a little common sense 
all these parties could quickly and easily (it's only 
a conventional railway) agree on the program of 
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works for the line and on when access could start 
and on what terms.  However if they were not 
able to agree the train operator, or access 
seeker, would be denied access and the issue 
then becomes whether it could have an access 
agreement imposed by compulsory arbitration 
under the Trade Practices Act access regime. 

It is submitted that it would be possible to have 
access so arbitrated, and the main steps would 
be these: 

(a) Declaration can procure agreement 

First, the track would have to be "declared" either 
by the NSW premier or the Australian 
Competition Tribunal29. There are six conditions 
for declaration of which the two most significant 
in this case would be that there is not already an 
existing effective access regime and that the 
facility used for the service "is of national 
significance"30.  The existing NSW regime could 
in the circumstances of the cloud that hangs over 
it, be found not to be effective and so it is likely 
that that condition would be met.  Being the main 
Melbourne - Sydney railway, the line would also 
meet the national significance condition. 

The importance of the declaration process in 
procuring an agreement on access may be seen 
in the case of Specialized Container Transport's 
seeking access to the Sydney to Broken Hill 
railway in 1997.  The National Competition 
Council recommended favourably on SCT's 
application but it was necessary for SCT to apply 
to the competition tribunal for the actual 
declaration and it was in the course of that 
application that an access agreement was made 
with Rail Access Corporation (RIC's predecessor) 

31. 

(b) Arbitration would bind government 
'provider' 

The second step would be that if a declaration 
has been made and no agreement has been 
reached on the terms of new investment 
necessary for access, the train operator could 
notify a dispute to the ACCC for arbitration and 
determination32.  The dispute would be about 
"one or more aspects of access to a declared 
service" and so could embrace a dispute about 
the financing and other terms of new investment. 

The parties to the arbitration would be "the 
provider", the third party and any applicant 
accepted by the ACCC as having a sufficient 
interest33.  From the train operator's perspective 
the object of the arbitration would be to bind the 
parties capable both of providing access and 
meeting a fair share of new investment costs 
necessary to realise the access.  These parties 

might apply to be joined and be accepted by the 
ACCC, or alternatively the parties might 
constitute "the provider".  This requires a 
consideration of who is the "provider".  The 
relevant definitions are: 

provider, in relation to a service, means the 
entity that is the owner or operator of the facility 
that is used (or is to be used) to provide the 
service; 

service means a service provided by means of a 
facility and includes: 

(a) The use of infrastructure facilities such 
as a road or railway line;.34 

The question is thus: who owns or operates the 
Sydney - Melbourne railway within NSW?  First, 
the owner or operator certainly includes RIC 
because rail infrastructure facilities in the state 
are vested in RIC35.  Secondly, the owner or 
operator may include the state of NSW because 
RIC is required to "hold, manage, maintain and 
establish rail infrastructure facilities on behalf of 
the State"36.  This obligation to act on behalf of 
the state of NSW suggests at the least a need to  
take into account the wishes of the state as to 
the operation of the network.  Thirdly, there is the 
body statutorily designated with "network control" 
of the NSW rail network – this body is also 
charged with promoting access to the network37.  
It is understood that State Rail has been so 
designated for the electrified lines.  Fourthly, RIC 
is subject to ministerial control in relation to the 
exercise of its functions and a ministerial 
direction may apply even if it causes "a 
significant variation in [RIC's] approved financial 
outcomes" in which case the variation has to be 
brought to the attention of the Treasurer and the 
Treasurer is required to approve the direction 38.  
There is thus provision for the government to 
know the cost to which it would be exposed if a 
direction requires the network to be kept open or 
operated in a particular way.  Fifthly, since 6 
December 2000, there is for the time being a Co-
ordinator General of Rail with power to "manage 
and co-ordinate the exercise of the functions" of 
RIC and State Rail and to "determine priorities 
for the exercise of functions by [RIC] in 
accordance with [its] approved financial 
outcomes" and to give binding directions to 
RIC39.  Finally, there is the financial dependence 
of RIC on the state government. 

(c) Whether investment is an 'extension' 

The third main step in having access arbitrated is 
to procure a determination which can bind all 
relevant parties, including if necessary the 
provider (RIC et al), to pay for the investment 
necessary to permit viable access.  An ACCC 
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"determination may deal with any matter relating 
to access by the third party to the service, 
including matters that were not the basis for 
notification of the dispute"40 and thus a 
determination could make necessary provision 
for financing new investment.  There are some, 
not presently relevant, express restrictions on 
determinations and there would be certain 
implied restrictions (eg that a determination not 
bind a person who is not a party to the 
arbitration).  One restriction which may be 
relevant is that the ACCC must not make a 
determination which has the effect of "requiring 
the provider to bear some or all of the costs of 
extending the facility or maintaining extensions 
to the facility"41.  Thus the determination could 
not require RIC or one of the state government 
bodies to pay for a siding or a spur or the 
extension of a branch line, as these would all 
constitute "extending" in the sense of 
"lengthening".  Works within the route of the 
existing railway and works on communications 
would not appear to involve "extending".  One of 
the meanings of "extends" is to "stretch, pull or 
straighten out"42.  Thus there may be an 
argument that straightening out curves involves 
extending a railway.  It is submitted that in the 
present context extension connotes lengthening 
a railway so that it acts as a facility for the place 
to which it is lengthened.  Straightening out 
curves does not involve lengthening or 
necessarily changing the places served by the 
line. 

Thus, in NSW the provider of rail access 
services is likely to extend beyond RIC to one or 
more of these state government emanations.  
The consequence of this is that all the bodies 
that constitute the 'provider' may be bound by rail 
access terms determined in an ACCC arbitration. 

Thus it is submitted that the ACCC is not 
prevented from making a determination which 
would require the provider of the railway to bear 
some or all of the costs of new investment where 
that did not involve lengthening the railway.   

5.6 Transitional Issues  

The Hilmer report, in discussing the adaptation of 
government owned businesses to competition 
and access, supports the inclusion of appropriate 
transitional provisions in access agreements.  
The report recommended alternative funding 
arrangements for existing cross subsidies and 
what it characterised as "community service 
obligations", that had been enjoyed by such 
businesses including:  

direct budget funding and, as is being done in the 
telecommunications regime, funding by levies 
imposed on all competitors in the market, based 

on their respective market shares.  The issue is 
thus one of appropriate transitional 
arrangements.  In some circumstances 
transitional concerns of this kind could be 
accommodated by the imposition of appropriate 
terms and conditions of access under the 
proposed access regime.43 

This sets a precedent for using access terms to 
make up a funding shortfall for particular 
essential facilities, although in the case of rail the 
precedent would be varied to reflect the 
circumstances of that industry (as opposed, for 
example, to telecommunications) such as past 
under-investment, absence of new entrants, 
limited commercial viability and so on.   

5.7 A practical approach to open access 

Australia now has many rail access regimes and 
undertakings but, aside from anoraks' operations 
and those government train operations that have 
necessarily continued after disaggregation, the 
regimes and undertakings lie pristine and 
virtually unused.  This inconvenient consequence 
is not picked up in recent ACCC presentations on 
the subject, one of which said, in relation to the 
ARTC access undertaking that "the ACCC noted 
that ARTC is not expected to achieve full 
recovery of its economic costs in the short to 
medium term"44.  What is the point of providing 
access for a railway that will not have enough 
money to keep open?  It is submitted that a more 
practical approach is necessary and that new 
regimes and undertakings for railways should be 
assessed for the provision they make for finance 
for new investment. 

6. NEW INVESTMENT AS A RAIL 
SAFETY REQUIREMENT 

6.1 Accreditation standards 

The further source of leverage in procuring new 
investment to make train operations viable is by 
means of enforcement of rail safety 
requirements.  In this state, RIC, as owner, and 
possibly other government entities, as owner or 
operator of the NSW rail network, are required to 
be accredited under the Rail Safety Act 199345.  
"The purpose of accreditation ... is to attest:/... 
that the standards proposed by the accredited 
person for the construction and maintenance... of 
a railway... or the operation of railway... have 
been accepted by the Director-General"46.  The 
Act also sets out a more particular purpose of 
accreditation which would link the standards to, 
amongst other things, "financial viability", 
"managerial and technical competence", 
"suitability of rolling stock" and "availability and 
adequacy of infrastructure generally and, in 
particular, railway track, associated track 
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structures, signalling systems and other relevant 
facilities"47. 

A train operator would wish that these standards 
be adhered to if, thereby, its service would be 
made viable.  It would be reasonable to require 
in an access agreement that the terms of 
accreditation be complied with and it would be 
reasonable for such a term to be imposed in any 
determination.  Where track or rolling stock did 
not comply with the accreditation the agreement 
could be used by a party to procure investment 
that would bring about compliance. 

The Director-General of Transport has a power 
to vary the conditions of accreditation48 and is 
required to conduct at least annual safety 
compliance inspections49.  Exercise of these 
powers may prompt either a raising of standards, 
which can necessitate new investment, or the 
carrying out of remedial work, which the Director-
General could undertake, subject to recovering 
the costs and expenses from the accredited 
person 50. 

6.2 What this means in Coonamble 

It is said that one railway line in north western 
NSW is restricted to "(h)alf trains only operating 
at night as the heat buckles the lines in the 
daytime and travelling at 10kph at best" and that 
at Coonamble it is cheaper to road freight "wheat 
to Narrabri over a distance of 180kms... and the 
grower picks $7 per tonne extra income for his 
trouble, than to deliver to a receiving point one 
km away." 51  Standards, whether tolerated or 
imposed, that are as restrictive as these hinder 
use of the railway.  A prospective train operator 
not willing to operate under such Red Flag Act 
conditions ought to look at the relevant 
accreditations and develop an access proposal 
that relied on any higher standards, whether 
already in the accreditation or which the Director-
General could reasonably impose.  There comes 
a point where standards are so restrictive that 
they are like a prohibition and when that happens 
the validity of an accreditation is questionable.  
All concerned would wish to avoid this 
embarrassment. 

6.3 What this means when there has been 
a rail accident 

The spate of reported rail accidents in NSW are 
worth reviewing for the engineering, better 
management and operator-owner co-operation 
that could have prevented accidents.  Thus: 

• Kerrabee, 18 August 1998.  A coal train 
struck a work vehicle on the track.  The 
employees concerned, both killed, were not able 
to use the lineside telephone and had to use a 

riskier three way communications method52.  
Would the coal train owners have carried out 
work on the track this way if it had been their 
responsibility? 

• Bell, 15 October 1998.  Track worker on 
up line killed by a passing train on the down line; 
no lookout was stationed on the down line and 
the Safeworking Unit was described as "lengthy, 
complicated, ambiguous and difficult to 
interpret"53.  The aftermath of this and the next 
two accidents makes clear the management 
changes the track owner must make and which 
the train operator should insist upon. 

• Hornsby, 9 July 1999.  A derailment 
caused by: the train radio not working; safety 
directions of a superior being ignored; and 
signals not being fully visible54. 

• Waverton, 20 December 1999.  A 
derailment caused primarily by inadequate driver 
training55. 

• Hornsby derailment, 11 January 2000.  
In this case speed signs applied to a train that 
had no speedometer, with the driver being 
required to make an estimate of the train's 
speed56.  Could anyone argue against a 
speedometer? 

• Glenbrook, collision, 2 December 1999.  
The Indian Pacific ran into an interurban 
passenger train.  The causes of this collision 
included: the absence of an electronic backup 
when the automatic signalling failed; the absence 
of a train indicator board at the relevant signal 
box; the use of a lineside telephone because the 
Indian Pacific was not permitted to use the radio 
system that the interurban train used; colloquial 
and misleading speech; undermanning of the 
signal box; and inadequate safety training and 
awareness57.  Among the recommendations in 
the final report on this accident are 
recommendations for: modern, interactive 
simulators; the rewriting of "Safeworking Units" 
(detailed safety rules); modernisation of the 
existing Network Control centres by centralising 
the train control function including the function 
currently performed by signallers; and 
computerised train control systems which 
provide a real time display of the position of 
trains58.  If Great Southern Railway, the Indian 
Pacific train operator, had been the track owner, 
would it have tolerated this communications set 
up? 

• Olympic Park, 2 September 1999.  A 
derailment caused by worn wheels on a shuttle 
train used on curved track without a specified 
lubricator59.  It seems that the need for the 
lubricator was known.  One may speculate that 



A Bisits 
Blake Dawson Waldron 

Procuring Finance and Approval for New 
Investment in Disaggregated Railways 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

247

had the accreditation standards been enforced 
(whether by the Director General or the train 
operator or track owner) the lubricant would have 
been used. 

• Olympic Park Loop, 14 November 1999.  
A derailment caused by catch points that were so 
placed that a train passing a stop signal at low 
speed could hit a stanchion and plunge down an 
embankment.  This is an example of an accident 
leading to investment: after this incident 13 of 
the 85 catch points in the metropolitan area were 
rectified in this regard60. 

• Redfern derailment, 6 April 2000.  The 
track owner, RAC, changed certain points to bi-
directional movement.  The contractor, RSA, did 
not replace a switch blade which had a cracked 
tip.  The train operator, SRA, did not state the 
permitted speeds following on bi-directional 
movement.  The commissioner conducting the 
inquiry into the incident said: 

Added to all of this is the fact that there does not 
appear to have been any attempt to bring the 
three rail entities concerned together to identify 
the combination of design, construction, 
inspection and train operation which needed to 
be done to ensure when this new work was 
commissioned the trains could be safely 
operated over it61. 

• Kingsgrove derailment, 6 October 2000.  
The causes included deteriorated timber 
sleepers, loose rail fastenings, lack of 
shoulder ballast on curves, and incorrect 
inserts in continuously welded rail62. 

• Hexham, 12 July 2002.  A coal train was 
derailed by a defective swing nose point 
– possibly excusable – but a passenger 
train ran into the derailed train because, 
it seems, the three communications 
systems of the coal train and the two 
systems of the passenger train could not 
be used for direct communications 
between the trains and the link these 
provided to Broadmeadow Train Control 
was incomplete and slow 63.  It may be 
doubted that the train operator would 
regard this system of communication as 
acceptable. 

• Bargo, 1 August 2002.  Ballast wagons 
of a reversing ballast train derailed into 
the path of a train on the other track, 
which collided with the wagons.  The 
ballast train crew were not aware that the 
wagons had derailed64.  Would not State 
Rail, or any other train operator, at Bargo 
want a better communications system 
than that? 

A train operator at risk of being a victim similar 
to the victims in these accidents ought to 
examine its accreditation, and that of the track 
owner, to ensure that there are standards that 
would not allow a similar accident to happen and 
to ensure that works and management conform 
to the necessary standards.  Without the 
standards, or without the standards being 
adhered to, the train operator should consider 
itself as having been denied access, a denial 
which would probably constitute breach of an 
access contract, and thus attract the usual 
remedies for breach of contract. 

It is possible that an access agreement offered a 
train operator would seek to give the track owner 
considerable discretion as to whether safety-
related improvements should be made.  If this 
was not suitable for the train operator and if the 
parties were not able to agree then reasonable 
terms could be imposed by an ACCC arbitration. 

7. CONCLUSION 

The disaggregated railway separates the train 
operator, who needs new investment, from the 
track owner, who will actually need to carry out 
much of the investment.  This hurdle is additional 
to the pre-existing one of procuring from 
government a fair proportion of the finance for 
investment that is necessary to actually enable a 
railway to be used, or, as it is now, to make an 
access arrangement viable. 

There are several ways of financing new 
investment in this context, but the three most 
significant, all a product of access regimes, are, 
it is submitted, these: 

• Where the true provider of the track is 
not just the track owner but all the 
government bodies on which it is 
dependent – as seems to be the case 
with Rail Infrastructure Corporation and 
all its NSW government relatives – 
access terms might properly include all 
the necessary New Investment to make 
access viable, being Investment which in 
many cases is properly the responsibility 
of those government bodies. 

• Where the improvements can be 
financed by the grant of exclusive or 
near exclusive use, which in turn gives 
the necessary security to lenders - as 
with the Alice Springs - Darwin railway 
project - access terms may confer 
exclusivity, or a modified form of 
exclusivity which allowed additional train 
operators onto the track in return for 
sharing the financing costs. 
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• Where improvements to track or 
management of track are a necessary 
response to rail safety deficiencies, the 
train operator might properly require the 
improvements under express or implied 
obligations to provide access in 
accordance with accreditation standards; 
and if those standards are desultory or 
minimalist, as they might be at 
Coonamble, the track owner is exposed 
to the risk of not having a valid 
accreditation or the risk of denying or 
hindering access in breach of an access 
contract.  Thus there could be an 
opportunity to insist on improvements as 
a matter of contract. 

The arbitration mechanisms of the NSW Rail 
Access Regime or the generic Australian access 
regime are available to the train operator to 
procure agreement on financing and approval for 
necessary new investment and to procure 
agreement on safety-related works necessary to 
allow effective use of a railway.  Arbitration or 
the threat of arbitration can break a deadlock and 
can provide the necessary leverage to parties to 
conclude an agreement. 
 
NOTES 

                                                   
1 Eg in NSW under cl 7.6 of the NSW Rail 
Access Regime, Rail Infrastructure Corporation 
"must not engage in conduct aimed at 
unreasonably hindering Access to facilities listed 
in Schedule 1 by Access Seekers."  These 
facilities are the rail network of the state and 
associated infrastructure. 
2 Such as the Australian Rail Summit Sydney on 
30 and 31 July 2002.  The phase 1-Preliminary 
Study Final Report on the East Coast train 
concept prepared for the Department of 
Transport and Regional Services, November 
2001, proposed in sec 3.5 a committee of 
governments and local councils who would give 
"total commitment and co-operation politically, 
financially and administratively to ensure 
success for the" very high speed train concept.  
As even minor railway works would never come 
to fruition under a committee regime with no one 
in charge, it is altogether too far fetched to 
suggest such a system for what the report found, 
at sec 8.5, could cost between $32 billion and 
$59 billion! 
3 Dr P Laird has written of long overdue 
investment of this kind on interstate track in 
NSW, eg in The Canberra Times, 2 April 2002.   
4 S 19C, Transport Administration Act 1988. 
5 S 12C of the Independent Pricing and 
Regulatory Tribunal Act 1992 (IPART Act). 
6 In s 19A, Transport Administration Act 1988. 

                                                                              
7 S 24A, IPART Act, which applies because of cl 
6.1 of the regime.  In addition under cl 6.2 of the 
regime the Access Seeker must agree to such 
arbitration. 
8  S 24B of this Act provides that IPART itself 
may act as arbitrator or it may appoint one or 
more persons from a panel to be the arbitrators.  
In view of IPART's price regulation functions and 
its "semi-independence" from government a 
party seeking arbitration may prefer a person 
from the panel as arbitrator. 
9 See s 24A(3), IPART Act. 
10 S 24C(2), IPART Act. 
11 S 24A(4), IPART Act. 
12 By the Transport Administration Amendment 
(Rail Access) Act 2001 which repealed s 19B of 
the Transport Administration Act 1988 which 
provided for the current regime to be made.  
There do not appear to be transitional provisions 
which keep the present regime in force.   
13 Advice by Mr R Farmer of RIC to the author, 
22 August 2002.   
14 Canberra Times, 2 April 2002.  See also P 
Laird, M Mitchell and B Adorni-Braccesi (2002), 
"Sydney-Canberra-Melbourne High Speed Train 
Options", Papers of 25th Australasian Transport 
Research Forum, Canberra, October 2002. 
15 Published at www.artc.com.au. 
16 There is a competitive neutrality policy for 
governments to observe in sec 3 of the 
Competition Principles Agreement made 
between the Australian governments on 
25 February 1994.  In NSW there is power for a 
minister to refer certain complaints about 
competitive neutrality to IPART for investigation, 
but no private or enforceable rights are created: 
s 24G ff, IPART Act.   
17 S 90 of the Australian constitution. 
18 National Competition Policy, AGPS, Canberra, 
1993, p 251 
19 Australasia Railway Access Regime final 
recommendation, p 20, published at 
www.ncc.gov.au. 
20 RIC Annual Report 2001, p 7 (RIC a/r). 
21 RIC a/r, p 8. 
22 Total revenue form ordinary activities was 
$578 million and of this $239 million came from 
operators (themselves mostly government) and 
$246 million was from the NSW government, 
RIC a/r, p 40 
23 RIC a/r p 7. 
24 Media release of Hon C Scully MP, Minister for 
Transport, 5 August 2002. 
25 Fuel by Rail Scheme Information Package on 
NSW DoT website. 
26 ARTC "Proposal to NSW Government to 
Lease Rail Track in NSW  Presentation to 
Stakeholders", 1 August 2002. 
27 Department of Transport and Regional 
Services, Transport and Infrastructure website. 
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28 Ibid 
29 SS 44H and 44K, Trade Practices Act (TPA). 
30 SS 44G(2)(f) and (c), 44H(4)(e) and (c), TPA. 
31 Details are at www.ncc.gov.au under " 
Transport Rail". 
32 SS 44S and 44U – 44ZO, TPA. 
33 SS 44U TPA. 
34 Definitions in S44 B, TPA. 
35 S 19 F schedule s6A, Transport Administration 
Act. 
36 S 19E(2)(a) Transport Administration Act. 
37 S 19 FB, Transport Administration Act. 
38 S 19FA, Transport Administration Act. 
39 Ss 85 and 86, Transport Administration Act. 
40 S 44 V,TPA. 
41 S 44W(1)(e), TPA. 
42 Shorter Oxford English Dictionary. S 51(xxxiv) 

of the Australian constitution uses the 
expression "Railway construction and 
extension" suggesting a distinction between 
works on an existing line and extension of a 
line.  The National Competition Council says, 
without giving reasons, that extension includes 
"expansion of capacity", in Australasia Railway 
Access Regime, Final Recommendations, 
February 2002, p 74 

43 National Competition Policy, AGPS, Canberra, 
1993 
 p 263. 

44 M Arblaster "Ensuring access and competition 
in the changing national rail market – the 
ACCC's viewpoint", National Rail 2002, 30 July 
2002, Melbourne, in particular at p 4, and J 
Dimasi "Regulating for competition in the rail 
industry.  The ACCC perspective", Australia Rail 
Summit, Sydney 2002, 30 July 2002. 
45 S 11. 
46 S 12(1)(b), Rail Safety Act. 
47 S 12(2). 
48 S 34, Rail Safety Act. 
49 S 50, Rail Safety Act. 
50 Ss 51 and 52, Rail Safety Act. 
51 Mr PJ Debnam, MP, NSW shadow minister for 
transport, in a speech to the Australian Rail 
Summit, Sydney, 30 and 31 July 2002. 
52 P 82 of the Final Report of the Special 
Commission of Inquiry into the Glenbrook rail 
accident, NSW DoT website. 
53 Pp 84-86 of the Final Report. 
54 Pp 89-94 of the Final Report. 
55 Pp 99-102 of the Final Report. 
56 Pp102-104 of the Final Report. 
57 Sec 16 of the First Interim Report of June 
2000 of the Special Commission of Inquiry into 
the Glenbrook rail accident, NSW DoT website. 
58 Sec 9 items, 2v, 20, 32, 38 and 39i of the Final 
Report into the Glenbrook rail accident, NSW 
DoT website. 
59 Pp 94-97 of the Final Report. 
60 Pp 97-99 of the Final Report. 

                                                                              
61 Pp104-106 of the Final Report. 
62 Final Report Suburban Train Derailment 
Kingsgrove NSW 6 October 2000 on NSW DoT 
website. 
63 According to the Initial Findings in the Interim 
Report on the collision , dated 26 July 2002, 
published on the NSW Department of Transport 
website. 
64 Bargo Preliminary Findings on NSW DoT 

website. 
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Peter B Thornton – Managing Director - TMG International (Australia) Pty Ltd 
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SUMMARY 
Very high speed trains (VHST’s) have been under consideration in corridors on the east coast of 
Australia for over 15 years.  Private consortia have made offers to Government to build-own-
operate VHST’s for the Sydney – Melbourne (~900 km) and Sydney- Canberra (~300 km) 
corridors. Ultimately, Government rejected these proposals because of the scale of financial 
concessions or capital input required. 
The study described briefly in this paper was commissioned by the Commonwealth Government 
in 2001 to examine for the first time the issues involved in a VHST from the perspective of 
Government. For the purposes of this study,  VHSTs were considered to have maximum speeds 
in the range 250 km/h to 500 km/h and could incorporate car body tilting capability. Lower speed 
trains were considered unlikely to deliver competitive transit times over the intercapital corridors. 
The study was broad ranging and reported on: VHST in other countries; policy framework; 
technologies available; corridor and route analysis; environmental issues; transit time 
performance; patronage demand; financing; national interest issues; regional development; and 
project economics and project worth. 

However, following consideration of the issue and particularly its cost, the Commonwealth 
Government has decided not proceed further. 
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1. BACKGROUND 
The study described in this paper was 
commissioned by the Commonwealth 
Government of Australia.  It followed a 
decision not to proceed with a private 
consortium offer for a shorter 300 km 
Sydney-Canberra 350 km/h high speed 
train, given the magnitude of government 
funding that ultimately was sought by the 
private consortium. For that project, offers 
were also made by consortia based on 
magnetic levitation, 250 km/h electric tilt 
trains and 200 km/h dual diesel/electric tilt 
trains. All had significantly different 
commercial propositions based on their 
analysis of the market and their view on 
transit times and investment required to 
deliver that time  
This study was the first to examine very 
fast trains from the perspective of the 
governments and in the context of the 
national interest. 
 
2. THE EAST COAST TRANSPORT 

CONTEXT  
The 2000-km Australian East Coast 
corridor, which includes Melbourne, 
Canberra, Sydney, and Brisbane and 
many regional towns, accommodates 
about 14 million people, or 75% of 
Australia's total population.  
The East Coast travel market is about 
40% of the total Australian non-urban 
passenger task.  The total transport task 
on the East Coast of Australia between 
Melbourne and Brisbane is forecast to 
increase by 3 to 4 times between 2001 
and 2051. 
However, existing modes are of limited 
utility to cope with this future task 
because: 
• in its current state, rail is totally un-

competitive with air travel;  
• rail is barely competitive with road for 

inter-regional and intercapital travel; 
• regional aviation routes are oriented to 

capital cities with relatively poor 
connections inter-regionally. 

An East Coast (EC) VHST therefore is a 
potential candidate to play a role in this 
task. 
3. WHAT TRANSPORT TASK COULD 

AN EC VHST PERFORM? 
Demand analysis indicated that a VHST 
could capture significant patronage in the 
East Coast Corridor as is shown by Figure 
1. 
For example, 350 km/h VHST is forecast 
to attract, by 2021: 
• about 13 % of the total number of trips 

in the corridor and to expand the 
overall market by 3%. 

• About 13 million air trips and to limit 
growth in air trips to 54 % of the 
forecast for the air mode without an 
EC VHST; 

• up to 5.4 million Melbourne –Sydney 
trips;  

• up to 3.2 million Sydney to Canberra 
trips and up to 1 million Canberra to 
Melbourne trips; and 
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• up to 2 million Brisbane to Sydney 
trips. 

A key finding was that a network effect 
increases overall corridor patronage to up 
to nearly 40 million trips p.a. 
Although by VHST travel times could not equal 
air, an EC VHST could progressively capture a 
large share of the projected total market 
for air travel.  Analysis indicates that: 
• by 2021 with even a 250 km/h service, 

31% of patronage could be diverted 
from air while, at 500 km/h, this 
proportion could rise to 47%; 

• A 350 km/h VHST, from Sydney to 
Canberra and Canberra to Melbourne, 
could capture 72% and 59% 
respectively of the air market in 2021; 

• For regions within 2 hours by VHST of 
a capital city now served by smaller 
propjet aircraft, the VHST could 
capture up to 84% of the air market. 

EC VHST would have a major impact on 
the number of smaller propjet aircraft 
travelling to and from regional centres in 
the corridor and Sydney.  An EC VHST 
would also reduce car travel in the 
corridor. 
 
4. CORRIDORS SELECTION 
Selection of corridors for a VHST was 
based passing through as many 
population centres as possible while also: 
• 

Maintaining as straight an alignment 
as possible; 

• Responding to the terrain and 
environmental assets of the corridor. 

The preferred corridor was found to be the 
inland route from Melbourne to Sydney 
and the coastal route from Sydney to 
Brisbane.  However, alignments are 
significantly constrained by terrain.  Figure 
2 shows profile of the Sydney-Canberra 
section of the corridor and compares it to 
VHST corridors in Europe – the parallels 
with Spain rather than France are notable. 
VHST access to the large metropolitan 
areas of Melbourne, Sydney and the Gold 
Coast/Brisbane presents major challenges 
including: 
• Developing new fast surface corridors; 
• Congestion in existing corridors; and 
• tunnelling to overcome these 

constraints. 
The preferred corridors contain significant 
centres of economic activity are 
compatible with the major environmental 
assets – e.g. national parks- of the East 
Coast region of Australia. 
 
5. VHST TECHNOLOGY 
The study considered two fundamental 
forms of VHST for an EC VHST  

Figure 2 
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• 250 km/h to 350 km/h Steel Wheel on 
Steel Rail (SWSR), including tilting 
capability, rolling stock; and  

• MagLev for speeds up to 
approximately 500 km/h. 

The performance of lower speed trains 
(160km/h – 200km/h), with or without tilt, 
was not reported as it was considered that 
these would be unlikely to deliver the 
transit times needed to be competitive on  
Interstate and intercapital services. 
 
The selection of technology and staging of 
implementation of a VHST system are 
related and major issues, as follows: 
 
• SWSR VHST's are compatible with 

joint user routes; 
• MagLev trains would be suitable for  
• Longer corridor sectors but require 

fully dedicated infrastructure so that 
construction of any stage would 
commit the whole corridor to being in 
that technology; 

The choice of a technology is critical 
because: 
• The system owners and operator(s) 

could become locked into the one 
technology supplier source; whereas 

• SWSR technology could be supplied 
competitively from range of 250 km/h 
to 350 km/h technologies; 

• For 500 km/h technology, only one 
provider both for the supply and 
maintenance of the system is currently 
commercially available. 

 

6. CAPITAL COSTS, CONSTRUCTION, 
AND FINANCING 

If the full 2000 km project were to be 
constructed as a double track system from 
Melbourne to Brisbane, the total cost (A$ 
2001) of the railway infrastructure was 
estimated (–10%/+30%) to be: 
• For 250 km/h SWSR VHST 

 $33 - $41 billion; 
• For 350 km/h SWSR VHST 

 $38 - $47 billion; 
• For a MagLev VHST(similar to 

Transrapid) $56 - $59 billion. 
To this must be added the cost of setting 
up the operating company and the 
acquisition of rolling stock. 
 
Figure 3 shows the cost implications of 
lowering travel times (or increasing 
speeds) over the corridor. As was found 
previously for the Sydney – Canberra 
section, the incremental cost of yet higher 
speed – to deliver major travel timesavings 
- increases dramatically. 
Construction would take between 10 and 
20 years, depending on the rate of funding 
and the staging of the project. 
 
As indicated in Figure 4, the study found 
that the private sector could possibly carry 
up to about 20% of the capital funding 
required for the whole project with 80% 
having to come from the governments. 
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It appears that an EC VHST, once its 
infrastructure is in place, could cover the 
cost of its rolling stock acquisitions and its 
operating and maintenance costs.  
Financial analysis indicated a 350km/h 
VHST project could achieve an operating 
BCR (ie Revenue/(Operating Costs plus 
rolling stock Costs), discounted at 7%, in 
the range 1.6 – 1.9 for the central 
passenger forecast and operating cost 
scenarios. 
7. STAGING OF AN EC VHST 
An EC VHST would need to be 
constructed such that it could be opened 
to revenue service in commercially viable 
stages. 
A promising initial stage would be from 
Newcastle to Canberra via Sydney at an 
estimated cost in the range $8.8 billion to 
$20.8 billion, according to technology 
chosen. 

A key finding was the network effect – the 
patronage of a sector of the corridor being 
forecast to be higher than the sum of the 
patronage of its subsections operating 
alone.  This effect relies on the VHST 
service not being purely Sydney centric 
but providing fast efficient transit through 
Sydney, thereby affording new alternative 
travel patterns between regional centres 
along the route 
8. OPERATIONS 
The ultimate key player in an EC VHST 
would be the system owner/operator.  
There are relatively few experienced 
private sector operators of VHST services 
though the number is expanding.  Some 

operators with such experience are 
already operating passenger rail 
franchises in Australia. 
There is a mature and competitive industry 
capable of maintaining SWSR railways 
including rolling stock and control systems 
in Australia.  Currently, there is no 
experience in operating and maintaining 
MagLev systems in Australia  
9. BENEFITS FROM AN EC VHST 
This study confirmed that an EC VHST 
would need to be, at its core, a public 
sector work. 
Conventional cost benefit assessment 
indicates that for at least one technology 
(350 km/h) and corridor assumption, total 
benefits would exceed total borne costs 
(BCR 1.1-1.7).  However, externality 
benefits of an EC VHST are 10% or less of 
the total benefits.  
However, while the users of a VHST 

derive a positive return on their costs 
(User BCR 2.5-2.9), non-users in fact incur 
a surplus of costs over benefits (BCR 0.1-
0.3).  This result for the 350 km/h 
technology is similar to the US Federal 
Railroad Administration’s finding in its 
1997 HSGT study of a large number of 
corridors. 
In terms of externality benefits, an EC 
VHST was forecast to cause: 
• a major reduction in regional airline 

services operating smaller aircraft to 
and from Sydney; 

• reduction of car travel in some key 
road corridors.   
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Both shifts in mode aid reduction of 
exhaust pollutants, greenhouse gas 
emissions and dependence on liquid fossil 
fuels. 
While the populations of the capital cities 
contribute the highest quantum of revenue 
and enjoy the highest quantum of user 

benefits, it is some of the regions in the 
corridor that enjoy the highest per capita 
benefits of a VHST. 
The distribution of costs and benefits for a 
350 km/h technology operating over the 
full corridor are illustrated in Figure 5 
 

 
10. POLICY AND THE NATIONAL 

INTEREST 
Historically, in Australia, Commonwealth 
and State Governments have invested in a 
number of major pieces of infrastructure 
based their perceived contribution to what 
was considered to be in the “National 
Interest.” 
So there would need to be clarity of vision 
on: 
• how future development should occur 

in East Coast region; 
• the distribution of the benefits relative 

to the rest of Australia; and 
• how a VHST contributes to “Nation 

Building” more effectively than 
alternative investments. 

Inter-governmental agreement, and 
commitment to an EC VHST by three 
state, one territory and the Commonwealth 
government jurisdictions would be 
required. 
Private investor confidence for investment 
would flow from a strong and visible 
commitment by the governments. 
An EC VHST could catalyze urban and 
regional growth in the corridor if 
accompanied complementary policy 
measures and initiatives Without these, a 
VHST may only serve to reinforce the 
dominance of the major metropolitan 
areas at the expense of regional 
development. 
 

11. ARGUMENTS FOR AN EAST 

COAST VHST 
Arguments for an EC VHST include: 
• an alternative for the longer-distance 

travel market; 
• complementary to air; 
• transportation diversity enhances 

national economic well being; 
• VHST’s superior to car;  
• any VHST from 250 km/h to 500 km/h 

could capture a significant market 
share;  

• providing a defining spine for 
development; 

• equity of high-speed travel 
opportunity; 

• beneficial to a wide range of rail 
operators; 

• financial risk limited by staging; 
• a 350 km/h EC VHST satisfies: 

- commerciality criterion - in 
operation its revenues exceed its 
costs; and 
- public benefit criterion – total 
economic benefits exceed total costs. 

12. ARGUMENTS AGAINST AN EAST 
COAST VHST  

Arguments against an EC include: 
• a capital cost of around $40 billion it is 

unaffordable; 
• ongoing patronage risks are 

substantial; 

Figure 5 
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• VHST's patronage gain is largely at 
the expense of the air market; 

• a strong passenger aviation industry is 
important to Australia because only air 
transport can link the whole of the 
Australia with fast intercapital travel; 

• benefits to communities are to 
disproportionate; 

• financial and economic indices are not 
strong – government may have other 
priorities; 

• Governments are not the business of 
running transport enterprises;  

• incremental improvements to the 
existing rail network would be more 
cost effective; 

• There is no overarching governmental 
vision at a national level of the future 
urban and industrial structure of the 
whole of the East Coast corridor and 
its importance to Australia as a whole.  
An EC VHST is only justified as a part 
of a vision not as the vision itself. 

 
13. CONCLUSIONS FROM THE STUDY 
An EC VHST linking Melbourne, Sydney, 
and Brisbane would be on the same scale 
as: 
• all of the Japanese Shinkansen 

constructed to date; or 
• the whole of the German High Speed 

Rail program; and 
• greater in length than the proposed 

California High Speed Rail project. 
An EC VHST could capture a significant 
part of the future East Coast travel market 
and provide relief to the other modes.  The 
project appears to have economic merit 
but would require majority government 
funding.  There would be many 
opportunities for private-public cooperation 
and partnerships to deliver and possibly 
operate elements of the project. 
An EC VHST would have to be an integral 
part of a vision and action plan for a new 
paradigm of development, mobility and 
transportation connectivity in the East 
Coast corridor. 
It would be a project of national interest 
and impact on national and regional 
economies and it could only be achieved 
through the leadership of Australia’s 
Commonwealth and State Governments. 
 

14. OUTCOME 
In March 2002 the Commonwealth 
Government terminated its investigations 
into VHST’s on the East Coast of Australia 
stating that: 
 “the likely cost to Government…was 
potentially enormous” and that “to have 
continued with further with the study would 
have been an exercise in false hope”. 
 
Clearly, having regard all the factors 
involved including cost the Commonwealth 
Government has made a definitive 
decision not to proceed with the project. It 
is relevant to note that at the time of 
writing, none of the four State or territory 
governments has indicated an interest to 
pursue VHST further.  Equally, the private 
sector seems unlikely to pursue VHST 
further in the absence of absolute clarity 
on the Government’s financial support. 
 
Until the transportation pressures in the 
corridor emerge even more strongly and 
substantial political will develops, it would 
appear that a VHST at the scale 
considered in this study is quite some 
years in the future. 
 
15. REFERENCE 
This paper is drawn predominantly from: 
 
“East Coast High Speed Train Scoping 
Study Phase 1 – Preliminary Study –Final 
Report” for the Department of Transport 
and Regional Services November 2001 
prepared by Arup-TMG. 
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at www.dotars.gov.au/transinfra/vhst.htm 
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the subject of very high-speed rail. 
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FIELD TEST VALIDATION OF A RAILWAY BRIDGE MODEL BY 
STRUCTURAL DYNAMIC SENSITIVITY ANALYSIS 

 
Peter  J. Sorrenson, BE, GradIEAust and Michael P. West, SB, SM, PhD, CPEng FIEAust 

Faculty of Engineering, University of Wollongong 
 

Fatigue life assessment of structures requires test-validated structural dynamic mathematical models.  
Railway bridges are particularly complex in modelling, as their structural characteristics depend on 
details of support and fixity among the primary and secondary structure, transoms, and rails.  These 
are in turn affected by particulars of site conditions, traffic loadings, and maintenance history.  In this 
study a field test program on a steel railway bridge in NSW has been made, in which dynamic load, 
stress, and acceleration responses were recorded under normal traffic loadings.  A finite element 
structural sensitivity model of this bridge has been created to permit variations in fixity and support 
conditions.  A variety of passenger and freight train loading histories were constructed for the model, 
which accurately represent locomotive and wagon axle loadings and spacings, for the passing trains 
involved in the field test.  Transient dynamic structural responses of the bridge were computed, and 
compared with the experimental transient stress, load, and acceleration histories.  By iteratively 
adjusting the structural model, satisfactory correlation with field test results was achieved.  In this 
paper, details of this field test/mathematical model correlation technique are presented. 
 
1. INTRODUCTION 
Australian railway bridges, like all structures 
the world over, are ageing.  Many Australian 
railway bridges are approaching or have even 
passed their design life.  Like all infrastructure 
the problem of ageing railway bridges has 
potentially catastrophic consequences [1-3] 
and is widespread [4-11]. 
 
The problem of ageing railway bridges is a 
particularly difficult one.  There is a complex 
array of issues which face integrity and 
remaining life assessment of railway bridges 
[12-14].  The structural conditions of railway 
bridges may change from site to site even 
where bridges are supposedly of the same 
design.  The conditions for any particular 
bridge often change over the life of the bridge 
with degradation of piers, supports and 
structure.  The dynamic interaction between 
rolling stock and structure, due to normal 
vehicle and structural dynamics and defects 
such as wheel flats, out of round wheels and 
structural degradation has a dramatic effect on 
structural response [15-20].  The dynamic 
interaction between vehicle and structure often 
requires complex modelling techniques [21-26] 
and is therefore often neglected in 
assessment.  Current railway bridge fatigue 
assessments in Australia are at times 
unreliable since different methods and 
assumptions are used from one assessment to 
the next with varying understanding of the 
issues of railway bridge assessment.  This is 
true not only in Australia but also around the 
world [27-28].  Recognising that each bridge is 

critical for safe, reliable operations, it is clear 
that a dependable structural assessment of all 
the bridges in a railway network of thousands 
of bridges poses a task which is both 
tremendously demanding and vitally important. 
 
2.  LEVEL III STRUCTURAL ASSESSMENT 
AND 10-STEP FATIGUE METHODOLOGY 
The aim of the broader research topic, to 
which the research presented in this paper 
belongs, is to work toward addressing the 
problem of ageing steel railway bridges by 
formulating a clear, repeatable, top-down 
methodology for high-level structural 
assessment.  The method aims to integrate 
the state of the art in modelling, testing and 
fatigue code tools and uses transient digital 
data for testing, modelling and assessment.  In 
order to demonstrate the methodology, the 
steel girder approach spans of the Mullet 
Creek Railway Bridge at Dapto, NSW, have 
been assessed. 
 
Structural integrity assessment is a prominent 
concern in management of railway bridge 
infrastructure assets.   The three-tiered 
approach, developed in the aerospace, power 
generation, and petroleum industries, is 
gaining acceptance in the railways: 
Level I:  primarily visual inspection and simple 
analysis 
Level II:  intermediate analysis and inspection 
Level III:  comprehensive inspection, analysis, 
and field testing. 
The three-level approach provides a 
framework for cost effective asset 
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management, with appropriate consideration 
for safety and reliability.  The research project 
on Structural Integrity Assessment of Railway 
Bridges at the University of Wollongong, 
sponsored jointly by Rail Infrastructure 
Corporation and the Cooperative Research 
Centre for Welded Structures, has been 
developing Level III fatigue rating systems 
since 1997.  This research utilises advanced 
computer modelling and field testing 
techniques for steel railway bridges in a tightly 
integrated program of analytical and 
experimental work. 
Level III rating, as the most comprehensive 
evaluation, normally is applied in the relatively 
infrequent circumstances that require it.  The 
great majority of bridges will be rated by Level 
I means; the resulting estimates must 
therefore be comparatively conservative.  
Development of effective and economical 
rating techniques at the first level naturally has 
the greatest priority in asset management 
policy.  Research on Level III rating systems, 
as described here, is being pursued with the 
expectation of gaining much greater insight 
into the character of railway bridge loading and 
response, leading to clearer understanding of 
the complex array of issues that are bound up 
in bridge assessment generally.  It is thus also 
for improving assessment methods at levels I 
and II that research with advanced techniques 
is being applied. 
 
In recent years structural engineers have 
sought to establish exactly how the modern 
structural analysis and test techniques can be 
adapted for the purposes of fatigue 
assessment of existing bridges.  While 
research continues in many aspects of 
structural and materials engineering which 
relate to this concern, the following 
conclusions have been drawn: 
 
(1) Modern numerical analysis of structures 

(Finite Element Method, FEM) is a 
practical means of predicting structural 
response when loadings, boundary 
conditions, and structural configuration 
are accurately accounted for by the FE 
model. 

(2) Dynamic load effects must be properly 
considered, as these are critical to the 
determination of true amplitude and 
number of cycles of structural response. 

(3) Actual bridge structural function is 
affected by conditions such as settlement 
of supports, shrinkage of timber transoms, 
and various other factors which usually 
cannot be understood from drawings 
alone.  Adequate inspection and field 

testing are therefore required to assure 
that the structural condition of a particular 
bridge is verifiably represented in a 
numerical model to be used for structural 
integrity assessment. 

(4) Structural dynamic testing methods 
(modal analysis) are in principle capable 
of providing detailed information on 
structural function.   Their use has 
principally been for research, and while 
not considered to be practical for the 
general task of railway bridge rating at 
present, they may be potentially effective 
for particular, critical structures where the 
precision available through thorough 
modal analysis can justify the expense of 
the method.  Considering the cost-benefit 
realities of modal analysis, as well as the 
economics and technical requirements of 
railway bridge asset management, a 
simpler, more direct approach to structural 
dynamic field testing is needed, that will 
be feasible to incorporate into a general 
engineering methodology.  Such an 
approach is outlined in the next section of 
this paper. 

(5) The ten-step methodology presented here 
is a stress-based approach to fatigue.  
The goal is to determine the number of 
cycles of loading, in a general operational 
sense,  that can be tolerated before visible 
fatigue cracks appear.  This approach is in 
contrast to a fracture mechanics 
methodology, wherein assumptions are 
made regarding pre-existing crack-like 
flaws, and their growth during operation.  
The fracture mechanics approach 
attempts to determine crack growth rate 
up to a condition of critical (catastrophic 
failure) flaw size.  British Standard 
Document 7910 provides an example of 
this method. 

 
With these points in mind, a practical 
methodology has been formulated for the 
purpose of obtaining comprehensive estimates 
of fatigue life and structural integrity with the 
greatest level of confidence.  It consists of the 
ten steps listed below: 
 
1. Preliminary Finite Element Model (static 

loads) 
2. Preliminary Model Validation (static loads) 
3. Refined Finite Element Modelling 

(dynamic loads, sensitivity elements, 
detailed stress model) 

4. Dynamic Loading Sensitivity Field Test 
5. Historical Duty Cycle Loading Schedule 
6. Finite Element Dynamic Response 

Analysis, based on 5. above. 
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7. Cycle Counting and Load Spectrum 
Compilation 

8. Goodman Equation (or equivalent) 
Conversion of Stresses to Fully-Reversed 
Cycling 

9. S-N Fatigue Response Calculation 
10. Miner's Rule Summation; Code 

Comparison 
In the next section, the important tasks of field 
testing, finite element modelling  and transient 
response analysis, and the correlation of field 
testing and model simulated results are 
detailed (Steps 1-4 above).  Examples of 
assessment using the complete 10-step 
fatigue methodology are presented in 
Reference [37]. 
 
3. DYNAMIC FIELD TEST VALIDATION 

OF A FINITE ELEMENT MODEL 
Most modern bridge assessments fall into two 
groups.  The first uses measured dynamic 
response from field testing only [29, 30].  
These assessments ensure that significant 
dynamic effects are included in assessment 
although they rely on the assumption that the 
particular test conditions and measured 
response are a sufficient representation of all 
past and future loading and structural 
conditions.  Using test data only also assumes 
that the only components of interest are those 
measured.  The second group conducts 
assessment using verified structural models.  
Using structural models allows variation in 
loading and structural conditions to simulate 
known or predicted changes in both loads and 
structure.  They also allow theoretically all 
components of the structure to be 
economically investigated.  Most assessments 
carried out using structural models however 
tend to use only static response from structural 
models and therefore neglect the highly 
significant dynamic effects [31, 32], or else 
deal with dynamic effects by including a single 
amplification factor [33, 34]. 
 
In the method developed in this research 
structural models are used allowing changes 
in loading and structural conditions to be 
modelled and potentially all components of the 
bridge investigated.  Structural models in this 
work however are used to predict the complete 
dynamic response of the structure.  In order to 
predict the complete dynamic response, 
efficient methods for modelling moving loads 
in finite element software have been 
developed.  Efficient methods of tuning models 
to measured dynamic response and methods 
for identifying the time varying magnitude of 
moving loads are used.  For Railway Bridge 
assessment this has required the development 

of an analytical model for beams with 
rotational stiffness at the supports subjected to 
multiple uniformly distributed loads. 
 
The two main purposes for the field testing 
carried out in the present research are; 
1. dynamic model validation and refinement, 

and 
2. gathering of transient structural response 

data for load identification (not discussed 
in the present paper). 

 
The most suitable techniques for dynamic 
testing and model verification are strain gauge 
or accelerometer measurement.  Strain gauge 
techniques have been used in this research, 
although low frequency accelerometers show 
great promise for load identification and model 
validation and it is planned to continue the 
present work using low frequency 
accelerometers. 
The procedure used for validation of the finite 
element models used in this research using 
dynamic field test results is outlined below in 
general terms. 
1. The first step is the strain gauge set-up.  

Strain gauges are placed along the bottom 
flanges of the main girders.  These are 
used initially for global model validation and 
later for dynamic load identification.  Strain 
gauges are also set up on crucial 
components, these are used to test parts of 
the structure whose response may be 
difficult to capture from only global results. 

2. Dynamic field testing is carried out with a 
locomotive, or other rolling stock, of known 
loads at crawl speed.  The vehicle travels 
at crawl speed so that dynamic impact 
effects from vehicle-structure interaction 
and from vehicle and structural defects, 
which are often greater at higher speeds, 
are minimised.  The data recorded from 
strain gauges is not merely the free 
vibration response of the structure to 
ambient loads but is the forced response 
under load. 

3. The same locomotive or rolling stock loads 
are then applied in an analytical model 
(Figure 1).  The analytical model has end 
conditions that may be tuned along with 
other structural properties, and moving 
loads whose distribution may be tuned.  
The procedure is detailed in [37]; effectively 
the process is one of curve matching of the 
responses at a number of locations on the 
structure.  The response curve from the 
analytical model, through a process of 
tuning various parameters, is matched to 
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the measured bridge response (Figure 2).  

 
 
Figure 1. Analytical model, with tuneable 
structural properties, subjected to moving 
distributed loads of variable magnitude. 
 
 

 
Non-tuned Analytical Response 
Measured Response 
Tuned Analytical Response 

 
Figure 2. Example of the tuning of the 

analytical model response to the measured 
bridge response from field testing. 

 
This analytical model is used as an efficient 
intermediate step for the tuning of the finite 
element model.  The process of tuning the 
analytical model guides how and where the 
finite element model is to be adjusted. 

 
4.  The finite element model is now tuned to 

the actual bridge using dynamic test 
results, and the analytical model 
intermediate step.  The use of the analytical 
model may seem superfluous for tuning the 
finite element model, and perhaps would 
be if railway bridges always behaved in an 
ideal manner.  This is unlikely to often be 
the case, however, and certainly was not 
the case this research.  The Mullet Creek 
Bridge behaved as a non-simply supported 
structure, and varied greatly from 
preliminary models where simply supported 
behaviour and point applied loads were 
assumed.  Reconciling the finite element 
model response to the test response would 
have been very difficult were it not for the 
analytical model intermediate step. 

 
 

4. RAILWAY BRIDGE FINITE 
ELEMENT MODEL 

Beam models have been predominantly used 
for analysis in this research.  For some details, 
plate sub models have been used, based on 
beam model global response.  Of course 
whenever finite element analysis is used, the 
trade off between the level of detail in the 
model and the time and the expense of the 
analysis must be considered.  For complete 
dynamic analysis, beam models with plate sub 
models for particular components offer a 
satisfactory balance, and deliver relatively 
efficient and usable results.  The majority of 
finite element modelling has been carried out 
using the G&D Computing Strand7 package, 
although MSC Nastran and HKS ABAQUS 
have also been used within the project.  The 
approach span model is shown in Figure 3. 
 

 
Figure 3. Rendered approach span model. 

 
Model statistics include 304 nodes, 306 beam 
elements and 112 link elements.  All beam 
properties are taken from structural drawings 
supplied by RSA which were subsequently 
confirmed by site measurements.  The support 
conditions at the piers are as per structural 
drawings with both ends free to rotate and the 
sliding bearing end free to translate.  Vertical 
spring-damper elements have been modelled 
at rail-transom, sleepers-ballast and bearing-
substructure connections.  Spring-damper 
elements allow the distribution of wheel loads 
through the rails and transoms, and 
irregularities or damage of transoms and 
abutments to be modelled and adjusted.  
Longitudinal springs have been modelled at 
the rail-transom and transom-broad flange 
beam connections.  The intention in this case 
is to allow adjustment of the modelled pandrol 
clip connection.  These connections have 
been shown to have a significant effect on the 
behaviour of the bridge.  The approach span 
model includes three sleepers leading up to 
the span.  Sleepers on the approach to the 
span have been modelled so that the 
approach conditions of the bridge may be 
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accurately simulated in dynamic analysis.  The 
spacing between these sleepers is irregular 
representing actual site measurements which 
differ from structural drawings and ideal 
conditions of regular sleeper spacing. 
 
5. FIELD TEST PROGRAM 
Three rounds of field-testing were carried out 
during the course of the present research.  
The first round of testing was carried out in the 
preliminary research leading up to this thesis 
[36].  The second and third rounds of testing 
were carried in 2000 and 2001, complete 
details are presented in [37], a summary is 
presented below 
 
5.1 2000 Field Testing 
In November of 2000 the long awaited 
dynamic field testing of the approach spans of 
the Mullet Creek Bridge took place.  This 
round of testing did not adhere completely to 
the technique presented earlier in this paper, 
since the method was under development.  
The 2000 round of testing did not record the 
passage of a known locomotive at ‘crawl’ 
speed so was not useful for initial model 
validation.  The 2000 round of testing did 
however provide a significant amount of test 
data for vehicles at normal speed, which was 
useful for load identification and correlation of 
results for traffic at normal speed. 
 
For the test set-up strain gauges and 
accelerometers were set up on a twenty four 
foot approach span, the third span from the 
northern end of the bridge, shown in Figure 4. 
 
Six strain gauges were attached to the 
underside bottom flanges of the broad flange 
beam girders (three on each girder) at one-
quarter span length intervals.  One strain 
gauge was located to the top side of the top 
flange of the BFBs above one of the web 
stiffeners, to measure the secondary bending 
stresses caused by transoms loaded within the 
BFB girders.  Four ninety-degree rosette strain 
gauges were attached to the rails to gain a 
relative measure of axle load and to measure 
the speed of rolling stock, where axle spacing 
is known.  The strain gauges were set up on 
the outside face of the rail web, at the neutral 
axis of the rail approximately forty-five degrees 
from the edge of the sole plate.  Strain gauges 
were then connected in a wheatstone bridge in 
order to measure a single axle load.  The 
strain gauge set up and wheatstone bridge are 
shown in Figures 5 and 6.  The measurement 
set-up is adapted from Fryba [38]. 
 

 

 
 

Figure 4. Approach span chosen for the 
first round of testing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Strain gauge set-up and 
wheatstone bridge for relative axle load 

measurement. 
 

 
 

Figure 6. Strain gauge set-up for relative 
axle load measurement. 

 
Figure 7 shows a schematic of the complete 
set up of test equipment.  In order to calibrate 
the test equipment, a BHP locomotive was 
stopped on the span.  Calibration was carried 
out twice, once for each of the locomotive 
bogies.  Figure 8 shows the locomotive being 
used to calibrate the test equipment. 
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Figure 7.  Schematic of test set up. 
 
 

 
 
Figure 8. Locomotive stopped at mid span 

for equipment calibration. 
 
After the equipment was calibrated, data was 
recorded for thirty-three trains over an 
approximately ten day period.  Train types, 
times and directions of travel were noted to 
complement recorded data and were 
compared and confirmed against current 
working timetables.  Data was recorded on an 
eight channel DAT data recorder and 
converted to digital format via a program 
written as part of the project in C language, 
using a National Instruments Analogue to 
Digital card.  A sample of digitised data is 
presented in Figure 9 showing stresses at the 
top flange above the web stiffener, the bottom 
flange at mid span and the rail gauges for the 
passage of 100t Manildra wagons. 
 
The data recorded by field measurement gave 
bending stresses which differed from the 
assumed simply supported finite element 
model.  The measured bending stresses were 
generally slightly lower than the predicted 
stresses from simply supported models 
suggesting an increased stiffness in the actual 
bridge structure.  Bending stresses also varied 
from the simply supported prediction along the 
length of the span in a manner that suggested 
a stiffness at the span ends that varied from 
the assumed simply supported condition. 

 
 

 
 

Figure 9. Sample of digitised test data. 
 
5.2 2001 Field Testing 
Early in 2001 the final round of testing was 
carried out.  The 2001 round of testing 
adhered completely to the technique 
presented earlier in this paper.  Logistically 
this round of testing was much easier to 
organise than the previous tests.  On this 
occasion instrumentation consisted of strain 
gauges on the underside bottom flanges of the 
broad flange beam girders (three on each 
girder) at one-quarter span length intervals 
and accelerometers at the same locations.  
Since at no stage was anyone required to 
work at track level the set-up of equipment 
was considerably easier than in previous 
testing and safe work procedures were carried 
out without disrupting normal traffic. 
 
On this occasion, rather than stopping a 
locomotive on the span, the slow pass (10 
km/hr) of a BHP locomotive was recorded to 
calibrate equipment.  The dynamic data 
recorded during the slow pass was also used 
to validate and fine tune the analytical and 
finite element models and to account for the 
unexpected bending stress results. This is 
demonstrated in the following section. 
 
Using the tuned analytical model and dynamic 
bending stress histories from field testing 
loads may be identified from structural 
response.  The strain gauges set up on the rail 
in the first round of testing to measure relative 
axle load are therefore unnecessary.  This 
greatly simplifies the test set-up and further 
reduces traffic disruption. 
 
Dynamic bending stress and accelerometer 
data was recorded for a further twenty-four 
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freight and passenger trains bringing the total 
number of trains catalogued over both rounds 
of testing to fifty-seven. 
 
5.3. Variation of Field Test Results from 

Predicted Response 
As noted above, the bending stress results 
measured during field-testing varied from 
predictions based on simply supported beam 
behaviour.  The measured bending stresses 
were generally slightly lower than the simply 
supported predictions and the bending 
stresses were not symmetrical about the mid-
span, suggesting that the stiffness at the 
supports varied from simply supported 

assumptions.  Figure 10 shows the bending 
stress results from field testing for the slow 
pass of the a BHP locomotive and the 
predicted bending stress results assuming 
simply supported conditions.  The bending 
stress results were measured at one quarter 
span length intervals.  In the figure below, 
starting from left to right, the bending stress 
results are shown for the strain gauge 
measurement taken at a one quarter span 
length from the expansion bearing, the 
measurement taken at mid span and the 
measurement taken at a three quarter span 
length from the expansion bearing, i.e. a one 
quarter span length from the fixed bearing. 
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Figure 10. Bending stress results from field-testing and the predicted bending stress results 

assuming simply supported conditions. 
 

 
6. CORRELATION OF RAILWAY 

BRIDGE MODEL WITH FIELD TEST 
RESULTS 

As has already been detailed, the method for 
validating and fine-tuning the finite element 
model built for this project uses dynamic field 
test results and an analytical model.  Recall 
that the analytical model is used as an 
intermediate step in order to provide guidance 
to final finite element model tuning.  (The 
tuned analytical model is also essential for 
accurate load identification.)  Recall also that 
the analytical model may be tuned for overall 
structural properties, rotational stiffness at 
supports and the length of load distributions. 
 
The properties of the preliminary analytical 
model, like the preliminary finite element 
model, were based on structural drawings and 
site inspection.  The properties of the 
preliminary analytical model were then tuned 
so that its response matched the measured 
results for the locomotive of known wheel 
loads and axle spacing moving travelling at 10 
km/hr.  The analytical model was then further 
verified against data for normal traffic.  The 

response of the tuned analytical model and the 
field test results for the slow moving 
locomotive are presented in Figure 11. 
 
From tuned beam properties it became clear 
that the end conditions are not simply 
supported as originally assumed but in fact 
fixed bearing exhibits a rotational stiffness.  It 
also became clear that the concentrated load 
assumption was inaccurate and instead the 
load were applied as distributed loads, most 
likely due to the interaction between the rails 
and transoms. 
 
Guided by the tuning of the analytical model, 
the finite element model was then tuned.   
 
Clearly it is not sufficient to simply include 
rotationally stiffened constraints to the fixed 
bearing in the finite element model.  The true 
structural response and the stress variations 
that accompany it for the entire structure are 
sought, so that the entire finite element model 
behaves in a manner closely approximating 
reality. Instead then, with the guidance of the 
analytical model the structure was investigated 
in order to find a reasonable cause for the 
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variation from simply supported behaviour.  
After a great deal of consideration, a number 
of discussions with project partners and 
sponsors and further finite modelling and site 
inspection, the most likely cause of the 
variation from simply support conditions was 
settled upon. 
 
The likely cause of the increased stiffness at 
the fixed bearing is that Broad Flange Beam to 
transom to rail connections possess some 
stiffness.  This may appear both obvious and 
insignificant; however, when coupled with the 
resistance of the fixed bearing to move 
longitudinally (located well below the neutral 
axis of the broad flange beams), a significant 

moment effect is set up at the fixed bearing 
end of the span. 
 
This effect has been confirmed to some extent 
in subsequent tuning of the finite element 
model and site inspection.  Recall from the 
details given earlier of the finite element 
model, that longitudinal spring elements (along 
the rail axis) have been modelled at the rail-
transom and transom-broad flange beam 
connections.  The intention was to allow 
adjustment of the modelled pandrol clip 
connection.  By adjusting the stiffness of these 
spring elements, it has been possible to tune 
the finite element model such that modelled 
bending stress results match the test and 
analytical results.
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Figure 11. Bending stress results from field-testing and the bending stress results from the 
tuned model. 

 
Figure 12 shows the bending moment 
distribution of the finite element model of the 
approach span with tuned longitudinal spring 
elements at the rail-transom and transom-
broad flange beam connections under a 
stationary locomotive load.  Also shown is the 
moment effect set up by the stiffness in the 
rail-transom-broad flange beam connection 
and the resistance of the fixed bearing to 
move longitudinally. 
 

 
Figure 12.  Bending stress distribution of 

the approach span under a static 
locomotive load. 

 
The finite element model was also tuned to 
account for the length of the load distribution 
identified from the analytical model.  This was 

achieved using the vertical spring-damper 
elements modelled at the rail-transom 
connections.  Softening or stiffening the 
vertical spring stiffness has allowed the load 
distribution to be tuned and modelled. 
 
6.1 The Significance of the Variation 

from the Simply Supported 
Assumption 

Considering only the modelled bending stress 
results presented in figures 10 and 11, it may 
appear that the stiffness set up at the fixed 
bearing has an insignificant effect on the 
structural integrity of the Mullet Creek Railway 
Bridge, or indeed any bridge of this type.  This 
is not the case.  The variation of the Mullet 
Creek Railway Bridge from the simply 
supported assumption, and the expected 
variation of other bridges of this type, is likely 
to have a significant effect on the structural 
integrity of the bridge.  It has been observed 
that in other bridges of this type, where the 
main girders are built up or longitudinally 
welded sections, the fixed bearings have 
undergone cracking apparently not seen in the 
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expansion bearing.  See Figure 13 from a 
bridge in Richmond, Australia which is of 
similar design to the Mullet Creek bridge 
showing cracking at the fixed bearing.  Note 
that the expansion bearing is not damaged. 
 

 
Figure 13. Cracking at the fixed bearings of 
consecutive spans of a similar bridge in 
Richmond, Australia. [Rail Infrastructure 
Corporation] 
 
In the Mullet Creek bridge, the sections are 
rolled rather than welded or built up.  As one 
would expect then, no cracking has been 
observed at the fixed or expansion bearings.  
Instead, however, the piers under the fixed 
bearings show signs of damage not seen at 
the expansion bearings.  Figure 14 shows 
damage at the piers under the fixed bearing.  
Note that there is no damage under the 
expansion bearing. 
 

 
 
Figure 14. Damage at the pier beneath the 
fixed bearing at the Mullet Creek Railway 
Bridge.  
 
If the longitudinal stiffness of the modelled 
pandrol clip is reduced to zero the moment 
effect set up at the fixed bearing is removed.  
This is structurally possible by using no-nose 
load clips at the transom-rail connection.  The 
effect that using no-nose load clips has on the 
rest of the structure may be simply assessed 
using the finite element sensitivity model. 
 

6.2 Construction and Simulation of 
Actual Traffic Loads and Further 
Validation of Results 

 
The response of the tuned finite element 
model was further validated against measured 
field test results for traffic at normal speeds. 
Current traffic loads have been identified from 
measured structural response.  An 
approximate method for load identification has 
been used in this project, though it is beyond 
the scope of this paper to include material on 
approximate load identification here.  The 
method is again detailed in full in [37].  
Approximate identified loads have been 
modelled in the tuned finite element model and 
the transient structural response compared 
against measured test results.  Figures 15 and 
16 compare the predicted bending stress 
response from the tuned finite element model 
and approximate identified loads with the field 
test results for an electric passenger train and 
a 81 Class locomotive travelling at normal 
speed. 
 
7. DISCUSSION OF RESULTS 
The use of the correlation technique for 
sensitivity models and dynamic field testing 
presented has identified a potential cause for a 
common failure of steel girder railway bridge 
bearings.  Also identified is a potential solution 
to the problem.  The impact on the rest of the 
structure of the proposed change may be 
easily assessed using the sensitivity model. 
The results presented for traffic at normal 
operating speeds show a satisfactory 
correlation between modelled response with 
measured response from field testing.  The 
slight deviation between the modelled and 
measured response is due mainly to 
approximations made in load identification. 
 
With such strong correlation it is with some 
confidence that a complete loading history, 
developed from historical loading data and 
identification of loads for current traffic, may be 
constructed and applied to the model.  A 
complete dynamic structural response may 
then be found for not only measured 
components but also any component of the 
railway bridge and the fatigue life or structural 
integrity assessed.  Since simulated rather 
than measured loads are relied upon, loads 
may be varied and the response to the 
changed loads assessed.  Since a validated 
sensitivity model rather than the actual 
structure is assessed, the structural conditions 
may be easily varied and the impact of the 
structural changes also quickly assessed. 
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Figure 15. Correlation of the predicted response of the tuned finite element model subjected to 

approximate identified loads with field test results for an electric passenger train. 
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Figure 16. Correlation of the predicted response of the tuned finite element model subjected to 
approximate identified loads with field test results for an 81 Class locomotive. 

 
This provides the foundation for a highly cost 
effective and accurate technique for testing 
and assessing existing structures and 
providing guidance on how they may be 
maintained and engineered. 
 
8. CONCLUSIONS 
Given the complexity of railway bridge 
assessment, test-validated dynamic 
mathematical models are essential for reliable  
and accurate assessment.  From the 
comparison of results presented in this paper it 
may be concluded that the correlation 
technique detailed herein for field test 
validation of railway bridge models by 
structural sensitivity analysis is suitable for 
railway bridge assessment.  The method has 
been shown to be useful for assessment of 
railway bridge structures subjected various 
measured or predicted load cases with various 
existing or proposed structural conditions. 
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STRENGTHENING OF RAILWAY 
PSC BRIDGES IN LIEU OF REPLACEMENT 

Douglas G Sands, Civil Contracts Manager, Queensland Rail 
SUMMARY 
 
In the late 1990’s, Queensland Rail (QR) undertook to upgrade its Blackwater to Gladstone coal corridor 
from M160 to M270 capacity, a 70% design load increase.  The strengthening of the bridges on the corridor 
was an essential prerequisite to QR upgrading its coal wagon fleet from 80 tonne to 104 tonne gross. 
 
QR’s in-house civil engineering design section developed a design to strengthen the 15m prestressed 
concrete (PSC) spans on 33 bridges on the corridor, and called several tenders for this work.  The 
successful Contractors submitted three innovative alternative designs to strengthen the existing spans with 
steel or concrete composite sections. 
 
This paper describes the essential features of the original and alternative bridge strengthening designs, as 
well as some of the construction problems encountered.  The strengthening of the bridges in lieu of girder 
replacement saved significant operational costs and minimised interruptions to railway traffic. 
 
Keywords: Bridge strengthening; composite materials; asset life extension; design innovation; 

prestressed concrete construction 
 
  
INTRODUCTION 
 
New coal lines built by Queensland Rail over the 
last 30 years have been built to ANZRC M220 
standard.  This generally allows for 110 tonne gross 
mass wagons (i.e. 27.5 tonne axle loading). 
 
However the Gladstone to Blackwater Line was 
completed in 1903 and was part of QR’s original 
network.  The original bridges were mostly timber 
and designed for a load of 15.75 tonne (per axle).  
When the coal market developed in the late 1960’s, 
these structures were progressively replaced with 
M160 (20t axle) PSC bridges, while the few steel 
structures were strengthened to 18 tonne axle load, 
as this was relatively easy to do.   
 
The steel and timber bridges have been 
progressively replaced by PSC bridges. 
 
The extent of the coal mine development and the 
growth in coal freight was not originally anticipated  
 

and further increases in load capacity were 
required.  Coal wagons increased from 72 tonne to 
80 tonne, 90 tonne and presently are 104 tonne.  
This latest increase required the strengthening of 
33 bridges between Gladstone and Blackwater. 
 
It was decided to upgrade these structures from 
M160 standard to M270 standard, the current 
design standard for all new QR bridges.  This 
standard is equivalent to 35 tonne axle loading 
which is expected to be the limit for a relatively light 
mineral commodity such as coal on a narrow gauge 
railway (1067 mm). 
  
1. THE EXISTING STRUCTURES 
 
When the original PSC bridge construction took 
place, QR had standardised on 3 span lengths – 9 
metres (30 feet), 15 metres (50 feet) and 25 metres 
(80 feet).  The 25 metre spans had been designed 
for M220 standard, and no strengthening was 
necessary on these spans as part of this project. 
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The 9 metre and 15 metre spans however had been 
designed for M160 standard and these had to be 
upgraded.  Although there were only two basic 
sizes, there were a number of variations, due to the 
different designs of each precast concrete 
manufacturer.  Also Australia had gone through 
metrication in 1972 and thus there were both 50 
feet and 15 metre designs. 
 
The 9 metre spans consist of box girders and it was 
decided to replace them with new spans of the 
same girder depth. 
 
The 15m spans are made up of three precast PSC 
T beams, transversely post tensioned insitu.  A 
typical 15m span is shown in Figure 1.  The designs 
and methods used to strengthen these spans are 
the topic of this paper. 
 

 
 
In addition, bridge foundations and substructures 
required strengthening for this project.  These 
designs and works are also briefly described in this 
paper. 

2. ORIGINAL DESIGN OPTIONS 

2.1 Design Requirements 
 QR bridge designers were faced with the task 

of strengthening the M160 structures while 
meeting the following requirements:- 
1. Interruptions to the existing rail service 

had to be minimised (up to 50 trains per 
day). 

2. Managing the dimensional and detail 
differences of the spans (length, cross 

section and prestressing layout) due to 
pre and post metric girders and different 
precast manufacturers. 

3. Some of the bridges were on a skew. 
4. Some of the bridges were on duplicated 

track at 4 metre centres, which increased 
track closure opportunities, but eliminated 
any room to increase the cross section of 
the spans. 

5. The Gladstone to Blackwater rail corridor 
is electrified and any structure 
replacement would require extensive and 
costly temporary relocations of the 
overhead wiring and the rail track. 

6. If all spans were replaced, QR would have 
to dispose of about 450 redundant PSC T 
beams.   

 

 
 
 Two designs were developed by QR’s in-

house civil engineering design section. 

 
2.2 Replacement of Spans 

The first design required a complete deck 
replacement of the three T beams with two 
only 2 metre wide box girders.  This 
superstructure is the same width (4 metres) 
as the original design and the same depth 
(0.915m) which avoids the need for any track 
regrading.   

 
 This design was most suited to where there 

is double track on bridges at close centres. 
 

Fig. 1 Typical 15m span 
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2.3 Strengthening of Spans 
 
2.3.1 Design 

The second design was to provide an 
additional PSC girder on both sides of the 
existing span to share the increased load.  
This design utilises galvanised steel cross 
beams to distribute the load to the outside 
girders, in the same way that cross beams in 
a truss bridge transfer the deck load to the 
main truss members (see Figure 2).  This 
design results in far less disruption to rail 
services and requires no track alterations and 
little overhead wiring relocations.  This 
method cannot be used where double track 
bridges are close together. 
 
To ensure composite action of the new 
additional girders with the original girders, 
joining them together using the transverse 
stressing bars was originally considered but 
this proved inadequate.   

The additional girders had to be designed 
with equal or greater stiffness than the 
original girders to ensure the required load 
sharing to the new girders occurs. 
 
The pier headstocks had to be extended to 
support the additional external girders. 
 
This method was trialled on one 3 span 
bridge which was subsequently test loaded.  
As no rollingstock was in existence that 
matched the design load, a full test load was 
carried out on one span by using specially 

cast concrete blocks as kentledge.  The 
measured deflections closely matched the 
theoretical calculations, and when the load 
was removed the span returned to within 1 
mm of its original position.  Subsequent load 
cycles confirmed the displacement and 
restoration of the girder.  The QR designers 
were therefore confident that this design 
works. 

 
2.3.2 Construction issues 

As some of the bridges were located at a site 
that had poor access, the design was based 
on the assumption that the new external 
girders could be transported to site by train, 
and then lifted off the wagons directly onto 
the extended headstocks.  This was done at 
the trial site, but a heavy crane was still 
required, especially to reach over and place 
the girder on the far side of the train. 
 

The overhead wiring was an obstruction to 
the crane.  The return conductors (attached 
to the outside of the masts) had to be 
removed as these were directly over the new 
girder bearings.   
 

The central contact wire and supporting 
catenary wire were not removed, but were 
slewed to one side, and these caused a lot of 
interference to the crane operation.  
 
Where there are not double track bridges at 

Figure 2   Strengthened span with external girders 
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close centres, two cranes could be used, one 
each side of the track, but the overhead wires 
would still be a problem. 
 
At the trial site, there were two bridges at 
10m centres, but it was considered too 
hazardous to run trains on the adjacent 
bridge while the girders were being lifted and 
placed, and so the second track was also 
closed. 
 
To get the required load transfer from the 
original bridge to the new external girders, 
extensive packers were necessary to get the 
three girders to fully bear onto the 
prefabricated crossbeams.   
 

Also a lateral support bracket between the new and 
original girders to provide lateral stability was very 
difficult to fit due to the construction tolerance of the 
original girders, and to a lesser extent, the new 
external girders. 
 
3. ALTERNATIVE BRIDGE STRENGTHENING 

DESIGNS 
 
QR took the two designs described in Section 3 and 
applied them to the various bridges to be 
strengthened, depending on the specific site 
constraints.  The bridgework was grouped into five 
contract packages and public tenders were called.  
Two of the successful contractors submitted 
alternative designs for strengthening the 15 metre 
spans in place. 

3.1 Concrete Prism Design 
 
3.1.1 General 

One contractor investigated the idea of 
changing the simply supported span into a 
continuous girder over the piers, by using 
external prestress at the top of the girders.  
This concept could not be brought to fruition, 
as a practical joint detail between the girders 
could not be developed. 

 
3.1.2 Bending Stresses 
 To prevent the existing PSC beams from 

being in tension at the bottom flange within 
the M270 load application, the cross section 
had to be increased, as the existing prestress 
load was already the maximum permitted by 
the code.  It was found that the wide top 
flange of the T beam could accommodate the 
extra bending stress, and it was only the 
bottom flange that was a problem.  The extra 
cross section at the bottom was not required 
for the full length of the girder, thus the 
bearings did not have to be altered. 

 
A PSC prism was designed that could be 
attached to the girder soffit.  The prism was 
250 mm deep and 800 mm wide and so 
extended past the edges of the girder bottom 
flange, which was 560 to 600 mm wide,  
depending on the particular design (see 
Figure 3). 
 
 

Figure 3   Strengthened span with soffit prisms 
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The prism was prestressed prior to 
attachment to the girder so that additional 
prestress would not be imposed onto the 
existing beams.  
 
The addition of the prism resulted in the 
following:- 
 
a. The section properties were greatly 

increased. 
b. The neutral axis was lowered. 
c. The resultant stress in the soffit of the 

existing girder was reduced, even with the 
almost 70% increase in loading resulting 
from the M270 loading. 

 
3.1.3 Shear Stresses 

The increase in the flexural shear and 
diagonal tension shear stress were 
accommodated by the use of inclined 
external  
prestressing, extending from the soffit prisms 
to the top of the existing girders near the end 
diaphragms (see Fig. 3).  The external 
prestress was only required for approximately 
the end thirds of the existing girders, and was 
applied in four separate 15.9 mm dia strands 
to distribute the prestress over a longer 
section of the girder. 

 
3.1.4 Composite Action 
 For the strengthened section, existing girder 

and new soffit prism, to act compositely to 
carry the increased loading, the interface 
between the two elements has to carry 
horizontal forces without any slippage. 

 
Originally, a cement grout was proposed in a 
recess in the top of the prism to bind the two 
elements together.  This method did not work 
and when the span was test loaded, some 
slippage occurred at the prism/girder 
interface.  The system was then revised to 
use an epoxy adhesive.  This is essential to 
get the full contact and bonding of two 
separate precast concrete surfaces with 
mismatching construction tolerances.  Anchor 
bolts were epoxied into the girder soffits to 
support the prism while the epoxy adhesive 
gained strength. 
 

3.1.5 Top Flange Capacity 
Although the bending stress in the top flange 
of the girder was satisfactory in the 
longitudinal direction, the transverse strength 
of the top flange was deficient in some girder 
types.  In these girders, transverse prestress 
was applied just below deck level by using 
26.5 mm diameter Macalloy prestressing 
bars, within a grouted heavy walled steel 
duct. 

3.1.6 Construction Difficulties and Issues 
 The original concept was to cast the prisms 

in segments and post tension them insitu.  
However, full length prisms were trialled and 
found to be manageable on site.  The prisms 
were installed by lifting them with an all 
terrain forklift.  The ancillary work was carried 
out on a suspended platform supported by 
the bridge.  The site cranage requirements 
were significantly reduced, as the prisms 
were about 30% of the weight of replacement 
girders. 

 
 Initially it was difficult to match the 

longitudinal shape of the prism to the soffit of 
the hogged girder.  Originally the prism was 
prestressed along its centroid, but the non-
uniform cross section caused by the inclined 
bar anchorage recesses caused significant 
hogging of the prism near the ends.  The 
prestressing strands were adjusted slightly 
and the prism  
shape then matched the girder profile to an  
acceptable tolerance. 

  
The anchor bolts were installed into the 
existing girders by drilling into the girder soffit 
using a template which matched the soffit 
prism holes, and inserting the bolts with 
epoxy adhesive.  On one occasion the epoxy 
did not harden, and after installation of the 
soffit prism, the anchor bolts pulled out of the 
girder.  Fortunately, this happened overnight 
when no workers were on the scaffold and no 
injuries occurred.  The anchor bolts were 
subsequently secured earlier and pull out 
tests confirmed fixity before the prisms were 
bolted on. 
 
The benefit identified at the design concept 
stage was that the prisms could be installed, 
grouted and stressed while the span was in 
service, and there would be no interruption to 
the rail service.  This did not eventuate.  It is 
critical that the prism/girder interface is 
bonded to ensure the design requirements of 
the composite section are achieved.  
 
To ensure that bonding, rail traffic was 
suspended for. hours while the epoxy 
adhesive on the interface gained strength.  
Thus, the full benefit of this alternative was 
not achieved, although the rail service 
disruptions were significantly reduced and 
the track and overhead wiring temporary 
relocations were not required. 
 

3.2 Steel Inverted T Beam Design 

3.2.1 General 
Another contractor used a different detail to 
achieve the same outcome of strengthening 
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the existing girders.  For the shear forces, 
inclined stress bars were again utilised.  For 
the bending stresses, two inverted steel T 
beams were added to each girder, one 
clamped to each side of the girder bottom 
flange.  The T beams were cut in half 700 
WB 115 sections to maximise the Moment of 
Inertia and lower the neutral axis.  See Figure 
4.  
 

University testing was carried out to 
determine whether the T beams could be 
sufficiently “clamped” to the existing girder to 
ensure full composite action of the 
steel/concrete section. 
 
Clamping was essential to avoid drilling into 
the sides of the flanges.  The testing also 
identified the necessary design parameters. 
 
One span was strengthened and tested with 
two full load cases, for maximum bending 
and maximum shear, using precast concrete 
blocks as kentledge. 
 

3.2.2 Angle Braces 
To clamp the T steel sections to the existing 
girders, 38 mm diameter stress bars were 
used. 
 
These were positioned just under the soffit of 
the existing girders.  To prevent the T 
sections from twisting, 125 x 125 x 16 angles 
were used to prop the T section just above 

the flange.  It was critical that the angles 
were fabricated to the exact length to ensure 
that the correct clamping force attached the T 
sections to the existing girders.  The 
relatively thin web of the T section could 
accommodate tolerance variations in the 
sides of the concrete girders. 

 

3.3 Concrete L Beam Design 

3.3.1 General 
The contractor identified that further cost 
economies could be achieved by amending 
its steel T beam to a concrete L beam.  
 
Two precast prestressed concrete L sections 
are again clamped up to the bottom flange of  
the existing girder.  See Figure 5. 
 
University testing was again carried out to 
confirm the co-efficient of friction between the 
concrete surfaces and the level of scabbling  
required.  A high strength flowable epoxy 
grout was used at the interface to ensure 
uniform mating of the two surfaces. 
 

3.3.2 Spalling of Concrete 
Due to the high concentration of local 
stresses, spalling of the concrete occurred in 
several areas. 

Ø Spalling around the edges of the 
transverse bar end block at the upper 

Figure 4   Strengthened girder with inverted T  beams 
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end of the inclined stress bars was 
repaired with epoxy mortar and the end 
block was subsequently seated on a thin 
layer of epoxy to achieve a uniform 
bearing surface. 

 
Ø Cracking and spalling occurred at some 

anchorage recesses in the L beans 
where the inclined stress bars were 
attached.  In one location the spalling 
was so severe that the anchorage 
bearing area was significantly 
compromised and the L beam was 
rejected.  In other beams, smaller areas 
of spalling were repaired with epoxy 
mortar. 

 
4. MAJOR CONSTRUCTION PROBLEM 
 
After the concrete prism contract had finished, and 
the concrete L beam contract was well advanced, it 
was noticed that during the course of strengthening 
one of the spans, a crack had formed in the web of 
the existing girder when the inclined bars were 
stressed.  The crack commenced at the upper 
anchorage of the inclined bar and ran 
approximately parallel to the inclined bar.  A check 
was then made of the previously strengthened 
bridges and similar cracks were found in many, but 
not all of the girders.  A horizontal crack running 
from the anchorage point to the end of the girder 

was also evident on some bridges. 
 
 
A load test was carried out on a surplus PSC girder 
previously removed from the track to determine its 

ultimate shear capacity.  The concrete at the ends 
of the girder was then demolished to determine the 
extent of shear reinforcement, as there were no 
known records of the shear reinforcement details of 
one girder type by one manufacturer.  The design 
drawings had been lost. 
 
Another surplus girder was then strengthened, out 
of the railway track, and load tested to M270, again 
using the precast concrete blocks.  When the 
inclined bars were stressed cracking occurred  
similar to that previously observed in the spans in  
service.  The load test showed there should be no 
permanent increase in the crack width for loads up 
to the 104 tonne coal wagon, and the cracked 
girder was still able to carry the required ultimate 
load.  On this basis, it was decided to continue with 
the strengthening work. 
 
However, subsequent monitoring of the cracked 
girders in service revealed that the cracks were 
propagating under the repetitive train loading (80 
tonne wagons). 
 
A detailed computer model analysis of the girder 
strengthening was then undertaken.  The computer 
model confirmed site observations.  A finite element 

Figure 5   Strengthened girder with L sections 
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analysis identified an area of overstress in the 
girders. 
 
Two repair methods were investigated.  The first 
method was to bond carbon fibre fabric to both of 
the web faces, using epoxy-based materials.  At the 
time (about 2½ years ago), carbon fibre technology 
had not been used and proven in structural 
strengthening applications in Australia.  This 
method was therefore not used. 
 
The second method investigated was to install a 
vertical prestressing bar through the girder just in 
front of the anchor plate.  Further finite element 
analysis confirmed that one central bar at each end 
of the girder was sufficient.  A trial vertical bar was 
installed and stressed in a span that did not yet 
have the inclined bars stressed.  When the included 
bars were stressed, no cracking occurred. 
 
An analysis of the spans previously strengthened 
using the soffit prism method confirmed also that a 
single stressed vertical bar would eliminate the 
overstress. 
 
The contractor therefore commenced a program to 
retrofit vertical bars to all spans.  This resulted in 
some cracks partially closing up.  At all bridges, 
ongoing monitoring has confirmed no propagation 
of the cracks. 
 
5. OTHER COMPONENTS OF THE BRIDGE 

STRENGTHENING 
 
In some bridges, upgrading of the foundations was 
required.  For piled foundations, extra piles were 
driven around the pile cap and then a skirt pile cap 
was cast around the original pile cap with 
reinforcement dowelled into the original pile cap.  
For spread footings, the footings had skirts cast 
around them.  At a number of sites the widened pile 
caps or footings could not be constructed as 
designed as when the pile cap or footing was 
excavated, the original structure was found to be 
grossly oversized and way outside of normal 
tolerances.  These had not been recorded in the as-
constructed drawings of the original work.   
The piling designs had to thus be amended.   
 
In some cases, thickening of the pier column was 
also required. 
 
Blade piers on some bridges were generally able to 
carry the increased loads without modification.  
However, on piers which had cantilevered 
headstocks, the headstock was strengthened by 
bolting galvanised yokes to both ends, and 
horizontal external bars were then stressed across 
the headstock face.  The three alternative girder 
strengthening designs avoided the need to 
physically extend the headstocks to support the 

new external beams proposed by the QR design. 
 
Most of the bridges required the addition of relieving 
slabs to the abutments to prevent horizontal 
surcharge forces from overloading the abutments.  
Although this was achieved using precast 
components for the relieving slabs, this exercise 
took considerable time and resources and train 
services were disrupted while the track and 
overhead electrification wiring was temporarily 
removed. 
 
6. CONCLUSION 
 
The various designs which permitted strengthening 
of the 15 metre PSC bridge spans saved QR 
considerable costs in track closures and temporary 
removal and replacement of the track and overhead 
electrification wiring that would have been required 
had the existing girders been removed and 
replaced.  The strengthening designs have 
extended the life of the existing PSC girders, 
otherwise QR would have been faced with the 
difficult task of disposing of or storing almost 450 
surplus girders.  This cost has not been quantified. 
 
The innovative designs were at the forefront of 
prestressed concrete technology and provided 
successful specific outcomes for this project.  
However, the failure to identify early in the design 
process the shear overstress in the girder web led 
to the requirement to retrofit all the strengthened 
spans with vertical stress bars.  The cost of the 
retrofit program exceeded the original cost savings 
of the alternative designs as recognised by the 
reduced contract prices.   
 
However, QR still did have the benefit of a greatly 
reduced number of track closures, which assisted 
its coal customers at a time of high demand for 
railing of coal product. 
 
A difficult aspect of the span strengthening works, 
that was common to all techniques, was to attach 
new steel or concrete components to existing 
structures that were not straight, flat and 
geometrically uniform.  Every interface between 
components required the introduction of steel 
packer plates or grout or mortar beds for the 
components to seat together.  We, in the 
construction industry, need to be able to produce 
structural components, which are a close copy of 
the drawings, and not allow our  
work to exceed realistic tolerances.  We never know 
when someone will want to attach something to our 
structure in the future, as we seek to increasingly 
extend the life of our assets. 
 
Engineers are good at calculating stresses for 
known load cases but we do not have crystal balls 
for seeing into the future.  The incremental increase 
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in design axle loads from 15.75 tonne, to 20 tonne, 
to 26.5 tonne, to 35 tonne could not have been 
envisaged in 1903.  Therefore, it is imperative that 
we keep accurate design and as-constructed 
records of the work we do now, as at some stage in 
the future, others are very likely going to extend or 
modify our structures, or at the very least, someday 
others are going to have to demolish our creations 
of today. 
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REVISED RAILWAY PROVISIONS OF THE NEW BRIDGE DESIGN 
STANDARD 

J R Marcer BE MEng Sc CPEng 
Rail Infrastructure Corporation 

 
The Australian Bridge Design Code (ABDC) has been revised as an Australian Standard to be 
published in 2003 as AS 5100.  Many of the railway provisions of the ABDC have been expanded, 
revised, and refined. 
 
The railway revisions to be discussed in this paper fall into the following categories. 
 
1. Dynamic load allowance 

The history of railways in Europe, America and Australia, related to dynamic load is first 
explained showing why Australia followed American standards rather than European 
standards in the past.  Dynamic load allowance has been revised using strain gauging from 
many different types of transom top underbridges in NSW, then compared with similar testing 
with ballast top underbridges in USA and Canada.  The basic European approach has been 
maintained, as it is superior to the ANZRC approach, which was based on AREA.  The 
changes are required to allow for the lower standard of track and wheel condition in Australia, 
USA and Canada compared to Europe.  The lower standard is due to the former countries 
constructing their systems as “pioneer lines”, whereas Europe had the population density and 
short distances to afford higher standard lines. 
 

2. Railway loading 
A simple but necessary change has been made to simulate coupled six axle locomotives on 
medium length spans. 

 
3. Protection from collision  

Many alterations have been made to the provisions to protect bridges and structures from 
train collisions following derailments and collision between two trains.  Most of these relate to 
allowing for structural redundancy rather than conventional pier and column protection. 

 
4. Steel underbridges 

Many changes have been made related to fatigue prevention, fatigue assessment and 
corrosion protection of steel underbridges.  Examples are the ANZRC limits on slenderness 
ratio have been reinstated and fatigue life enhancement, which has been used on NSW 
underbridges for 35 years, but not mentioned in Australian standards, only overseas 
standards, has been addressed and referenced. 
 

5. Rating of underbridges 
The rating provisions have been amended to give appropriate rules for underbridge 
assessment. 
 

 
1 INTRODUCTION 
 
In 1922 NSWGR had the “Grey Book” as the 
code for the design of bridges and track.  
Decades later AREA became the code for 
bridge design.  In 1974 an Australian and New 
Zealand version of the AREA code was 
metricated as the ANZRC code and used the 
SAA concrete standards for concrete bridges.  
In 1995 the RoA code was written covering 
railway bridge design and steel bridge design.  
Austroads published this in 1996 as an 
addition to their bridge design code, to 
become the Australian Bridge Design Code.  

The ABDC has now been comprehensively 
revised as an Australian Standard, AS 5100 
Bridge Design.  This work has extended over 
five years but much of the testing and 
research began ten years ago. 
 
The following sections present some of the 
most important aspects of the railway 
revisions covering Part: 1 General, Part 2: 
Design loads, Part 6: Steel and composite 
construction and Part 7: Rating of existing 
bridges. 
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2 DYNAMIC LOAD ALLOWANCE 
 
2.1 History of Railways in Europe, America 
and Australia, Related to Dynamic Load 
 
At the beginning of the railway age at the 
middle of the 19 th century, railways in Great 
Britain and Europe had developed a high 
demand for their services, over relatively short 
lengths of track, due to the high population 
densities.  Because of this high utilisation it 
was not difficult to justify the cost of 
maintaining track to a high standard.  By 
contrast, in America and Australia railways 
had to service a vast area which was sparsely 
populated and would generate minimal traffic.  
Under these conditions, pioneer lines built to 
low track standards, were all that could be 
afforded or justified.  A good example is the 
North Coast Line in New South Wales, which 
is still on the winding, minimum cost 
alignment selected early in the 20 th century, 
for most of its length. 
 
The first railway carriages and wagons had 
four wheels.  These performed satisfactorily 
on the high standard European tracks, but 
performed poorly on low standard pioneer 
lines in America and Australia, requiring 
severe speed restrictions.  The first bogie 
vehicles were developed in America in the 
1830’s, and were found to operate safely at 
speed on the poor quality track of pioneer 
lines.  It was found that bogie vehicles could 
also tolerate worse wheel defects than four 
wheel wagons, and still travel safely at speed.  
Similarly, in Australia, bogie vehicles were 
found to be best on our pioneer lines, so as 
soon as railway systems could afford them, 
bogie passenger vehicles were purchased.  
These passenger trains were permitted to run 
at a reasonable speed.  By contrast, bogie 
freight wagons could not be afforded until well 
into the 20 th century, in most cases.  Four 
wheel freight wagons such as S, U and K 
trucks were limited to about 30 mph 
maximum. 
 
Europe stayed with four wheeled vehicles for 
a long time.  In 1835, locomotives with leading 
bogies were invented in the USA.  These 
tracked better and had significantly reduced 
lateral load.  Some were imported into Britain.  
It was not until 1870 that the British built their 
own locos of this type. 
 
Thus there were two district world standards 
for track, vehicle type and wheel condition.  
One being European and the other American.  
In Australia we followed the American 
standards, as this was the closest type to our 
system.  It was then logical that we also follow 

the American standard for underbridge design.  
The American Railway Engineering 
Association (AREA) was adopted for bridge 
design, to be metricated as the Australian and 
New Zealand Railway Conferences (ANZRC) 
Railway Bridge Design Manual in 1974. 
 
It is significant that the greater majority of 
early underbridges and later steel 
underbridges were transom top, rather than 
ballast top.  The inherent disadvantage of bad 
bridge ends ensured that our track standard 
remained below that of Europe where ballast 
top underbridges were common. 
 
2.2 Recent History 
 
Track standards and wheel standards have 
remained poor in NSW throughout our history.  
The problem of bad bridge ends has been 
addressed to some extent by progressive 
embankment stiffening with geogrids, but 
many significant problems remain.  The most 
serious one is the inability to run dynamic 
stabilisers up to the face of most abutments 
due to insufficient factor of safety against 
sliding and overturning of both abutments and 
wing walls.  Thus the most critical portion of 
our formation is the worst, resulting in 
settlement causing extreme dynamic load at 
ends of underbridges as well as significant 
fatigue cracking and connection failure.  In 
Queensland, on the standard gauge line, bad 
bridge ends also occur frequently. 
 
Wheel condition has continued to be poor.  In 
the late 1970’s and early 1980’s there was a 
concerted effort to implement preventative 
maintenance to eliminate this problem.  
Unfortunately this effort was not maintained 
and now we have evidence of a continued 
deterioration of wheel condition with 
significant and frequent exceedence of the 
standard.  The situation has been such with 
high speed country trains that some disc 
braked wheels were not turned at bogie 
change, but were simply replaced, because of 
severe wear. 
 
This is in contrast to the European situation.  
There, high speed intercity trains have their 
wheels inspected after every run, and where 
necessary, are turned in under floor lathes in 
depots before the next run.  In this way, only a 
small amount of metal needs to be removed, 
leaving the majority of the work hardened 
wheel surface intact.  In NSW, the equivalent 
wheels are often so worn that all of the work 
hardened steel has to be removed to obtain a 
satisfactory profile.  This exposes softer steel, 
which in turn will be worn at a much faster 
rate. 
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From the early 1970’s some design engineers 
at the Structural Design Office, Way and 
Works Branch, Dept of Railways NSW, 
realised that for very short spans impact was 
of the order of 100%.  This was well above the 
impact given by AREA.  The underbridges 
involved were subway girders of 4.6m span.  
Their very premature fatigue cracking 
indicated the higher impact was appropriate. 
 
2.3 Pilbara Railways 
 
Pilbara iron ore railways in Western Australia, 
by contrast, are maintained to exacting track 
and wheel standards, and in no way can be 
compared to the NSW or other state systems.  
This results in the very low dynamic load 
recorded on that system.  In addition, the poor 
standard of welding of steel underbridge 
superstructures in the Pilbara would not 
survive in the NSW system for any length of 
time without significant fatigue cracking due to 
high dynamic load. 
 
2.4 The Nature of Wheel Defects 
 
Wheel flats are the most commonly thought of 
wheel defect.  See Figure 1 showing class 4 
skidded wheel.  This is because they are very 
audible, with a regular annoying impact on 
every revolution, and are easily measured.  
Because wheel flats are so easily identified 
they are removed from service in relatively 
quick time.  These and other defects 
concentrated at one point on the wheel 
circumference are the most significant defects 
on conventional tread braked vehicles. 

 
Figure 1 Wheel Flat close to 100 mm – 

Class 4 skidded wheel 

 

 
Figure 2 Circumferential wheel defect 
 
Defects located around the wheel 
circumference are of many types.  See Figure 
2 showing Tangara wheel spalling.  (Tangaras 
have disc brakes without tread breaks.)  
These tend not to be as readily identified, as 
they may not be as audibly annoying and are 
not as easily measured as wheel flats.  Out of 
round wheels are a particular example that 
may not give any audible or visible indication 
of their presence, yet strain gauging (4) has 
been reported that indicates higher dynamic 
load than with wheel flats.  In the NSW system 
disc braked wheels on suburban and country 
passenger vehicles develop a significant type 
of circumferential defect if not regularly turner.  
If they are also fitted with tread brakes, as 
XPT power cars are, this type of defect does 
not occur.  These defects are caused by the 
disc braked wheel picking up pieces of metal 
from the rail surface, which are not wiped off 
by the next brake application, as with tread 
brakes.  The pieces of metal embed 
themselves in the wheel tread, all around the 
circumference, causing an indentation which 
is visible once the metal falls out.  These 
defects all around the circumference cause 
very high frequency excitation in rails and 
underbridges.  Susceptible underbridge 
members such as slender members, bracing, 
stringer and cross girder end connections, the 
bottom termination of welded stiffeners, and 
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all truss members may respond in an 
undesirable manner, compared to the 
assumptions in the Australian Bridge Design 
Code.  It is very significant that this high 
frequency excitation is often not audible.  In 
the case of Lewisham Viaduct Suburban (3) 
during strain gauging, the laboratory staff 
recorded those trains with audible flats, there 
being 4 such trains recorded out of 46.  The 
extreme strain gauged response shown in 
Figure 7 of (3) was from a train not recorded 
as having audible flats, and it is assumed that 
the defects affected the whole wheel 
circumference. 
 

Figure 3 
 
It is also significant that the trains that 
recorded the highest dynamic load in the 
stringers was different to that recording the 
highest dynamic load in the truss diagonal to 
top chord connection, which in turn was 
different to that causing the highest dynamic 
load in the truss diagonal to bottom chord 
connection. 
 
 
 

2.5 Amendments to Dynamic Load 
Allowance 
 
The following amendments have been made 
to Part 2 Design Load, for railway dynamic 
load allowance.  A comparison between the 
new and old dynamic load curves can be seen 
in Figure 3.  In the ABDC the general shape of 
the dynamic load allowance curve is 
acceptable, particularly for short spans.  The 
curve is low for long transom top spans.  In 
the new standard the existing curve is used for 
ballast top, still limited to α of 1.0; and another 
curve 0.1 higher has been adopted for 
transom top with α now limited to 1.6. 
 

Figure 4 
 
Figure 3 shows the curve with strain gauged 
points plotted from tests of five RIC 
underbridges (1, 2, 3 and 6) along with those 
of American underbridges from USA (4), and 
Canada (5).  All RIC underbridges tested were 
steel or wrought iron transom top and the 
American underbridges were steel ballast top 
with concrete decks. 
 
The following comments on dynamic load can 
be made in relation to RIC strain gauging of 

Test data vs code values
RSA underbridges, transom top 

Assoc American Railroads: 3.6mm out of round wheel
 in 560mm circumference, and 100mm flat wheel = RSA condemning standard

CP Rail System: 40 cycles per wheel defect, 
dynamic load above point  
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five underbridges (1, 2, 3 and 6).  The number 
of underbridges strain gauged are limited but 
they still provide a valuable check of the 
provisions of the standard. 
 
In order to obtain a better fit for the test results 
than the scatter in Figure 3, it has been 
necessary to amend the calculation of the 
characteristic length Lα.  The amendments 
result in the replotting of the test results as 
shown in Figure 4, which gives a better fit.  
The American test results also correlate well 
with this replotting as shown. 
 
Samples of the reasons for some of the 
amendments are given below related to ABDC 
clause numbers:  
 
Table 2.4.6.2     FLOOR MEMBERS 
 
4. Provision for cross girders loaded by 

continuous deck elements was 
checked against two transom top 
underbridges, (1 and 2), which 
indicate the ABDC provisions are 
satisfactory or conservative for good 
wheels when considering centre 
moment; but far too low when 
considering end moment.  A check 
against the simply supported stringer 
case shows that it is better for end 
moment with good wheels.  With 
worn wheels this case is exceeded 
for end moment, but taking the 
characteristic length as twice the 
cross girder spacing and allowing the 
dynamic load allowance to exceed 
1.0 gives more accurate results. 

 
The AAR experimental work referred 
to in (4) is very significant here as it 
uses 4 inch flats as well as out of 
round wheels on a captive train.  As 
100 mm is the limiting flat on the 
RIC/SRA/Freight Corp standard, at 
which vehicles must not move, 
underbridges must be designed for 
this load.  Dynamic loads up to 1⋅1 
for stringer end shear was reported, 
and it is assumed that end moment 
would be about 50% higher. 

 
Stringer and cross girder end 
moment dynamic load is very 
important in fatigue assessment, as 
in the NSW system, as elsewhere, 
fatigue cracks are frequently found 
in end connections.  It is also 
significant that the majority of all 
cracking at end connections appears 
to be moment related rather than 
shear related.  By contrast, the first 

crack found at the centre of a 
stringer or cross girder, other than 
from very bad design, fabrication, 
corrosion or damage, was found by 
removing flange angle rivet heads 
from a cross girder replaced for end 
connection cracking.  In this case the 
crack from the bottom flange angle 
web connection rivet hole had just 
passed the edge of the rivet head, 
and would have been difficult to 
detect without removing the rivet 
head.  The end connection cracking 
problem is so significant that 375 
cracks have been found, with the aid 
of magnetic particle testing, in this 
area of cross girders in three major 
underbridges in a six months period.  
It is considered that high dynamic 
load applied very rapidly, by worn 
wheels at speed is a major factor in 
this fatigue cracking.  The other 
major factor is non-dynamically 
balanced steam locos at speed, prior 
to 1930. 

 
     MAIN GIRDERS 
 
9. For truss members Lα reduces to 

three times the length of the 
individual member between panel 
points taken as a horizontal or 
vertical projection, whichever is the 
shorter.  Where diagonals intersect 
the multiplier is six. 
 
Strain gauging of Joppa Junction (1) 
and Lewisham Viaduct Mains (3), 
has been used to formulate this 
amendment.  It is clear from these 
examples of strain gauging that worn 
wheels at speed cause individual 
truss members to oscillate in a 
manner dependent upon each 
individual member’s properties.  
Even with strain gauging of captive 
trains with good wheels the dynamic 
results were well above those given 
in the ABDC. 
 
There is a possibility that the 
multiplier should be 2 rather than 3 
to more correctly match oscillation 
with worn wheels.  Further strain 
gauging of various trusses is 
required to evaluate this. 
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2.6 Commentary on Dynamic Load 
Allowance 
 
The Commentary will provide explanation of 
how to apply the dynamic load allowance to 
railway bridge design. 
 
3 RAILWAY TRAFFIC LOADING 
 
Where underbridges on new lines have been 
designed for the minimum A-12 loading, to 
only match the axle loads running at present, 
the effects of coupled six axle locomotives, on 
spans at and close to 20 metres come close to 
the design provisions of the ABDC.  Away 
from this span length there is a reasonable 
reserve of capacity.  Figure 5 shows the 
comparison of wheel positions on various 
length spans.  It is easy to see why the loading 
is inadequate for spans around 20 metres. 

 
In order to overcome this and other problems 
in a simple manner, the 300LA loading in the 
new standard combines the two load cases of 
the 300-A-12 loading from the Australian 
Bridge Design Code, by adding the 360kN 
single axle load 2 metres in front of the 
vehicle loading.  This is to simulate six axle 
coupled locomotives and better represent their 
loading in the 15 to 22 metre span range.  
This combination produces a moment 
envelope more nearly proportional to that of 
existing trains. 

 
The graph in Figure 6 shows a comparison of 
the A-12 loading with existing and proposed 

trains.  The 180 tonne T1 locomotive, 
proposed in the early 1990s for the Hunter 
Valley coal traffic, is shown to exceed 300-A-
12 in the span range 18 to 22 metres.  The 
existing 90 class locomotives may have 
kentledge added to be equivalent to the 180 
tonne T1 locomotive.  Other locos with less 
favourable spacing of the six axles of 300 kN 
will have worse effect.  The 300LA loading 
retains a good reserve above the 180 tonne 
T1 locomotive.  For 300-A-12 loading there is 
not a 20% reserve above the heaviest NSW 
train (90 class loco and NHRH, RCGF) and 
National Rail interstate train, in the 5 to 25 
metre span range. 
 
With the 300LA loading the 20% reserve is 
maintained throughout the span range. 
 
 

 
4 COLLISION PROTECTION 
 
It is very important to consider Part 1 General, 
Part 2 Design loads and the respective 
commentaries for collision protection from rail 
traffic, requirements. 
 
These clauses have been revised to give 
more emphasis to design of bridges and 
structures with enough redundancy to permit a 
derailed train to demolish supports without 
collapse of the superstructure onto the train, 
rather than conventional pier protection.  This 
was the recommendation of the Granville 
Investigation (7) section 5.12, p 22. 

COUPLED SIX AXLE LOCOMOTIVES 
Figure 5 300-A-12 Wagons Compared with Coupled Six Axle Locomotives both with Couplers 

on C/L Span 

28   23 20    17         10                                 10       17    20 23     28 metres between 
 supports 

28   23   20  17        10                                  10         17  20   3      28 metres between 
 supports 

300-A-12 WAGONS 
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Figure 6 
 
A tiered approach has been taken with a clear 
span still the preferred option.  Next come 
bridges and structures with sufficient 
redundancy to permit a derailed train to 
remove one or more support columns without 
collapse of the superstructure onto the train 
under dead load plus 20% of live load.  Only if 
this level of redundancy can not be met, is 
pier protection to be resorted to. 
 
Between 10 and 20 metres from the track, 
new provisions apply.  Derailments such as 
Concord West, where the double decker train 
came to rest on the adjacent road, influenced 
this clause. 
 
Within 10 metres of the track, new loading of 
500 kN applies to simulate collision loads such 
as occurred at Waterfall, NSW, following a 
shunting collision between two trains.  This 
load can act in any direction and reduces 
above 5 metres above track level, to zero at 
10 metres.  It is applied as a vertically up load 
under superstructures.  British Standards have 
been considered in this area.  Collisions such 
as Beresfield, NSW, generate loads way 
beyond this provision.   
 
For all bridges, below ground railways and air 
space developments, new provisions apply 
where additional superstructure dead load, fill 
or development occur (except on platforms); 
deflection walls, blade piers or continuous 
walls are required and the 500 kN load is 
increased to 1500 kN.  Where the 
superstructure supports a dead load of more 
than 30 kPa the supports are to be continuous 
walls designed to the higher load. For all 
tunnels, including cut and cover construction, 
where roof support is required between tracks, 
a continuous wall will be required, allowing for 
a minimum of small openings to meet safety 

requirements for cross-passages and refuges.  
RIC is proposing to relax the requirement to 
increase the 500 kN load to 1500 kN where 
trains have a train stop system and those 
without are limited to 20 km/hr. 
 
The Commentary indicates the relatively low 
speeds that the pier protection loads relate to.  
These loads are intended to satisfy the 
conditions of moderate derailments, and minor 
collisions, but not major derailments and 
moderate collisions.  That is, a derailment of a 
300LA train with 84 wagons derailing at slow 
speed, or a collision of two trains of this type 
at shunting speeds.  (This may also represent 
a self propelled passenger train derailing at 
moderate speed, or a collision of two trains of 
this type at slow speed.)  Wherever these 
speeds will be exceeded, structural 
redundancy, or a clear span are preferred.  
Where freight trains collide head on with rigid 
pier protection at a speed approaching 80 
km/hr sufficient energy is stored to permit the 
locomotive to rotate end over end on to the 
superstructure, thus redundancy is a much 
better option in this case. 
 
Past major disasters at Eschede, Germany 
and Granville, NSW, could have been 
reduced to a derailment without collapse of 
the overbridge until all passengers were 
removed from the derailed train, by the simple 
provision of redundancy conforming to the 
new requirements of the standard. 
 
5  STEEL AND COMPOSITE 

CONSTRUCTION 
 
Many changes have been made related to 
fatigue prevention, fatigue assessment and 
corrosion protection of steel underbridges.  
The most important of these is the 
reinstatement of ANZRC limits on slenderness 
ratio.  Strain gauging of a NSW 27 metre truss 
underbridge (3 and 6) has shown that tension 
members with slenderness ratios greater than 
200 have dynamic load of 1.5 and with 26 
cycles instead of one, when comparing trains 
with worn wheels at approximately 100km/hr, 
with trains with good wheels at slow speed.  
Premature fatigue of members and 
connections is well documented and common 
in the NSW system.  Many such trusses have 
now been replaced or had members stiffened.  
In the Queensland standard gauge track there 
are a number of similar trusses dating from 
1930.  
 
Fatigue provisions from Eurocode (the source 
of the existing provisions) which most closely 
match railway underbridges have been added 
to the standard.  Previously, no mention was 
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made of fatigue life enhancement in any 
Australian standard or code, but now that has 
been addressed.  NSW underbridges have 
been successfully using fatigue life 
enhancement since the mid 1960s.  The 
fatigue life enhancement treatment at the 
base of stiffener welds is specified at the time 
of fabrication, rather than only during repair, 
because fatigue cracking is visible within one 
year in new CityRail underbridges, and repair 
and fatigue life enhancement in the field is 
about 10 time more expensive than fatigue life 
enhancement at the time of fabrication.  In 
addition, where traffic is high, after detection 
of cracks requiring repair, it may take one year 
to obtain a suitable possession for repairs.  
This may be unacceptable on safety grounds 
if the fatigue crack is propagating at a rapid 
rate.  The principal trains causing the damage 
are Tangaras and XPT trailer cars with worn 
wheels at speed, the induced member 
vibrations are of such high frequency, 
resulting in very high rates of strain, that 
critical welds accumulate fatigue damage 
rapidly, if not fatigue life enhanced.  As well as 
at the termination of stiffener welds, cross 
girder flange welds also crack at their 
termination.  On the other hand, bridges with 
similar weld details have shown no similar 
cracking when loaded with heavier slower coal 
trains over more than thirty years.  Similarly, 
acoustic emission testing has shown XPT at 
speed with worn wheels causes crack 
propagation but heavier freight trains do not.  
The reason relates to the rate of strain.  Disc 
braked wheels on these passenger trains have 
defects which induce higher rates of strain in 
underbridges than tread braked freight train 
worn wheels, at speed.  No account of this 
greater rate of fatigue due to higher rate of 
strain has been made in the standard.  This is 
understandable as a literature survey by the 
CRC for Welded Structures through the 
University of Wollongong did not find any 
standard world wide that allows for this.  The 
reason probably is because the cost and time 
involved in testing underbridges for the rate of 
strain with various worn wheels, is very high.  
Designers still need to keep this in mind. 
 
Specific provisions for underbridges have 
been added covering web to flange welds, 
beam restraint at supports and intermediate 
locations, for bracing an allowance of double 
the calculated cycles for fatigue, similarly 1.4 
times for trusses and lattice girders, end 
connections of floor members, minimum 
moment on end connections, welded stiffeners 
and cross girder to through girder connections, 
transom top underbridges and thickness of 
material for underbridges. 
 

To limit crevice corrosion the maximum edge 
distance for bolting has been reduced closer 
to the ANZRC provisions as 0.5 times the 
square of the thickness of the thinnest outer 
connecting ply under consideration or 100 
mm. 
 
Four acceptable systems for locking of bolts 
and fasteners to withstand underbridges 
dynamic load have been provided. 
 
6 RATING OF EXISTING BRIDGES 
 
Methods of testing for dynamic load allowance 
and fatigue response of underbridges have 
been given. 
 
Information related to identification, inspection 
and rating of cast iron and wrought iron 
bridges has been provided. 
 
7 CONCERNS OF FUTURE REVISIONS TO 
THIS STANDARD 
 
A great deal of research, and documented 
experience, over more than ten years, is 
behind many of the revised or new provisions.  
Unfortunately many of the state railway 
systems do not today support this type of 
research and input by highly experienced 
railway bridge design, construction and 
maintenance engineers.  Only Queensland 
Rail is properly supporting the revision of the 
standard today. 
 
One state system, once their design office 
was privatised, no longer participated on the 
committee.  Other state systems already 
privatised, were extremely difficult to obtain 
any feed back from when written to and 
contact was only made after many phone 
calls.  Another state system withdrew one of 
their representatives and replaced him with 
another who did not attend meetings.  This 
situation is not adequate for an Australian 
Standard on bridge design. 
 
A further problem for future revisions of the 
standard is the loss of specialist expertise in 
railway bridge design, construction and 
maintenance within the railway systems.  The 
detailed knowledge base that was available to 
“in-house” design teams, who could draw on 
well qualified professionals with extensive 
past experience of successes and failures in 
the specialist field of bridge design for rail 
applications, is fast disappearing.  This is not 
helped by the more frequent use of 
professionals of other disciplines and non 
professionals for work traditionally done by 
specialist railway bridge designers.  The 
Institution of Engineers should pursue this 
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disturbing trend and discuss it at the highest 
levels of state and federal government.  If this 
trend continues, future revisions of the 
standard will be very difficult to accurately 
implement. 
 
8 CONCLUSION 
 
The new SAA bridge design standard 
incorporates a high level of expertise in 
railway bridge design, particularly in the parts 
discussed.  Emphasis has been placed on 
providing sufficient detail and explanation, 
especially in the commentary, for the use of 
design engineers not experienced in the 
railway bridge design area. 
 
A great deal of research and documented 
experience is behind many of the revised or 
new provisions.  The support necessary for 
future revisions of this standard will be difficult 
to find as only one state system is now 
providing adequate support to the SAA 
committee and subcommittees. 
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FREIGHT AUSTRALIA’S ROLLINGSTOCK INITIATIVES 
Paul Hewison , B.E.(Mech), Grad. Dip.(Mangt), Engineer, Freight Australia. 

Ray Kimpton ,  B.Tech Mech Eng (UoA), General Manager Workshops, Freight Australia 
 
Summary 
Freight Australia purchased V/Line Freight, the formerly government owned rail freight business in Victoria 
on 1 May 1999. Since procuring the business, Freight Australia has sought every opportunity to expand and 
in particular grow the rail freight operations to most states in Australia. 
 
To meet the ever increasing rollingstock requirements of Freight Australia, the Workshops Divisions, have 
responded with cost effective strategies and initiatives that have enabled the older and previously obsolete 
rollingstock to be reconfigured so they can operate for the new and expanded business requirements.  
 
To demonstrate Freight Australia’s rapid business expansion since, the distance traveled by Freight 
Australia’s locomotive fleet has increased by 80% and wagons by 100%, with a 30% increase in the wagon 
numbers operating in traffic. 
 
To increase the locomotive fleet capacity, efficiency and durability a large number of locomotive 
improvement projects have been implemented which include: - 
 

• Installing 3800 horse power engines in Freight Australia’s G class locomotives; 
• Re-power the X Class locomotive with 3300 hp engines for 50% greater hauling capacity;  
• Fitting traction enhancement kits;  
• Re-gearing X & A class locomotives for better hauling capacity and Traction Motor durability;      
• Hasler Speedo replacement with Loco-loggers;  
• Inline fuelling to increase the locomotive range;   
• Other Loco features include – Fuel Savers, Creep Crank, Self-Load, Pre-Lube Features and the 

fitment of cost effective air-conditioners. 
 
The Wagon initiatives for increased effectiveness and efficiencies include: - 
 

• Converting Briquette wagons of 76 tonne gross to 100 tonne gross Wheat wagons; 
• Converting  open wagons to  container wagons; 
• Creating broad gauge rice hoppers from surplus hoppers; 
• Fitting air operated pneumatic top & bottom doors to grain hoppers; 
• Building up a Log Traffic Fleet from wagons that were previously vans and open wagons; 
• Raising the carrying capacity of wagons with the introduction of higher capacity 70 tonne bogies. 

 
This paper will cover the many enhancements and initiatives that were investigated and are being 
undertaken to improve the productivity and performance of Freight Australia’s current rollingstock fleet.    
  

 
Figure 1: Freight Australia’s G Class Locomotive  
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1.  Introduction 
 
Freight Australia’s rollingstock initiatives have 
been driven by Freight Australia’s need to turn 
around the previously inefficient and heavily 
subsidised government owned V/line Freight. To 
achieve this aim Freight Australia has had to 
continually be innovative with its processes and 
practices by looking for more cost effective ways 
to utilize and operate its rollingstock. 
 
In May 1999, when Freight Australia commenced, 
it purchased a fleet of nearly 2700 wagons and 
107 locomotives. Since starting, Freight Australia 
has nearly doubled the utilisation of its 
rollingstock.  
 
2.0 Locomotive Strategies  
 
The basis for a fully cost effective locomotive fleet 
is to ensure maximum utilization. Freight Australia 
has dramatically improved its rollingstock 
utilization by improving operational efficiency, 
better serving the rural sector of Victoria and 
reopening railway lines. 
  
Developing new markets soon meant extending 
services to interstate operations with Freight 
Australia now running to Perth and operating in 
New South Wales. With this dramatic expansion 
and with a fleet of locomotives ranging in ages 
from 15 to over 40 years old, comprising of 
shunting locomotives through to 3300 hp 
locomotives, Freight Australia looked towards its 
Engineering team for solutions on how it could get 
more out of its current rollingstock. The option to 
purchase new rollingstock for a company in its 
first few years of business was not viable, so each 
of the locomotive classes was assessed to 
determine if there was potential to gain more from 
each of their specific configurations. 
 
2.1    X Class Upgrades  
 
The X Class locomotives were delivered in 3 
series from 1966 through to 1975 and were fitted 
with 16 cylinder EMD 567/645 E blower driven 
engines that are rated at 1350 to 1640 Kw (1800 
to 2200 hp)  With the average age of the 24 X ‘s 
being 30 + years old and with most having 
traveled 4 million plus klm’s, the fleet was ready 
for progressive upgrading. 
 
Costs were reviewed for running and maintaining 
the X Class Fleet in their current configuration 
against the cost effectiveness of upgrading the 
locomotives to 3000 hp. The operating costs of 
the 567E/645E rootes blown power plant in the X 
class is high compared to the later turbo charged 
645 E3B/C as the turbo charged engine has a 20 
% improvement in brake specific fuel 
consumption. 

In reviewing the fleet and with more cost-effective 
horsepower needed by Freight Australia to satisfy 
its expanding markets, the financial plans deemed 
it viable to raise the current power of the X Class 
to 3300 hp.  
 
To initiate the project, each element of the 
locomotive was analysed and the appropriate 
upgrading to cater for the new engine was 
determined. 
 
2.1.1  The Engine  
  
The engine chosen for the X Class was the turbo 
charged 645 E3C, this was dimensionally the 
same as the engine it was replacing and would 
deliver the required 3300 hp.  Sources for the 
supply of 16 – 645 E3C engines were considered 
along with the option of cascading the engines 
from the G class. The G class would in turn be 
retrofitted with the larger and more powerful 
645F3B Engine. This proved be the most cost 
effective option as well as being beneficial for both 
locomotive classes. (Figure 2) 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: The X class with the turbo-charged 

engine being fitted. 
 
2.1.2  The Under-frame  
   
The under-frame of the X was modeled and 
analysed to determine if: (a) it could handle the 
extra 50 % horsepower and (b) ensure its long 
term durability, especially when each under-frame 
is now 30 + years old. 
 
An FEA was carried out to determine if there 
would be any critical areas arising due to the 
increased power and extensive crack detecting 
was performed to determine the current state of 
the under-frame. 
 
The main increase in loads on the under-frame 
from the new engine arose from the increase of 
maximum engine torque and the increase of 
tractive effort by up to 50%. This tractive effort is 
realised by the increase in the locomotive weight 
and the enhanced traction control system that is 
fitted. 
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The analyses through the model showed high 
peak stresses in the area of the engine transoms. 
These stresses, which exceeded the allowable, 
occurred at the engine transom web between the 
engine mounts and the side sills. The model 
highlighted that the engine is very stiff as 
compared to the side sills which in-turn causes 
excessive relative rotation between the sills and 
the engine mounts. This combined with the 
torsionally stiff closed box section of the transoms 
cause excessive stresses in the transom webs 
and would induce cracking. 
 
Initially it was considered to tackle the problem by 
adding more material to the engine transoms, this 
however only added more stiffness to each 
transom and simply caused more torsional 
resistance to exacerbate the problem. The 
engineering solution was to make torsionally 
flexible transoms that are in effect “I” beams and 
effectively removed the highly stressed areas.  
(Figure 3) 
 
 

 
 
Figure 3: The FEA model of the underframe 
 
 
2.1.3  The Electrical System  
 
The original D32 Generator has been replaced 
with the G Class AR 10 Alternator as the D32 was 
not capable of delivering 3300 hp.  
 
The control system chosen to replace the older 
Electric-Pneumatic System is the Q Tron QES 3 
Locomotive System. This Microprocessor system 
was chosen after successful testing of a simpler 
Qtron system that is now being fitted to the A 
class. The system consists of a microprocessor-
based electronic control unit, an operator interface 
panel and data logger. 
 
The dynamic braking capacity of the X class has 
been upgraded to 700amps to match the traction 
output of 3000hp. 
Other features of the re-powered X include: - 
 
• The fitting of 26L Brake Gear fitted against the 

original B7 equipment;  

• The cooling system being upgraded with 
larger radiator banks;  

• The air-compressor being converted to a 
water-cooled WBO type;  

• A more ergonomic laid out drivers cab, this is 
based on the G Class locomotive cab which is 
suitable for driver only operation;  

• A unique toilet being fitted that requires less 
servicing.  

 
2.1.4  Performance and Conclusion   
     
From the first testing of X38 it was evident that 
this upgrade had produced a locomotive of 
greater hauling capacity by at least 50 % as 
against the original X Class. The tractive effort is 
now in the order of 330 kN compared to its 
original 212 kN and detailed testing has shown 
that the upgraded X can operate similar loads as 
Freight Australia’s current G Class. The traction 
control equipment now fitted compensates for the 
fact this locomotive is still fitted with the original X 
class Flexicoil non-high adhesion bogies. 
 
Other Details of the higher horsepower X are 
listed below in Chart 1: -  
  
                         Original X            Re-Powered X  
 
Tractive Effort      212 kN                     331 kN  
Adhesion               20 %                         27 % 
Mass                    114 tonnes               118 tonnes  
Gear Ratio           59:18                       61:16 
Power  1450/1340 kW -Series 1      2460/2240 kW  
           1640/1490 kW -Series 2&3  
  

Chart 1: Specifications of a Standard vs 
Re-powered X 

 
The X class build program is now being 
streamlined with the electrical cabinet, cooling 
group and other critical sections being built as 
separate modules that can be readily installed. 
This process has allowed the program to be 
incorporated into what is essentially a running 
maintenance shop and a re-powered X to be 
produced at a small % of the cost of a new 
locomotive. 
 
2.2   G Class 
 
The objective of re-powering the G Class was to 
provide engines for the X Class while adding 
horsepower to the G Class Fleet at minimal cost. 
To ensure the project is cost effective, it was 
necessary that minimal changes were carried out 
to the G.  
A risk analysis was carried out to determine the 
critical items that had to be reviewed which 
included the following: -  
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• The fit-ment of the 645F Engine; 
• The electrical and structural adequacy of the 

G class; 
• The cooling capacity;  
• The control system;  
• Any reliability issues. 
 
The engine is the same physical dimension as the 
current 645E3 engine type as it derives its extra 
horsepower from increasing the rpm and boost. 
The cooling group and control system was 
analysed and compared to EMD’s SD50, a similar 
engined US locomotive. The resultant analysis 
determined that the cooling capacity of the G 
class was adequate and to make the control 
system compatible only one module had to be 
upgraded.   
  
One of the major concerns identified and 
investigated was the reliability of the F type 
engine. Information indicated that this engine 
suffered “A” Frame cracking due to the extra 
horsepower it generates against the E3C engine it 
superceded.  The Freight Australia “F” engines 
are manufactured with the new blocks and 
stronger A frames that are now supplied to major 
U.S. railroads. 
 
The first locomotive converted with the F engine 
was G529, being released during 2000. Freight 
Australia staff at South Dynon undertook the 
conversion in conjunction with the overhauling of 
this locomotive.  
 
The ability to integrate this project into the 
overhaul cycle of the G class fleet, obtain engines 
at a very attractive price and operate these 
locomotives to Perth (where horsepower dictates 
train loads), makes this a very cost-effective 
project.  
 
The upgraded G’s are now averaging over 
300,000 klm’s per year and returning figures in 
excess of 200,000+ klm’s between failures. This 
compares to the previous Public Transport 
Corporations G Class figures that indicated an 
average of 80,000 klm’s between failures. 
 
2.3    A Class  
 
The A class locomotives procured by Freight 
Australia were originally converted during the mid-
eighties and fitted with 12 Cylinder turbo-charged 
engines. This raised their power to 1680 kW 
(2107 hp) from their original build in the early 50’s 
when they were 1120 kW (1500 hp). Their revised 
excitation and power control system was EMD’S 
Dash 2 system and the locomotives were fitted 
with D57 type traction motors, these were the 
original 1950’s D27 traction motors upgraded. The 
A classes were geared to 59:18 gearing to allow 

them to operate at higher speeds for passenger 
operation. 
  
A review of the A class showed that its body and 
underframe didn’t lend itself to upgrading or more 
horsepower, however, for very little outlay, its load 
hauling capacity could be increased as much as 
35%. The way to achieve the increase hauling 
capacity was to: - 
 
1) Fit D77 traction motors to the fleet – Because 

of the 825 amp D57 traction motor current 
rating limitations the A Class couldn’t exert 
enough tractive effort to match the 
locomotives 20% adhesion potential. The 
higher current rated 1050 amp D77 traction 
motors allows this adhesion level to be 
attained.    

2) Re-gear from 59:18 to 61:16 gearing – The 
lower gearing ensures any higher adhesion 
levels will match the continuous current rating 
of the traction motors.      

3) Fit an adhesion control system to achieve 
25% + adhesion levels.  

 
Initially a number of adhesion control systems 
were assessed and tested to determine the most 
effective adhesion system. Actual train load tests 
were then conducted to confirm the resultant 
increase in loads that the A class would be able to 
haul. 
 
The system finally chosen was the Qtron QTRAC 
system. This system is designed to allow older 
GM locomotives to have their control systems 
upgraded for higher adhesion. 
 
2.4  Y Class 
 
The Y class is the smallest locomotive in Freight 
Australia’s fleet, it is 488 Kwatts (650hp) and is 
primarily used for shunting. Seventy-five of these 
locomotives were originally built between 1963 to 
1968 by Clyde Engineering P/L to specifications 
that included bogies and traction motors from the 
1920 Tait Electrical Multiple Units (EMU’S ). The 
Taits were introduced when Victoria first electrified 
its system.  This initiative saved money, but left 
this workhorse that carried the 6 Cylinder EMD 
567 & 645E with 2 achilles heels. The first was the 
GE247A traction motors, although upgraded for 
the Y class they are now not economically viable 
to recondition and secondly, the plain axle 
bearings that are reliant on wicking by wool pads 
to provide lubrication to the journal. 
 
Because of these factors the Y Class has always 
been tied to yards for shunting, can only move 
under speed restrictions as their traction motors 
are limited to 64 kph and have their plain bearing 
axle boxes serviced twice monthly. 
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Flexibility to support mainline trains, permit transit 
between locations and the ability to operate in an 
area for extended time without servicing meant 
there was an economic need to upgrade the Y 
class for their long term viability. To upgrade 
these locomotives economically, it was decided to 
cascade the D67 & D57 traction motors and 
wheelsets with the 59-18 gearing surplus from the 
A & X upgrading program.  
  
To achieve this, adapter boxes had to be sourced 
so packaged bearings could be fitted to the Y 
class bogie. This was originally done by scalloping 
the original axle box and fitting the “C” type 
packaged bearing, however, we have now 
designed a new axle box housing that will allow 
the bigger D Type axle package that is more cost 
effective. 
 
The electrical side of the locomotive was also 
revisited to accommodate an improved adhesion 
system, the larger traction motors and the new 
gearing. 
  
The Y class locomotive, after these and other 
modifications, including the fitting of air 
conditioning, has resulted in a locomotive that can 
operate in a remote location, can be easily 
relocated, does not require fortnightly lubrication 
and can support the mainline fleet by hauling 
loads at 80+kph.  
  
 
3. Wagon Strategies  
 
3.1 Initiatives to Improve the Grain Fleet 
 
Freight Australia hauls millions of tonnes of grain 
per year. The Grain business is expanding and 
Freight Australia is responding with initiatives like 
the “Waratah” train. This is a customer contract 
train has been created to move on demand from 
region to region dependant on the customer’s 
requirements. 
With the extra business arising and the utilisation 
of the current fleet of grain hopper wagons being 
near its maximum, cost effective means had to be 
developed to increase the size of Freight 
Australia’s grain carrying capacity.  
  
The engineering initiatives to increase both the 
total fleet size and hauling capacity of the current 
fleet was to: -  
 
1) Refurbish surplus hopper wagons that were 

acquired, modified to broad gauge and 
introduced into the rice traffic.  

 
2) Increase the carrying capacity of the current 

wagons. Surplus wagons that previously 
carried briquettes were converted to carry 

grain as well as having their capacities 
increased. 

3) Build new hopper wagons of increased 
capacity.     

 
3.2  The VHBF Story 
 
More wagons were needed for grain traffic and 
when surplus hoppers became available, Freight 
Australia looked at ways of introducing them into 
revenue earning traffic.  
 
It became viable to introduce these heavier, older 
surplus hoppers in order to release the aluminium 
VHGF wagons from the branch lines that convey 
rice from the silos to the processing plant at 
Echuca. This traffic only works on short hauls and 
the wagons are often used as a storage facility. 
 
Before embarking on this project there was 
detailed consultation with both the business 
groups and the customer. The customer did have 
initial concerns utilising these older wagons, but 
each issue was examined and worked through by 
Freight Australia Workshop’s staff.  
 
The following modifications were carried out to 
each wagon to enable them to operate the rice 
traffic on broad gauge (Figure 4):-  
 
• The wagons were re-engineered to 

accommodate the Victorian XC three piece 
bogie; 

• The top of each wagon, including the lids 
were modified to ensure the wagons are 
suitable for each of the current loading docks 
and able to be easily handled by 1 operator; 

• The lower discharge doors were modified as 
they were heavy and originally opened and 
locked by an over-center lever mechanism on 
a cam arrangement. The discharge doors can 
now be operated by current portable-opening 
devices. 

• Other enhancements to these wagons include 
fitting steps and handrails to meet our 
operating requirements, fitting internal 
deflector plates to ensure the rice discharges 
between the rail and into the pits and adding 
extra walkways to the top of each wagon for 
safety.  

  
The resultant wagon is now designated VHBF and 
it has more than proven itself in service. The 
customer and operators were involved thoughout 
its development and the wagon has been 
accepted despite its lesser payloads. 
 
 



Paul Hewison, Ray Kimpton 
Freight Australia 

Freight Australia’s Rollingstock Initiatives 

 

Conference on Railway Engineering 
Wollongong November 10-13 2002 

296

 
 

Figure 4: A VHBF wagon during re-
manufacture 

 
3.3  The 100 Tonne Grain Wagons  
     
The 100 tonne grain wagons were conceived by 
engineering when the operating parameters were 
revisited and it was deemed we should take full 
advantage of the outline diagram and tracks that 
allowed for the higher axle loads. 
 
The VHEF’s open wagons, the old briquette 
wagons which were out of service, were based on 
a original grain hopper design that when analysed 
proved to be suitable for extended sides and 
increased capacity. 
 
Initially, a finite element model was created for the 
original design of the hopper wagon and strength 
load cases were analysed and critical 
overstressed locations were identified. 
Strengthening modifications were added as 
required using an interactive process to determine 
the optimum strength requirements. 
 
It was calculated that the final wagons produced 
are adequate to sustain a fatigue life of at least a 
further 20 years based on each wagon travelling 
100,000 km per year.  
 
Twenty-two VHEF wagons have now been 
manufactured with a further 18 being prepared for 
conversion. The resultant wagons, re-classified 
VHNY’s can operate to 115 kph and are rated at 
100 gross tonnes, however they are restricted to 
92 gross tonnes due to track limitations. 
 
3.4  New Higher Capacity Wagons – VHKY’s 
 
New 100 tonne grain wagons were conceived 
after a derailment that caused unrepairable 
damage to a number of grain hopper wagons. 
 
Valuable work carried out to increase the payload 
of the VHEF wagons was critical in the design 
work for a replacement wagon build program. The 
new wagon being designated VHKY. (Figure 5) 

 
Fundamental design elements of the VHNY were 
used; principally the underframe and the bottom 
curved plates. A new design was established for 
the top curved panels and the top cant rail. In 
order to optimise the construction of these new 
hopper wagons, a number of doubling plates, 
which were segmented in the VHEF conversion, 
were combined for this new wagon.        
 
All the higher capacity grain wagons, either the 
modified or the new, have been designed and 
fitted with pneumatic doors, both top and bottom, 
to increase the productivity and operator safety of 
these wagons. 
 
 

 
 
Figure 5: The new 100 tonne VHKY Wagon 
  
3.5  Log Wagons 
 
Freight Australia found a new emerging market in 
transporting plantation logs and to capitalise, the 
Sale to Bairnsdale line had to be reopened. To 
enabled Freight Australia to establish this new 
business, the line had to be initially operated by 
the lighter Road Transferable Locomotive till the 
track was reinstated to a level that would enable 
higher axle load locomotives to operate. For the 
log business to expand, wagons that could carry 
logs were in urgent demand. 
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In order to satisfy this demand, older disused 
container flats, open wagons and louvre vans 
were all identified as having the potential to be 
converted into log wagons by having their sides 
and canopies removed. Further checks were 
undertaken to determine the suitability of each 
wagon to support the load where the stanchion 
cradles were to be attached.  
 
The container flats and the open wagons proved 
straight forward, however, the VLEX louvre van 
design had to be analysed as its canopy needed 
to be fully removed. The analysis revealed, as 
with many of the original PTC wagons, that the 
center sill on the vans actually took 95+ % of the 
load. 
 
The cradle frames for the logs were then designed 
so that they could be huck bolted onto the various 
wagon classes, this allowed for easy replacement 
if damaged and the ability to convert these 
wagons back to container flats if the need arose. 
(Figure 6) 
 
Flexibility and the ability to convert wagons readily 
for any commodity was a bonus for these wagons 
however, unlike previous log wagons built, these 
wagons were not fitted with bulkheads. To fit 
bulkheads to these wagons would mean 
excessive extra costs, shorten their effective 
carrying load length and reduce their flexibility. To 
enable these wagons to be accredited for 
operation in Victoria, Freight Australia had to 
demonstrate the safe securing of the logs namely 
in the longitudinal direction without bulkheads 
being fitted. 
 
The ROA Manual of Engineering Standards and 
Practices requires an overall load sustaining 
minimum capacity in the longitudinal direction 
equal to the gravity force of the load multiplied by 
4. i.e. survive a 4G de-acceleration. 
 
Freight Australia demonstrated the safety of these 
wagons, loaded with logs and why bulkheads 
were not required by: - 
 
• Carrying out impact trials of Log wagons to 

determine the load movements at speeds 
between 8kph to 15kph. These dramatic test 
could not replicate 4G as to do so would have 
meant destroying a wagon however, it did 
demonstrate the controlled way the load 
shifted. The mass of the logs tied down and 
jammed between the stanchions and the 
friction between the logs meant the log 
movements were contained within the outline 
diagram and none of the logs broke away 
from their total mass; 

• Modeling the forces and the loads required to 
move the loaded logs between the stanchions 

and calculating the sufficiency of the log 
restraining systems; 

• Reviewing other Log Transporters and their 
practices. This included the American 
Railroads, who are governed by the AAR 
guidelines, and more importantly our 
competitors in the road industry who follow 
the Department of Transport Guidelines. 
Both operations aren’t required to operate 
their vehicles with bulkheads.  

 
 
 

 
 

Figure 6:  Converted log wagons  
 
 
3.6    The Container 2-Slot Wagons –VQOF’s 
 
Freight Australia business has been growing in all 
sectors including its container traffic. To service 
the growing demand and with the container fleet 
fully committed, more container wagons had to be 
sourced.  
 
For years, the general purpose open wagons had 
supported the container wagons, however, these 
wagons built principally throughout the 1960’s and 
70’s, needed increasing maintenance. Years of 
transporting products including gypsum and logs 
lead to massive deterioration and corrosion of 
their bodies. Inspections of the general purpose 
open wagons that had been removed from traffic 
due to their condition, showed the floors and more 
importantly the underframes of each were intact 
and it was only their sides and doors that were 
badly deteriorated. 
 
To quickly satisfy the demand for container 
wagons the Workshops Group drew up the scope 
of work to convert these wagons into flat-topped 
container wagons that can transport either 20ft or 
40ft containers.  
 
The modification involved: - 
 
• Cutting off the 1.2 metre sides and doors;  
• Welding on escutcheon plates at the 

container loading points; 
• Fitting marine style twistlocks. 
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These newly modified wagons, classified VQOF’s, 
have proved to be a very cost effective solution to 
a market demanding more container flats and as 
at mid-2002, 90+ have been produced. (Figure 7) 
 

 
 
Figure 7:  Converted VQOF 2 Slot Container  
                  Wagons 
 
4.    0ther Rollingstock Initiatives  
 
4.1 The Automatic Continuous Re-Fuelling 
       System 
 
The Automatic Continuous Re-Fuelling project 
stemmed from Freight Australia winning a contract 
to haul freight between Melbourne Perth, a route 
distance of 3,450 km each way. To operate this 
service one of the challenges was to provide fuel 
for the transcontinental operation.     

Freight Australia’s solution to this issue was to 
provide the locomotives with an additional 60,000 
litres of fuel capacity by attaching a bulk fuel rail 
tanker to the locomotive consist. (Figure 8)  This 
system eliminated the need for re-fuelling stops at 
remote locations and the associated risks, 
downtime and costs of wayside re-fuelling. 

The fuelling system developed allows for the 
gravity feeding of fuel from the tank wagon to the 
locomotives through a connecting fuel line.  Fuel 
levels in the locomotive tanks are monitored by 
the system and supply is controlled by valves.  
Supply is boosted when required by an air 
powered fuel pump mounted on the tank wagon.  
Control of the whole system is by programmable 
logic controllers (PLCs) on each of the 
locomotives and the tank. 

The locomotives and tank wagons have been 
fitted out, tested and commissioned at Freight 
Australia’s South Dynon Maintenance Centre. 

Due to time constraints required by the customer, 
the system was conceived and delivered in a 
remarkably short time frame with the fast tracking 
of all project management processes. 

The automatic continuous re-fuelling system, 
engineered by Freight Australia’s Workshops 
Group has more than exceeded the expectations 
of the Operations and Business groups by 

achieving commercial benefits and improving the 
transit times of this service.   

 

Figure 8: Tanker fitted with the Automati 
Continuous Fuelling Equipment. 

4.2   Longer Trains  
 

Freight Australia had a desire to increase the 
length of their trains for more cost effective freight 
operations. The aim was to initiate longer trains 
with the current rollingstock in a safe and 
structured manner.  
 
From the start the operators worked with the 
Engineering Group to determine the requirements 
for the operation of bulk grain trains of 80 + 
vehicles in length and 6400 tonnes gross mass 
over their major grain corridors,  i.e. Murtoa – 
Portland and Maryborough – Geelong. 
 
The risks identified in the operation of longer 
freight trains included: - 
 
• Draft gear failure; 
• Wagon cracking and failure;  
• Ability to maintain brake pipe pressure; 
• Brake application and release and train 

handling techniques; 
• Ability to stop within required limits; 
• Ability to maintain low speed; 
• Ability to hold train on grade; 
• Brakes leaking off prematurely; 
• Use of obsolete brake equipment. 
 
Each of these risks was analysed and a series of 
tests involving operating trains at up to 97 
vehicles long, approximately 6500 tonnes mass 
and 1.5 klm’s in length, were carried out under the 
guidance of Freight Australia’s Engineering 
section.  
 
Other tests carried out that led to 
recommendations for long train operation 
included, the trains ability to maintain brake pipe 
pressure, brake application and release times and 
the adequacy of Freight Australia’s End of Train 
Air Monitoring System.  
 
Typically, for a 65 vehicle train, a minimum 
service application (50 kPa brake pipe reduction) 
took 20 to 25 seconds to transmit to the end of the 
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train as compared to a 97 vehicle train that took 
80-90 seconds.  A further 100 kPa reduction (to 
full service application) took approximately 90 
seconds to transmit for the 65 vehicle train and 
150 seconds for the 97 vehicle train.  Release 
times were longer, and were dependent on throttle 
notch setting.  
 
Stopping tests were also conducted, the 
requirement is for a train to be able to stop from 
maximum operating speed within 2500 metres.   
The tests conducted between Maryborough to 
North Geelong demonstrated that the longer trains  
took in the order of one kilometre to stop after a 
minimum reduction was made. 
 
The issue that a long train could not always be 
held on a grade using the independent brake of 
the locomotive did cause some discussion. The 
solution was to amend the procedures so that the 
driver would apply an emergency brake 
application to exhaust the brake pipe. This will 
hold the train stationary for at least three hours.  
Testing of a series of wagons showed that brake 
cylinder pressure is maintained at approx. 94% of 
full brake cylinder pressure (350 kPa) for 3 hours, 
and after six hours, 74% is maintained. 
 
The engineering section has worked closely with 
the drivers and the operators to ensure the safe 
implementation of longer trains. All the tests 
indicated that driver handling techniques and 
training is critical to operating safer and longer 
trains. Effectively using the full capability of the 
dynamic brake and prudent use of the air brake is 
necessary, as is an understanding by the crews of 
the times it takes for the pressure signal for the 
application and release of the brakes throughout 
the train.  
 

5. Conclusion  
 
Freight Australia has now been in existence for 
just over 3 years and in order for it to remain 
competitive it must use every opportunity to 
maximize the use of its rollingstock and optimise 
costs. The Workshops Engineering Group works 
closely with the Operating and Business Divisions 
to consistently look for innovative and more 
advanced ways to meet our customers needs. 
The initiatives listed in this paper have been 
successfully implemented and have enabled 
Freight Australia to operate a more efficient and 
cost effective transport operation.  
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DEVELOPMENT OF STRUCTURAL DESIGN PRACTICES 
FOR FREIGHT WAGONS 

Neil Saville 
B.E. (MECH) University of Newcastle; MIEAust 

United Goninan 
 
SUMMARY 

United Goninan current design practices have developed through a series of design projects over the 
last 6 years. Understanding the effect of application parameters on load magnitudes has been at the 
forefront. Analysis work completed has included investigation of freight operations to evaluate the 
loads seen in service, evaluation of previous wagon designs and consultation with American 
engineers who understand the AAR code. 

Such knowledge permits Goninan to better predict the load environment for new applications. This 
enables design risks to be understood and addressed to the benefit of both Goninan and its 
customers, through designs that are more reliable with optimum load capacity (and hence mass). 

This paper provides an overview of United Goninan recent freight wagon design experiences. The 
development of design practices is described through these experiences, concentrating on 
understanding the design codes and application parameters, and their effect on structural fatigue life. 
 
INTRODUCTION 

In 1995 Goninan re-focused on the Australian 
freight wagon market and has produced a 
number of new wagon designs in the last 6 
years. These include coal wagons, versatile 
container wagons, limestone wagons, grain 
wagons and iron ore wagons. Some significant 
learning has occurred in the Company during 
this period, particularly in the development of 
appropriate design practices to produce wagon 
designs that meet the current market 
demands, with appropriately managed 
commercial risk. 

The market continues to demand wagons of 
high gross to tare ratio. The general 
requirement for structural design of wagons is 
consequently that of increasing loads at lower 
tare mass. Design for fatigue continues to be 
the most important approach to realising 
wagon reliability requirements. The current 
approach to wagon structural design at United 
Goninan is based on the principles of the AAR 
Standards but with a strong emphasis on 
understanding the operating parameters that 
determine the loads that the wagon will 
experience in service. We have developed our 
understanding of the AAR Standard, including 
how it was developed and its inherent 
strengths and deficiencies. We have also 
looked at other design Standards to assist in 
developing a “best practice” approach to 
structural design. 

With Systems Engineering as a fundamental 
approach in our design process, we have 
developed system models that we have used 

to investigate the individual operating 
parameters and their effect on wagon service 
life. We have also investigated how these 
operating parameters vary during the service 
life. Combining this knowledge allows us to 
make appropriate predictions of the reliability 
of wagon structures (fatigue life). 

1. DESIGN CODES FOR FREIGHT 
WAGONS 

In recent years, customer specifications for 
freight wagon structures in Australia have 
generally evolved from a basis of nominating 
a limited number of proof load-cases, to 
specifying the wagon performance 
requirements and the expected life. This 
change has had a significant effect on the 
approach to wagon structural design. In earlier 
Specifications, fatigue analysis was not a 
major aspect. Specifications for structural 
integrity have more recently deferred to the 
AAR Manual of Standards and Recommended 
Practices for design, Fabrication and 
Construction of Freight Cars (AAR Manual M-
1001), and this has introduced fatigue design 
as a major consideration. 

1.1 AAR Manual 

The AAR Manual provides a 
comprehensive portfolio of load cases to 
be considered in wagon design, as well 
as duty cycles for use in fatigue analysis 
(REPOS tables). A methodology for 
fatigue assessment is also provided. 
REPOS tables (Road Environment 
Percent Occurrence Spectrum) are 
provided for coupler, centreplate and 
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sidebearer loads, which have their origin 
in testing conducted by the AAR in the 
1980’s. The first issue of the Manual was 
released in 1964 and Chapter 7, fatigue 
Design of New Freight Cars, was added 
in 1988. The manual includes stress-life 
data for a limited selection of joint 
categories, for both steel and aluminium 
structures. These joints are typically 
those used in the heavier wagons of the 
North American railways, making the task 
of joint selection somewhat constrained. 

The fatigue data in the AAR Manual is in 
the form of Modified Goodman Diagrams 
(MGD), which provide stress-life 
relationships that are mean stress 
dependent. Currently accepted thinking 
on fatigue of welded structures is that the 
generally unknown residual stress 
negates any mean stress effect. 
However, many joints in the AAR Manual 
have MGDs with a slope of 1, implying 
that the detail may be considered 
independent of mean stress. The AAR 
Manual is based on a “nominal stress” 
approach, which can be applied based on 
hand calculation of section stresses 
rather than Finite Element results. 

The AAR fatigue approach assumes an 
endurance limit, which is contrary to 
current fatigue theory for variable 
amplitude loading. It is currently 
accepted that stress cycles less than the 
endurance limit will contribute to fatigue 
damage if in the presence of stress 
cycles greater than the endurance limit, 
although the effect of low stress/high 
cycle loadings reduces at cycles above 
1x107. More recent research by TWI 
suggests that in structures subject to 
complex loadings, low stress/high cycle 
loadings may be as damaging as high 
stress/low cycle [6]. 

The AAR Manual has been revised since 
its first release. These revisions are 
based on feedback from AAR members 
and editorial as a result of approval of 
related items. Individual research by AAR 
members is conducted, but there is 
currently no specific program of 
development of the AAR Manual. 

1.2 Railtrack Standard GM/RT2100 

Another appropriate reference for 
consideration in wagon structure design 
is the UK Standard GM/RT2100 – 
Structural Requirements for Railway 
Vehicles [2], which is published by the 
Safety & Standards Directorate of 
Railtrack PLC. This Standard provides 

requirements for proof and fatigue 
strength for all types of railway vehicles 
and bogies. The fatigue loads are defined 
by global acceleration factors in the 
vertical and lateral directions. Other 
fatigue load cases are to be “taken into 
account if considered relevant”. There is 
no definition of fatigue loads due to 
longitudinal train dynamics (coupler or 
buffer loads). This approach appears to 
be indicative of the generally higher 
speeds and lower train masses of freight 
operations in the UK. Although some coal 
trains in the UK can exceed 5000 tonnes, 
the majority of operations are general 
freight which are much smaller in gross 
mass but higher in average and 
maximum operating speed. The Standard 
nominates that fatigue stress assessment 
is to be conducted using BS7608 for steel 
structures and BS8118 for aluminium 
structures. 

1.3 British Standard BS7608 

The British Standard BS7608 – Code of 
Practice for fatigue design and 
Assessment of Steel Structures, provides 
a fatigue assessment methodology that is 
recognised as best practice. The Code 
provides a generalised method for the 
design of any structure that undergoes 
dynamic loading. It does not provide any 
design loads, but relies that the nature of 
expected loading is known. Stress-life (S-
N) data is provided for a series of joint 
classifications. The classification system 
is based on: joint geometry and 
proportions, direction of stress, location 
of crack initiators, and method of 
manufacture/inspection. As the stress-life 
relationship is dependent on a number of 
weld parameters, correction factors are 
provided for material thickness, corrosion 
and weld improvements (such as toe 
grinding). The standard S-N data is 
based on a probability of failure of 2.3% 
(mean minus two standard deviations). 

1.4 Comparison of the Standards 

In addition to the differences in approach 
outlined above, a direct comparison of 
the AAR Manual and BS7608 indicates 
that there are significant differences in 
the allowable stresses. The AAR data is 
directly based on the results of testing of 
the specific joint geometry nominated. 
The British Standard takes the approach 
of “forcing” results from the testing of 
individual joint types into categories 
(Classes). The slope of most of the S-N 
curves is –3 (which is based on fracture 
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mechanics theory). The British Standard 
also provides standard deviations for 
joint classes, which allows the designer to 
modify the S-N curves to provide a lower 
probability of failure. The AAR does not 
provide this information. 

Overall, structural fatigue failure should 
be seen as a vehicle reliability issue and 
the techniques for reliability assessment 
are valid, including FMECA in particular. 
The fatigue assessment codes provide a 
basis on which to assess the design 
against operational parameters, and for 
the conducting of sensitivity studies. The 
potential for fatigue failure at individual 
locations in a wagon should be 
considered on the basis of: probability (of 
failure mode), severity (of consequence 
of failure), detectability (that failure is 
about to occur) and design familiarity 
(how well do we understand the design). 
As an example, a welded joint in a 
bolster is difficult to access for inspection 
purposes but is safety critical. In this 
case, design for a lower probability of 
failure is appropriate. 

2.    UNDERSTANDING THE AAR MANUAL 

Correct application of any design code relies 
on the designer having a clear understanding 
of the code, and preferably its background and 
development. To enhance our understanding 
of the AAR code United Goninan contracted 
Starfire Engineering and Technologies, Inc.; 
an engineering consultancy based in 
Lawrence, Kansas. The President of Starfire is 
Andrew Spurlock, a former Chief Mechanical 
Engineer of the Burlington Northern Railroad. 
Apart from Andrew’s personal engineering 
experience and involvement in the 
development of the AAR Standards, Starfire 
have accumulated what is considered to be 
the most comprehensive collection of 
documentation relating to the development of 
the Standards. 

The brief for Starfire was to provide United 
Goninan with three elements of consultancy. 
These elements were: 

• An explanation of the U.S. Freight 
Industry including characteristics and 
operation of freight vehicles, 

• A response to specific and general 
knowledge questions about the AAR 
Standards, 

• A review of a recent design project that 
involved application of the AAR 
Standards. 

An engineer from Starfire visited Australia to 
conduct the review and for face-to-face 
discussions with United Goninan engineers. A 
formal report was produced by Starfire, which 
provided documented responses to all issues 
raised during the consultancy. 

2.1 U.S. Freight Industry 

Starfire provided advice on the 
operational characteristics of freight 
railways in the U.S., including train 
speeds and train tonnages. Design 
aspects of typical freight wagons were 
discussed including gross to tare ratios 
achieved, materials used and typical 
characteristics of load carrying structures. 
Expectations of the timeframes for 
development of new wagon designs were 
also obtained. 

2.2 Questions on the AAR Standards 

United Goninan experience in applying 
the AAR Standards had raised questions 
on which Starfire were able to provide 
advice. Typical questions included; how 
were the REPOS tables measured and 
the nature of the rail operations on which 
they were measured, how are low cycle 
events such as loading and unloading 
considered, and the nature of specific 
load cases such as centreplate and side 
bearer loads. 

2.3 Review of Design 

Starfire were asked to review the 
structural design from a recent project, 
including the analysis and drawings. 
Possible deviations from the expected 
application of the AAR Standards were 
identified and suggestions provided to 
United Goninan on how these 
discrepancies should be addressed. 

The advice by Starfire has enabled United 
Goninan to confirm our understanding of the 
AAR Standards, providing increased 
assurance to our customers of correct 
application of design practices for our freight 
products. 

3. APPLICATION PARAMETERS 

There are many aspects of railway operations 
that can determine the loads to which a wagon 
structure will be subjected. Our experience 
has identified the following parameters as the 
most significant: 

• Track data – topography, construction 
and maintenance specifications 
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• Vehicle operating characteristics – 
speed, axle load, gross/tare ratio, track 
forces, braking 

• Train formation – train length and mass, 
wagon position in the train 

• Product load – characteristics and 
quantity, loading and unloading method 

• Duty cycle – annual mileage, 
loaded/unloaded cycle frequency 

United Goninan conduct an “Application 
Study” as a part of requirements definition for 
a new design. This involves the completion of 
a checklist to ensure that all application 
parameters are quantified and considered in 
the development of the wagon design. This 
information is then used as the basis for 
determination of the structural load cases that 
should be applied in the wagon design. In 
many cases, this will involve the selection of 
the appropriate REPOS table from the AAR 
Manual. However, it could also be used as the 
basis for operational modelling from which a 
duty cycle can be derived. This would include 
modelling of longitudinal train dynamics for 
determination of coupler loads, and/or vertical 
and lateral vehicle dynamics for determination 
of centreplate and sidebearer loads. We would 
defer to the established codes for proof loads 
as these generally provide a considered 
design condition that provides allowance for 
uncommon events (such as accidents and 
abuse). 

The primary load cases for wagons are best 
defined by considering the pure degrees of 
freedom. Consider: 

• Vertical axis – bounce will affect 
centreplate and sidebearer loads, yaw 
will affect centreplate loads 

• Lateral axis – sway will affect 
centreplate loads, pitch will affect 
centreplate and sidebearer loads 

• Longitudinal axis – longitudinal will 
determine coupler loads, roll will affect 
centreplate and sidebearer loads 

• Twist – will affect sidebearer loads 

In general, longitudinal train dynamics will 
define the coupler loads. Vertical and lateral 
dynamics will define the interactions with the 
bogie and hence centreplate and sidebearer 
loads, as well as vertical and lateral loads 
from the product. 

Through the development of loading models 
and in-service testing we have investigated 
some of the major parameters and their effect 
on wagon fatigue life. 

4. TRAIN MASS AND POSITION OF 
WAGON IN TRAIN 

While gross train mass is the major influence 
on the magnitude of coupler loads, train 
handling issues are also significant in terms of 
fatigue damage. Undulating track will 
generally provide the worst conditions for train 
handling, where lack of control of slack can 
cause significant problems. The magnitude of 
coupler loads will generally reduce from the 
lead end of the train to the trailing end, but the 
frequency of these loads can also vary 
significantly due to run-in and run-out of slack. 
On long, heavy trains, the use of distributed 
power is one solution to train handling 
problems. 

Many of these heavy freight operations are 
based on unit trains, where wagons remain in 
the same position in the train for extended 
periods. In most cases, preventative 
maintenance is also conducted on a unit train 
basis, so a wagon will only be removed from 
the train in the case of equipment failure or 
component change out (CCO). This can result 
in some wagons being subjected to much 
higher fatigue damage than other wagons in 
the fleet. This variation in damage can be 
quantified, and used in asset management 
decision-making. Management techniques to 
address the issue can include the active 
rotation of wagons in trains to “spread the 
damage” across the fleet, adopting simple 
rules for how wagons should be marshalled 
into trains (always at the back of the train), or 
running reduced length trains at a higher 
frequency. 

To understand the effects on fatigue damage 
of train size, United Goninan have conducted 
testing of coupler loads in various train 
operations. The results of this work show 
generally logical trends, and have been 
compared to results from the application of the 
AAR coupler REPOS to understand their 
relative severity. Results from one such 
comparison are shown in Figure 1 below. 
These results were obtained by defining a 
stress value for a nominal coupler load, and 
calculating a fatigue life from the coupler 
REPOS using the AAR fatigue methodology. 
The results have been normalised to REPOS 
number 1. The four results presented are for 
different joint types. 

The REPOS used were: 

1. Coupler REPOS specified by an Australian 
customer using 20x20 data bins 

2. Measured Coupler REPOS - train of ~ 
11,000 trailing tonnes over track A, using 
30x30 data bins 
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3. Measured Coupler REPOS - train of ~ 
11,000 trailing tonnes over track B, using 
40x40 data bins 

4. Measured Coupler REPOS - train of ~ 
11,000 trailing tonnes over track B, using 
30x30 data bins 

5. AAR Severe Coupler REPOS – tables 
7.3.5.5 and 7.3.5.10, using 30x30 data bins 
+ 56 cells 

6. AAR Standard Coupler REPOS – tables 
7.3.5.4 and 7.3.5.10, using 30x30 data bins 
+ 56 cells 

7. Measured Coupler REPOS from train of ~ 
6500 tonne over track A, using 30x30 data 
bins 
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Figure 1 – Calculated Fatigue Lives for Coupler REPOS 

REPOS numbers 1-4 and 7 are for the lead 
wagon of the train. It is understood that the 
AAR REPOS were measured on wagons in 
interchange service and therefore represent 
an “average” position in the train. 

The number of data bins is important because 
it represents the “coarseness” of the load 
spectrum. Individual coupler load cycles are 
placed into a “bin” which has an upper and 

lower load limit. This means that in the 
subsequent fatigue analysis, each cycle is 
considered to be larger than the actual load 
range measured. Hence the coarseness of the 
REPOS affects the conservatism of the 
predicted fatigue life. A study of the effect of 
data bin size on fatigue life predictions [5] is 
shown in Figure 2 below. The trend line shown 
is logarithmic. 

Figure 2 –Fatigue Life vs REPOS Bin Size 

Other observations from this comparison of 
damage due to coupler loads include: 

• Fatigue damage under different REPOS 
is dependent on joint type. 
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• The AAR Severe REPOS is generally 
less damaging than those measured on 
the Australian heavy trains – we believe 
that the AAR Severe REPOS was most 
likely measured on trains of 
approximately 15,000 trailing tonnes. 

• Train size has a significant effect on 
fatigue damage 

In a separate test exercise, we strain 
gauged couplers at various positions 
throughout a train to investigate the effect of 
position in the train on fatigue damage and 
the nature of load events that determine 

fatigue damage. The testing was conducted 
over a distance of approximately 1000km 
comprising 5 return journeys between the 
port and the mine. Fatigue damage was 
calculated by scaling the coupler loads to 
provide a stress. The scaling factor used 
was that which would provide the specified 
fatigue life (distance) assuming the rakes 
were rotated through the train on an equal 
distance basis. BS7608 was used for the 
fatigue methodology and an F2 weld class 
was assumed. Figure 3 below provides a 
summary of the results of this analysis in 
terms of fatigue damage. 

 

Figure 3 – Relative Fatigue Damage along Train 

 

Observations from this work include: 

• The lead wagon accumulates fatigue 
damage from coupler loads 
approximately 3.5 times that of the 
trailing wagon. 

• With exception of the second position, 
the fatigue damage decreases from the 
lead position to the trail position. 

• The lead wagon accumulates 64% more 
fatigue damage than the equivalent 
damage if the wagons were rotated 
through all positions on the basis of 
equal distance travelled. 

• The majority of damage is accumulated 
through load cycles in the mid range of 
loads. 

• The damage is not heavily biased 
towards high magnitude events. 

• High loads are infrequent towards the 
end of the train. 

5. TRAIN SPEED 

In order to investigate the effect of train speed 
on fatigue life, United Goninan have 
conducted an analysis based on measured 
vehicle accelerations. Vertical and lateral 
accelerations were measured at both ends of 
a wagon during eight typical loaded/unloaded 
cycles between port and mine. 

GM/RT2100 provides the following 
requirements for fatigue loads due to vehicle 
body global accelerations. 

• Vertical Acceleration: 0.8g range for 
107 cycles 

• Lateral Acceleration: 0.4g range for 107 
cycles 
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• Fatigue load, F = (1+/-a)(M1+M3); 
where a=acceleration, M1=mass of 
vehicle structure and M3=payload. 

It is understood that GM/RT2100 is based on 
a train operating speed of 100km/h and that it 
is appropriate to factor these acceleration 
requirements for the intended operating 
speed. It has been determined that vehicle 
global accelerations are generally proportional 
with speed. 

Structural sensitivity to accelerations in 
bounce, pitch, roll, yaw and lateral degrees of 
freedom have been investigated using an FEA 
model and test data. A simple beam model 
was created with the same length and mass 
as the test wagon. Bounce and pitch 
accelerations of 1m/s were applied to the 
model in the vertical plane, and bending 
moment and shear force diagrams produced. 
Plots of bending moment show that bounce 
accelerations are more severe than pitch 
accelerations at all locations in the model. 
Plots of shear force show that bounce is more 
severe than pitch at all locations except for a 
small area either side of the wagon centre. It 
was determined that the shear force effects 
were insignificant in comparison with bending 
moments in this location, and therefore that 
the effect of pitch is insignificant in 
comparison with bounce. The same discussion 
can be had with respect to accelerations in the 
lateral plane. 

In-service acceleration values in the vertical 
and lateral planes at each end of the vehicle 
were used to calculate the individual 
components of translation and rotation in both 
planes. It was found that the magnitude and 
frequency of individual components in each 
plane were very similar. In combination with 
the relative stress effect of each component, it 
was determined that bounce and lateral 
accelerations are the most damaging, and it is 
a reasonable simplification that the effects of 
pitch and yaw accelerations are ignored in an 
FEA based fatigue assessment. 

To confirm this analysis, a correlation was 
made between fatigue lives calculated from 
global accelerations and coupler loads applied 
to an FEA model, with fatigue lives 
determined from strain gauge measurements 
made on the same train runs. It was found that 
the calculated lives were generally 
conservative in comparison to the strain 
gauge results. 

To determine the effect of variation in train 
speed on fatigue damage, we can make a 
simple assumption: 

Speed Æ acceleration Æ bending moment Æ 
stress Æ (fatigue life)-1/m, where m is the slope 
of SN curve. 

On this basis, a 30% increase in speed would 
increase fatigue damage due to vertical and 
lateral acceleration in a typical welded joint 
with SN slope of 3 by a factor of (1.30)3 = 
2.20. 

Global body accelerations are significant with 
respect to the fatigue code chosen for 
assessment. For acceleration amplitudes of 
less than 0.1ms-2, total cycles over the life of 
the vehicle are likely to be greater than 109. 
As the AAR Manual assumes a fatigue limit at 
2 x 106 cycles, fatigue damage in the low 
amplitude, high cycle end of the spectrum are 
excluded. This will exclude cycles in the 
vertical and lateral planes of possibly 0.3ms-2 

or greater, and will lead to under-estimates of 
the fatigue damage. 

6. BOGIE TYPE 

The understanding of vehicle global 
accelerations effect on fatigue damage 
described above can be extended to a 
consideration of bogie design and parameters. 
United Goninan has long been an advocate of 
the advantages of primary suspension bogies. 
One of these advantages is improved control 
of vehicle dynamics as measured by ride 
index, and hence generally lower vehicle 
global accelerations. The effect of different 
vehicle acceleration spectrums on fatigue 
damage can assessed using the model 
described above, ie acceleration á (fatigue 
life)-1/m. For example, a 10% reduction in 
acceleration across the frequency spectrum 
would reduce fatigue damage due to vehicle 
inertia in a typical welded joint  (BS7608 with 
SN curve slope of 3) by a factor of (1.10)3 = 
1.33. 

Studies made in the UK of vehicle inertial 
loads for different bogie designs. United 
Goninan were provided the chart shown in 
Figure 4 below by Barrie Abbott, a consultant 
engineer with Interfleet Technology. The chart 
shows the vertical inertia of a freight vehicle 
against occurrence frequency (cycles per km) 
running on several different primary 
suspension bogies. This includes the latest 
design from Powell Duffryn – the LTF25 (Low 
Track Force – 25 tonne axle load). The chart 
demonstrates the reduction in inertial loadings 
that can be achieved with refined bogie 
designs.
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Vertical Inertia:  Spectrum characteristics (displayed as continuous function)
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Figure 4 –Vertical Inertia Spectrum Characteristics 

 

7. PRODUCT LOADS 

For bulk material wagons the loading process 
results in a variation in the mass (volume and 
density variations) of product in the wagon. 
United Goninan has investigated this variation 
in one specific application. A customer 
provided data for individual in-motion 
weighing of wagons for more than 100 
individual trains. We completed an analysis of 
the data to assist in understanding how wagon 
and train mass varied. Sample results from 
the analysis are shown in Figures 5 & 6 below. 
This variation in wagon loading can be 
translated to a variation in fatigue damage by 

application of the loading model described 
above. 

As an example, assuming a linear load-
stress relationship, a 10% variation in 
wagon loading results in a 10% variation in 
wagon stress. Assuming an S-N curve of 
slope m=3, this 10% variation in stress will 
result in a 35% variation in fatigue damage 
((1.05/0.95)3). A total variation in fatigue 
damage due to this loading can be 
calculated across the fleet based on this 
relationship between load and fatigue 
damage, and the variation in loads that 
occur between wagons/trains.

Figure 5 –Plot of Frequency of Net Loads
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Figure 6 – Plot of Variation in Train Load  

It is noted that, in general, fatigue damage in 
the tare condition is minor in comparison with 
that in gross loaded condition and can 
generally be ignored. For example, if the tare 
to gross ratio is 0.2, then the inertial effect on 
the fatigue life in the tare condition compared 
to that in the gross condition will be (0.2)3 = 
0.008 (less than 1%). On this basis, the 
loaded to tare ratio and the ratio of distances 
travelled in the loaded and unloaded 
conditions are important operating parameters 
and should be included in any fatigue 
assessment. 

It is important that wagon loading/unloading 
operations are not ignored as these also 
provide potential for fatigue damage, 
particularly with bulk material products. For 
rail operations over short distances, individual 
wagon loading and unloading events can 
number more than 50,000 over the 30-40 year 
life of a wagon. It should be noted that the 
stress-life approach to fatigue analysis is 
generally considered to be valid for loading 
events greater than 100,000. For frequencies 
less than this, the strain-life method will 
generally provide more accurate results. 

In the case of bottom discharge wagons, 
significant product loads can be generated 
due to the pressure variations that occur when 
the doors are opened (so called “switch 
pressures”). For wagons that are unloaded on 
the move, differential pressures can be 
exerted on internal diaphragms as product 
discharges from each bay sequentially. 
Frictional loads on the wagon skin from 
product discharge are also potentially 
significant. 

In the case of rotary discharge wagons 
(“tipplers”), the method of restraint of the 

wagon during unloading, and the change in 
product loads as the wagon rolls, must be 
considered in the design analysis. 
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CONCLUSION 

United Goninan current design practices for 
freight wagons place a strong emphasis on the 
need to understand the wagon application 
parameters, as these will determine structural 
fatigue life. Analysis has included 
investigation of major freight operations to 
evaluate the loads seen in service, evaluation 
of previous wagon designs and consultation 
with American engineers who understand the 
AAR code. 

Operating characteristics considered to be 
significant include; speed, train size and 
formation, load-to-tare ratios, bogie dynamics, 
train handling, track topography, track 
condition, gross mass. Simple models have 
been developed to investigate the effect of 
operating parameters on fatigue life. 

Such knowledge permits Goninan to better 
predict the load environment for new 
applications. This enables design risks to be 
understood and addressed to the benefit of 
both Goninan and its customers, through 
designs that are more reliable with optimum 
load capacity (and hence mass). 

This paper has provided an overview of some 
United Goninan recent freight wagon design 
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experiences. The development of design 
practices is described through these 
experiences, concentrating on understanding 
the design codes and application parameters, 
and their effect on structural fatigue life. 
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SUMMARY 
 
This paper describes material characterisation of broad flange beam steel from Rail Infrastructure 
Corporation. The material was originally manufactured in Luxembourg by the Grey process, and 
imported into Australia from England in the 1920’s and 30’s, before BHP began rolling heavy sections.  
Broad flange beams have been used throughout NSW, sometimes recycled from one location into 
another, and are very common in small bridges.  It is timely to consider the fatigue and fracture 
characteristics of these beams, as part of asset management programs in the railway industry. The 
present girder pieces are from a decommissioned bridge at Kyogle, northern NSW. As part of a Level 
III structural integrity assessment of the Mullet Creek bridges at Dapto, NSW, stress-strain curves of 
the material are required, as well as S-N data, and impact toughness. Therefore, as part of a Rail 
Infrastructure Corporation / CRC for Welded Structures project on Structural Integrity Assessment of 
Railway Bridges, the University of Wollongong and ANSTO have conducted tests including:  chemical 
analysis, metallography and hardness testing; tensile stress-strain testing; Charpy toughness testing 
to derive fracture appearance transition temperature FATT); and fully-reversed uniaxial fatigue testing 
to give S-N curves.  The methods of testing are presented, as well as a summary of the test results, 
with comparisons to modern construction steels. 
 
1.  INTRODUCTION.  All railway bridge assets 
require periodic rigorous structural integrity 
assessment.  Any comprehensive static 
strength and fatigue rating program should 
include data on bridge structure material 
properties, including static tensile stress-strain 
curves, Charpy impact toughness and 
transition temperature data, and S-N curves 
from cyclic load tests.  In this paper, 
mechanical properties are presented for broad 
flange beam BFB) steel girder material,  tested 
as part of continuing research into Structural 
Integrity Assessment of Railway Bridges, 
sponsored jointly by Rail Infrastructure 
Corporation RIC) and the Cooperative 
Research Centre for Welded Structures CRC-
WS).  The material samples were provided by 
RIC;  they were taken from a disused girder 
removed from the railway bridge at Kyogle, 
NSW.  A test program has been carried out at 
ANSTO and the University of Wollongong in 
order to characterise the steel properties as 
input to a structural integrity analysis of BFB 
bridge spans at Mullet Creek Dapto), NSW.  
The tests included: 

1. Chemical analysis, metallographic 
examination, and hardness testing 

2. Charpy impact toughness testing 
with notch alignment in various 
directions 

3. Charpy impact value versus 
temperature to determine the 

temperature of transition from 
ductile to brittle behaviour.  

4. Tensile tests flange and web), 
longitudinal and transverse 

5. Fully-reversed fatigue tests flange 
and web), longitudinal and 
transverse 

 
Each of the tests conducted and the results 
from these tests are described in detail below. 
 
2. BACKGROUND--THE RAILWAY'S 
EXPERIENCE 
BFB girders are common at numerous railway 
bridge sites in New South Wales, where they 
are used in short bridges, mostly in spans of 
eight to ten meters.  The BFB flanges are 
typically 300 mm wide by 30 to 36 mm thick.  
Several thousand tons of this material were 
imported to Australia from the Differdange 
steelworks in Luxembourg in the 1920's and 
'30's, rolled to British Standard.  BFB sections 
were fabricated into more than 560 spans 
scattered over about 90 locations within NSW 
and, in general, have given good service 
because they were designed quite 
conservatively and most had no welding used 
in the fabrication, although some did have 
welded cover plates. However, they have an 
Achilles’s heel: they can be prone to brittle 
failure under lateral impact from truck loadings. 
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Fortunately most spans are not over 
roadways. 
 
Due to loss of ‘corporate memory’ and records 
in the railway organisations, there is little 
chance of piecing together an accurate and 
complete history of these beams - they had a 
reputation going back to the fifties and maybe 
even earlier. Like an urban myth, everybody it 
seems has heard that BFB girders are crook, 
but nobody has direct experience. 
There have been at least four occasions where 
brittle fractures have extended through at least 
half of the tension flange, but none led to 
complete fracture of the beam:  
• At Chatswood, NSW, on 8/3/1972, a truck 

hit a girder, causing 3 major cracks two 
on one side, one on the other), one of 
which amounted to the loss of about 70% 
of the flange, and extended about 90mm 
up the web.  

• At Valley heights, NSW, on 25/10/77, staff 
repairing other defects discovered an 
entire 36mm thick bottom flange and part 
web cracked; but, having a 350x12mm 
cover plate, still intact under the crack. 
Four months had elapsed since the last 
known vehicular impact. 

• At Leura, NSW on 12/2/89, a high load 
barely touched one girder, missed the 
next, then fully impacted a third girder, 
causing a bend of more than 100mm 
without any sign of cracking.  About 30 
hours after the incident, detailed 
inspection revealed brittle cracking 
through nearly 90% of a flange and its 
cover plate at an old impact point) on the 
first girder, about 1500mm from the 
impact site.  Rough calculations indicated 
average stresses on the remaining 
section to be above yield for some 
expected loads. This bridge had 
experienced at least two previous hits in 
other areas on the girders), which 
required straightening, and had also 
sustained numerous lesser hits. 

• At Muswellbrook, during an unscheduled 
inspection in 1986, a crack was found 
extending through approximately half the 
tension flange.  This bridge was carrying 
100tonne coal wagons. 

The intriguing thing about these incidents is 
that such large brittle cracks can form without 
leading to the complete collapse of the section.  
The span of these bridges is such that a 
complete live load stress cycle is experienced 
for each carriage or wagon passing over it; 
and in all but one case Leura) the bridges 
have been transom topped, so the ratio of live 

to dead load stresses exceeds four for 
everything except empty freight wagons.  In all 
except the Chatswood case, it is probable that 
thousands of tons of traffic had crossed the 
spans in the time interval between cracking 
and discovery. 
 
There have been a number of other instances 
where girders have been bent, but not 
cracked, or cracked to a lesser extent, and 
other cases where fatigue cracking has started 
from minor flange damage. 
 
It seems likely that the problems with these 
girders stem from poor steel making practices 
- bad control over chemistry and smelting, bad 
control over processing temperatures -- which 
lead to considerable variability, resulting in bad 
structure, high residual stresses, and high 
transition temperatures being common. 
 
Because of their apparent unreliability, BFB 
girders have more severe inspection and 
maintenance requirements than for other steel 
spans. Also there are a number of instances 
where bridges have been replaced primarily 
because the girders were BFB's, and the risk 
of damage from road vehicles was considered 
to be significant.  
 
3.  BFB STEEL CHARACTERISATION 
 
3.1  Chemical Analysis, Metallographic 
Examination, And Hardness Testing. 
A section of the BFB flange was submitted for 
chemical analysis, and a comparison was 
made between the BFB steel and a current 
steel grade on the basis of chemistry. The 
results of the analysis are shown in Table 1. 
 
3.2  Charpy Impact Tests 
Samples were extracted from the inside and 
outside surface of the flange and tested in 
accordance with ASTM E23 (Ref 4). The 
nomenclature associated with the notch 
orientation is in accordance with ASTM E399 
(Ref 4). The results at 20oC indicate that there 
was little difference between the impact 
properties of the inside and outside surface of 
the flange. The transverse samples gave far 
lower impact values, typically 26 – 28 Joules, 
whereas the longitudinal samples produced 
results of approximately 300 Joules all 
samples unbroken). The material has a very 
pronounced temperature effect on impact 
toughness properties, and the consequences 
of this must be considered in assessing 
potential impact damage. Metallographic 
sections were prepared from the longitudinal, 
transverse and through-thickness directions of 
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the BFB flange. The microstructure is 
equiaxed ferrite 10% pearlite) in a banded 
structure with an ASTM grain size of 7.  The 
structure is unchanged through the flange 
thickness, and contains heavy inclusions of 
sulphides, silicates, and oxides. No 
decarburised layer was observed at either 
surface; this may have corroded away during 
service. Deep corrosion pitting and adherent 
oxide coating were also observed.  The 
hardness was measured at 110 Vickers.  
Typical metallographic sections are shown in 
Figures 1, 2, 3, and 4 below.     
 
Charpy impact samples were prepared for the 
L-T direction, and tested at various 
temperatures to determine the ductile to brittle 
transformation temperature. The test 
procedure conformed to ASTM E23. The 
ductile to brittle transformation curve, together 
with the fracture appearance transformation 
temperature FATT), are shown in Figure 5 
below, along with data from previous Rail 
Infrastructure Corporation tests.  The Charpy 
impact data and crystallinity analysis indicate 
that the ductile to brittle transition temperature 
for the L-T orientation in within the range of 15-
18°C.  This is consistent with RIC data from 
previous tests Ref 1, 2, and 3). 
 
3.3  Fatigue Characterisation. 
The fatigue characterisation of BFB steel 
included monotonic tensile tests to obtain true 
stress-true strain curves, and also fully-
reversed uniaxial cyclic testing to produce S-N 
curves. The samples obtained were taken from 
various sections of the BFB material, to 
account for variability in material properties. 
Samples were taken from the web and the 
flange in both transverse and longitudinal 
directions, as shown by Figure 8. The samples 
Figure 9) were machined into fatigue test 
specimens with 25 mm length straight test 
sections of 12 mm diameter, in accordance 
with ASTM E466 Ref. 4). 
 
Load control tensile and cyclic testing was 
carried out using 100 kN and 500 kN Instron 
universal testing machines of the Faculty of 
Engineering, University of Wollongong.  
Monotonic tensile tests were first carried out 
for WT web transverse), WL web longitudinal), 
FT flange transverse) and FL flange 
longitudinal) specimens.  Engineering stress-
engineering strain curves were obtained, as 
shown by Figures 8 a)-d). True stress-true 
strain curves were computed by use of the 
Bridgman correction factor for steel Ref. 5), as 
shown by Figures 9 a)-d). The fracture stress 
from the corrected curves was used as the first 

data point for each of the S-N curves, 
constituting a quarter cycle to failure. 
Fully-reversed uniaxial cyclic testing was 
carried out for the WT, WL, FT and FL 
specimens, for low-cycle and high-cycle 
fatigue regimes.  Low-cycle fatigue tests were 
first conducted with load amplitude equal to 
yield strength.  From the general trend of the 
S-N data, further tests were undertaken with 
load amplitudes at reduced percentages of 
yield strength, covering both low-cycle and 
high cycle fatigue regimes.  All tests were 
conducted at zero mean stress, with constant 
load amplitude, with amplitudes in the range of 
60% to 100% of yield strength.  The number of 
fully reversed cycles until failure was counted. 
 
The  resulting data was plotted on log-log S-N 
graphs, as shown by Figures 10 a)-b) and 
Figures 11 a)-b).   
 
As all of the data was within infinite fatigue life, 
a linear relationship between Log of stress 
amplitude, S, and Log of cycles-to-failure, N, is 
considered appropriate. Statistical analyses 
were performed on each set of data, assuming 
a linear model of the form of equations 1)-3), 
where 
 
Y = A + B X          1) 
Y = log10 S          2) 
X = log10 N          3) 
 
For this linear model, a log-normal fatigue life 
distribution with constant variance along the X 
interval was assumed, with no suspended test 
data.  For each set of S-N data, 95% 
confidence bands were established around the 
curve of best fit. The testing can be 
categorised as preliminary and exploratory, 
due to the small sample size and low 
replication of results Ref. 4). Table 1 shows 
the equations for curve of best fit for each 
specimen type, assuming the log-normal 
distribution of the form of equation 4): 
 
S = a N) b          4) 
 

Specimen Type Constant 
WT WL FT FL 

a (MPa) 628 611 447 632 
B -0.072 -0.071 -0.067 -0.078 

Table 2. S-N Curve parameters a and b 
 
It can be seen that the FT orientation shows 
significantly lower fatigue strength than the 
other three orientations.  The fatigue exponent 
b is roughly the same for all four specimen 
orientations. 
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SUMMARY AND CONCLUSIONS. 
 
The BFB steel shows a pronounced Charpy 
transition temperature of approximately 15o-
18oC, though with considerable variability 
among several test programs.  As chemical 
analyses presented indicate, there is 
considerable variability in composition of the 
steel, which may account for scatter in the 
impact test results.   Also, the BFB steel shows 
strength properties that are highly dependent 
on orientation within the girder.   Specimens 
cut from the girder flange along the transverse 
direction (FT) showed dramatically lower 
room-temperature Charpy toughness values 
than those cut along the longitudinal direction 
(FL).  Similarly, the ductility of FT specimens 
was substantially less than that of  FL 
specimens, and the same effect was seen for 
fatigue strength.  For specimens cut from the 
girder web, no significant difference in 
mechanical properties was apparent between 
longitudinal and transverse directions. 
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Element wt %) BFB Steel 

present tests) 
BFB Steel 
 Ref 1) 

BFB Steel  
Ref 2) 

BFB Steel  
Ref 3) 

SAE Grade 1101 
 

Iron Bal. Bal. Bal. Bal. Bal. 
Carbon 0.08 0.12 0.115 0.17 0.08 – 0.13 
Manganese 0.87 0.80 0.94 0.92 0.6 – 0.9 
Silicon 0.01 trace 0.005 0.02 0.1 – 0.3 
Sulfur 0.027 0.048 0.045 0.042 0.05 max. 
Phosphorus 0.035 0.083 0.048 0.072 0.040 max 
Nickel 0.04 - 0.05  - 
Chromium <0.01 - 0.02  - 
Molybdenum  <0.01 - -  - 
 

Table 1:  Broad Flange Beam Steel Chemical Analysis 
 

Figure 1 – Longitudinal section  Figure 2 – Transverse section  
 

Figure 3.  Through-thickness section  Figure 4. Typical Inclusion (through-
thickness)  
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Figure 5 – FATT Curve  for Kyogle Railway Bridge Steel 
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Figure 6.   BFB material section 
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Figure 7.   Specimen geometry 
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Figure 8(c):  Engineering stress-strain (FT)  
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Figure 8(d):  Engineering stress-strain (FL) 
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Figure 9(d):  True stress-true strain (FL) 
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EFFECT OF INTRODUCTION OF COMPUTER BASED SIMULATION 
TRAINING 

Linda Brackenbury, BSc(Ma) - Sydac Pty Ltd 
Duncan Ward, BE, PhD - Sydac Pty Ltd 

Ian Eldred – Australian Railroad Group Pty Ltd 

 

SUMMARY    

Sydac Pty Ltd has recently developed and deployed a Locomotive Driver Training Simulator (LDTS) 
for Westrail in WA.  Ownership subsequently transferred to the Australian Railroad Group Pty Ltd 
(ARG) when it assumed the rail freight and country rail network from Westrail. The LDTS was 
designed to provide new capabilities for driver training to enhance the conventional locomotive-
based training then in practice. 

Westrail commissioned the LDTS on the premise of achieving savings in fuel consumption, brake 
wear and a reduction in damage related maintenance through improvements in train handling. Based 
on previous train driving simulators delivered to Queensland Rail by Sydac, the LDTS was one 
proposal examined following a study [1] commissioned in 1999 by Westrail to investigate variations 
in locomotive fuel consumption.  Sydac proposed a solution that took advantage of advances in 
computer software and hardware that has allowed development of new methods of computer and 
simulator based training.  Sydac’s LDTS architecture has been developed over a number of years in 
conjunction with its customers who have had extensive experience in the use of Train Driving 
Simulators and Part Task Trainers for their competency based training and action learning programs. 

The underlying training effectiveness and efficiency goals, the capabilities and functionality of the 
LDTS plus an outline of how these have been implemented are presented.  A discussion of the effect 
of this introduction of computer based training is included. 

Proposed further capabilities and options available to the LDTS and ARG to continue to expand the 
training arenas aided by the LDTS will also be discussed. 

1. INTRODUCTION 

ARG has recently taken delivery of a 
Locomotive Driver Training Simulator (LDTS) 
that models four classes of locomotive currently 
in use in WA – the S, Q, P and DB Class 
Locomotives. The LDTS is a self contained 
mobile simulator housed in a pantechnicon 
trailer.  The LDTS was designed and built by 
Sydac Pty Ltd. 

The S Class and Q Class locomotives are very 
similar in cab hardware and are replicated 
within the cab of the LDTS.  The P Class and 
DB Class simulators use  Screen Based 
emulations of cab controls to allow a 
configurable training cab for the driver.  Sydac 
deployed the cab emulations as graphics on 
touch screens utilising digital photos of P and 
DB equipment to enhance the realism for the 
trainee driver. 

ARG has stepped to the forefront of simulator 
application for train driver training with 
upgraded components on Sydac’s standard 
train driving simulator. The new simulator 

includes many features ARG desired in a 
simulator that were  

 

not available in “off the shelf” train 
simulators. These features provide the 
drivers and the instructors with a simulator 
that can be used as a standard part of a 
driver’s education. 

The features that separate the LDTS from 
other train simulators and the effect of their 
implementation into a train driving 
environment previously without computer 
based training are outlined in the following 
sections. 

2. TRAINING OBJECTIVES 

ARG see the role of the LDTS in the training 
of their train drivers as complementary to 
those training practices that were in place 
prior to its deployment in early 2001. 

Sydac in conjunction with ARG has 
developed a multi–class simulator that 
delivers competency-based training to 
drivers at various levels of proficiency for a 
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number of locomotive classes in use by ARG. 
The LDTS was designed to meet training 
objectives that had been outlined by Westrail [2] 
in their tender document of September 1999.   

The primary objectives of the simulation-based 
training can be divided into three categories 
discussed below: 

2.1 Ab-initio Training 

A high level of fidelity to actual locomotive 
equipment is not essential in this class of 
training, as the training is of a generic nature. 
Any recognised limitations of the equipment can 
be catered for in the training programme. It is 
critical, however, that trainees should not be 
exposed to occurrences or practises that 
contradict those that may be found in the real 
world. Significant benefits may be realised, both 
in speed of learning and in the degree of 
comprehension. 

2.2 Type Conversion 

The role of simulation for Type Conversion is to 
introduce a currently competent person to new 
equipment. The simulator need only replicate 
the functionality of the new equipment; the 
person is already proficient in the task or tasks 
to be undertaken and thus the task or action 
does not require equipment replication of a high 
fidelity. 

2.3 Ongoing competency and assessment 

A higher degree of fidelity is required for this 
type of training.  Objectives met in this area by 
the LDTS include: 

• Improvements in fuel efficiency 

• Optimisation of train dynamics to 
minimise maintenance costs 

• Development of safe driving practices 
in long, heavy trains 

• Reduction of brake wear. 

Further to these primary objectives, the 
functionality of the LDTS delivers a more 
comprehensive set of capabilities than merely 
those required to meet the main objectives of 
ARG: 

• Familiarisation with operating 
procedures such as setting up remote 
and trailing locomotives and track 
recognition through use of filmed video 
of WA tracks. 

• Fault diagnosis and remedies. 

• Basic maintenance functions such 
as changing hose bags and isolating 
tripped circuit breakers. 

• Operational procedures such as 
communications with controllers and 
compliance with signals and 
signs.[3] 

All training should provide immediate and 
on-going feedback to trainees and their 
instructors about their performance in a way 
that can be translated to the trainees’ 
capabilities in undertaking their normal 
driving duties. An assessment facility is 
intended to encourage individual practice 
utilising the repeatability and predictability 
aspects of the LDTS and to promote self-
improvement through exposure to a wider 
variety of situations than can be provided 
outside of a simulated environment. 

The ability to create emergency and fault 
situations within the train opens up a 
previously unavailable source of procedural 
training to the instructors.   

The benefits of running short, repeatable 
driving runs over known difficult sections of 
track is one of the very positive features of a 
simulator based on tracks within the rail 
network currently travelled by ARG train 
drivers.  By recording the vision on tape and 
measuring the actual track dynamics and 
reproducing the track curvature and 
gradient, Sydac has been able to model the 
effect of driver operations on familiar track 
sections.  Repetitive sessions with analysis 
of trainee driver’s performance over a 
scenario based on a particular section of 
track allow the instructors to demonstrate to 
the trainee the improvements in factors such 
as brake wear and coupler fatigue with 
subtle alterations in driver technique. 

3. SYSTEM ARCHITECTURE 

The system architecture for the LDTS is 
based on maximum use of commercial off 
the shelf (COTS) equipment. 

• Features of the simulator 
architecture include: 

• Use of Windows NT and Windows 
2000 workstations for all computer 
nodes allowing application of state-
of-the-art operating systems. 
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• The design ensures that processor 
nodes are interchangeable – adding 
plug-in cards was actively avoided. 

• Programmable logic controllers (PLCs) 
for interfacing to locomotive equipment 
and control of trailer systems. 

• Single point (one pushbutton) to power 
on and power off the entire simulator 
without further user intervention. 

• Use of an industry standard Oracle 
Database Server and Oracle Clients to 
simplify connection of nodes to the 
system data source. 

• Plug and play node software to allow 
addition of further nodes with minimal 
impact. 

• Custom built equipment has been 
avoided and has been replaced by 
emulations of equipment utilising touch 
screens and digital images for 
equipment unable to be placed within 
the cab.  

• Dial-in connection from external sites 
for system management, remote 
monitoring and system maintenance. 

• Provision of a Train Dynamic Display 
(TDD) in order to provide the trainee 
with immediate and detailed feed-back 
in response to driver actions and the 
train’s dynamic reactions. 

• Simple deployment of recorded driver 
session data via CD-ROM media 
allowing Post Run Analysis off-site and 
Reporting. 

The figure below illustrates the architecture of 
the software nodes in the LDTS: 

SIMULATOR FEATURES 

The LDTS simulator includes the expected 
features common to most simulators  [3] 
including: 

• Facilities to prepare scenarios (choose 
train configurations, tracks, status of 
equipment and so on) and monitor the 
trainee 

• Injection of faults 

• Recording of driver sessions for Post 
Run Analysis. 

• Printed reports and graphs by the Post 
Run Analyser (PRA) including the ability 

to take the data off-site for 
preparation of the reports. 

• Definition and editing of locomotive 
and wagon characteristics 

• Voice communications and role 
playing 

Track
Database

Audio

Audio/Vision
Hardware

Database

TDD/PT
Hardware

ATCS ICE
Instrument
Emulation

Instructor
Station

Loco Model

Post Run
Analyser

Procedural
Trainer

Remote Access

System I/O

Simulation
Engine

Train Dynamic
Display

Trainee
Database

Trainee
Database

Train Model

Vision

Simulation

Simulation
Processor

Simulator Architecture 



Linda Brackenbury, Duncan Ward & Ian Eldred 
Sydac Pty Ltd & Australian Railroad Group Pty 
Ltd 

Effect of Introduction of Computer Based 
Simulation Training 

 

Conference on Railway Engineering. 
Wollongong, 10-13 November 2002 

326

• Ability to prepare track dynamics for 
test tracks to allow modelling of train 
behaviour over proposed track 
curvature and gradients. 

The LDTS also provides a number of features 
that enhance its ability to provide specialised 
driver training to ARG.  Some of these features 
are discussed below: 

3.1 Graphical train building 

The LDTS provides graphical methods to build 
trains to be used in driver training scenarios.  
Graphical interfaces are used to either build 
new trains and/or modify existing ones.   

A point-and click interface enables trains with 
multiple consists to be readily built and 
modified.  Consists can be readily redefined 
and moved within the train.  Wagons are 
selected, loaded and added or removed to or 
from any point in the train, using wagon 
definitions stored in a database.   

Train mass and mass distribution are prime 
factors to consider when building trains for 
training drivers. Mass distribution is shown 
graphically with indicators to show centre of 
mass for the entire train.   Mass can be readily 
redistributed using point-and-click editing to 
focus on particular sections of the train. 

The capability to create new wagon and 
locomotive configurations to be used in these 
trains is also provided.  Based on standard ARG 
locomotives and wagons (including the S, Q, P 
and DB Classes), small changes to the units 
can be made such as the tractive curve and 
brake type.  Sessions using these modified 
locomotives and wagons in a rain can be 
analysed against locomotive/wagon models that 
mirror standard fit.  In this way, the simulator 
may operate as a test bed for proposed 
equipment alterations to existing, modelled 
locomotives or wagons. 

3.2 Fault finding and procedural training 

Elements of driver training require inspection 
and control of items of locomotive and train 
equipment not located in the cabin.  These are 
often not represented in simulators.  

A touch screen based Procedural Trainer (PT) 
has been developed for the LDTS simulator to 
represent items located outside of the driver’s 
cabin that are needed to teach set-up and fault 
finding procedures.  The PT allows the driver to 
‘walk the train’ using the  computer touch screen 
and its graphical images. 

Items implemented through this station 
include, among other things: 

• Circuit breaker panels 

• Engine oil and water level indicators 

• Individual wagon hose bags 

• Remote locomotive cabin controls 

This virtual equipment interacts with the 
locomotive model and train model.  For 
example, to open or close a circuit breaker, 
the trainee navigates to the required location 
of the circuit breaker cabinet in the train and 
touch on an image of the required breaker. 

The PT uses a hierarchical set of images 
that enable the trainee, by touch navigation 
controls, to “move” around the entire train 
and access the virtual equipment of interest. 

The train and locomotive class presented on 
the PT is built dynamically to exactly match 
the configuration and the initialisation states 
of the equipment being used in the particular 
training scenario.  Images are modified as 
required to represent change of equipment 
status (e.g. circuit breakers open/closed). 

3.3 Remote maintenance 

A remote maintenance system has been set 
up for the simulator. The simulator has a 
GSM modem that is connected to the 
Instructor Station. The simulator developers 
can then dial in from a remote location to 
maintain all the computers in the system. 
The remote connection gives the 
maintenance engineers full access to the 
system database and log files. Software 
upgrades for each computer in the simulator 
can be executed over the remote link. 

Using this system, simulator problems can 
be quickly identified and rectified without the 
need to travel to the location of the 
simulator. Software upgrades can be 
achieved directly by the support engineers 
resulting in a superior level of maintenance 
support. 

4. LDTS OPERATION AT ARG 

The first course of driver training conducted 
by ARG using the LDTS included 
deployment to four locations in WA. 

During the second quarter of 2001 the 
evaluation exercise involved the deployment 
of the LDTS to Kalgoorlie and Esperance in 
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the east of Western Australia, and Kwinana and 
Picton in south-west WA.  

All locations sampled indicated variations in a 
number of parameters. Two examples, coupler 
fatigue and fuel consumption are detailed 
below.  

As a result of these findings a number of 
initiatives have commenced. 

There has been limited opportunity to assess 
the use of the LDTS in the training of new 
locomotive drivers. To date only one course has 
been carried out, evaluation of the impact of 
simulator training would be premature at this 
stage. However subjective feed back from the 
trainees was very positive. 

In general the approach to the LDTS was 
positive and in some cases sceptical individuals 
actually sought more time on the simulator. 

The Track Dynamic Display was viewed with 
interest. It was suggested on a number of 
occasions that having a display of track 
geometry and features in service locomotives 
would be of benefit in regard to situational 
awareness. 

4.1 LDTS Operating Evaluation – Location 
One 

The LDTS was deployed to Location One for a 
period of two weeks. 17 of the 23 available 
personnel had at least one simulator run.  The 
results of these runs highlighted the following: 

• Significant variations existed between 
drivers in the areas of coupler fatigue 
and fuel consumption in execution of 
the same scenario. 

• Coupler Damage Index varied by up to 
16%. 

• Fuel consumption varied by up to 20%.  

4.2 LDTS Operating Evaluation – Location 
Two 

The LDTS was deployed to Location Two for a 
period of approximately four weeks. Of a 
potential availability of approximately fifty 
persons, sixty per cent underwent one or more 
simulator runs. The results showed that: 

• Coupler Damage Index varied by up to 
25%. 

• Fuel consumption varied by an average 
of 19%. 

4.3 LDTS Operating Evaluation – 
Location Three 

The LDTS was deployed to Location Three 
for a period of approximately four weeks. Of 
a potential availability of approximately 
seventy persons, fifty-five per cent 
underwent one or more simulator runs. The 
results showed that: 

• At this location very significant 
variations were found in operating 
technique.  

• Coupler Damage Index varied 40%. 

• Fuel consumption varied by an 
average of 46%. 

4.4 LDTS Operating Evaluation – 
Location Four 

The LDTS was deployed to Location Four for 
a period of approximately four weeks. Of a 
potential availability of approximately sixty-
five persons, sixty-eight per cent underwent 
one or more simulator runs. The results 
showed that: 

• Coupler Damage Index varied by 
60%. 

• Fuel consumption varied by an 
average of 28%. 

5. LDTS EXTENSIONS 

Following an extended period of use of the 
LDTS within ARG, a number of 
enhancements have been suggested to 
further improve the quality of the training 
provided. These include:   

• Implementation of CGI vision allowing 
construction of specialised “test” tracks 
for particular training goals with vision to 
support the trainee’s need for 
perception.  CGI also would provide the 
ability to produce a “sight-unseen” track 
currently unavailable to the ARG train 
driver with high experience on WA 
tracks.  This enhancement has been 
deployed on other simulators by Sydac 
allowing the benefits of the video based 
actual track vision to co-exist with the 
capabilities of construction of new track 
dynamics and visuals. 

• Implementation of a TDD based screen 
in the locomotives.  The TDD in the 
LDTS provides a greatly increased feed-
back loop to the driver on the train 
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dynamics as a reaction to a driver input.  
This facility has been invaluable as a 
training tool to illustrate to trainee drivers 
the benefits (or otherwise) of a particular 
driving technique.  The implementation of a 
TDD-like system in actual locomotive cabs 
has the potential to provide the same 
benefits in daily driving. 

• Ability to re-enact locomotive runs by 
extracting data from the loco data logger to 
analyse actual driving patterns.  The 
capture of more data from the locomotive 
than is currently available would allow the 
recreation of a driving run on the LDTS.  
Runs where fuel consumption varied greatly 
from the norm or where other driving 
problems were encountered could be 
reproduced in detail on the LDTS to enable 
analysis of the problem areas and 
production of possible solutions. 

6. CONCLUSIONS 

The LDTS built by Sydac Pty Ltd for ARG 
provides an improved training environment. The 
simulator is built around standard PCs and 
operating systems to provide a cost-effective 
upgrade path.  

The introduction of the LDTS has provided a 
new training method in the training suite of 
ARG.  Quantifiable gains in cost reductions will 
require further data collection over the next few 

years but the initial qualitative results are 
very promising.  General driver practice and 
performance can be easily monitored over 
time via the Performance Reporting System 
provided.   

A number of enhancements to the LDTS are 
currently being investigated to further 
improve the training environment. This 
includes the possibility of incorporating a 
simulation prediction system for drivers on 
actual trains to assist in driving. 

The user community of ARG have accepted 
the introduction of state-of-the-art technology 
into their training environment with a very 
positive attitude. 
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SUMMARY 
The Centre for Railway Engineering (CRE) and Queensland Rail (QR) have developed a software sys-
tem, (Driver Information System), to provide train drivers with a report on the train handling for se-
lected sections of their last train run. The software utilises locomotive control settings and velocity data 
recorded by the Automatic Train Protection, (ATP) system. The software package developed at CRE 
searches the ATP record for driver controls identified as likely to cause unfavourable train dynamics or 
otherwise do damage to rollingstock.  Data containing unfavourable train controls can then be viewed 
for analysis by the train drivers or by train management improvement officers thus allowing for self im-
provement, training and auditing functions.  

The data may also be simulated using specially adapted version of the CRE Longitudinal Train Simula-
tor (CRE-LTS) for further analysis. The simulated train is constructed to match the actual train and is 
synchronised with actual track positions throughout the simulation. The output of the simulation gives 
complete train dynamics information for both engineering analysis and driver scoring. This makes 
available a system for on-the-job training and evaluation of train drivers during normal operations.  

Several areas of cost benefit have been identified. Obvious savings are due to the capability of com-
pleting driver training and evaluation during normal train operations. Savings can be realised in terms 
of wages, travel and accommodation for driver training simulator time. Savings are also expected from 
the continuing evaluation of the recorded data. Early results from the implementation of this system 
identified a common driving practice that was previously thought to be uncommon in train operations. 
A wide variability in fuel consumption was also identified. Savings will emerge from the ability to focus 
efforts of driver training, scheduling, marshalling and maintenance staff on problem trains, problem 
driving practice and problem track sections. Already the system described here has resulted in im-
provements in train operations.  

 

1. INTRODUCTION 
The Centre for Railway Engineering (CRE) and 
Queensland Rail (QR) began research in train 
dynamics in 1994. This program of research is 
now in it’s second phase, the Train Dynamics 
Management Project. (TDMP). The focus of 
this program is to repackage research knowl-
edge and outcomes from the first 5 years into 
software and product prototypes that can be 
used in the Railway industry. The driver infor-
mation system is an example of using research 
outcomes, in this case the knowledge base in 
train dynamics, combined with user needs to 
develop a software package.  

The original concept was to provide train driv-
ers a review mechanism for the driving of their 
last train run. The concept emphasises self-
improvement and peer-to-peer learning mod-
els. The project scope was to provide software 

tools to enable Queensland Rail drivers to re-
view their most recent driving performances.  
This gives drivers the opportunity to self as-
sess using a wide range of operational pa-
rameters including fuel usage, in-train forces, 
slack action, brake usage etc. Exposure to 
such feed back when obtained from driver 
training train simulators has shown a marked 
train handling improvement in train drivers. It 
was envisaged that the Driver Information Sys-
tem would  allow these improvements to be 
gained during normal train service operations. 

2. DRIVER INFORMATION SYSTEM 
The driver training audit and information feed-
back process is shown in Figure 1.  The cur-
rent system utilizes the data logging capabili-
ties of the existing Queensland Rail ATP 
(Automatic Train Protection) system.  
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Figure 1: Driver Training Audit and Information Feedback Process Schematic 

Alternative data logging of locomotive controls 
could be performed so long as the logged in-
formation contains track positional data refer-
enced to either by GPS or track-side trans-
ponders. The use of trackside transponders, 
provided by the ATP system, determines train 
location accurately.  Alternative systems using 
locomotive recorders and GPS data can only 
be implemented if track plan and section data 
referenced to GPS positions is available. 

The driver information system performs fast 
reporting on the ATP data log using simple rule 
sets and plots the data for viewing by driving 
staff. Reports are generated on section travel 
times, over speed travel, brake usage, esti-
mated fuel usage and driving exceptions con-
sidered likely to cause excessive train dynam-
ics, or otherwise damage rollingstock. 

To better assess the train dynamic forces and 
accelerations the system uses ATP data in the 
CRE Longitudinal Train Simulator (CRE-LTS). 
Outputs from the CRE-LTS can be used like 
those from a driver-training simulator to give a 
score for Measured Train Handling Ability, 
(MTHA) . 

For the driver information system it is intended 
that driver or the Train Management Improve-
ment Officer will be able to self assess driving 
from the graphical display of driver controls 
and track topography.  Software for reporting 
and reviewing driver controls has been devel-
oped by the CRE.  The steps in the driver in-
formation system are:  

1. Matching ATP log times to track loca-
tions and preparing data for reviewing 
and simulation,  

2. Fast ATP Search, Report generation 
identifying problematic driving controls 
or infringements to driving rules.  

Optional, train dynamics analysis 

3. Re-simulating train services using the 
CRE LTS  

4. Reviewing and cross comparing simu-
lated train data using objective meas-
ured train handling score or data plot-
ting software.  

Reviewing 

5. Driver Assessment, self or peer 
reviewing of graphical data of driving 
controls and reports from the fast ATP 
search. 

 
3. TRAIN DATA LOGGING  
The Queensland Rail ATP system is used to 
provide the on-board data logging for the 
Driver Information System. The ATP system 
has been implemented to apply automatic 
penalty brake applications to prevent high-
speed related derailments and train collisions.  
The ATP system also provides drivers with 
target speed indications to aid drivers in reduc-
ing fuel costs. The driver information system 
uses only a subset of the logged data from the 
Queensland Rail ATP system.  
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The data used is: 

• Time; 
• Train Speed; 
• Train Speed Restriction; 
• Brake Pipe Pressure (at the Loco); 
• Throttle or Dynamic brake setting; 
• ATP penalties; 
• Transponder locations; 
• Locomotive reverser control; 
• Locomotive brake isolation. 
 

4. FAST REPORTING AND DATA 
VIEWING 
The CRE has developed software for identify-
ing problematic driving and viewing of the 
driver controls used in an ATP data log.  Ex-
ample time based graphs are shown in Figure 
2. The software also plots train controls with 
distance and track topography data.   

Present reporting performed on the ATP data 
calculates station-to-station travel times, train 
over speed occurrences, pneumatic and dy-
namic brake usage, fuel usage and the inci-
dence of driving exceptions considered likely to 
cause train dynamics or otherwise damage the 
rollingstock.  

The software matches the train control data to 
a track geometry database. This allows the 

program to identify problematic driving from a 
list of predefined driving exceptions. These 
include both control action criteria and scenar-
ios that combine train control settings with cer-
tain track topographies. The exceptions in use 
at present are detailed below. Accurate train 
position is also required for later step in the 
system, that of simulating the train dynamics 
from the ATP record. 

4.1 Driving Exceptions 
Driving exceptions considered likely to cause 
train dynamics or other damage to rollingstock 
are identified and reported on in the driver in-
formation system. Driving exceptions currently 
noted are: 

• Brake applications made quickly after de-
throttling, 

• Release or reapplications of air brakes 
whilst brake pipe pressure is unstable, 

• Quick initiation of dynamic brakes or quick 
back to power after dynamic braking, 

• Rapid sweeping of the throttle setting, 
• Change the loco reverser whilst in motion, 
• Applying air brakes at the locomotive whilst 

in motion, 
• ATP system service or emergency brake 

applications, 
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Figure 2 Train Control Data plotted with time (80 minute Section) 
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• Stretching the train over a crest, upward 
throttle sweeps or dynamic brake release, 

• Compressing a train in a track dip, down-
ward throttle sweeps or dynamic brake ini-
tialisations. 

The test limits for identifying these driving ex-
ceptions have been established to capture 
many incidents although not all of them may 
result in bad train dynamics or other damage to 
rollingstock. Rather the exceptions are identi-
fied in the ATP record so that a closer review 
of driver controls can be made of problem driv-
ing areas. A summary of driving exceptions is 
made to better identify any poor driver control 
trends that may be present in the ATP record.  

Areas in the ATP record of particular concern 
in the driving exceptions report can be re-
simulated by CRE-LTS to assess the extent of 
longitudinal train dynamics.  

5. CRE-LTS 
The Centre for Railway Engineering has spent 
several years developing a longitudinal train 
simulator [1] [2] with the assistance of Queen-
sland Rail. CRE-LTS is a comprehensive 
model. Model features include:  

• Locomotive modelling for tractive force,  
• Modelling of pneumatic brake systems,  
• Modelling of coupler slack action,  
• Modelling of grade forces throughout the 

train. 

CRE-LTS was first developed to model train 
dynamics in unit coal train operations in 
Queensland Rail [1] .  The model is suitable for 
any train arrangement including  distributed 
power [2] .  

Inputs to CRE-LTS are:  

• Track geometry data base of track curva-
tures and gradients; 

• Train Control settings, Throttle and Brake 
Pipe Pressure; 

• Locomotive types and train consist infor-
mation: wagon masses, lengths and 
slacks. 

The CRE-LTS ATP version simulates from a 
selected track position and time in the ATP log 
using parameter tuning algorithms to synchro-
nise the simulated train to the same velocity 
and geographical position as that indicated by 
the data recorded. Figure 3 shows the simula-
tion run screen for the CRE-LTS ATP version. 

 

Figure 3 CRE-LTS Simulation Screen, Showing: Throttle Setting, Brake Pipe Pressure, Coupler 
Forces, Inter-wagon Distances, Velocity synchronisation and Track Topography. 
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The simulator calculates the in-train coupler 
forces and wagon accelerations. From this 
data various approaches can be used to 
evaluate train handling and access driver skills 
including assessments of direct fuel costs, roll-
ingstock fatigue damage and derailment risks. 

Figures Figure 4 and Figure 5 show train dy-
namics simulated from ATP records. CRE-LTS 
can synchronise the simulated and the meas-
ured train velocities even under extreme train 
dynamic situations as depicted in Figure 4. 
Accurate data on train vehicle masses and 
lengths are important to achieving an accurate 
synchronised result. This information was ob-
tained from the operator’s Rollingstock Infor-
mation Control System, (RICS).  

Program code has been added to CRE-LTS to 
provide output files to a QR standard driver 
training simulator output format.  QR has two 
software packages for reviewing and access-
ing driver training simulations that use this 
standardised simulator output format, Dialog 
Driver Assessment Software (Dialog) and Sim-
soft Software. Dialog provides a single score 
for each driver simulation run. Simsoft allows 

subsequent trips to be compared. With the use 
of these packages QR drivers can assess their 
own performance and enhance skills through 
continuing self-improvement. Scores from 
trains driven during normal operations can also 
be compared with scores obtained during in-
tensive driver training simulator teaching pro-
grams.  CRE-LTS also provides fully detailed 
output data for analysis and engineering as-
sessment, as seen in Figure 4 and Figure 5. 
The output from CRE-LTS can be customised 
and extended to suit the type of assessment 
required.  

5.1 CRE-LTS Derailment Investigation 
The driver information system described here 
can be used to investigate derailments. The 
system has already been used to investigate a 
derailment incident in QR operations. Simula-
tion of the train using CRE-LTS ATP version 
determines the nature, location and extent of 
longitudinal dynamics in the train up until the 
time of derailment.  

 

 

CRE-LTS ATP Train Dynamics Results
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Figure 4 CRE LTS simulation results showing, Coupler Forces, Simulated Train Velocity and 
Measured Train Velocity in an acute braking incident, Maximum wagon Acceleration 25 m/s2  
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CRE-LTS ATP Train Dynamics Results
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Figure 5 CRE LTS simulation results showing, Coupler Forces, Throttle percentage, Simulated 
Train Velocity and Measured Train Velocity 

 

6. DRIVER AUDITS 
Initial results from the first audits using the 
driver information system highlighted some 
important differences between what was be-
lieved to be standard practice and what was 
actually in the field. It is very much the case 
that unless comprehensive measurements and 
monitoring as proposed in this paper are im-
plemented field practice is not really known. 
The differences between the accepted driving 
practice and actual driving practice may be due 
to several factors. Two possibilities are listed: 

• Driver training programs are either not 
reaching or not regulating the driver.  

• Driver training content is inadequate to 
meet the vast variety of field scenarios that 
are presented.  

The use of the driver information system pro-
vides an additional tool that can be used to 
address both these factors.  

The driver audits in the data examples pre-
sented have been conducted on ATP data logs 
from QR freight operations operating between 
Rockhampton and Mackay.   Predominately 
these have been lightly loaded mixed freight 
trains hauled by a single 2800 class QR loco-
motive. 

Data examples include:  

• Fuel usage report 
• Brake usage report 
• Over speed report 

The data in Table 1 shows the audit results of 
the driver information system on estimated fuel 
usage over a common track section of length 
117 km. The results show a considerable 
variation in the fuel efficiencies of the various 
trains.  

Table 1 Fuel Usage Report 

Train Mass Length Fuel Usage  
 Tonne M % Additional 

Ta00 1068 475.8 4 
Ta01 972 597.7 Datum 
Ta02 1114 628.9 12 
Ta07 663 444.6 29 
Tb12 966 388.0 10 
Tc19 932 585.6 42 

The data in Table 2 shows figures for brake 
usage as a percentage of trip distance. The 
results show a large diversity in the driving 
strategies being applied by QR drivers with at 
least some drivers making excessive use of air 
brakes for speed control.  
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Table 2 Brake Usage Report (% Distance 
Travelled) 

 Overall 
Equivalent 
Minimum 

Minimum Service Dynamic 

Ta00 9.1% 5.1% 2.0% 2.5% 
Ta01 4.7% 5.5% 0.1% 7.5% 
Ta02 14.3% 12.4% 1.7% 2.5% 
Ta07 4.6% 5.7% 0.0% 7.2% 
Tb12 7.4% 6.1% 0.9% 7.3% 
Tc19 7.6% 7.0% 0.8% 2.8% 
     
Tc15 10.0% 9.4% 0.1% 21.6% 
Tc21-D 0.6% 0.4% 0.1% 37.4% 
 

Note that the first column in Table 2 is an esti-
mate of the brake energy equivalent to travel-
ling under a nominal minimum brake applica-
tion. The other columns are actual distance 
travelled under minimum, service or dynamic 
brake application.  The trains in Table 2 are 
travelling over different track sections and are 
of varying lengths and masses and this ac-
counts for some of the diversity in driving 
strategies seen in these results. Trains TC15 
and TC21-D are both for trains descending 
Toowoomba range and consequently show 
extensive use of dynamic braking.  

The data in Table 3 shows figures for speed 
infringements as a percentage of the trip dis-
tance. Similar to the brake usage the results 
show diversity in the driving strategies being 
applied by drivers. The results show some cor-
relation for over speed travel increasing the 
usage of pneumatic brakes.  

Table 3 Over Speed Report (% Distance 
Travelled) 

Train > 10 kph 5-10 kph 
Ta00 1.56% 6.36% 
Ta01 0.03% 0.00% 
Ta02 0.11% 2.20% 
Ta07 0.22% 4.44% 
Tb12 0.93% 3.72% 
Tc19 0.30% 0.80% 
   
Tc15 0.07% 0.45% 
Tc21-D 0.02% 0.06% 

There is a strong correlation between in-
creased fuel usage and increased brake usage 
seen in the audit results conducted to date. Not 
all of these differences can be attributed to dif-
ferent track sections or train consists. This cor-
relation suggests further fuel savings are still 
available to QR drivers through the develop-
ment of improved driving strategies.  

7. CONCLUSIONS 
The driver information system developed can 
be used to identify problematic driving strate-
gies that reduce fuel efficiency or increase train 
dynamics in normal train operations.  

The system provides a means to evaluate and 
train drivers during normal train operations 
without the presence of training instructors in 
the locomotive cabin.  

The use of the audit capabilities of the system 
in the first implementation has shown a wide 
variability in fuel consumption.  The driver in-
formation system results have the potential to 
save costs from the efforts of the drivers, the 
schedulers, marshalling and maintenance staff.  
Already the system described here has re-
sulted in improvements in train operations. 

The simulation capability, combined with track 
topography database and control data viewing 
software makes the driver information system 
an ideal tool for evaluating and simulating the 
events leading up to derailment.  

The provision of feedback to drivers of recent 
driving performance is expected to result in 
marked train handling improvement. This is 
expected to equal or exceed improvements 
observed in train handling following involve-
ment and training on driver training train simu-
lators.  

The capability of training and evaluating train 
drivers during normal train operations has the 
potential to reduce driver training and reac-
creditation costs  
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Summary 
 
Traditionally, many transit systems have not taken advantage of information technology in the training of 
their staff. The Authorities often rely on equipment suppliers to provide the training materials and the 
focus has been on paper technical manuals and formal classroom instruction. 
 
However, many systems are modernising their vehicle fleets and railway systems, often in demanding 
economic environments. This leads to increased training needs, often requiring a greater range of skills 
for staff, while still maintaining an operating railway. This creates training demands that traditional 
methods are ill equipped to provide. 
 
E-learning, the application of modern information technology capabilities to the training task, can help 
dramatically improve the effectiveness and reach of training programmes within existing budgets. 
Through improved instructional design and delivery via Web/Intranet or CD-ROM, training can now be 
provided that has improved outcomes, reduced costs and inconvenience, and is ideally suited to 
application in the environment of transit systems. 
 
The capabilities that modern technology can provide and the benefits to both the railway and the staff 
being trained are explored along with potential solutions that are available. The focus is on how the 
benefits of e-learning are an inherent fit with the requirements of modern railway systems. 
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1. INTRODUCTION 
 

Transit systems today tend to use traditional 
methods to train their staff. This generally 
involves reliance on equipment suppliers to 
provide training materials, paper technical 
manuals and formal classroom instruction. 
However, there is an increasing demand for 
more technically advanced training, due to 
the need for a broader range of staff skills, 
modernisation of rail systems and 
operational practices and changes in the 
workplace environment. These demands 
must be met often whilst continuing to 
operate a safe and reliable rail service. This 
creates training demands that traditional 
methods are ill equipped to provide 

 
This paper discusses the application of e-
learning, i.e. the application of modern 
information technology capabilities to the 
training task. We show how e-learning can 
dramatically improve the effectiveness and 
reach of training programmes within existing 
budgets. Through improved instructional 
design and delivery via Web/Intranet or CD-
ROM, training can now be provided that has 
improved outcomes, reduced costs and 
inconvenience, and is ideally suited to 
application in the transit system 
environment. The capabilities that modern 
technology can provide and the benefits to 
both the railway and the staff being trained 
are explored along with the potential 
solutions that are available. The focus is on 
how the benefits of e-learning are an 
inherent fit with the requirements of modern 
railway systems. 

 
2. TODAY'S RAILWAY TRAINING 
 

To date training in the rail sector has relied 
on traditional classroom and paper based 
methods of training. In recent years this 
system of training has not taken advantage 
of the many benefits that information 
technology can bring. 

 
The classroom environment with its reliance 
on direct teaching and paper based training 
materials has a number of drawbacks for 
the railway industry: 

 

• Training is centralised at a 
"Training Centre" whereas staff 
are generally dispersed over the 
railway system 

• There may be variability in the 
quality of teaching between 
different instructors 

• Training sessions are a "One 
Speed for All" process – typically 
training in a classroom is 
undertaken at the speed of the 
least proficient 

• Trainers are generally not experts 
in all fields, hence "knowledge 
based training" is not always 
available 

• The large numbers of staff 
requiring training on a railway 
often causes significant problems 
in scheduling and attendance of 
training sessions 

• Simple changes in procedures or 
equipment entail a large re-
training programme and 
complicated schedules. 

 
Furthermore, the materials used for training 
are often less than perfect. At present, 
transit agencies tend to rely on suppliers for 
provision of training materials. The reliance 
on suppliers for this support leads to 
significant disparity in the quality of 
materials provided. Furthermore, transit 
system suppliers are typically ill equipped to 
provide well-designed technology based 
training systems as part of system delivery. 
In general system suppliers: 

 
• Have limited understanding of 

staff/job training requirements 
• Lack understanding of the 

learning process/instructional 
design approach 

• Lack operations and maintenance 
expertise 

• Have no knowledge of specific 
transit agency infrastructure or 
culture. 

 
However, training of staff in the past has 
overcome many of these difficulties, as 
evidenced by the safe and reliable transit 
systems that we travel on today. So what is 
causing the demand for more technically 
advanced training systems?  
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In recent years, many factors have fuelled 
the demand for new training development 
and delivery approaches, these include: 

 
• Increased training requirements 

for more employees in more 
places without proportional 
increases in budget 

• Rapid rate of change in 
technology and operations 
practices 

• Need for a workforce with a 
broader range of basic knowledge 
and skills, the move towards multi-
tasking 

• Significant changes in 
demographics, workplace and 
attitudes 

• Need for self-paced instruction to 
accommodate different learning 
styles 

• Certification/performance linked 
with employee evaluation. 

 
Many transit companies are also 
modernising their fleets and systems. This 
has generated the additional requirement of 
retraining staff as new vehicles and systems 
are introduced. 

 
3. THE BENEFITS OF E-LEARNING 

The benefits of e-learning over traditional 
classroom learning are primarily in three 
areas: 

 
• Improved outcomes 
• Reduced costs and inconvenience 
• Enhanced operational capabilities. 

 
3.1 Improved Outcomes 
 

Research findings and anecdotal reports 
presented by a broad range of 
organisations, from Training Magazine to 
the US Department of Defense’s Advanced 
Distributed Learning Initiative, demonstrate 
higher achievement of learning objectives 
through e-learning. These findings show 
that e-learning has a significant impact to: 

 
• Improve Retention (knowledge): 

Students remember what they 
learn more accurately and for 
longer periods of time 

• Improve Transfer (application): 
Students are able to use what 

they learn to improve their 
performance 

• Improve learner motivation. 
 

The US Office of the Undersecretary of 
Defense for Personnel and Readiness 
(OUSD/P&R) expects to leverage e-learning 
to provide highly personalised instruction to 
individuals according to the person’s own 
learning style, preferences and needs. This 
technology-mediated tutoring will allow the 
average e-learning student’s achievement 
to be better than 98% of traditional 
classroom learning students. Recent reports 
have shown that “blending” the best of e-
learning and classroom learning 
opportunities are becoming more widely 
accepted in both academia and corporate 
environments. 

 
3.2 Reduced Costs and Inconvenience 
 

Interactive multimedia training materials are 
also a cost-effective solution. According to 
Training Magazine, corporations save 
between 50–70% when replacing instructor-
led training with electronic content delivery. 
These savings can be achieved in the 
following areas: 

 
• High quality courseware can 

reduce the required learning time 
(training compression); this leads 
to savings in opportunity costs 
and trainee wages 

• Distributed learning can reduced 
travel related expenses and time 

• Reduced instructor time. 
 

E-learning also enables content to be  away 
from critical activities. This is in sharp 
contrast to the inflexibility and time 
constraints of scheduled classroom-based 
sessions that remove the learner from the 
workplace. Additionally, the quality of 
instruction provided by any given population 
of “stand up” instructors varies according to 
“hard” and “soft” variables including the 
instructors’ subject expertise, teaching 
skills, mood, physical health, etc. E-learning 
provides a greater consistency in learning 
experience and content presentation. E-
learning also enables rapid, enterprise-wide 
updates to learning content and the ability 
for learners to review content at their own 
pace and at the time of need.  
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3.3 Enhanced Operational Capabilities 
 

The skills gained by e-learners in the areas 
of remote collaboration and teamwork can 
be leveraged to extend the enterprise’s 
ability to draw on personnel and knowledge 
resources to respond to challenges and 
opportunities in all areas of the 
organisation's activities. 

 
In summary the main benefits of multi-
media e-learning include: 

 
• Increased retention by 30% 
• Reduced scheduling problems 
• Presentation consistency 
• Increased student achievement 
• Thorough self paced learning 
• Increased safety/reality through 

simulation 
• Reduced manual data entry, 

reproduction and delivery 
• Lower travel and expenses 
• Reduced training costs by 25% - 

35%. 
 
4. BOOZ ALLEN HAMILTON'S APPROACH 

TO E-LEARNING 
 

We have developed an approach to           
e-learning in the rail sector is to provide a 
fully integrated training concept. This 
concept leverages the full range of training 
tools from traditional classroom lectures and 
on-the-job training to more advanced 
computer based training (CBT) and 
simulations. This provides an ideal example 
of training system design. 

 
The target students from all functional areas 
of the railway are able to access training in 
a way that is convenient, both in time and 
location. Furthermore, they are able to 
access the subjects that are of most 
relevance to their required needs in such 
fields as: rules and procedures, safety, 
system familiarisation, technical subjects, 
maintenance methods and procedures, 
failure management, etc. 

 
The integrated training concept provides a 
cost-efficient system that is dynamic (i.e. in 
tune with technological changes and readily  

updatable) and capable of providing a 
consistently high level of subject matter 
knowledge. 

 
4.1 Instructional Systems Design 
 

The Instructional Systems Design (ISD) 
methodology is key to the development of 
an integrated training concept. This training 
process applies a scientific approach to 
training. Use of the ISD process enables the 
development of efficient, cost-effective 
performance improvement solutions that are 
linked to job requirements. Our ISD experts 
work closely with subject matter experts to 
determine what skills and knowledge the 
learner needs. It is also important that all 
the principles of adult education are applied 
with the best possible method and media for 
a client's training audience. 
 

Diagram 1 
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4.2 Analysis 
 

Analysis is the keystone in the ISD process. 
We apply a thorough analysis to identify all 
factors (skills, knowledge, and attitudes) 
required to perform successfully in a work 
environment. The first step in analysis for 
most clients is a cost benefit analysis, this 
examines: 

 
• Type of training required 
• Resources needed to design and 

develop the training package 
• Resources available for the total 

training programme 
• Media development and life-cycle 

costs, 
This analysis provides the information 
required to make an informed decision 
about the various trade-offs in the training 
programme. 
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A training needs assessment focuses on 
"what is" and "what should be" within an 
organisation. The use of this analysis 
process ensures that all performance needs 
are identified. The data gathered in the 
training needs assessment allows the 
design of an effective training solution that 
meets organisational goals and budget. A 
"performance gap" analysis also helps 
separate training and non-training issues so 
that there is a clear understanding of what 
is needed to move from the current to the 
desired situation. 

 
We also conduct a job/task analysis to 
identify all critical factors that influence 
completion of a job or task at any level. This 
includes job or task initiating cues, 
environmental factors, and other factors 
influencing the job/task performance. 

 
Selection of the training method and media 
is one of the most challenging decisions in 
designing a training solution. We combine 
the data from the job/task analysis with cost 
and audience analysis to determine the 
ideal approach to achieve the training goals. 
We select the best presentation methods, 
media, and evaluation for the training 
programme based on the knowledge, skills, 
and attitudes that must be learned, location 
of the learner, budget constraints, and 
availability of time.  

 
Training content/material analysis is used 
as a cost-effective approach to identify 
existing content that could be used or 
modified in the new training programme. 
Thus, we provide validated content in the 
best format in the most appropriate media in 
the shortest available time at minimal 
expense. 

 
4.3 Design 
 

During the design phase, ISD experts 
carefully analyse the learning objectives 
and identify those to include in the training 
package. Some of the factors that must be 
considered in selecting the learning 
objectives are:  

 
• Pre- and post-training  

prerequisites 
• Availability of on-the-job training 

• Length of time before the learners 
will use the content 

• Review of previously learned 
material, if necessary. 

 
The relationships among the selected 
learning objectives must be carefully 
analysed and correctly grouped to maximise 
learning.  

 
The training plan must also consider all 
aspects critical to mastering the learning 
objectives and identify factors influencing 
implementation of the training programme. 
Booz· Allen has identified seven critical 
training management elements to provide 
comprehensive implementation support to 
our clients:  

 
• Schedule management 
• Resource management 
• Configuration management 
• Performance measurement 
• Curriculum management 
• Administrative management 
• Report preparation. 

 
The same focus and energy used to 
develop the training materials must also be 
used in the design and development of 
evaluation. Valid, reliable tests accurately 
measure the learner's mastery of the 
learning objectives. We identify the number, 
type, and length of performance or testing 
events needed to ensure mastery of the 
learning objectives. Proper evaluation 
measures ensure that trained personnel can 
perform to the desired standards for their 
jobs.  

 
4.4 Development 
 

In the development phase, ISD specialists 
provide all data needed by the learner to 
master the learning objectives. Subject 
matter experts validate the training 
materials employed. Today's technology is 
allowing organisations and staff expanded 
opportunities to learn at the job site. E-
learning combines a number of new 
technological features: 
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• Distance Learning - Involving 
any method of training in which 
the instructor is separated from 
the learner by time or distance. 
New methods of distance learning 
include multimedia/CBT, web-
based training, or instructor-led 
teleconferences.  

 
• Web-Based Training - The Web 

and the Internet are a major 
resource for communication, 
information sharing and 
collaboration. Improved bandwidth 
and tools have increased the 
attractiveness of this medium. 

 
• Performance Support Tools - 

Performance support tools are 
designed to facilitate the actual 
performance of the worker at the 
time of need. These tools include 
simple text-based job aids, 
electronic meeting facilitation 
systems, electronically published 
materials and electronic 
performance support systems 
(EPSS). 

 
• Multimedia/CBT – Including 

multi-media/CBT presentation 
systems, interactive courseware 
development, and electronic 
performance support tools to web-
based applications. 

 
• Interactive Video Teletraining - 

Technical services encompass 
two-way video and audio, one-
way video, and two-way audio. 
These services support viewer 
response systems for testing 
participant knowledge and 
collaborative use of software to 
provide comprehensive training to 
geographically dispersed 
audiences.  

 
4.5 Implementation 
 

It is critical to ensure all personnel are 
properly prepared for implementation of 
new training products and processes. This 
includes trainers, facilitators, testers, 
administrators, and supporting technical  

staff. Members of the team must be trained 
on the procedures unique to their functions. 
For example, in classroom settings, the 
instructional staff must have effective skills 
in presentation, group facilitation, 
administration, and evaluation as well as 
know good question-and-answer techniques 
and possess subject-matter expertise. 

 
When new training technologies are being 
implemented, instructional staff may have to 
assume new roles and/or learn new skills. 
When possible, Booz· Allen conducts a pilot 
presentation to verify the effectiveness of 
the training materials before the materials 
are finalised. We combine experience 
gained from the pilot presentation with 
information obtained from earlier steps in 
the ISD process to revise the master 
training plan. This allows for final 
adjustments in procedures and revision of 
the training and test materials. 

 
A proper training environment can markedly 
influence the learner's ability to master the 
learning objectives. The instructional 
facilities must be correctly prepared for the 
training being delivered. This includes 
proper design and set up of training sites 
with the appropriate type and amount of 
equipment (such as CBT or 
videoteletraining system hardware and 
software), supplies and training materials. 

 
4.6 Evaluation 
 

In the ISD process, evaluation is on-going. 
It begins during the needs analysis and is 
completed during the analysis of the 
external and internal feedback from 
students and their supervisors. Evaluation 
also includes the formal or informal testing 
done during training to ensure mastery of 
the learning objectives. 

 
A training systems evaluation identifies how 
well an organisation's training function is 
helping the organisation to achieve its 
goals. When conducting a training systems 
evaluation, we study the entire training 
process within the organisation to identify 
strengths and weaknesses and to provide 
recommendations for change. A training 
system evaluation involves evaluating the:  
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• Alignment of the training with the 
organisation's mission and goals 

• Written policies and procedures 
that govern the training system  

• Process by which training needs 
are determined 

• Ways that the organisation 
ensures that learning is 
transferred to the job  

• Skills areas in which training is 
provided to employees  

• Most frequent methodologies 
used to deliver training 

• Levels at which training 
interventions are evaluated. 

 
Training intervention evaluation involves 
both formative and summative evaluations 
normally conducted during the development 
phase of the ISD process. Formative 
evaluation focuses on training content, 
design, and preparation during each of the 
phases of training materials development. 
This evaluation leads to mid-course 
corrections to the course outline, design 
documentation, media, methods, activities, 
and draft material. Summative evaluation 
consists of evaluating training interventions 
on four different levels, measuring 
participant's: 

 
• Level of satisfaction with the 

intervention 
• Learning gained 
• Amount of learning that transfers 

to the job 
• Value of the training intervention 

to the organisation (e.g. in cost 
savings). 

 
5. EXAMPLES OF RECENT BOOZ ALLEN  

E-LEARNING PROJECTS 

The range of topics and goals that can be 
covered by e-learning is almost limitless. To 
show some of the possible uses we provide 
some examples: 

 
• Booz Allen Internal System – 

Time Recertification 
• KCRC West Rail – Integrated 

Training System and Computer 
Based Training 

• US Military Training 
 

These Booz Allen developed modules, for 
both internal and external use, exemplify 
the type of e-learning projects that we are 
undertaking world-wide. 

 
5.1 Booz Allen Internal System – Time 

Recertification 
 

Booz Allen's internal "time recertification" 
web-based training system is available to 
approximately 7,000 employees, distributed 
across 90 offices world-wide. Time charging 
is an important activity in the consultancy 
sector, and the intent of this training 
package is to provide each employee 
annual recertification on the Firm's policies 
and procedures surrounding the time 
reporting process. The certificate is part of 
each US based employee's annual 
performance appraisal.  
 

Diagram 2 

 
The system is available to all Booz Allen 
employees via the Web. Once logged in an 
employee has the opportunity to review and 
learn from the time charging policy. Once 
the staff member is familiar with the 
procedures he/she can take the Time 
Recertification Test. At any time during the 
test, staff can return to the policy for 
additional information. 
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Diagram 3 

 
Once the test is complete the member of 
staff can print out a test certificate to prove 
that the test has been completed 
successfully for the relevant year. 
 

Diagram 4 

 
The US-based Human Resources Division 
also downloads test certificates on-line for 
inclusion in each employee's annual 
performance appraisal documentation. 

 
5.2 KCRC West Rail – Integrated Training 

System and Computer Based Training 
 

Booz Allen Hamilton have recently been 
selected by KCRC West Rail to design and 
build the Integrated Training System for 
KCRC's West Rail Project. To be delivered 
within a four year timeframe, the project  

features two major components. 
• Integration of three disparate rail 

simulators over a LAN based 
network which includes real time 
databases to run up to 100 
training scenarios. 

 
• Development of 40 engineering 

and operational Computer Based 
Training Modules distributed over 
a LAN based network and through 
a web based server to the 
internet. 

 
The integration of three disparate rail 
simulators is the first of its kind in the rail 
industry. Whilst many rail operators train 
their staff in discreet simulators, provision of 
training through the interaction of three 
simulators represents a major step forward 
in rail simulation and training railway 
personnel. It also presents some major 
challenges to Booz Allen, which include: 

 
• Integrating three disparate rail 

simulators 
• Integrating simulators which run a 

mix of legacy software and 
custom simulation software 

• Integration of simulators with 
dissimilar hardware 

• Development of a real time 
database to run the simulations 

• Development of software and 
hardware. 

 
Computer Based Training, by developing 40 
CBT modules and serving them to a wide 
audience over the Internet provides a broad 
spectrum of courses to an extensive student 
base. In meeting this requirement, the key 
challenges faced include: 

 
• Identification of the student 

training needs 
• Development structured learning 

CBT modules 
• Presentation of the content in a 

concise manner to facilitate the 
learning 

• Development of knowledge 
assessment and learning benefit 

• Multiple system vendor 
information integration. 
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The 40 CBT training modules include a 
diverse range of subjects; a representative 
sample consists of: 

 
• West Rail Overview 
• Introduction to Train Control and 

Signalling 
• Rules and Procedure: 

Familiarisation and Examination 
• Operation of Underfloor Wheel 

Lathe 
• Tunnel Ventilation System 

Maintenance. 
 

The project has employed a structured 
approach to the development of CBT, using 
multiple data preparation tools. 

 
Diagram 5 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Learning Management System (LMS) 
supports the administration and 
management of the e-learning delivery. 
Comprehensive LMS programs (e.g. 
Ingenium as used on KCRC West Rail) can 
register employees, follow their progress, 
create employee skills-gap analysis, and 
launch and track a variety of e-learning 
courseware.  

 
The pictures below show an example of the 
first CBT module for KCRC West Rail, the 
West Rail Overview. This example shows 
the types of information and media 
presentation provided in each CBT module: 

 

Diagram 6 

 
The Main Menu Page showing all major  
topics in the West Rail Overview. 

 
This page also shows all navigation, index, 
glossary, index, help and exit buttons. 

 
Icons by topics show presence of audio or 
video material. 

Diagram 7 

 
The history topic is an "interactive" page. As 
the student places their mouse-pointer over 
a year, the train moves to this date and the 
relevant text and pictorial information 
appears on the screen. 

 

Analyze content,
sequence as

needed

Determine screen layouts,
treatment and course

structure

Produce templates
and media

Determine instructional
and test strategies

Create script and storyboards

Author/ program
prototype,

integrate media

Conduct evaluation and
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Designer’s Edge

ToolBook 7
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MPEG
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Diagram 8 

 
The tunnel topic shows the use of  
explanatory diagrams, which together with  
the text provide a more interesting subject 
matter than standard brochures and 
manuals. 

 
Note the progress bar at the top right of the 
screen showing percentage progress 
through the courseware module. At the end 
of each module the student has to take a 
Quiz, to test his/her level of understanding 
after taking the courseware module. 

Diagram 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Each test comprises 10 multiple choice 
questions. Once the student has answered 
and confirmed the response, he/she is 
given the correct answer. At the end of the 
Quiz, the percentage score is calculated. 
This is recorded by the LMS as part of the 
test records. 

 
5.3 US Military Training 
 

Booz Allen has conducted numerous e-
learning projects for the US military. Some  

examples of these projects are provided 
below: 
 

5.4 US Joint Forces Command – Regional 
Joint Forces Training Facility (RJITF) 

 
Booz Allen developed a hierarchy of CBT 
courses and associated hard copy 
curriculum for the RJITF. The CBT 
consisted of a suite of self-paced courses, 
delivered via the Internet. The courseware 
also contained different levels of feedback 
to reinforce the training criteria and pinpoint 
remedial training areas, aids for formal 
testing, electronic testing, and the creation 
of reports on student grades and progress. 

 
Booz Allen also developed a 
comprehensive Web Page to support 
prospective JTF staff personnel with Joint 
Intelligence Training. The Web Page 
included an RJITF Virtual Campus for 
course listings, development status and 
student tracking. 

 
5.5 US Army MILSATCOM – SCAMP 
 

The Single Channel Anti-Jam Manportable 
(SCAMP) Interactive Electronic Material 
Reference augments the initial training 
received with the fielding of the SCAMP. It 
has been used in augmentation of new 
equipment training as well as sustainment 
training. 
 

Diagram 10 
 
 
 
 
 
 
 

The training was developed using ToolBook 
Instructor 6.5. It is a multi-media 
courseware with Web-based and CD-Rom 
delivery capability. 

 
 
5.6 US Army MILSATCOM – Spitfire 
 

The development of this interactive 
technical demonstrator involved all the  
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typical process steps: storyboard, design 
document with conventions, scripts draft 
and final delivery packages. The 
courseware was authored using ToolBook 
Instructor. 

 
Diagram 11 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The demonstrator is a streaming 
technology, installed on to a specific US 
government owned server. It is deployed 
over Intranet, Internet or CD-Rom.  
 

5.7 US Army PM WIN-T – Army Key 
Management System 
 

The Army Key Management Training CBT is 
used for sustainment training for the 
Automated Communications Engineering 
Software (ACES). 

 
Diagram 12 
 
 
 
 
 
 
 
 
 
 
 
 
ARMY KEY MANAGEMENT DIAGRAM TO BE 
INSERTED HERE 
 

The courseware was developed using 
ToolBook Instructor 7.1. It is a multimedia 
package that includes the capability for 
software simulation. 

 

5.8 USAF Air Education & Training 
Command 

 
Booz Allen has provided the US Airforce 
with a CBT version of the AF Handbook 36-
2235, Vol. 5 Instructional Technology and 
Distance Learning. This project included the 
development of an evaluation methodology 
and models for conversion of existing 
courses to a distributed learning format. 
Booz Allen: 

 
• Conducted an evaluation of over 

1,154 courses for conversion 
• Prototyped an ADL Initiative 

Shareable Content Object (SCO) 
solution using COTS software 

• Developed an ADL proof of 
concept to integrate COTS user 
interfaces with ADL compliant 
SCO repositories. 

 
5.9 US Army National Guard – Professional 

Education Centre 
 

Booz Allen have recently provided a 
Commercial-Off-The-Shelf (COTS) based 
course development, delivery and 
management system for US Army National 
Guard. Our role in this project involved: 

 
• Authoring and delivery of 

numerous CBT modules 
• Converting 3 courses with 

Shareable Content Objects 
(SCOs) 

• A training administration system 
for enrolment, access and security 

• Quizzes and assessment tests 
• Surveys and reporting 
• Documentation and help. 

 
6. CONCLUSIONS 

The benefits that modern technology can 
bring can be easily missed. E-learning 
allows railway system operators to use the 
power of software delivery to enhance the 
learning process in all facets of its 
operation. 

 
E-learning avoids many of the draw backs 
of traditional classroom instruction while 
providing additional benefits 
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• Increased retention by 30% 
• Reduced scheduling problems 
• Increased presentation 

consistency 
• Increased student achievement 
• Thorough self paced learning 
• Increased safety/reality through 

simulation 
• Reduced manual data entry, 

reproduction and delivery 
• Lower travel and expenses 
• Reduced training costs by 25% - 

35%. 
 

While the up front costs of material 
preparation may increase, the life cycle cost 
is lower especially when there is a large 
workforce distributed over multiple 
locations. As training libraries become 
developed, when supported by the correct 
administration tools, the learning experience 
can be almost completely automated. 

 
Finally, the benefits from e-learning can 
cover the complete range of tasks, from the 
sophistication of learning to operate a train 
to the simplicity of updating all staff on a 
small change to operating rules. 

 
The time is now right for these capabilities 
to be embraced by railway operators and 
maintainers so they can achieve the best 
possible outcome per training dollar. 
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Summary 
 
Over the past 20 years there has been a growing trend towards the use of steel sleepers as a 
replacement for timber sleepers in low to medium duty tracks in Australia. Currently there are 
over 7 million steel sleepers in track with over 6 million being supplied in the last 20 years. 
The reason for this trend is mainly economic – the need to have a cost efficient track pertinent 
to the business needs of the individual rail line. 
 
In part the move to steel sleepers is being dictated by the need to find a low cost alternative to 
timber sleepers as generally the cost of quality timber rises and its availability decreases. 
Also, in part, the move is a result of the economic benefit being achieved in track as a result 
of interspersal and the benefits of steel sleepers including ease of transport, handling and 
installation, gauge holding, rail restraint and increased track stability against a background of 
maintenance resource reduction and bigger and heavier trains. 
 
This paper describes the use of steel sleepers in Australia, the direct experience of three 
major users of steel sleepers and explains how steel sleepers have provided cost efficient 
track. 
 
1. INTRODUCTION 
 
Railways are a business and the provision 
of track and its maintenance must be cost 
efficient and commensurate with the 
required traffic task if the railways are to 
survive and thrive. This is especially so in 
Australia where long intrastate branch 
lines with a relatively low traffic task exist 
and have to be maintained with only 
limited funds and resources. 
 
Timber sleepers have been the traditional 
choice for intrastate branch lines, however 
over the past 20 years there has been a 
sharp decline in the quality and availability 
of timber sleepers. At the same time axle 
loads and in some instances annual 
tonnage have steadily increased and 
existing track structures are reaching their 
limits of capacity to carry these loads. The 
replacement components especially 
sleepers must be capable of supporting 
future traffic requirements and provide 
sufficient versatility to accommodate the 
upgrading of other track components, 
especially rails, all at an efficient cost. 

 
OneSteel Trak-Lok, as the leading supplier 
of steel sleepers in Australia, has 
designed and developed a cost efficient 
steel sleeper system meeting most current 
and future requirements. 
 
This paper describes the experience of 
three Australian railways who by the use 
and exploitation of the strengths of steel 
sleepers and their ability to be 
interspersed amongst existing timber 
sleepers, have developed cost efficient 
solutions meeting the needs of their 
intrastate tracks. 
 
2. SUPPLY OF STEEL SLEEPERS IN 

AUSTRALIA 
 
The development of the modern steel 
sleeper in Australia began in the early 
1970’s, however it was not until the late 
1980’s that steel sleepers began to be 
accepted by the Australian railways. 
Figure 1 shows the annualised supply of 
Trak-Lok steel sleepers to the Australian 
railways over the years 1982 to 2001. 
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Figure 1 – Annualised Trak-Lok Steel Sleeper Supply – 1982 to 2001 

 
 
Figure 2 shows the proportion of these 
steel sleepers purchased by individual 
Australian railways. 
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Figure 2 – Trak-Lok Steel Sleeper 

Installation by Railway – 1982 to 2001 
 
Over the past 20 years Australian railways 
have installed over 6 million steel sleepers 
and currently they purchase between 
400,000 and 500,000 steel sleepers per 
annum. 
 
3. ECONOMICS OF STEEL SLEEPERS 
 
3.1 Development of Steel Sleepers 
 
The development of steel sleepers has 
been mainly carried out by private industry 
and as such there has been a constant 
effort in ensuring that the product offered 
provides an economic benefit to the 

railways using it. This has been achieved 
by: 
 

i) Developing a sleeper section with 
a range of thicknesses from which 
sleepers may be selected that 
provide both structural and fatigue 
performance with respect to track 
duty. 

ii) Providing a variety of sleeper 
configurations covering canted or 
flat track, all common track 
gauges and gauge widening 
where required in curves. 

iii) Developing an effective end spade 
design, which encloses and 
retains the ballast pod within the 
sleeper thereby providing good 
lateral restraint. 

iv) Developing a flexible and versatile 
elastic rail fastening system for 
both insulated and non-insulated 
sleepers, for the fastening of 
various rail sizes in a common rail 
seat. 

v) Developing economic 
manufacturing systems for the 
sleepers and the various 
components. 

 
This has resulted in a cost efficient and 
versatile steel sleeper system being made 
available to Australian railways. 
 
3.2 Advantages of Steel Sleepers 
 
The low mass of steel sleepers and their 
ability to be easily handled and installed 
into track has generally resulted in higher 
productivity and reduced installation costs 
compared to timber sleepers. 
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Of particular economic benefit to railways 
is the ability of steel sleepers to be 
interspersed amongst the existing timber 
sleepers. Benefits reported by individual 
railways include: 
 

i) Longer timber sleeper lives and 
extended resleepering cycles. 

ii) Improved track gauge retention 
and the virtual elimination of wide 
gauge derailments. 

iii) Improved rail creep restraint and 
significant reductions in track 
buckles. 

iv) The ability to strengthen long 
lengths of track at minimum cost. 

 
Evidence of interspersal of steel sleeper 
amongst existing timber sleepers in 
Australia dates back to about 1978 and for 
the past 15 years has been accepted as a 
standard procedure. Whilst regarded as a 
standard practice, the development of 
interspersal techniques continues today as 
railways explore the various methods of 
interspersal, mainly with regard to pattern 
and random interspersal and improved 
tamping techniques, in order to determine 
the minimum cost and extract the best 
economic benefit from the practice. 
 
3.3 Review of Resleepering Costs 
 
The three main resleepering options that 
could be considered by railway owners 
when resleepering an existing timber track 
are partial timber replacement, 
interspersed steel resleepering and on-
face concrete resleepering. Some railways 
have also employed on-face steel 
resleepering where for various reasons 
interspersed resleepering has not been 
considered to be suitable, but like on-face 
concrete resleepering the costs are high 
and as a result the proportion of on-face 
steel sleepered track compared to 
interspersed steel sleepered track is low. 
 
To gain a general understanding of the 
economics of the three main resleepering 
options a basic comparative cost model 
has been developed which shows the 
cumulative cost over a period of 50 years. 
In practice most railways use more 
sophisticated cost evaluation models using 
discounted cost economic techniques 
such as NPV, AC, and IRR. However this 
basic model does give a general 
understanding of the cost relativities 
between the three resleepering options. 

Using the basic model, Figures 3 and 4 
below show the relative resleepering costs 
for one particular case. The actual costs 
may vary for other cases however the form 
of the graph does not seem to change 
significantly. 
 
Figure 3 shows the cumulative cost of 
resleepering assuming no inflation of 
prices, discounting of the value of money 
or interest costs. 
 
As may be seen the concrete resleepering 
option requires a major initial investment 
and thereafter the increase is due to 
general maintenance costs. The timber 
and steel resleepering options required a 
lower initial investment but require ongoing 
periodic investment, as further 
resleepering is required. The periodic 
investment continues throughout the 
period for timber sleepers but for steel 
resleepering stops when the track is 100% 
steel sleepered. 
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Figure 3 – Cumulative Basic Cost 
 
On the basis of this analysis it appears 
that a break-even point occurs between 
timber and concrete sleepers at about 38 
years.  
 
However if interest on the investment over 
the years is included then a different 
picture occurs. Figure 4 shows the result 
of the same cumulative costs as is shown 
in Figure 3 but including interest. The 
interest cost may be as a result of interest 
forgone by investing the railways own 
money into the track or it may be as a 
result of taking out a loan to cover the 
investment. 
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As may be seen in Figure 4 the effect on 
costs of the higher initial investment for 
concrete sleepers is significant. The cost 
of providing a concrete sleepered track 
remains higher than for the other two 
sleeper types. The timber and steel 
resleepering options are similar and 
significantly cheaper than the concrete 
sleeper option as a result of their lower 
and delayed investment requirements. 
 
One aspect that the model does not cover 
is the future revenue prospects of the 
track. If a substantial increase in annual 
tonnage, train speed or reliability can 
significantly increase traffic and therefore 
revenue and profitability then a high initial 
investment may in fact be economically 
justified. 
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Figure 4 –Cumulative Basic Cost with 
Interest 

 
However on most intrastate lines the 
prospects of significant traffic increase is 
not very high making the justification for 
high initial investment for on-face 
resleepering difficult. It is for this reason 
that the lower cost timber or steel 
interspersed resleepering options are 
generally employed. 

4. THE QUEENSLAND RAIL 
EXPERIENCE 

 
4.1 QR Background 
 
Queensland Rail (QR) is a government 
owned railway with the first track from 
Ipswich to Grandchester built in 1865. It 
currently has a network of approximately 
10,000 kilometres of 1067 mm main line 
narrow gauge track. A map of the network 
indicating the current sleeper types and 
strategies is shown in Figure 5. A wide 
variety of trains operate on the network; 
including very light traffic freight, 
medium/heavy freight and minerals trains, 
suburban passenger services, high speed 
intercity passenger trains (including tilt 
trains at up to 160 km/h) and heavy haul 
coal trains. 
 

 
Figure 5 – The QR Network and 

Resleepering Strategy 
 
Like most railways, the tracks in 
Queensland were traditionally constructed 
using timber sleepers. The use of 
alternative, long service life sleepers such 
as concrete and steel has generally 
occurred in relatively recent times. 
 
Summaries of the QR track types and 
approximate sleeper quantities are 
included in the Tables 1 and 2 below: 
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Sleeper Type Mainline 
Sleepers 

Percentage of 
Total 

Total Sleepers Percentage of 
Total 

Timber 7,600,000 51% 8,800,000 53% 

Concrete 4,750,000 32% 5,000,000 30% 

Steel 2,500,000 17% 2,750,000 17% 

Total 14,850,000 100% 16,550,000 100% 
Table 1 - Total Sleeper Quantities 

 
Track Type Track Kilometres Number of Sleepers Percentage of Total 

100% Timber 4,210 6,150,000 41% 

100% Concrete 3,250 4,750,000 32% 

1 in 4 Steel 1,150 1,680,000 11% 

1 in 3 Steel 400 580,000 4% 

1 in 2 Steel 60 90,000 1% 

100% Steel 1,100 1,600,000 11% 

Total 10,170 14,850,000 100% 
Table 2 - Total Main Line Track by Sleeper Quantities 

 
 
Relevant issues related to steel sleepers 
include: 
 

i) Fastenings are about 50/50 Trak-
Lok 1 (pressed housing) and Trak-
Lok 2 (lock-in shoulder) or Rex-
Lok (hook-in shoulder). 

ii) About 600,000 are insulated. 
iii) About 600 km on a face and 800 

km of interspersed have 20 tonnes 
axle load (tal) operations. 

iv) There is currently about 10 km of 
M10 steel sleepers in heavy haul 
track (up to 26 tal). 

v) Estimated about 130 steel turnout 
sets and several hundred steel 
splay sets. 

 
As indicated there are nearly 2¾ million 
steel sleepers currently in track with about 
2½ million in mainline track (including 
about 250,000 installed in the 1890's on 
the Normanton to Croydon line, which is 
an isolated tourist line with rail motor 
operation only). The remaining 250,000 
steel steepers are in yards and passing 
loops. Modern steel sleepers have been 
acquired since the late 1970s / early 
1980s in significant quantities, with most 
supplied after 1990. These modern 
sleepers have been acquired for specific 
technical and economic reasons in 
accordance with varying strategies 
determined over the years. 
 
 
 

4.2 QR Strategies and Reasons 
 
As previously indicated the QR network 
was primarily timber sleepered track up to 
the latter part of the 20th century. Over the 
last few decades a number of issues 
became evident necessitating the 
development of new sleeper strategies. 
These issues included: 
 

i) Large annual requirement on 
timber sleepers required to meet 
the maintenance needs of the 
network (up to 1.2 million per 
year). 

ii) Perceived limited renewable 
resource of timber being unable to 
sustain these levels of supply. 

iii) Difficulties in obtaining actual 
annual quantities of timber 
sleepers ordered. 

iv) Reducing quality of timber 
sleepers supplied. 

v) Escalation of timber sleeper prices 
at above CPI levels. 

vi) Increasing requirements for heavy 
haul coal track infrastructure. 

 
As a result of these issues, various 
investigations have been carried out over 
the years, with the purpose of 
substantiating the actual situation with 
timber sleepers, investigating the 
alternative sleeper options available and 
developing strategies to meet the future  
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requirements of the network (including 
technical and economic issues). Some of 
these studies have been global in nature 
while others have been aimed at specific 
railway lines or situations. 
 
During the mid 20th Century the 
technologies related to concrete and steel 
sleepers evolved and these were 
recognised as the two most feasible 
options to traditional timber sleepers at 
that time (and to a large degree remain so 
to this day). In 1981 “A Study of the Future 
Usage of Sleepers in Queensland” [Ref 1] 
was conducted. This drew on the findings 
of a report by the Department of Forestry 
on the available timber resources for 
sleepers completed in 1979. The Forestry 
report identified the following issues: 
 

i) The hardwood timber sleeper 
resource in Queensland is finite at 
1979 rates of consumption. 

ii) In 1979 the Forestry Department 
estimated that there was 
approximately 15 years supply of 
accessible sleeper logs (based on 
the consumption rates ot the 
time). 

iii) The private forest as a resource of 
hardwood timber sleepers was 
fast running out. 

 
The Forestry predictions have not come to 
pass for a number of reasons. However it 
did emphasise that the Queensland 
sleeper resource is finite and will 
eventually run out if sleepers are 
harvested at faster than sustainable rates. 
A more recent study [Ref 2] of the timber 
resources available has again reiterated 
the above issues, estimating available 
reserves sufficient for about 16 years at 
current (much lower) rates of 
consumption. This study also included 
substantial modelling of the service 
performance, logistics and economic 
analysis of a variety of sleeper 
replacement strategies currently (or 
potentially available) for the maintenance 
of timber sleeper tracks. 
 
Over the past two decades or so a number 
of strategies were developed to ensure the 
sustainability of the track infrastructure into 
the future. The general strategies for use 
of sleepers are summarised below: 
 

i) QR has used steel sleepers 
extensively throughout the 
network, particularly in the last 
couple of decades.  Steel sleepers 
are considered to fill a niche 
market, which is primarily for 
lighter axle loads (i.e. <20 tal) and 
relatively light traffic lines (say <5 
Mgt/a). Steel sleepers have also 
been useful where height 
clearance is an issue. There have 
been some exceptions to this 
general guide for specific business 
reasons. 

ii) Concrete sleepers have been 
generally adopted for heavy haul 
routes, high traffic freight lines and 
high-speed passenger lines (>120 
km/h and up to 160 km/h for tilt 
trains at present). 

iii) Timber sleepers have been 
retained on light, non-commercial 
freight and rail motor lines. 

 
There are several reasons why it is 
considered that steel sleepers effectively 
fill the niche market indicated above. The 
technical reasons are that steel sleepers 
achieve an acceptable track standard for 
the track category and traffic task, it is 
possible to maintain the track condition 
with a reasonable maintenance 
programme, the expected service life for 
steel is at least twice that of timber, more 
effective rail anchoring and the steel 
sleepers fit into the timber sleeper 
envelope (therefore formation level and 
rail level remains unchanged). As a result, 
steel sleepers are considered to be an 
economically viable option in the long term 
for these lines due to the reduced 
maintenance activities required for timber 
sleepers (related to rail cut, re-spiking, 
regauging etc), reduced timber sleeper 
replacements over time and avoiding 
expensive installation costs for lowering 
formations or extra ballast costs for raising 
the rail level. 
 
Usually steel sleepers have been used in 
QR for specific technical and commercial 
reasons. These reasons include: 
 

i) Economic (whole-of-life) 
replacement for timber sleepers 
for light traffic lines due to long 
service life. 

ii) Spot replacements to tie timber 
track together by interspersing 
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(steel sleepers provide gauge 
holding, support and anchoring). 

iii) Longer service life alternative to 
concrete sleepers when clearance 
requirements exclude concrete. 

iv) Interim arrangement to sustain 
track until future relay (such as for 
the Rockhampton to Townsville 1 
in 3 interspersing during the mid-
1990’s prior to the current 
concrete sleeper relay and the 
Townsville to Cairns 1 in 4 
interspersing prior to the current 
full steel relay) due to ease of 
installation for interspersing and 
suitability to cascade for future 
installations. 

v) Availability of steel sleepers due to 
cascading or changed strategies. 

vi) Lack of availability of timber (or 
concrete) sleepers. 

vii) Flexibility in construction method 
(manual, various mechanised 
options). 

viii) One element contributing to QR’s 
strategy for reducing the total 
maintenance task and resources. 

 
4.3 QR Economic Benefits of Steel 

Sleepers 
 
The early use of steel sleepers in the 
1980’s was primarily undertaken to prove 
the performance of steel sleepers as a 
suitable long service life sleeper. A 
number of relatively small-scale 
installations were constructed using both 
insulated and non-insulated sleepers. 
From the start it was recognised that steel 
sleepers could not be justified 
economically purely on purchase cost, 
with the cost of a timber sleeper with 
minimum fastenings (4 dog spikes) being 
less than half the cost of non-insulated 
steel sleepers at that time. 
 
Later, as the technical performance of 
sleepers was verified, more sophisticated 
whole of life economic assessments were 
conducted for the comparison of sleeper 
types and sleeper replacement strategies. 
QR normally uses Net Present Value (or 
Annualised Cost) methods for economic 
assessment and determination for 
investment strategies. Various logistics 
and economic models have been 
developed and progressively refined to 
take into account whole of life costs and 
factors including: 

i) Purchase costs (including 
associated fastenings). 

ii) Initial installation and future 
replacement costs. 

iii) Freight. 
iv) Service lives. 
v) Varying replacement strategies 

(eg random, interspersing 
patterns, face, annual, cyclic, 
quantities). 

vi) Defining existing track situation 
(i.e. quantity of existing ineffective 
sleepers). 

vii) Reuse of cascaded timber 
sleepers when using a fixed 
interspersing pattern. 

viii) Effects of sleeper type on other 
materials (eg ballast quantities). 

ix) Maintenance differences 
(resurfacing, cluster 
management). 

 
However, due to the complexity of 
conditions in the real railway environment 
a number of simplifications are still used in 
these assessments, such as: 
 

i) Economic parameters and 
variations. 

ii) Effect of reduced timber sleeper 
quality and service life over time 
not accounted for. 

iii) Using weighted average distances 
for freight calculations for regions. 

iv) Varying replacement cycle periods 
over time. 

v) Influence of other strategies for 
the route. 

 
Recent economic assessments have 
included sensitivity analyses to gauge the 
effect of some of these conditions as well 
as “what if” scenarios to compare the 
impacts of various strategies and 
scenarios. These analyses have facilitated 
increased understanding of the 
assessments and increased confidence in 
the results and conclusions. These 
assessments also include the current 
sleeper replacement strategy as the “base 
case” for comparison to determine the 
economic gain or loss expected from the 
alternative sleepers and strategies. 
 
From an economic analysis perspective, 
the greatest advantage that steel sleepers 
have is their longer service life compared 
to timber. This longer life can often offset 
the cost penalties of much higher 
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purchase cost and higher resurfacing 
costs resulting in economic benefit in the 
long term. The recent studies have verified 
that steel sleepers are often an 
economically viable sleeper for timber 
sleeper replacement in many of the QR 
locations, conditions and strategies when 
considered in the long term. For QR 
conditions the use of steel sleeper 
replacement strategies can reach 
economic “break even” in as low as 12 
years in some situations but more often 
needs to be considered in the 20 to 40 
year timeframe. To date, the reduced 
service life due to unexpected early fatigue 
failure has been relatively insignificant in 
QR and would have little influence on the 
results of long-term economic analyses, 
which are often relatively conservative. 
 
It should be noted that economic benefit 
can be magnified for high cost bearers 
such as for turnout, diamond and splay 
sets. Due to the relatively high costs of 
long timber sleepers and associated plates 
and fastenings for these special sleeper 
layouts it has proven easier to cost justify 
the use of steel or concrete sleeper sets in 
lieu than it is for standard sleepers 
(especially when insulated). As the initial 
purchase costs between timber and steel 
are much closer the economic “break 
even” period is much earlier than for 
standard sleepers. Another key factor with 
these special layouts is that suitable long 
timber sleepers are getting harder and 
harder to obtain readily. As a result, QR 
has adopted the use of steel turnout (and 
diamond) sleeper sets for a variety of 
applications to optimise economic 
benefits: 
 

i) For dual gauging to the Fisherman 
Island port in the mid-1990s, steel 
sleepers were adopted for a 
number of 60 kg dual gauge 
turnouts. 

ii) 41 kg steel sleeper turnouts were 
used for the stabling roads at 
Robina while the sidings were 
constructed with unplated timber 
sleepers. 

iii) Steel sleeper turnouts in the 
Brisbane suburban system, the 
North Coast Line and regional 
lines. 

iv) Insulated steel sleepers and 
turnouts were used in Brisbane 
inner city, selected suburban lines 

and Roma Street yard in the mid 
1990s due to clearance problems. 

v) Numerous steel splay sets have 
been installed in full and 
interspersed steel sleeper lines. 

 
4.4 QR Steel Sleepers - Technical 

Issues 
 
Steel is an available, proven sleeper (and 
fastening) technology that has been widely 
used in Queensland, throughout Australia 
and overseas. 
 
For QR, modern steel sleepers have been 
supplied in accordance with the Manager 
Civil Engineering specification CT.133. 
The specification has been regularly 
reviewed and revised over the years to 
reflect the latest available technical 
information and technology. The sleepers 
are designed to meet the performance 
requirements of specific routes resulting in 
a variety of sleepers installed within the 
network, generally described by the 
following characteristics: 
 

i) Rail size (multiple rails can be 
specified). 

ii) Steel sleeper sections (M6.5, 
M7.5, M8.5 and M10). 

iii) Insulated or non-insulated. 
iv) Canted or flat rail seats. 
v) Gauge widened for sharp curves, 

if required. 
 
Like all sleepers available they have their 
advantages and disadvantages. These are 
summarised below: 
 
4.4.1 QR Advantages 
 

a) Long service life compared to 
timber. 

b) Proven technology, 
c) Readily available. 
d) Lighter in weight than equivalent 

timber or concrete sleepers. 
e) Can be nested for efficient 

transport. 
f) Can be installed with existing 

timber sleeper replacement 
machines. 

g) Can provide for different rail sizes 
within the fastening system (by 
spacers and/or multiple holes). 

h) Are readily fabricated for special 
sleeper layouts (turnouts etc). 
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i) Are available in different weights 
and lengths (to suit operations). 

j) Can be interspersed with timber. 
k) Suitable for cascading with little 

effect on future service life. 
 
4.4.2 QR Disadvantages 
 

a) Higher purchase costs. 
b) Increased resurfacing costs. 
c) Increased maintenance effort 

required to maintain track 
geometry condition (especially 
when interspersed) as compared 
to timber or concrete. This is 
dependent on a variety of factors 
such as resurfacing equipment 
and techniques, amount of ballast 
available, ballast condition etc. 

d) Subject to damage under 
derailment conditions resulting in 
loss of gauge and may need 
removal. 

e) Subject to corrosion in aggressive 
environmental conditions (eg salt, 
coal etc). 

f) Large variety of sleeper types and 
associated parts can cause 
inventory and logistics problems. 

g) Subject to fatigue cracking failure 
in sharp curve, heavy traffic 
situations (especially pressed 
housing sleepers). 

h) Under certain conditions clips may 
be overstressed and fail due to 
fatigue. 

i) Longitudinal track creep 
resistance is less than concrete 
sleepered track. 

j) Lateral track resistance and 
stability is less than concrete but 
considered similar to timber. 

 
Although listed as a disadvantage, as 
indicated previously QR generally takes 
the higher costs into account by whole of 
life economic assessment and not strictly 
as isolated factors. 
 
With regard to steel sleeper performance 
and QR expectations, there has been a 
wide experience within the QR network 
and many influencing factors: 
 

i) Varied results have been achieved 
for the initial ride quality and 
subsequent deterioration. Some 
areas lose top & line rapidly while 
others settle evenly and retain 

geometry for reasonable periods. 
Results vary due to factors such 
as different resurfacing equipment 
and techniques, available ballast 
condition or new ballast and poor 
subgrade conditions (black soil). 

ii) Many steel sleepers are installed 
on light/medium traffic lines where 
the required track condition is low 
and maintenance task is planned 
accordingly (i.e. QR has lower 
expectations on the condition and 
performance of these lines). 

iii) Interspersed sleepered track has 
it’s own particular requirements 
and needs to be installed and 
maintained accordingly to optimise 
its performance. Where possible 
QR tries to install the steel 
sleepers on a fixed pattern, 
respace the remaining timber 
sleepers, provide adequate ballast 
to fill the pods and apply suitable 
resurfacing. 

iv) Significant areas of steel 
sleepered track are on expansive 
soils (black soil) that exhibit 
substantial subgrade movement, 
as the soils get wet and dry out. 
Under these conditions all track 
types suffer due to the lack of 
support and subgrade movement. 
Concrete sleepers have only been 
installed in black soil areas in 
recent years and there is not 
sufficient data available to make 
an objective comparison of 
performance between sleepers 
under these conditions. 

v) A limitation applied to allowable 
train operations (such as high 
speed passenger trains, tilt train 
overspeed on curves and heavy 
haul) is the lower lateral track 
strength and stability of steel 
sleepered track (as compared to 
concrete sleepered track). This is 
to limit the risk of track movement 
due to the train forces resulting in 
higher maintenance, ride comfort 
and/or potential safety hazards 
(such as derailments or on-board 
injury) due to loss of track 
geometry, track buckles or pull-
aparts. 

vi) Longitudinal resistance can also 
be a problem in some cases of 
high creep forces, as steel 
sleepers can be pushed through 
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the ballast by high train forces in 
acceleration or braking areas and 
on grades. This can result in 
increased potential for track 
buckles or pull-aparts due to 
increased local rail stresses.  
Induced longitudinal forces are 
influenced by the train 
characteristics (such as 
configuration, type of braking, 
weight and length) and train 
speed. 

vii) The insulation systems have not 
caused any significant problems. 
There were some failures of early 
design pads, mainly in areas with 
high lateral forces. 

viii) On lines where maintenance 
standards are required to be high, 
there would be increased 
maintenance for steel sleepers. 
Resurfacing costs are higher due 
to need for two plunges of tynes to 
pack ballast up under pod 
(therefore reduced productivity). It 
is expected that there will 
generally be faster degradation of 
geometry with steel sleepers 
necessitating more regular 
resurfacing to maintain the track to 
equivalent condition. 

ix) To date fatigue failures of steel 
sleepers and/or clips have been 
minimal. However, to manage the 
risk associated with potential early 
fatigue failure of steel sleepers QR 
has adopted a number of 
strategies including adopting cast 
shoulder design sleepers (in lieu 
of pressed housings), specifying 
sleeper sections appropriate to the 
long term traffic task, identification 
of high risk locations and 
implementation of specific 
inspection programmes, generally 
avoiding installation in heavy haul 
and very tight curve situations. 

x) Corrosion failures have also been 
minimal (less than expected). 

xi) Derailment damage (bending and 
loss of gauge) has been more 
significant but has often been 
associated with areas of track with 
stability problems. 

xii) Steel sleepered track can 
experience increased 
maintenance issues (such as 
buckles and creep) under certain 
conditions, due to lower track 

resistance compared to concrete 
sleepers. 

 
4.5 QR Summary 
 
As indicated previously all sleepers have 
their benefits and limitations. Overall steel 
sleepers have generally contributed to 
QR’s strategies of introducing whole of life 
cost effective technologies to reduce the 
overall maintenance task and required 
maintenance resources. QR is continuing 
to install and cascade steel sleepers in 
accordance with the current sleeper 
replacement strategies. 
 
5. THE RAIL INFRASTRUCTURE 

CORPORATION (RIC) EXPERIENCE 
 
5.1 RIC Background 
 
The Rail Infrastructure Corporation has 
had a long association with steel sleepers, 
beginning in the 1950’s on the Broken Hill 
Line with 80lb/yd rail on sand ballast. In 
more recent decades a steel sleeper 
design was tested north/west of NSW on 
the North Star Line where the track was 
also basic and the conditions harsh but the 
axle loads light. Testing followed in 
heavier axle load territory in the Hunter 
Valley at the Up Coal Line at Thornton. 
After testing came bulk installations of 
steel sleepers initially in the branch lines in 
NSW and later in some mainline interstate 
routes. 
 
5.2 RIC Strategies and Reasons 
 
The decision to proceed with wholesale 
steel sleeper usage was taken as part of 
an overall strategy to replace timber as the 
sleeper of choice in NSW. The strategy 
was based on a value management 
assessment, which showed financial 
benefits as well as giving due 
consideration to environmental concerns 
and the long-term supply of quality timber 
for sleepers. This strategy involved the 
use of interspersed steel sleepers on 
branch lines and face concrete sleepers 
on heavier duty tracks and especially 
sharper curved areas. 
 
The selection of steel sleepers was based 
on the fact that they were seen as the only 
alternative to timber that could be 
interspersed within existing timber 
sleepered track. This was because steel 



Stephen Townsend – Onesteel Trak-Lok 
Ernest McCombe – Queensland Rail 
Malcolm Kerr – Rail Infrastructure Corporation 
Michael French - Tasrail 

Cost Efficient Track by Use of Steel 
Sleepers 

 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

359 

sleepers are lightweight, easy to lay out 
using existing unloading wagons, suited to 
existing production resleepering 
equipment and they result in a reasonably 
similar track modulus. The other benefits 
of steel were: 
 

i) Long-term durability, resistance to 
hot dry climate, termites, rot etc. 

ii) Long-term resistance to fatigue 
(breaking, bending or cracking). 

iii) The elastic fastenings are 
incorporated, limiting cost and 
inventory (with timber expensive 
plating is required for elastic 
fastenings). 

iv) No drilling is required. 
v) No hitting with hammers is 

required - just clipping up using 
purpose-designed tools. 

 
The alternative, concrete sleepers, were 
not believed to be interspersable at the 
time. 
 
Steel sleepers were initially used on 
pioneer lines, branch lines and lesser used 
mainlines. RIC’s general policy was to use 
recycled 53kg/m rail from mainlines in 
branch lines and pioneer lines as part of 
an overall upgrading strategy. To facilitate 
this later rail upgrade, steel sleepers on 
lower class lines were installed with a 
spacer arrangement. 
 
The application principally covered lines 
with less than 2MGT per annum and 
typical axle loads to 19.5 tonne. Track 
speed varied from 115km/hr freight and 
160km/hr XPT passenger trains on class 1 
track (with 107lb/yd rail) to 50km/hr on 
Class 5 track (with 60lb/yd rail). The steel 
sleepers used were still capable of 25 
tonne axle loads without compromising the 
50 year design life for most track 
curvatures (allowing for future axle load 
increases). These sleepers were installed 
generally to a fixed pattern of typically 1 in 
4 but down to 1 in 6 in some lines. 
 
The traffic mix has not changed 
significantly on these lines over the longer 
term although variations occur from year 
to year depending on the harvest. The 
exception is where lines have been 
upgraded (usually with recycled rail from 
mainlines) permitting higher speeds and 
the use of mainline locomotives. 
 

The other plank in RIC’s upgrading 
strategy was face resleepering with 
concrete on higher duty mainlines, which 
also necessitated upgrading of the ballast, 
formation and drainage. However the 
substantial cost involved meant that 
concrete sleeper track laying was delayed. 
A decision was taken to use steel sleepers 
on some of these mainlines to secure the 
track over a ten-year period (the timescale 
envisaged for future face concrete 
resleepering). The steel sleepers would 
then be reclaimed for use in branch lines. 
The sleepers were installed in a random, 
semi-random or fixed pattern depending 
on curvature and with some variation as 
time progressed. Typical traffic level was 6 
to 8MGT per annum with a mix of traffic 
including 25 tonne axle loads at 65km/hr 
to 80km/hr (depending on bogie type), 23 
tonne axle loads at 80km/hr as well as up 
to 19.5 tonne axle loads at 115kph and 
XPT high-speed passenger trains running 
up to 160kph. 
 
The volume of traffic and the proportion of 
higher axle load/ higher speed traffic has 
increased along with a trend towards 
longer trains. 
 
Steel sleepers have always been intended 
for use interspersed within timber 
sleepered track. Installation methodologies 
have undergone several changes over the 
ten-year period RIC has been using them 
in earnest. Initially sleepers were installed 
in a strict pattern usually 1 in 4. Sleeper 
spacing was corrected as part of the 
operation and any reasonable timber 
sleepers which happened to be at the 1 in 
4 mark were recycled to replace any 
poorer timber sleepers left in between. A 
substantial program of ballasting and 
tamping was carried out in conjunction 
with the installation of the steel sleepers. 
The steel sleepers themselves were well 
tamped and the track face-resurfaced and 
well ballasted. The resultant track has 
proved to be very durable and provided 
good service. This operation proved to be 
quite expensive as it not only covered 
installation of sleeper ties but also 
represented a substantive level of track 
upgrading. 
 
In later installations a lower cost strategy 
was adopted. Tie patterns became almost 
random with the replacement focussing on 
the poor timber sleepers most in need of 
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replacement and to secure gauge. No 
track upgrading was carried out in 
conjunction with the work, the tamping of 
steel sleepers was limited and there was 
no face tamping of the adjoining track. The 
result was a deterioration in track surface. 
 
Subsequently several tie pattern strategies 
were tried and eventually one adopted 
where a pattern was broadly maintained 
with minor variation to allow the worst 
timber sleepers to be replaced. At the 
same time a greater level of tamping of the 
steel sleepers has been undertaken along 
with on-face tamping of the whole track in 
heavier duty lines (alternatively on-face 
tamping may be carried out within a few 
months of the resleepering). 
 
5.3 RIC Economic Benefits of Steel 

Sleepers 
 
The expectations of steel sleepers related 
first to ease and cost efficiency of their 
installation and secondly their 
performance in service. Expected 
production efficiencies were achieved with 
the installation of steel sleepers by 
mechanised equipment. Typically they are 
cheaper to supply and install than elastic 
fastened timber sleepers. The in-service 
performance of steel sleeper tied track has 
been mixed and the reasons for this are 
discussed below. 
 
The regime of steel sleeper installation 
and track upgrading initially used has held 
its upgraded condition for about 3 to 5 
years (a total of about 4 to 6 MGT of traffic 
with generally 19t axle loads) before 
deterioration in track surface has 
commenced. 
 
The performance of the steel resleepering 
strategies on heavier duty lines (intended 
primarily to achieve gauge holding) has 
not been as successful with regard to track 
surface. It has not been possible to 
separate out the economics of steel 
sleepers from the general issues relating 
to track condition. Where minimal 
installation regimes are used there is no 
improvement in track surface and indeed it 
continues to deteriorate (as would be 
expected). 
 

5.4 RIC Steel Sleepers - Technical 
Issues 

 
Steel sleepers provide solid gauge 
restraint and good resistance to 
longitudinal rail creep (noting that 
longitudinal creep still occurs depending 
on the tie pattern). Steel tied track, that 
has been installed with a thorough 
tamping regime, has been found to 
maintain good track surface in well 
ballasted track in low to moderate 
operating regimes. 
 
Steel sleepers in more difficult situations 
with heavier traffic, poor quality ballast, 
back canted or centre-bound adjoining 
timber sleepers and less effective tamping 
and ballasting have not fared as well. 
Timber sleepers would be expected to 
have similar problems but although to a 
lesser degree. 
 
Track surface and alignment in steel tied 
track can suffer if conditions are poor. 
Steel sleepers become disturbed and the 
ballast tends to leak out of the pods. 
Ballast in the vicinity of disturbed steel 
sleepers becomes white and rounded. 
 
Generally steel tied track has provided at 
least the same lateral resistance as elastic 
fastened timber sleepers. However if steel 
sleepers become disturbed and lose 
ballast from pods or from around the 
sleeper then lateral stability is significantly 
reduced. 
 
The fatigue life of steel sleepers is 
expected to be more than fifty years. To 
date no fatigue problems have been 
experienced with current generation 
designs. It may be some time before this 
performance objective will be adequately 
tested in service. 
 
The greatest difficulty with installation is 
adequately tamping the sleepers sufficient 
to fill the pods with ballast and to provide 
overall ballast support. More care and 
effort is required in this regard than with 
timber sleepers. Particular difficulties are 
experienced if any steel sleepers have to 
be installed manually by fettling gangs. 
Only with the greatest of effort can steel 
sleepers be adequately manually tamped 
(it should be noted that recent 
experimentation has taken place with 
equipment that may address this problem). 
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Other issues with steel sleepers are: 
 

i) Steel sleepers are not considered 
suitable for use in DC electrified 
rail systems where stray current 
leakage is a concern. 

ii) Corrosive environments can also 
affect steel sleepers particularly 
where they are buried in material 
(noting that fastenings on timber 
sleepers and even rails can 
experience similar problems). 

iii) Steel sleepers are not suited to 
high impact locations such as can 
occur at rail joints as these have 
been found to experience 
accelerated settlement. 

iv) Where used in track circuited 
areas steel sleepers can be 
insulated.  However it is extremely 
difficult to retrospectively insulate 
previously installed non-insulated 
sleepers, in fact a new insulated 
sleeper is required. Hence it is 
important to make sure that any 
areas where future track circuiting 
may be installed (such as at level 
crossings) should be fitted with 
insulated sleepers. Note removing 
steel sleepers from track requires 
a substantial track lift. 

v) If significant changes are made to 
track alignment it is important to 
re-tamp track sufficient to restore 
ballast in pods. 

 
5.5 RIC Summary 
 
Steel sleepers are a cost effective 
alternative to timber. Their main features 
are their durability and their ease of 
installation with current mechanised 
resleepering equipment. Their best value 
is achieved when used in tracks in 
reasonable condition under low to 
moderate traffic regimes. 
 
6. THE TASRAIL EXPERIENCE 
 
6.1 Tasrail Background 
 
Tasrail operates the freight railways in 
Tasmania over the tracks formally owned 
by the Australian National (AN) and the 
Emu Bay Railway (EBR). Current track 
length is approximately 800kms. 
 
Train operation is quite difficult as except 
for a relatively short section of track in the 

middle section of Tasmania. The track is 
almost continuously curved mostly in the 
range of 100 m to 250 m radius with some 
95 m radius curves. In addition long 
lengths of 1 in 40 gradients may be found, 
with the steepest section being 1 in 33. In 
many sections of track a combination of 1 
in 40 grade and 100 m radius 
uncompensated curves may be found. The 
maximum operating speed is 75 km/hr 
however because of the curves and 
gradients most operating speeds are less 
than this. 
 
The maximum permitted axle load is 18 
tonnes on the former AN tracks and 16.5 
tonnes on the former EBR track. Average 
train mass is 1500 tonnes however some 
trains between Burnie and Hobart have 
been operated up to 2500 tonnes. 
 
6.2 Tasrail Economic Benefits of Steel 

Sleepers 
 
Historically the tracks have been timber 
sleepered, but with a significant drop in the 
availability and quality of timber sleepers 
and average timber sleeper lives dropping 
to approximately 15 years, a switch to 
steel sleepers has been ongoing since 
1986. Presently approximately 65% of 
Tasrail’s tracks are steel sleepered with 
former AN and the former EBR being 60% 
and 85% steel sleepered respectively. The 
majority of the steel sleepers are installed 
on-face. 
 
The use of steel sleepers was 
economically based. Approximately 
500,000 of Tasrail’s 830,000 steel 
sleepers were recovered at a low cost 
from the closed Northern Australia 
Railway. The remainder of the steel 
sleepers have been purchased new and 
while at a higher cost than for timber, the 
anticipated longer life is considered to 
make up for this. A small number of 
treated timber sleepers are still installed at 
specific locations where corrosion is 
expected to be high such as under road 
crossings or to replace odd timber 
sleepers in remaining timber sleepered 
track. 
 
It is difficult to quantify accurately the 
effect on train operations and track 
maintenance that may be attributed to the 
use of steel sleepers. Significant increases 
in axle load and train mass have occurred 



Stephen Townsend – Onesteel Trak-Lok 
Ernest McCombe – Queensland Rail 
Malcolm Kerr – Rail Infrastructure Corporation 
Michael French - Tasrail 

Cost Efficient Track by Use of Steel 
Sleepers 

 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

362 

since the introduction of steel sleepers. At 
the same time the track maintenance 
efforts and costs have been significantly 
reduced. Resleepering rates have doubled 
with a typical 7 man gang installing 150 
plus steel sleepers per day compared with 
50 to 75 for timber sleepers. The steel 
track is more stable than equivalent timber 
track and track buckles have been 
significantly reduced. 
 
On the EBR prior to the installation of steel 
sleepers, approximately 25 men were 
employed to maintain the 130 km from 
Burnie to Melba Siding. With the 
progressive introduction of steel sleepers, 
the review and changing of maintenance 
procedures and by natural attrition, the 
number of men required to maintain the 
track, at the time that Tasrail purchased 
the railway, had been reduced to 6. With 
the re-organisation resulting from the 
Tasrail purchase 3 men currently maintain 
the former EBR with additional labour 
being brought in as required. 
 
The Tasrail track maintenance workforce 
has also been significantly reduced as the 
proportion of steel sleepers has increased. 
Currently the total track maintenance work 
force is approximately 30 men including 
those maintaining the former EBR. 
 
6.3 Tasrail Steel Sleepers - Technical 

Issues 
 
An economic consideration of steel 
sleepers is their longer life, which is 
anticipated to be at least 30 years. At most 
locations this is expected to be achieved 
however there are some locations on the 
former EBR where acidic ground water is 
accelerating the corrosion of the sleepers 
with a likely reduction in life to 
approximately between 15 and 20 years. 
 
Fatigue cracking of some steel sleepers 
installed in low radius curves is also likely 
to reduce sleeper life. Approximately 2000 
cascaded second hand sleepers with 
lanced housing shoulders for Pandrol clips 
have failed and required replacement after 
approximately 10 years service in 100 
metre radius curves. These have been 
replaced with gauge widened Trak-Lok 2 
lock-in shoulder type steel sleepers.  On 
the former EBR a significant number of 
earlier design M6.5 Trak-Lok 1 pressed 

housing sleepers installed in 100 metre 
radius curves have also developed fatigue 
cracks. These sleepers remain in track 
and monitoring of the cracks suggests that 
a life of between 15 and 20 years may be 
achieved. However recent operational 
changes may affect this life prediction. 
Heavier Co-Co type locomotives have 
been recently introduced and the 
increased curving forces in the 100 metre 
radius curves, which have no gauge 
widening, may reduce the lives of these 
already cracked sleepers. 
 
6.4 Tasrail Summary 
 
In summary commercial pressures have 
required that Tasrail adopt more efficient 
operating and maintenance practices. As a 
result trains have become larger and 
heavier while at the same time the 
resources available to maintain the track 
have been reduced. The use of steel 
sleepers is a major and significant part of 
our overall strategy that has allowed 
Tasrail to provide a cost effective track 
that meets its business requirements. 
 
7. CONCLUSIONS 
 
The availability of a modern steel sleeper 
system with the flexibility to be configured 
to the needs of most railways, the 
economical installed cost and the ability to 
be interspersed amongst timber sleepers 
have been the driving forces behind the 
general acceptance of steel sleepers as a 
viable alternative to traditional timber 
sleepers in low to medium duty tracks. 
 
The ability of steel sleepers to extend the 
lives of existing track components and 
generally stabilise, tie and strengthen 
existing tracks to carry bigger and heavier 
trains with reducing maintenance 
resources has enabled railways to achieve 
substantial cost savings. For these 
railways, steel sleepers have indeed 
provided a cost efficient track. 
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SUMMARY 
The paper contains the preliminary results of the grant project "Non-homogeneities of railway track as 
an aspect of track quality". The special device for measuring the vertical track stiffness was designed 
and built by modifying an older tamping machine. The description of the measurement in the track 
carried out by this device in 2000-2002 is given in the form of graphs and tables. One chapter is 
devoted to the numerical method for track stiffness computation. This method was applied on the 
measured data of the rail deflection under a moving load. The criterion for track quality assessment 
was offered on the basis of test results. 
 
1. INTRODUCTION 

Nowadays we have extensive knowledge 
about the geometry of the track, but very poor  
knowledge about the vertical stiffness of the 
track. Variation of track stiffness contributes to 
track deformations that are composed of 
geometrical irregularities and affect the 
running safety of the railway vehicles. Many of 
the computation models that describe the 
behaviour and running properties of the 
railway vehicles need track geometry, track 
stiffness and the cross relationship between 
these two quantities as input information. 

Given the relevance of this problem The Grant 
Agency of the Czech Republic set up a project 
named "Non-homogeneities of railway track as 
an aspect of track quality". Major solver is the 
Czech Technical University of Prague and co-
solver is Commercial Railway Research Ltd 
(KZV). 

In solving the grant project, KZV developed a 
machine for the continual measurement of 
track stiffness and software executing the 
mathematical calculation of measured values 
of track vertical deformation and vertical track 
stiffness separately for each rail. Track 
stiffness is determined by the difference of 
vertical track deflection between the states 
without loading and that with loading under a 
continuously moving known vertical force. 

Several sections of track with different values 
were measured by the above mentioned 
machine in the years 2000 - 2002. 

2.  NOTATION 

SKMT…Machine for continual measuring of 
track stiffness 

yU, yL …Vertical alignment to be measured on 
the symmetrical chord of 20.8m. yU is 
measured without load, yL is measured under 
the load Q=80kN on each of both rails. 

v0…Difference of the unloaded and loaded 
vertical alignment: v0 = yU  - yL 

k0…Track stiffness (derived value) 

STD…Standard deviation 

X …Average value 
 
3. DESCRIPTION OF THE SKMT 

MACHINE  

The SKMT machine  (See Fig. 1) is able to 
carry out two basic functions in real time: the 
continual placing of weight on the track and 
the continual measuring of track vertical 
deflection. The machine consists of a tamping 
machine, two four-part trusses fitted on five 
special axles and the measuring trolley 
KRAB™. All three components are joined 
together and move together on the track. 

 

Fig. 1 Overview of SKMT machine 
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Vertical force is applied on both rails in the 
place of the original lifting mechanism of the   
tamping machine. It is transmitted through 
rollers that are laid heavily on the rail head by 
the hydraulic cylinders of the tamping 
machine. 

 

Fig. 2 LVTD transducer measuring the 
relative angle between adjacent trusses 

The elevation of the middle axle placed close 
to the loading mechanism of the tamping 
machine is determined relative to the position 
of the side axles from the change of angles of 
rotation of the four trusses on both sides of the 
tamping machine. The angles of rotation 
between the two adjacent trusses are scaled 
up by the lever mechanism and then 
measured by the LVTD sensor (See Fig. 2). 
The six LVTD sensors are used. The distance 
covered is measured by the oedometer placed 
on the KRAB™ trolley. The processing and 
storing of the signals from the sensors is done 
by the electronic measuring system of the 
KRAB™ trolley which is equipped with the on 
board computer Husky™ FS3.  

The measuring of track stiffness is done by 
two measuring runs over the same track 
section with a typical length of a few hundred 
meters. The first ride is without loading. During 
the consequent second ride the machine 
produces a vertical force equal to 80kN on 
each rail. The track stiffness is determined by 

the difference between the above mentioned 
procedures. 

4. CALCULATION OF RAIL SUPPORTS 
STIFFNESS 

Definition of problem  

The origin of the fixed coordinate system 
(coordinate x ) is placed at the beginning of 
the track section that was measured. The 
loading force Q=80kN moves at a constant 
slow speed c. We also introduce the moving 
coordinate system x'  bound with force Q (See 
Fig. 3 and [1]): 

Fig. 3 Beam on elastic foundation with 
non-constant stiffness of foundation  

 

The simple relationship is valid for both 
length coordinates:  

tcxx .' −=         (1) 
Because the speed of the loading force is 
slow, we can neglect inertia force and the 
following equation with boundary conditions is 
valid for rail deflection v: 

4

4

( , )
( ). ( , ) . ( . )

( , )
0, 0,1..3,

n

n

v x t
EI k x v x t Q x c tx

v t
n for any tx

δ∂
∂

∂ ±∞
∂

+ = −

= =
   (2) 

Where EI [MNm2] is rail bending stiffness 
k>0, [MNm-2] it is the stiffness of the rail 
continual support 
v [m] is the rail deflection caused by force Q 
Q [MN] is rolling test force 
δ is Dirac’s function 

n

nx
∂
∂

is the derivative operator of nth order 

t means time since start of rolling 
 

The bending wave of the rail v(x’) (See Fig. 3) 
moves together with the rolling load. The 
measuring machine measures the course of 
the rail deflection vo at the point of rolling force 
x=c.t and x'=0:  
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' 0

( ) ( , )x c t
x
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=
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The function vo(x)  is the input of a known 
quantity for the calculation, where we are 
looking for an unknown course of the track 
stiffness k(x). Equations  (1), (2) and (3) 
formulate this problem. Because the equation 
(2) is written for unknown deflection and not 
for stiffness, we have met the inverse 
problem. 

4.1. Solving Direct Problem 

The rail deflection is described by the equation 
(4) with boundary conditions (5) in the 
coordinate system x’ bound with the rolling 
force Q:  

4

'4

( ')
( ') . ( ') . ( ')

d v x
EI k x v x Q x

dx
δ+ =      (4) 

'

( )
0, 0,1..3

n

n

d v
n

dx
±∞ = =        (5) 

Because the solution of (4) with boundary 
conditions (5) for stiffness k varying along the 
track is unknown in the closed form, we use 
the Ritz variation method (See Ref [2]). We 
change the boundary conditions (5) from 
infinite interval (-∞,∞) to the finite interval 

2 2,L L− +〈 〉  (See Fig. 3). Accordingly the 

boundary conditions (5) change to the form: 

2
2

'22

( )
( ) 0

L
L

d v
v dx±

±
= =         (6) 

The physical significance of the new boundary 
conditions (6) is the inclusion of the joints into 
the originally infinite beam at the ends of the 
substituted beam of length L. When L is set to 
a convenient value, the solution on the infinite 
interval is practically the same as on the finite 
one. More detailed numerical computation 
showed that L=10m is a good choice for this 
railway application. 

The solution v(x’) we are looking for in the 
figure: 
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Where   
αi are the coefficients of Ritz’s approximation 

2
( ' )

sin
L

i

i x

L

πϕ +=  are the so-called basis 

functions 

In the case of the Ritz method, the following 
set of linear algebraic equations apply for the 
unknown coefficient αi   

,i j i i=A á rs         (8) 

The elements of matrix A are: 

2 2

2 2
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L L

i j i j
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i j EI k x dxϕ ϕ ϕ ϕ
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− −
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The right-hand side vector is: 

2. sin i
i Q π=rs       (10) 

4.2. Iteration Solution for Inverse Problem 

Because we know the measured deflection 
vo(x) and we are looking for a stiffness k(x)  
that is conforming to equation (4), we are 
looking at the inverse task, that can be solved 
by the iteration method: 

For each point x on the track we suppose that 
the stiffness k in this point and in its 
immediate neighbourhood is constant. In this 
case, there is a simple relationship between 
rail deflection v under force Q and constant 
stiffness k determined from solving the infinite 
beam on elastic foundation: 

3
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the equation (11) is used for calculation of the 
first approximation of stiffness ko(x): 
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Now we can simulate the rolling of the load 
Q=80kN along the measured section of the 
track assuming the stiffness of foundation 
according to (12). With the help of (7), (8), (9) 
and (10) we calculate the corresponding value 
of rail deflection,  described as v1(x). Because 
v1(x) is not the same as v0(x), we have to 
improve the estimation of the stiffness kn(x) 
according to the following  prescription: 

0

1
( )

( )
( ) ( )

n
m

n n
v x

v x
k x k x−

 =  
 

     (13) 

(13) has got a clear engineering significance: 
if the computed rail deflection is higher than 
the measured one, the stiffness was 
underestimated and it has to be increased. 
The convergence speed of the iteration 
process depends on the order of power m 
(See (13)). On the basis of practical 
experience we set m=5/3. After 4 or 5 
iterations the standard deviation of the last two 
subsequent deflections is less then 0.001mm. 

There is an exception in the case when 
measured deflection has short-wave changes 
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or is really small (0.20mm). This can be 
realistic in the case that the sleeper is 
supported very stiffly in the middle area 
between the rails. In this case, there can be 
observed negative deflection (rail is elevated 
towards the loading). We measured this case 
only at one place in Merovice. 

5. MEASUREMENTS IN TRACK 

The measuring of continual track stiffness was 
carried out of various track sections with 
different level of quality of track geometry and 
with different tonnage. 

Track in section Kojetin-Tovacov. Older track 
with local significance, track speed less than 
60kph, average maintenance state, low 
tonnage. 

Station track in railway station Luzice. New 
track after reconstruction including track 
substructure, a few months in operation. 

Track in section Merovice-Nemcice. Older 
track in use, track speed 60<v<90kph, 
average tonnage. 

Track in section Polom-Suchdol nad Odrou. 
New reconstruction including substructure for 
high speed, before operation. 

In the diagrams below you can see graphical 
results from two sections of track with different 
levels of track geometry. A length of  100m 
was chosen for each section. 

Fig. 4 and Fig. 5 show the trajectory of the 
vertical position of the middle axis with and 
without loading and the calculated values of 
the rail deflection. An appropriate value of the 
track stiffness as a result of computation 
according to Section 4, paragraph 3  can be 
seen on the bottom of the both figures.  
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Fig. 4 Luzice railway station 

 

Fig. 5 Section Merovice - Nemcice 

6. RELATIONSHIPS BETWEEN  THE 
TRACK PARAMETERS  

The basic relationship between track 
geometry, track deflection and track stiffness 
in vertical direction is shown in the tables. 

6.1. Average values and standard 
deviations of the track parameters 

Average values and standard deviations of 
both types of signals (vertical alignment and 
rail deflection to be measured and track 
stiffness to be computed) for left and right rail 
are summarized in the following tables 1-3. 

Track parameters Rail  

 yU(x) 
[mm] 

 yL (x) 
[mm] 

v0(x) 
[mm]  

kn(x) 
[MPa] 

X  5.61 3.46 2.15 19.44 Left 

STD 7.13 7.20 0.67 13.58 

X  1.05 - 1.36 2.41 16.00 Right 

STD 7.60 7.63 0.77 7.93 

Tab. 1  Kojetín – Tovacov, KM 3.0-2.8 

 

Track parameters Rail  

 yU(x) 
[mm] 

 yL (x) 
[mm] 

v0(x) 
[mm]  

kn(x) 
[MPa] 

X  0.74 - 0.10 0.84 63.23 Left 

STD 1.78 1.77 0.14 13.90 

X  0.88 - 0.08 0.96 53.70 Right 

STD 1.61 1.60 0.12 9.49 

Tab. 2 Railway station Luzice, KM 99.385-
98.890 

Track parameters Rail  

 yU (x) 
[mm] 

 yL (x) 
[mm] 

v0(x) 
[mm]  

kn(x) 
[MPa] 

X  7.33 4.48 2.85 15.60 Left 

STD 5.79 6.05 0.76 7.68 

X  4.22 0.83 3.39 13.35 Right 

STD 6.08 6.20 0.90 4.18 

Tab. 3 Merovice – Nemcice, KM 68.700-
67.480 

The average value of the vertical track 
geometry alone with and without loading has 
no important significance, it is determined by 
the setting the zero position of the sensors. 
Important is the difference of these two 
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average values, which is equal to the average 
value of the rail deflection. 

The vertical stiffness of the Luzice railway 
station track is high, compared to those values 
on sections Kojetin-Tovacov and Merovice- 
Nemcice. The major reason for this high 
difference is probably due to the gradual 
shaping of the gravel bed under the bottom 
surface of the sleepers under the rail seats 
after longer usage (the track in Luzice railway 
station was newly built including substructure, 
very seldom used compared to the two older  
tracks with heavier loading on other two 
measured sections). We would point out here 
that the track stiffness to be discussed in this 
paper reflects the integrated response of 
sleepers, fasteners, ballast, subgrade etc. 

Generally, standard deviations describe the 
variation of a parameter form arithmetic 
mean. It is a well-known fact that standard 
deviations are very often used to assess the 
quality of track geometry. 

The quality of the track geometry in Luzice 
railway station is better than in the sections 
Merovice-Nemcice and/or Kojetin – Tovacov, 
which are similar... 

We have searched for a good parameter to 
assess the quality of the track from the point 
of view of track stiffness. The ratio of standard 
deviation and the average value of the track 
stiffness in vertical directions (STD/Average 
value) seems to be a good representation of 
the track stiffness quality. This parameter is 
0.20 in Luzice railway station, it is 0.41 in 
section Merovice-Nemcice and 0.61 in section 
Kojetin- Tovacov. These values correspond to 
the maintenance condition of the track 
sections to be tested. 

We recommend the use of parameter 
STD/average for rating the quality of track 
stiffness in a vertical direction. 

6.2. Correlation coefficients among track 
parameters 

There are matrixes of correlation coefficients 
in tables 4,5 and 6 for four values whose 
names are given in the heading of each 
columns.  

The correlation coefficient of the two common 
signals given by vectors of N samples xi and yi 
is computed as follows: 

1 1 1
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1 1 1 1
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i i i
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The correlation coefficient between the two 
values in the i-row and the j-column lay on 

matrix positions i,j . The upper (lower) 
triangular submatrix refers to left (right) rail. 

Matrix of correlation coefficients of track  
parameters 

 yU (x)  yL (x) v0(x) kn(x) 

yU (x) 1 0.99 0.06 0.14 

 yL (x) 0.99 1 0.16 0.21 

v0(x) 0.00 0.10 1 0.72 

kn(x) 0.05 0.14 0.85 1 

Tab. 4 Kojetín – Tovacov,  KM 3.000 – 2.800 

  yU (x)  yL (x) v0(x) kn(x) 

 yU (x) 1 0.99 0.02 0.04 

yL(x) 0.99 1 0.12 0.13 

v0(x) 0.00 0.15 1 0.97 

kn(x) 0.05 0.18 0.97 1 

Tab. 5 Luzice railway station , KM 99.385 – 
98.890 

  yU (x)  yL (x) v0(x) kn(x) 

 yU (x) 1 0.97 0.17 0.11 

 yL (x) 0.97 1 0.39 0.29 

v0(x) -0.1 0.14 1 0.84 

kn(x) 0.00 0.18 0.74 1 

Tab. 6 Merovice – Nemcice,  KM 68.700 – 
67.480 

 
a) Correlation coefficient between track 
deflection and track stiffness 

Because track stiffness is calculated from 
deformation, the correlation coefficient is not 
affected by mistakes in measurement of 
stiffness. This is the most important 
correlation coefficient and it expresses the 
quality of track stiffness similarly to parameter 
STD/Average value. 

The correlation coefficient between track 
deformation and track stiffness lies in the 
range between 0,90 - 0,97 in Luzice railway 
station ; in the range 0,52 - 0,95 on the section 
Merovice - Nemcice; and in the range 0,72 - 
0,85 in  the section Kojetin - Tovacov. 

b) The correlation coefficient between track 
geometry and track stiffness 

The correlation between vertical alignment 
and track stiffness is very low. On the 
measured section Luzice railway station was 
between (0,140 - 0,05; on the section 



A.Vymetal, J.Turek 
KŽV s.r.o. 

Continuous Measurement of Track Stiffness 
using a Rolling Load 

 

Conference on Railway Engineering: 
Wollongong, 10-13 November 2002 

371

Merovice - Nemcice in the range (-0,03) - 0,15 
and in the section Kojetin - Tovacov in the 
range 0,05 - 0,14. 

This is a very valuable result for constructing 
mathematical models of vehicle–track 
interaction because unloaded track geometry 
and track stiffness are basic input information. 
Their relationship has been estimated roughly 
in the range from 0 (fully independent values) 
to 1 (See [1]). 

c) Summary 

From  the correlation analysis these practical 
conclusions follow. 

On a track with good quality of stiffness (to be 
expressed by ratio of STD/Average value) the 
deformation of track under loading does not 
have influence by the quality of the track 
geometry. Both these values are random, 
uncorrelated and their standard deviations are 
not added together. 

In the case of  tracks of low quality the loading 
contributes (approximately 10%) to the 
standard deviation of the track geometry.  

7. CONCLUSION 

The results of measuring showed, that the 
SKMT measuring machine is fully functional 
and reliable. At this time we are preparing 
futher measurement of vertical deformation of 
track under loading with this machine on other 
chosen sections of the Czech Railway net. We 
would like to increase the number of test 
sections where the different magnitudes of 
loads will be used. In this paper only one load 
magnitude was considered. We suppose that 
the different magnitude of load can affect 
average value of the track stiffness but 
probably it will not affect the ratio of standard 
deviation and the average value of the track 
stiffness. 

The continual course vertical and torsion 
stiffness can be used for trying out needful 
input parameters for calculating models of 
tracks and background for specifying the 
quality of track in use or after the end of 
construction. 

The use of the SKMT measuring machine 
helps find weak places in the track before  the 
propagation of geometric defects. This leads 
to labour saving and lower cost of 
maintenance and repair.  
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SUMMARY 
It is well known that defective wheels and/or irregularities of the rails generate impact forces.  
Generally vertical impact forces are determined using either field measurement or 2D simulation 
models.  As part of ongoing research on degradation of wagon-track system, a three-dimensional 
wagon - track system dynamics (3DWTSD) model with the potential to predict the simultaneous 
occurrence of vertical and lateral impact forces has been developed at the Centre for Railway 
Engineering. The influence of two important track parameters, namely, the sleeper spacing and the 
ballast depth to the dynamic impact has been examined using the 3DWTSD model and presented in 
this paper.  The peak vertical and lateral impact forces at the wheel-rail contact patch, and the vertical 
impact force at the pad, the ballast, the subballast and the subgrade are reported in addition to the 
peak displacements of the track components. The results show that the larger spacing of the sleepers 
and the lower depth of ballast produce soft track condition which leads to larger track deflection and 
smaller wheel-rail impact forces. 

 

1. NOTATION 
 

[ ]C  damping matrix  

{ }F  interface force vector  

{ }F
~

 combined interface force vector  

[ ]K  stiffness matrix  

[ ]M  mass matrix 

mn  number of modes of rail beam 

sn  number of sleepers  

u   displacement in X  (longitudinal) axis  
v  displacement in Y   (lateral) axis  
w  displacement in Z  (vertical) axis  

{ }w  displacement vector  

φ  rotation.  
 
Subscripts: 
 
B  bogie frame 
C  wagon car body 
Pa  parallelogram motion about Z  axis 
R  rail 
Sf  side frame 

T  track subsystem 

W  wagon subsystem 
b  ballast  
i  counter ( l , for left r , for right) 
j  counter ( zyx ,, for ZYX ,,  axes) 

k  counter for bogie (1 front; 2  rear)   

n  counter ( sn...,,2,1 ) 

s  sleeper, 
sb  subballast, 
w  wheelset. 
 

2. INTRODUCTION 
 

Wheel-rail interface defines the boundary 
between the wagon and the track. The 
dynamic interaction at the interface affects the 
forces and deformation of all components in 
both the wagon and the track structure. The 
dynamic force of the components is a key 
factor that determines the wagon and track 
deterioration. The major factors that affect the 
dynamic response of the wagon-track system 
include the operational parameters (wagon 
speed and wheel load), the wagon design 
parameters (the primary and the secondary 
suspensions and the wheel profile), and the 
track design parameters (pad stiffness, sleeper 
spacing, ballast depth, subgrade modulus).  
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This paper reports the influence of two track 
design parameters, namely, the sleeper 
spacing and the ballast depth to the dynamic 
response of the track components. 

 

The push for higher axle load and wagon 
speed (to achieve efficiency gain in heavy haul 
railway operation) risks adverse maintenance 
and safety outcomes.  It is well recognised that 
this development accelerates degradation of 
the existing track structure, leading to frequent 
track maintenance. This has led to the 
development of several models for the 
investigation of the wagon and track dynamics 
([1] ~ [4], [6], [9]~[11], [13]). These models are 
either 2D or 3D that considers the track as 
either rigid or uniformly elastic. Generally the 
wagon dynamics have been investigated using 
3D models with no attention paid to track 
parameters. On the other hand, the track 
dynamics have been examined using 2D 
models that provide no option for quantifying 
the lateral forces generated by the adverse 
wagon-track interaction. As part of ongoing 
research on degradation of wagon-track 
system, a 3DWTSD model representing a four-
layer tangent track and a full wagon was 
developed at CRE. The full wagon is modelled 
using 37 degrees of freedom (DOF) for the 
bogie with primary suspensions or 15 DOF for 
the traditional three-piece bogie without 
primary suspensions. The track is modelled as 
the discretely supported distributed-parameter 
system with four layers. The first layer 
represents the rails that are laterally and 
vertically considered as Timoshenko beams in 
addition to the consideration of the rail torsion 
and are discretely supported by the sleepers 
via fasteners and pads represented by the 
linear spring and damping elements. The 
second layer consists of the sleepers that are 
represented as flexible beams on elastic 
foundation with their mass and viscoelastic 
properties. The third and the fourth layers of 
the track model consist of the ballast and the 
subballast blocks respectively. The ballast and 
the subballast are considered as mass blocks 
with viscoelastic properties using a ballast-
subballast pyramid submodel defined 
previously by the authors [12]. The viscoelastic 
properties connecting one block to the other 
ensure continuity of the ballast and subballast 
in the longitudinal and lateral directions. The 
subgrade is modelled as the viscoelastic 
element without mass supporting the whole 
track. 

The influence of two important track 
parameters, namely, the sleeper spacing and 

the ballast depth on the dynamic impact has 
been examined using the 3DWTSD model and 
presented in this paper. The peak vertical and 
lateral impact forces at the wheel-rail contact 
patch, and the vertical impact force at the pad, 
the ballast, the subballast and subgrade are 
reported in addition to the peak displacements 
of the track components.  

 

3. 3D WTSD MODEL  
 

The wagon - track system includes three 
subsystems, namely, the wagon subsystem, 
the track subsystem and the wheel-rail 
interface subsystem.  

 

3.1 Wagon Subsystem 

 

Wagon subsystem includes one wagon car 
body, two bolsters and two bogies that consist 
of secondary suspensions, sideframes, 
primary suspensions and wheelsets as shown 
in Fig. 1 (a) and (b) respectively. The wagon 
car body rests on the secondary suspensions 
through the two bolsters. The sideframe is an 
intermediate structure that provides seating for 
the secondary suspension and it rests on the 
wheelsets through the primary suspensions.  
Except for the secondary and the primary 
suspensions, all the other components of the 
wagon are considered as rigid bodies with 
masses and mass inertia moments along the 
three Cartesian coordinate directions. The 
secondary and the primary suspensions are 
represented as linear spring and damper 
elements.  

 

Except for the longitudinal dynamic movement, 
all other motions of the wagon are considered 
in the model. Due to the special connection 
between the wagon car body and the two 
bogie frames (bolster + two sideframes), the 
rotation of bogie frame about the Z  axis (yaw 
motion) and the parallelogram rotation of bogie 
frame about the Z  axis are also considered. 
Therefore, the total number of DOF required to 
describe the lateral and the vertical motions of 
one wagon as listed in Table 1 (a) is 37.  
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(a) 
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Sfrkv
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(b) 

Figure 1 Freebody Diagrams                                     
(a) Wagon Car Body  (b) Bogie 

When there are no primary suspensions (e.g., 
the traditional three-piece bogie), the 
sideframe directly rests on the wheelsets and 
such connection allows the sideframe to 
relatively rotate against the wheelsets. Hence, 
the bogie structure (sideframes and wheelsets) 
has lateral and vertical displacement and 
rotation about the Y axis, and the bogie 
structure (bolster, sideframes and wheelsets) 
has relative rotation and parallelogram rotation 
against the wagon car body about the Z axis. 
Such wagon subsystem can be described for 
its motions using 15 DOF listed in Table 1 (b). 

Components

Wagon Car
     Body

Bogie Frame

Sideframe

Wheelset

DOF

u v w xφ yφ zφ
No. of
items

No. of
DOF

Total DOF

×

×
×

×

×
×

× ×

Paφ

×

× ×
× ×

×

1

2

4

4

5

4

16

12

37
 

(a) 

Components

Wagon Car
     Body

   Bogie
Structure

DOF

u v w xφ yφ zφ
No. of
items

No. of
DOF

Total DOF

×

×

×

×

× ×

Paφ

×

× ××

1

2

5

10

15
 

(b) 

Table 1 Total Degrees of Freedom              
(a) Wagon with Primary Suspensions,       
(b) Wagon with Three-Piece Bogies 

 
The dynamic equilibrium equations of the 
wagon subsystem was written using multi-body 
mechanics method and is shown below: 

 

[ ]{ } [ ]{ } [ ]{ } { }WTWWWWWW FwKwCwM =++ &&&   

                                                                (1) 

 

where [ ] [ ]WW CM ,  and [ ]WK  are the mass, 

damping and stiffness matrices of the wagon 
subsystem in which their size is either 3737×  
or 1515×  (for bogies with or without primary 

suspension respectively), { }Ww  is the 

displacement vector of the wagon subsystem, 
and { }WTF  is the interface force vector 

between the wagon and the track subsystems 
consisting of the wheel-rail normal contact 
forces, tangent creep forces and creep 
moments about normal direction in the wheel-
rail contact plane.  

 
3.2 Track Subsystem 
 
The track subsystem is considered as a 
discretely supported distributed-parameter 
body with four layers as shown in Fig 2.     
 
All the track components are assembled 
exactly as the conventional ballasted track 
structure used in most heavy haul railway 
networks.  Fig. 2(a) shows the cross sectional 
view of the 3D track subsystem and Fig. 2(b) 
shows the corresponding longitudinal view.   
 
 



Y. Sun, M.Dhanasekar 

CRE-CQU 
Influence of The Railway Track Parameters to 

The Vertical and Lateral Impact 
 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

376

Left RailRight Rail

Sleeper

Ballast

Subballast

Subgrade

RlZ

RlY
Rlw

Rlv

Rlzφ

Rlxφ
Rrzφ

Rrxφ
Rryφ

RlyφRrw

Rrv

RrZ

RrY

snZ

snY

snw

snv
snφ

lnbZ

lnbY

lnbw

sbrnZ
sbrnw

sbrnY

lnsbw
lnsbZ

lnsbY

brnZ
brnw

brnY

 
(a) 

(Subgrade)

(First Layer: Rails)

(Second Layer:
 Sleepers)

(Third Layer:
  Ballast)

(Fourth Layer:
Subballast)

smZ smXsmw

smφ

(Pads+Fasteners)

bimZ

bimX

bimw

bimX

sbimw
sbimZ

 
(b) 

Figure 2 Track Subsystem Model               
(a) Longitudinal View (b) Lateral View 

 
The track subsystem comprises of two rails, 

sn  sleepers, sn×4  fastener and pad 

assemblies, sn×2  ballast blocks, sn×2  

subballast blocks, and the subgrade arranged 
in four layers.  

 

The governing equations of dynamic 
equilibrium for the track subsystem is shown 
below: 

 

[ ]{ } [ ]{ } [ ]{ } { }WTTTTTTT FwKwCwM
~=++ &&&   

                                                                (2) 

 

where [ ] [ ]TT CM ,  and [ ]TK  are the mass, 
damping and stiffness matrices of the track 
subsystem in which their size is 

)710()710( smsm nnnn +×+  where mn  is the 

number of Timoshenko rail beam modes 

considered, { }Tw  is the displacement vector 

of the wagon subsystem, and { }WTF
~

 is the 

combined interface force vector between the 
wagon and the track subsystems. 

 

3.3 Wheel-rail Interface Subsystem 

 

The wheel and the rail under rolling contact 
transmit forces in the normal direction on the 
wheel-rail contact plane, the longitudinal and 
the lateral creep forces in the tangential 
directions, and the creep moment about the 
normal direction due to the wheel and the rail 
being subjected to a relative angular velocity 
about the normal direction.   

 

The normal force due to wheel-rail rolling 
contact is determined using Hertz static 
contact theory [5].  The creep forces and the 
creep moments are defined using Kalker’s 
linear creep theory [5].  Although the creep 
forces and moments are usually calculated 
without due consideration to the velocities of 
the rail affected by the discrete support of the 
sleepers (in other words, the rail track is 
usually regarded as rigid), the 3DWTSD model 
includes the velocities of the rail in the 
definition of the creepages in the lateral and 
spin directions. As Kalker’s linear theory best 
defines the creep forces for very small 
creepages only, Johnson-Vermeulen’s 
approach [5] is used to further modify the 
creep forces.   

 

3.4 Solution Technique 
 

The equations of dynamic equilibrium for 
wagon and track subsystem are solved using a 
modified Newmark β−  method first developed 
by Zhai and Sun [14] and the solutions 
obtained in the time domain.  

 

4. DYNAMIC RESPONSES   
 
A wagon and track system was selected for 
illustrating the dynamic responses of track 
components using 3DWTSD model. The 
choice of track length for simulation was 
affected by the size of the wagon and the 
travel distance required to be simulated. For a 
simulation of 40 sleeper spacing-long distance 
of travel and 10m long wagon, a 120 sleeper 
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spacing of track ( 120=sn ) was necessary to 

satisfy the boundary conditions of the 
Timoshenko rail beam. From a sensitivity 
analysis of the number of modes of rail beam 
( mn ), it was found that mn  be kept equal to sn  

for optimal results. The detailed list of 
parameters of the system is provided in Table 
2. The 3DWTSD model containing the system 
of one full wagon with primary suspensions 
and track with four layers results in 2077 
equations of motion as described below: 

 
Number of DOF used for one wagon = 37; 
Number of modes for the rail beams = 120; 
Number of sleepers = 120;  
Number of ballast block = 120×2;  
Number of subballast block = 120×2; 
Total DOF = (37) + (120×2×5) + (120×3) + 
(120×2) + (120×2) = 2077. 
 

Parameter Value 

 
Wagon Subsystem 
 

 

Wagon car body mass  61000 kg 
Mass moment of inertia of wagon car 
body about X axis 

86576 kgm2 

Mass moment of inertia of wagon car 
body about Y axis 

647182 kgm2 

Mass moment of inertia of wagon car 
body about Z axis 

652982 kgm2 

Mass of front bolster   465 kg 

Mass of rear bolster 365 kg 

Mass moment of inertia of front bolster 
about X axis 

175 kgm2 

Mass moment of inertia of front bolster 
about Z axis 

176 kgm2 

Mass moment of inertia of rear bolster 
about X axis 

137 kgm2 

Mass moment of inertia of rear bolster 
about Z axis 

138 kgm2 

Mass of sideframe 447.5 kg 
Mass moment of inertia of sideframe 
about X axis 

100.4 kgm2 

Mass moment of inertia of sideframe 
about  Y axis 

115.6 kgm2 

Mass moment of inertia of sideframe 
about Z axis 

115.6 kgm2 

Wheelset  mass 1120 kg 

Mass moment of inertia of wheelset 
about X, Z axis 

420.1 kgm2 

Mass moment of inertia of wheelset 
about Y axis 

100.4 kgm2 

Stiffness coefficient of secondary 
suspension along Y axis 

2.3×105 N/m 

Stiffness coefficient of secondary 
suspension along Z axis  

2.555×106 N/m 

Damping coefficient of secondary 
suspension along Y axis 

1.388×102 Ns/m 

Damping coefficient of secondary 
suspension along Z axis 

4.424×104 Ns/m 

Parallelogram stiffness of bogie             5.15×107 N/m 

Parallelogram damping of bogie 1.793×105 Ns/m 

Longitudinal distance from the mass 
centre of wagon car body to the mass 
centre of the front and the rear bolsters 

5.18 m 

Semi lateral distance between the left 
and the right secondary suspensions in a 
bogie 

0.8001 m 

Height between the mass centre of the 
wagon car body and the bolster 

0.8 m 

Height between the mass centre of the 
sideframe and the bottom of secondary 
suspension 

0.1786 m 

Height between the mass centre of the 
wheelset and the sideframe 

0.05 m 

Semi longitudinal distance between 
wheelsets in a bogie 

0.8375 m 

Semi lateral distance between the left 
and the right primary  suspensions 

0.8001 m 

 
Track Subsystem 
 

 

Rail mass per meter 60 kg/m 
Rail cross-section area 7.77×10-3 m2 
Elastic modulus of rail 2.07×1011 N/m2 
Shear modulus of rail 8.1×1010 N/m2 
Rail second moment of area about Y axis 2.94×10-5 m4 
Rail second moment of area about Z axis 4.9×10-6 m4 
Timoshenko shear coefficient 0.34 
Pad damping 65 kNs/m 
Pad stiffness 450 MN/m 
Sleeper mass 270 kg 
Mass moment of inertia of sleeper about 
X axis 

90 kgm2 

Sleeper Stiffness 340 MN/m 
Height between the mass centre of 
sleeper and its top surface 

0.115 m 

Height between the mass centre of 
sleeper and its bottom surface 

0.115 m 

Sleeper spacing 0.685 m 
Effective length of support area the 
sleeper at a rail seat 

1.075 m 

Effective width of support area the 
sleeper at a rail seat 

0.24 m 

Height of ballast 0.30 m 
Height of subballast 0.15 m 
Elastic modulus of ballast 130×106 N/m2 
Elastic modulus of subballast 200×106 N/m2 
Subgrade modulus 50×106 N/m3 
Density of ballast 2600 kg/m3 
Density of subballast 2600 kg/m3 

 
Interface Subsystem 
 

 

Hertz spring constant 0.87×1011 N/ m3/2 

 

Table 2 All Parameters for A Wagon and 
Track System 
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V = 80 km/hdefect

Reference Section for Sleeper
Spacing Sensitivity Analysis

Reference Section for Ballast
Depth Sensitivity Analysis  

Figure 3 An Illustrative Example  

 

For illustrating the dynamic response of the 
track components effectively, a defect was 
assumed to present on the top surface of the 
left rail as shown in Fig. 3. The method of 
modelling defect is defined in [12].  

 

Fig. 3 schematically shows that the wagon with 
full (100%) loading passes through the defect 
(indentation defined by the semi wavelength of 
150 mm and the magnitude of 1mm on the left 
rail top surface) at an operating speed of 80 
km/h.  It should be noted that the indentation 
was assumed only on the left rail with the right 
rail surface kept perfect (defect-free).   

 

4.1 Vertical Dynamics 
 
The vertical dynamic response of the track 
components is presented based on the 
analyses carried out.  The dynamic force factor 
(ratio of the dynamic force at the wheel-rail 
interface to the static wheel load) is used as 
the parameter for discussing the results. 

 
4.1.1 Effect of sleeper spacing 
 
Sleeper spacing is defined as the distance 
between the axes of consecutive sleepers. 
Sleeper spacing is a design variable and it 
could vary from a small value to a large value 
based on the level of traffic and site 
parameters.   

 

Sleeper spacing used in most European 
countries for standard lines is 0.60m [8], in 
Britain it is 0.79m [7], in Queensland Rail it is 
0.69m and in China it is 0.54m [13].  Hence to 
examine the influence of the variation in 
sleeper spacing on the dynamic responses (in 

particular the vertical and lateral impact), 
sleeper spacing was varied from 0.4m to 0.9m 
in steps of 0.1m.  When varying sleeper 
spacing, all other track component parameters 
shown in Table 2 were kept unchanged.  

 

The vertical impact of the left and right wheels 
is shown as the time series in Figs. 4(a) and 
4(b) for the cases of sleeper spacing of 0.4m 
and 0.9m respectively. 

 

The figures show the time history of the 
vertical force factor (defined as the ratio of the 
vertical dynamic force to the static wheel load) 
for both the right and the left wheels.  As the 
defect was present only on the left rail, the left 
wheel-rail impact was larger than the right 
wheel-rail impact.  It could be seen that 
momentarily the left wheel loses contact with 
the rail at the defect location (as depicted by 
the vertical contact force factor being zero 
close to travel time of 0.07 seconds). When the 
sleeper spacing was 0.4m (Fig. 4(a)), the loss 
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of contact occurred for a longer period than 
when the sleeper spacing was 0.9m (Fig. 4(b)). 
This shows the effect of “stiff” track due to 
closer spacing of sleepers.  Corresponding to 
the longer period of the loss of contact, the 
impact predicted was also much higher (a 
force factor of 2.0 for sleeper spacing of 0.4m 
against 1.6 for sleeper spacing of 0.9m). 

 

The peak force factors (usually at the left 
wheel-rail contact point) predicted by the 
analyses were collected and plotted in Fig. 
5(a) for each sleeper spacing.  It could be seen 
that the wheel-rail contact (impact) force 
reduces with the increase in sleeper spacing.  
However, as one would expect, the rail seat 
force, the ballast force, the subballast force 
and the subgrade force has shown a marginal 
increase with the increase in sleeper spacing.  
With the sleeper spacing increased from 0.4m 
to 0.9m, the maximum impact force decreased 
by 21.7%, whilst the rail-seat force, the ballast 
force and the subballast force increased by 
35.8%, 24.0% and 33.7% respectively. The 
corresponding deflection of the rail, sleeper, 
ballast and subballast at the reference section 
(the section that contained the defect) is 
shown in Fig. 5(b).  As one would expect, with 
the increase in sleeper spacing the 
displacements of all components increase.  
With the increase in sleeper spacing from 0.4m 
to 0.9m, the peak displacements of the rail, the 
sleeper, the ballast and the subballast 
increased by 40.2%, 37.3%, 31.4% and 28.8% 
respectively. 
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From the above dynamic analyses, it could be 
seen that the response of all the track 
components are sensitive to the change of 
sleeper spacing. It can be concluded that the 
sleeper spacing can effectively adjust the 
stiffness of the track.  It has been found that 
sleeper spacings larger than 0.6m do not 
reduce the peak wheel/rail impact force 
significantly but increase the deflection. Hence 
it is reasonable to suggest that the sleeper 
spacing be kept within the range of 0.6m ~ 
0.7m for the heavy haul network. 

   

4.1.2 Ballast Depth  
 

The ballast-subballast pyramid model provides 
the stiffness coefficients of the ballast block, 
the subballast block and the subgrade.   
Ballast depth is, therefore, the most important 
parameter that affects these coefficients.  
These stiffness coefficients, in turn, play a key 
role in the dynamic response analysis of the 
wagon and the track.  The dynamic response 
of track components due to the change in the 
ballast depth was, therefore, examined. 

 

Figure 5 Effect of Sleeper Spacing on 
Vertical Dynamics  (a) Impact Forces  (b) 

Vertical Displacements 
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The vertical impact of the left and right wheels 
is shown as the time series in Figs. 6(a) and 
6(b) for the cases of ballast depth of 0.1m and 
0.6m respectively.  The figures show the time 

history of the vertical force factor (defined as 
the ratio of the vertical dynamic force to the 
static wheel load) for both the right and the left 
wheels.  As the defect was present only on the 
left rail, the left wheel-rail impact was larger 
than the right wheel-rail impact.  It could be 
seen that momentarily the left wheel loses 
contact with the rail at the defect location (as 
depicted by the vertical contact force factor 
being zero close to travel time of 0.07 seconds 
identified by the letter “A” in Fig. 6(a)).  When 
the ballast depth was 0.6m (Fig. 6(a)), the 
higher impact (vertical force factor of 1.78) was 
predicted than when the ballast depth was 
0.1m (Fig. 6(b), vertical impact force factor of 
1.59).  This shows the effect of “stiff” track due 
to larger ballast depth.   
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The peak force factors (usually at the left 
wheel-rail contact point) predicted by the 
analyses were collected and plotted in Fig. 
7(a) for each ballast depth. It could be seen 
that the wheel-rail contact (impact) force 
increases with the increase in ballast depth. 
The rail seat force also increase with the 
increase in ballast depth due to stiffening of 
the track structure. However, the ballast force, 
the subballast force and the subgrade force 
have shown a marginal reduction with the 
increase in ballast depth due to increased 
volume of material to resist the force. With the 
ballast depth increased from 0.1m to 0.6m, the 
maximum impact force increased by 14.4%, 
the peak rail-seat force increased by 40.9% 
whilst the peak ballast force decreased by 
16.8%.   Although graphical view of the impact 
force factor of subgrade appear not affected 
due to increase in ballast depth (Fig. 7(a)), 
there is a marginal effect of ballast depth on 
the impact force factor of the subgrade. The 
impact force factors are therefore shown in 
bold letters in Fig. 7 (a).  

Figure 6 Vertical Impact of Left and 
Right Wheels  (a) Ballast Depth 0.1m  (b) 
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Figure 7 Effect of Ballast Depth on 
Vertical Dynamics  (a) Impact Forces  (b) 
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The corresponding deflection of the rail, 
sleeper, ballast and subballast at the reference 
section (the section that contained the defect) 
is shown in Fig. 7(b). As one would expect, 
with the increase in ballast depth the 
displacements of all components have 
decreased. With the increase in ballast depth 
from 0.1m to 0.6m, the peak displacements of 
the rail, the sleeper, the ballast and the 
subballast reduced by 9.7%, 4.2%, 56.3% and 
56.9% respectively. Due to the direct increase 
in ballast depth, dramatic reduction in ballast 
(and subballast) deflection was evident. 

 

The results show that the dynamic responses 
of the vertical interactions between the wagon 
and the track are sensitive to the ballast depth. 
It can be concluded that the ballast depth 
effectively adjusts the stiffness of the track. 
Ballast depth in the range of 0.3m ~ 0.4m 
appears reasonable because the rate of 
change of the impact forces in ballast and 
subballast due to unit change in ballast depth 
is minimised for this range.  

 

4.2 Lateral Dynamics 
 
The 3DWTSD model provides an opportunity 
to examine the lateral dynamic response of the 
track components in addition to the vertical 
responses. The lateral impacts occurred 
simultaneously with the vertical impact is 
presented based on the analyses carried out.  
The lateral dynamic force factor (ratio of the 
lateral dynamic force at the wheel-rail interface 
to the static vertical wheel load) is again used 
as the parameter for discussing the results. 

 

The lateral dynamic force factor for the left and 
the right wheels for the sleeper spacing of 
0.4m and 0.9m are shown as time histories in 
Fig. 8.  It could be seen that the left wheel 
dynamic force factor is larger than the right 
wheel factor.  During the vertical impact, lateral 
impact of up to 10% of the static vertical wheel 
load has occurred.  The right wheel, although 
not passing through any defect, still exhibited 
some lateral impact (although marginally 
smaller than that of the left wheel lateral 
impact). 

 

The lateral dynamic force factor for the left and 
the right wheels for the ballast depth of 0.1m 
and 0.6m are shown as time histories in Fig. 9.  
It could be seen that the left wheel dynamic 

force factor is larger than the right wheel 
factor.  During the vertical impact, lateral 
impact close to 10% of the static vertical wheel 
load is observed.  The right wheel, although 
not passing through any defect, still exhibited 
some lateral impact (although marginally 
smaller than that of the left wheel lateral 
impact). 

 
 

5. CONCLUSION 
 

A 3DWTSD model is presented in this paper.  
The theoretical predictions of dynamic 
responses of track components due to the 
variations of sleeper spacing and ballast depth 
have been simulated using the 3DWTSD 
model.  The results exhibit that the larger 
sleeper spacing and the lower ballast depth 
make the track softer (lower track modulus). 
Conversely, smaller sleeper spacing and the 
higher ballast depth make the track stiffer. 
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Generally, the soft track leads to high track 
deflection and low dynamic force of the wheel-
rail contact while the stiff track results in the 
high dynamic force of wheel-rail contact and 
low track deflection.  
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EP2002 NEW GENERATION BRAKE CONTROL SYSTEM 
IMPROVES RAILWAY COST EFFECTIVENESS  

 
C.GRADWELL CEng, BEng, M.IMech.E, ACGI 

Knorr Bremse Group. 
 
 

SUMMARY 
 
EP2002 provides an advanced Brake Management and distributed per bogie control system 
that is applicable to a wide variety of rail platforms and gives significantly improved cost 
effectiveness. This improvement has been achieved via blending an innovative design with a 
focused development test regime drawing on current practices within the Aerospace and 
Defence fields to complement more traditional methods used within the Rail industry. The list 
below indicates the product features that contribute to increased cost effectiveness, split into 
the two fields of design and development. The paper first describes the system to provide a 
framework of product knowledge and then goes on to describe in detail how these features 
have resulted in the increase in cost effectiveness. 
 
The key features of the Design are the:- 
• Use of a generic core product 
• Highly configurable I/O capability 
• Integrated ‘Mechatronic’ design. 
• Integration of Safety Case analysis at an early design stage. 
 
The key features of the Development process have been the:- 
• Adoption of a ‘test to failure’ mentality (HALT). 
• Incorporation of Combined Environment Reliability Testing (CERT). 
 
 
1. INTRODUCTION 
 
EP2002 is the newest brake management 
and control system developed by 
Westinghouse Brakes UK Ltd. (WBL) as 
part of the Knorr Bremse group. Its design 
is centred on a generic core with 
configurable options that allow it to be 
applied to the widest range of applications 
from LRVs, DMUs, EMUs, to High Speed 
Trains.  
 
This paper begins by describing the 
system architecture and core products at a 
top level and goes on to describe how new 
techniques of product development and 
validation, allied with the innovative 
design have combined to provide a 
product that can improve the cost 
effectiveness of the railway. 
 
 
 
 
 

2. GLOSSARY 
 
WBL – Westinghouse Brakes Ltd. 
LRV – Light Rail Vehicle 
DMU – Diesel Multiple Unit 
EMU – Electrical Multiple Unit 
TMS – Train Management System 
WSP – Wheel Slide Protection 
TMS – Train Management System 
PVU – Pneumatic Valve Unit 
BCP – Brake Cylinder Pressure 
LCC – Life Cycle Cost 
PWM – Pulse Width Modulated 
DFA – Design For Assembly 
FTA – Fault Tree Analysis 
LRU – Line Replaceable Unit 
HALT – Highly Accelerated Life Testing 
DFMEA – Design Failure Mode & Effects 
Analysis 
CERT - Combined Environment Reliability 
Testing 
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3. SYSTEM DESCRIPTION 

3.1 Standard Features 
 
As described in the following sections the 
system is based around two core elements 
in which reside the standard functionality. 
The standard functions are listed below: 
 
• Service Braking (per bogie & load 

compensated). 
• Emergency Braking (per bogie & load 

compensated). 
• Award winning per axle Wheel Slide 

Protection (WSP). 
• Remote Release (per bogie for deep 

tunnel operations). 
• Low Brake Supply Reservoir (LBSR) 

indication. 
• Brakes Applied indication. 
 
It should be noted that in addition to the 
above the core products have been 
designed to cope with environmental 
conditions spanning the vast majority of 
potential applications (e.g. ambient temp 
range of -40°C to +55°C). 

3.2 Optional Features 
 
As well as the standard features offered, 
there are a number of optional features 
that can be configured to suit the 
requirements of a particular application. 
These are listed below: 
 
• Brake pipe control 
• Various train bus standards; TMS, 

CAN, MVB, Lonbus, FIP, RS485, or 
hardwired PWM. 

• Various battery supply voltages; 
24V,96V,110V. 

• Holding/stopping brake. 
• Hillstart function. 
• Track brake control. 
• Scrubber brake control. 
• Sanding control relay output. 
• Wheel spin indication. 
• 4-20mA Speedo drive. 

3.3 System Architecture 
The EP2002 architecture is based on two 
basic configurations; the ‘cross car bus’ 
and the ‘local bus’. These two 
configurations are shown on Figure 1.0  at 
the end of this paper.  
 

As can been seen from Figure 1.0, the two 
core products within EP2002 are the 
Smart valve and the Gateway valve 
mounted  locally to each bogie.  
 
In a single Mechatronic package (sealed 
to IP66) each valve contains all the 
Electronics, Software and Pneumatics 
required to provide the complete brake 
and WSP functionality required by the 
application.   
 
Brake control within the system is 
hierarchical with a single Gateway valve 
the main point of interface with the Train 
Management System (TMS). This ‘Prime’ 
Gateway performs the friction and 
dynamic brake management for the whole 
train and calculates the friction brake 
effort required from the different Gateway 
or Smart valves along the train. These 
brake demands are then passed by the 
Prime Gateway, over the train bus, to the 
other Gateway valves, which in turn 
distribute this demand to the Smart valves 
within that Gateways respective brake bus 
segment. 

3.4 Core Products 
 
Figure 2.0 shows the split of functionality 
between the Smart & Gateway valves, 
with 
Figure 3.0 showing the build up of 
pneumatics and electronics within the two 
basic types of valve. Every valve features 
an identical Pneumatic Valve Unit (PVU), 
which acts under the controlling 
electronics to modulate Brake Cylinder 
Pressure (BCP) according to the brake or 
WSP demand. The control of the PVU is 
performed by a control package, mounted 
on the PVU, and enclosed within an 
extruded aluminium casing provide the 
Smart valve configuration. 
 
In the Gateway valve an additional control 
package provides the train brake 
management functions and Interface with 
the TMS via a number of different bus 
standards such as MVB, FIP, Lonbus & 
RS485. 
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4. COST EFFECTIVENESS 

4.1 What is Cost Effectiveness? 
 
For the purposes of this paper cost 
effectiveness is taken to be a measure of 
the revenue generated, or savings made, 
for each unit expenditure on the brake 
control system. For example if two 
systems are comparative in terms of non 
recurring cost, but one gives a substantial 
benefit in the area of Life Cycle Cost 
(LCC) then this latter system would be 
taken to be more cost effective. 
 
EP2002 has aimed to increase cost 
effectiveness by reducing the costs 
passed to the system operator in the form 
of front end costs (e.g. engineering costs 
& equipment costs) and life cycle costs 
(e.g. running costs, maintenance costs 
and spares holdings). When these savings 
are allied with improved product 
robustness and reduced equipment size 
and weight the impact  is appreciable. 
 

4.2 Cost Effectiveness Through 
Design 

4.2.1 Generic Core  

 
One of the project objectives for EP2002 
was the realisation of a high degree of 
commonality between products offered for 
different applications. Although only time 
will tell if this has been achieved over a 
full range of applications, initial indications 
are that this will be largely successful. The 
key to this approach has been several 
fold: 
 
• Design & testing of the PVU to cater 

for a wide range of bogie volumes, 
working pressures and environments 
without requiring any component 
changes. 

• Design of the electronics boards to 
allow realisation of the majority of 
likely hardware configurations 
required for forthcoming applications. 

• Provision of a number of software 
configurable digital, PWM and 
analogue I/O within the electronics 
hardware. 

• Realisation of a user friendly 
configuration tool set to ultimately 
allow application software to be  
configured by brake systems 

engineers instead of software 
engineers. 

• Analysis & verification of the generic 
product to the latest railway specific 
safety standards (e.g. EN50126, 
EN50128, EN50129) for review by an 
independent safety assessor. This is 
leading to attainment of a generic 
product Safety Case that will be 
applicable to the generic core 
products used on all EP2002 
applications. 

 

4.2.2 Reduced Equipment size & weight 

 
The true ‘Mechatronics’ approach taken at 
the start of the project has provided a 
product where the electronics and 
mechanical elements are truly integrated 
and packaged in a way that results in a 
substantial weight saving over traditional 
equipment providing comparative 
functionality. For example, a rough 
comparison of the brake control 
equipment to provide per bogie control 
between EP98 & EP2002 shows in excess 
of a 30% reduction in weight. Figure 4.0 
helps illustrate this point by showing a 
comparison between the equipment 
required for per bogie control with EP2002 
and the previous EP98 system which is 
representative of the current generation of 
braking products. 
 
As Figure 4.0 also shows, this integrated 
approach has also provided a significant 
reduction in the volume occupied by the 
braking system. This frees precious space 
on the vehicle under frame for other 
critical systems if required. 
 
 
 

4.2.3 Design Analysis Tools 

 
At regular stages through the design and 
development process for the product, 
Design for Assembly (DFA) and Design 
Failure Modes & Effects Analysis 
(DFMEA) were used on the design to 
provide the following: 
 
• Optimisation of the design to increase 

assembly efficiency and greatly 
reduce the possibility of misassembly 
through a Poke Yoke approach. 
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• Early identification of critical, 
hazardous or service affecting failures 
which would then allow either 
removal/mitigation through design 
modification or fault detection. 
 

Both techniques were found to be very 
useful with the DFA approach having a 
positive effect on cost effectiveness 
through the reduction in unit costs coming 
from a corresponding reduction in 
assembly times. 
 
The DFMEA when allied with Fault Tree 
Analysis (FTA) has proven to be a 
powerful tool for rationalising the hardware 
design and providing for increased fault 
tolerance, diagnostics and product 
robustness. This can only improve the 
operating efficiency of the railway through 
reduction in spurious faults, time to 
diagnose and general downtime 
associated with equipment failures. 

4.2.4 Dual function components 

In WBL’s pre-EP2002 systems, the 
pneumatic hardware for Service brake and 
WSP was distinct both in location on the 
vehicle and design. Within the EP2002 
system, the Smart & Gateway valves both 
contain identical PVUs which utilise the 
same valves, chokes and pneumatic 
pathways for both Service braking, WSP 
and, to a lesser extent, Emergency 
braking. 
 
In a similar way to the Mechatronic 
approach described previously this 
‘multitasking’ of components has 
contributed to the reduction in size and 
weight and a reduction in the pneumatic 
complexity of the system. 
 
It should be noted however that this 
approach requires a clear understanding 
and investigation of the heavier duty 
cycles required from the components 
which are multifunctional. Throughout the 
EP2002 development program no 
components were assumed to be 
acceptable purely on the basis of 
successful running on existing systems. 

4.2.5 Reduced Spares Holdings 

 
The design of the core EP2002 products 
features a position coding feature that 
allows spares holdings to be minimised to 
the basic Smart valve and Gateway valve 
variants used on the train. Traditional 

systems often require spares to be 
configured for particular positions on the 
vehicle. EP2002 utilises a hardwired 
position coding plug which informs the 
valve of the settings to be used at that 
position. 
 
This means that each valve held as a Line 
Replaceable Unit (LRU) spare can be 
used to replace any valve of an identical 
base type, regardless of position and 
without requiring any setting activity. 

4.2.6 Reduced Installation Costs 

 
The concentration of the braking 
functionality within smaller units mounted 
local to the bogies can result in a 
reduction in pipework and other 
installation costs. The scale of this 
reduction will depend on the actual vehicle 
configuration and design. For example, for 
architectures that do not require a cross 
car brake bus, the cost of the cross car 
connectors are removed. 
 
WBLs assessment of the reduction in car 
builder installation costs indicate potential 
savings in the order of 5% for both actual 
car pipework installation and also the 
engineering costs associated with the car 
piping design. 
 
Estimates of these savings from the car 
builders who have been introduced to the 
system are greater; in the order of 15%. 

4.2.7 Reduced Life Cycle Costing 

 
As mentioned at the start of the paper, the 
improvements in cost efficiency provided 
by the system have been achieved by 
reducing front end costs as described in 
the previous sections and also a reduction 
in running costs. These reductions are 
seen in the following areas and 
subsequently discussed in more detail. 
 
• Focussed maintenance points & 

improved removal/replacement times. 
• Improved fault detection and 

centralised retrieval. 
• Improved product reliability & fault 

tolerance (discussed in section 4.2.4) 
 
The EP2002 system architecture, together 
with the integrated packaging of the core 
products allows maintenance effort to be 
focussed at a smaller number of locations 
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on the vehicle. The system allows for fault 
interrogation and diagnosis via connection 
of a laptop based maintenance tool to the 
network that forms the brake bus. 
 
This provides a central point on each train 
where maintenance crews can obtain fault 
information and focus their effort on the 
affected unit. The valves are designed as 
Line Replaceable Units (LRUs), manifold 
mounted for extremely quick removal and 
replacement.  This removal of the whole 
LRU ensures that no time consuming on-
site differentiation between Electronics or 
Pneumatic failures is required. 

4.3 Cost Effectiveness through 
Development 

 
As well as verifying performance and 
function of the equipment design, the 
development programme for EP2002 has 
focussed on improving the product 
robustness and fault tolerance as 
described in the following sections: 
 

4.3.1 Test to failure 

 
A significant factor in the development of 
EP2002 has been the adoption of a test to 
failure mentality during the development 
programme. Thus instead of testing to the 
specified requirement and then ticking the 
relevant box the components and 
products have been tested to the required 
level and then beyond until failure occurs. 
The benefits delivered from this are 
effectively twofold: 
 
• The quantification of the margin 

between required performance and 
failure. 

• The early exposure of latent design 
deficiencies that although not found in 
traditional performance test regimes 
may well become apparent over time 
when in service. 

 
This latter point is especially relevant to 
cost effectiveness as although it would be 
argued that the costs of in service failures 
should be borne by the equipment 
supplier, the disruption and damage to the 
operating schedules caused by a major 
fleet wide retrofit would undoubtedly result 
in some costs being borne by the operator 
of the railway. 

These objectives were achieved during 
EP2002 by the implementation of Highly 
Accelerated Life Testing (HALT). 
 
The purpose of HALT testing is to improve 
the inherent ‘robustness’ of a product. This 
was achieved by subjecting the test unit to 
environmental stresses (temperature and 
vibration) in steps of increasing intensity in 
order to accelerate the propagation of 
failures. These stresses were initially 
applied independently followed by a final 
test of combining both.  
 
Failures arising during test were analysed 
at the point of failure and the underlying 
cause temporarily fixed (masked) before 
proceeding with the next step. It should be 
acknowledged that the HALT process is 
specifically designed to fail components or 
their assemblies and there is no direct 
correlation between time survived under 
HALT conditions and predicted lifetime in 
service.. Each mode of failure is to be 
analysed for re-design. 
 
On completion of the test sequences, 
design changes are made to permanently 
correct the latent weaknesses found 
during the evaluation. A latent weakness 
is defined as “..a flaw in the design, in a 
component part or in the manufacturing 
process of a product, which is not 
immediately detectable but will result in a 
future failure, usually within the warranty 
period.” 
 
The successive identification and 
permanent correction of each design 
weakness ensures that the robustness of 
the design is increased. This idealised 
process is shown on the Figure 5.0. 
 
For the HALT testing used on EP2002, the 
vibration levels achieved were 40Grms 
and temperatures achieved were between 
–50 and +100°C (i.e. in excess of the 
design ambient temperatures in Section 
3.1). The rate of change of temperature 
was 60°C per minute. 
 

4.3.2 Representative Environment 

A second pillar of the development test 
regime was Combined Environment 
Reliability Testing (CERT). 
 
Like HALT, the purpose of CERT is to 
uncover and eliminate latent design 
deficiencies present within the design but 
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under an environment more 
representative of in service conditions. All 
failures were  subject to a closed loop 
FRACAS under the control of a Failure 
Review Board until corrective action has 
been verified. In this way, through an 
organised process of Test, Fail, Analyse 
and Fix (TFAF), inherent system failure 
modes have been removed leading to 
improved product robustness and 
reliability.  
 
Figure 6.0 shows the CERT environment 
over a 24 hour period. 
 
5. System Introduction 
 
EP2002 is currently being introduced into 
the European market as part of a 
structured product introduction program. 
This involves completion of the steps 

listed below. Completion dates are shown 
beside each step: 
 
• Completion of 12 months shadow 

running on Munich Metro (completed 
April 02). 

• Completion of 12 months live running 
on Munich Metro (due June 03). 

• Discussions with European Metro 
authorities for installation on pre-
series trains to gain summer and 
winter service experience. 

• Series delivery probably during last 
half of 2003. 

 
Introduction of the product into certain 
markets is conditional on the supporting 
infra-structure being available. 
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TRAIN WIRE/ TRAIN BUS 
BRAKE BUS 

CROSS CAR BRAKE BUS GATEWAY VALVE SMART VALVE 

LOCAL BRAKE BUS 

BRAKE MANAGEMENT ELEC & S/W 
BRAKE CONTROL ELEC & S/W 
BRAKE CONTROL & WSP PNEUMATICS 

TRAIN WIRE/ TRAIN BUS 

BRAKE BUS 

Figure 1.0  Two basic configurations; the ‘cross car bus’ and the ‘local brake bus’ 
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Code input 
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Figure 2.0  The split of functionality between the Smart & Gateway valves 
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Figure 3.0 The pneumatics and electronics within the two basic types of valve 
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Figure 4.0 Comparism between the equipment required for per bogie control 

EP2002 

EP98 

Comparison of equipment required to 
give per bogie control - EP98 vs EP2002 
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HALT STEPS 

Figure 5.0   Highly Accelerated Life Testing 
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Figure 6.0 Combined Environment Reliability Testing 
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OPTIMISING WHEEL LIFE IN NEW SOUTH WALES USING 
OLYMPIC PARK LOOP AS A WHEEL/RAIL INTERFACE TEST SITE 

Geoff Power, BSc (Eng), ME (Hons), FIE Aust 
Eric Taylor, BE (Hons) 

State Rail Authority of NSW 
Passenger Fleet Maintenance 
Quality and Technical Support 

18 Lee Street, Chippendale, NSW  2008 

SUMMARY 

This paper describes the genesis of using the Olympic Park loop as a dedicated test site for the 
monitoring of wheel life and the effect of various changes to the wheel/rail interface.  Regular wheel 
profiles were taken from the two trains, namely two 2-car double deck suburban (DDSU) L-sets, that 
have been running exclusively on the Olympic Park loop for three years.  Changes to the wheel/rail 
interface (which include track lubrication, flange lubrication and various rail profiles) were quickly 
detected by a change in the flange wear rate between consecutive wheel profiles.  Wheel life due to 
flange wear has varied from weeks initially, to days under extremely adverse conditions and finally to 
years with the current wheel and rail conditions.  The results from the Olympic Park loop have assisted 
the introduction of a new track lubricant throughout NSW to reduce track wear and flange wear. 

 

1 INTRODUCTION 

When the Olympic Park loop was first used a 
higher than expected flange wear rate was 
noted on trains that run on the loop.  For 
operational requirements, State Rail 
introduced a dedicated shuttle service between 
Lidcombe and Olympic Park railway stations.  
The shuttle service consists (usually) of two 
2-car DDSU L-sets that run exclusively on the 
Olympic Park loop.  These dedicated sets 
have given engineering the ideal means to 
quantify the flange wear rate of trains running 
on the Olympic Park loop. 

By closely monitoring the wheel profiles of the 
L-sets, any change that was made to the 
wheels or track with respect to lubrication or 
profile can be detected within a week of the 
change.  For example, if one track lubricator 
fails to deliver enough grease, a corresponding 
increase in flange wear is quickly apparent. 

Regular wheel profiles have been taken since 
July 1999 - initially weekly, then fortnightly 
post-Olympics Games until January 2001, and 
then monthly.  Taking fortnightly profiles 
resumed for February and March 2002 after 
one of the motor cars had a wheel turn. 

 

2 BACKGROUND 

2.1 Track Geometry 

The rail link to Olympic Park was built for the 
Sydney 2000 Olympic Games.  Due to various 
constraints, the radius of most curves is less 
than 200 m.  As well as access to the Main 
West line from both the east and west, the 
track arrangement includes a spur to Lidcombe 
Station.  The Lidcombe to Olympic Park and 
return loop has a route length of approximately 
7· 42 km that includes, in the direction of 
running, approximately 500 m of anti-clockwise 
curves and 1 km of clockwise curves with 
trains reversing their direction each trip. 

2.2 Wheel Maintenance Costs 

Wheel flange wear is a major cost driver in the 
maintenance of State Rail’s electric and diesel 
rolling stock fleets.  Wheels with worn flanges 
must have a wheel turn before the 19 mm thin 
flange limit is reached.  Wheels should be able 
to have two wheel turns before being 
scrapped.  In many cases, flange wear on 
minimum diameter wheels is the trigger for an 
early bogie overhaul and even workshop 
overhaul of the parent carriage.  Maintenance 
of wheelsets can account for up to 25% of the 
Passenger Fleet Maintenance workshop 
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budget and therefore it is of major importance 
that wheel life is optimised. 

2.3 Wheel Profile Wear Characteristics 

The wheels of the State Rail rolling stock, 
independent of the original profile, wear to a 
similar worn profile (flange to treadline) that 
conforms to the track profile.  After an initial 
bed-in, the flange wear rate is essentially 
linear.  However, the flange wear rate does 
vary depending on the type of rolling stock and 
the bed-in (up to 2 mm flange wear) depends 
on wheel profile. A degree of tread hollowing 
does occur on wheels that have a relatively 
low flange wear rate. 

2.4 Wheel Rail Interface Committee  

Between 1990 and 1997 there was a general 
increase flange wear rate for the DDSU and 
DDIC fleets.  The Tangara, XPT and diesel 
railcar fleets maintained a fairly constant flange 
wear rate for the same period.  In particular, 
the DDIC fleet was averaging a 9% increase in 
flange wear per year so that by 1997 there had 
been a 65% increase in flange wear rate with 
respect to 1990. 

To address this problem and others, a 
multi-disciplined Wheel/Rail Interface 
Committee was convened in October 1997 
drawing on the experience of rolling stock and 
track engineers employed by State Rail, Rail 
Services Australia, Rail Access Corporation, 
FeightCorp, National Rail Corporation and 
(joining later) Australian Rail Track 
Corporation.  The Olympic Park loop, when it 
was built, provided an ideal site for testing 
methods to decrease flange and rail wear. 

2.5 Sharp Increase in Flange Wear Rate 

In addition to the general trend of increased 
flange wear rate, three groups of rolling stock 
have had a sharp increase in flange wear rate 
about four years ago.  The flange wear rate 
(flange wear/km) of the DDIC and Outer 
Suburban Tangara fleets increased by 
approximately 50% between 1997 and 1998 
(which equates to a massive 146% increase 
for the DDIC fleet from 1990.  The 1998 flange 
wear rate was approximately 2 ½ times the 
1990 flange wear rate).  Similarly, the flange 
wear rate of the XPT wheels in 2000 was twice 
that of 1998. 

The dramatic increase in flange wear severely 
stretched the capacity of the wheel turning 
facilities and for the XPT fleet flange wear 
became an issue for the first time with respect 
to bogie overhauls.  Until 1998, XPT bogie 
overhauls were effectively determined by the 
800 000 km bearing life with the wheelsets 
requiring, at most, a single wheel turn.  

3 L-SET FLANGE WEAR 

The first weeks of recording the wheel profiles 
of the L-sets confirmed that trains running on 
the Olympic Park loop experienced a very high 
rate of flange wear.  The flange wear rate for 
the L-sets worst wheels was approximately 
0· 36 mm/day as compared with 0· 017 mm/day 
for DDSU cars running in general service.  Part 
of the reason that the L-sets had a flange wear 
rate over twenty times that of the rest of the 
DDSU fleet is the percentage of the track with 
very tight curves.  Approximately 20% of the 
Olympic Park loop track consists of curves with 
a radii less than 200 m whereas in the rest of 
the metropolitan system only 4% of curves 
have a radii of less than 250 m. 

A particular flange wear pattern also was 
quickly noted, that of diagonally opposed 
wheels exhibiting the highest flange wear rate.  
The wheel layout is shown below.  The driver’s 
cab is positioned above wheel #8. 

7 5 3 1  2 4 6 8 
8 6 4 2  1 3 5 7 

Wheel numbers 8, 5, 4 and 1 on both cars had 
a flange wear rate approximately twice that of 
the other wheel on the wheelset.  It must be 
noted that the flange wear rate of wheel 
numbers 7, 6, 3 and 2 was still over ten times 
that of the rest of the DDSU fleet. 

In cooperation with Rail Infrastructure 
Corporation (RIC), a concerted effort to 
optimise wheel life began in September 1999 
to address the excessive flange wear and rail 
wear.  Track lubrication was then fitted to the 
Olympic Park loop (as was intended in the 
original track design). 

The installation of track lubrication was the first 
of a number of significant changes made to the 
overall system.  The chronology of the 
changes made to the factors influencing the 
wheel/rail interface since the beginning of 
operations on the Olympic Park loop is 
described in the following section. 
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4 PERMUTATIONS OF THE WHEEL/RAIL 
INTERFACE ON THE OLYMPIC PARK 
LOOP 

There have been seven distinct phases in the 
monitoring the flange wear of the L-sets on the 
Olympic Park loop shuttle service.  The phases 
include variations in rail profile, wheel 
lubrication and track lubrication.  The phases 
are as follows: 

1) NEW RAIL AND NO TRACK LUBRICATION  
The initial conditions.  The flange wear rate 
for this condition is taken to the reference 
wear rate for all subsequent phases. 

2) NEW RAIL WITH TRACK LUBRICATION  
(standard grease)  

3) INAPPROPRIATE RAIL PROFILE AND NO TRACK 

LUBRICATION 

4) INAPPROPRIATE RAIL PROFILE WITH TRACK 

LUBRICATION (standard grease) 

5) TRIAL RAIL PROFILE, BIO-DEGRADABLE TRACK 

LUBRICATION, FLANGE LUBRICATION ON ONE 

L-SET 

6) TRIAL RAIL PROFILE, SUPERIOR TRACK 

LUBRICATION, FLANGE LUBRICATION ON ONE 

L-SET  
Note:  During the Olympic Games and 
Paralympic Games the Olympic Park loop 
shuttle service was suspended for the 
Olympic Games train timetable and the 
L-sets ran in general traffic. 

7) TRIAL RAIL PROFILE, SUPERIOR TRACK 

LUBRICATION, NO FLANGE LUBRICATION  

The flange wear rates for the seven phases 
are shown in the Run Chart in Figure 3 after all 
phases have been discussed.  However, some 
background to the steps taken in some of the 
Phases needs to be developed for an 
adequate commentary on each Phase to be 
made. 

5 TRACK LUBRICANT TRIALS 

5.1 Trackside Wear Debris 

Corresponding with the significant increase in 
flange wear in 1998, an increase in trackside 
wear debris was observed in the rail network.  
At high rail wear locations, wear debris in the 

form of steel particles could easily be found at 
the trackside.  When high wear is current, 
bright particles can be readily collected with a 
magnet (see Figure 1).  These particles rust 
quickly to form a brown oxide layer, which in 
some cases is thick enough to coat the ballast. 

Samples of the particles were collected from 
various locations and analysed by the RSA 
Scientific Services to determine whether the 
primary source of the debris was from the rails 
or the wheels.  In each case, the analysis 
showed that the sample was predominantly 
(>80%) wheel material (determined by the 
copper content in the debris). 

Figure 1  Trackside Wear Debris - Olympic 
Park Loop 

5.2 Gauge Face Lubrication 

Wheel flange contact with the gauge face of 
the rail will normally start to occur on curves 
with a radius less than 600 m; and definitely 
occur on curves with a radius less than 300 m.  
In this situation, it is highly desirable to 
lubricate the gauge face of the rail to minimise 
the friction forces at the wheel/rail interface 
and to thereby minimise flange and rail wear. 

A standard trackside lubricant had been in use 
for many years but there appeared to be little 
information available to indicate whether it was 
the optimum product for the application.  The 
Wheel/Rail Interface Committee carried out a 
study to determine the best available product. 
A test site was established on the West, Down 
Main from 68· 7 km to 66· 2 km near Glenbrook.  
Six lubricant products (including the standard 
rail grease) from different companies were 
tested. The parameters tested included: 

• ability to pump 
• contamination of site and rails 
• friction on the gauge face 
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• friction on the rail head 
• surface finish of the rail 
• distance covered by the grease (carry). 

The trial demonstrated that there were a 
number of products that out-performed the 
standard grease. 

When track lubrication began on the Olympic 
Park loop, the standard rail grease was used.  
The track lubricators were adjusted to deposit 
copious amounts of grease onto the gauge 
face of the rail.  However, for some reason the 
grease was not being carried along the track 
by the wheels but rather it was shed in clumps 
(see Figure 2). 

 

Figure 2  Grease being shed from the rail 
gauge face - Olympic Park loop 

A trial to compare the biodegradable grease 
with the standard grease was then conducted 
on the Olympic Park loop.  Wear debris 
collection containers were placed on curves 
(radius < 200 m) at six locations around the 
Olympic Park loop.  The standard grease was 
used to protect one location (16.699 km) and 
the other five locations with biodegradable 
grease.  The container at the curve protected 
by the standard grease collected more than 
ten times the amount of wheel and rail debris 
as compared with the other containers.  The 
biodegradable grease then replaced the 
standard grease for the Olympic Park loop. 

During the Olympic Games, an additional track 
lubricator was added to the Olympic Park loop 
and the superior grease, identified from the 
grease trial at near Glenbrook, superseded the 
biodegradable grease on the Olympic Park 
loop outside the bounds of Olympic Park. 

6 FLANGE LUBRICATION 

The traditional way the State Rail Authority has 
lubricated the wheel/rail interface has been the 
use of track mounted lubricators.  The 
alternative approach to wheel/rail interface 
lubrication is to have a vehicle-mounted 
system of which there are a number generic 
types available.  The vehicle mounted systems 
include: 
track lubrication with lubricant (grease or oil) 
“sprayed” onto the gauge face of the rail in 
curves; and  
flange lubrication with lubricant “sprayed” onto 
the wheel flange (either at regular intervals or 
in curves only); or a stick lubricant in constant 
with the flange. 

There has been a general reluctance to fit any 
form of vehicle mounted lubrication onto the 
State Rail Authority rolling stock fleet for a 
number of reasons.  
1) Flange lubrication trials on the 85/86 class 
electric locomotives in the mid-1980’s did not 
increase the wheel life and the system 
required a high level of maintenance to keep 
working correctly.  
2) Some lubricant products migrated from the 
rail gauge face to the rail head which, in some 
cases, more than doubled the braking distance 
of the train.  
3) The fleet size of almost 1500 cars means 
(for virtually all systems) a very large capital 
investment to fit up to 25% of cars with 
lubrication hardware.  
4) The lack of available space to fit the 
lubrication system hardware particularly on the 
DDSU and DDIC J-type bogies because of the 
clasp type tread brakes.  
5) The on-going cost of purchasing the 
lubricant and maintaining the lubrication 
system particularly after wheel turns. 

After considerable research and preparation, 
the State Rail Authority began another flange 
lubrication trial on one of the L-sets dedicated 
to the Lidcombe - Olympic Park shuttle service 
in March 2000 using a constant contact stick 
lubricant.  Testing the L-set with the stick 
lubricant fitted demonstrated that the lubricant 
did not migrate to the rail head and thus did 
not affect the braking performance of the L-set 
under wet or dry conditions. 

The flange wear rate of the lubricated L-set 
was initially approximately 1/5 of that of the 
other L-set and retained that advantage until 
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the Olympic Games.  However, post-Olympic 
Games the flange wear rate of the non-flange 
lubricated L-set matched that of the flange 
lubricated L-set due to superior track 
lubrication introduced after the Olympic 
Games.  As a result, the lubricant sticks were 
removed in mid-October 2001 and the flange 
wear rate has not altered due to the superior 
lubricant currently being applied to the Olympic 
Park loop track. 

7 RAIL GRINDING AND RAIL PROFILES 

Rail grinding is used to restore worn track to 
the design profile and is the counterpart to 
wheel re-profiling.  It can be carried out for 
either preventive or corrective purposes.  A 
series of grinding wheels are mounted on the 
grinding machine and remove worn or 
damaged rail in a series of facets from the 
head of the rail, but not from the gauge face. 

One of the first tasks that the Wheel/Rail 
Interface Committee did was to commission a 
wheel and rail profile study to optimise wheel 
and rail profiles to increase wheel life and rail 
life.  The result included a family of rail profiles 
for freight and passenger traffic for tangent 
track, high and low rails in curves. 

8 NEW WHEEL PROFILE 

To match the proposed rail profiles was a 
single “universal” wheel profile for all vehicles 
running on the NSW rail network was also 
developed.  A set of wheels were specially 
profiled with the trial profile at MainTrain and, 
on 20 June 2000, were fitted into bogies during 
the bogie overhaul of the non-flange lubricated 
L-set running on the Olympic Park loop. 

The results from the L-set on the Olympic Park 
loop were very encouraging. The usual bed-in 
period with a high flange wear rate for the first 
2 to 3 mm did not occur which can be seen in 
Figure 9· 1.  In terms of flange wear dictating 
wheel life, the absence of a bed-in period 
should lead to an increase about 15% in wheel 
life for the State Rail Authority fleet.  The 
flange wear rate of wheels with the trial profile 
is the same as that of wheels turned to the 
standard State Rail Authority wheel profiles 
after the bed-in stage has finished. 

 

 

9 SEVEN PHASES OF WHEEL/RAIL 
INTERACTION ON THE OLYMPIC 
PARK LOOP 

9.1 Phase 1: NEW RAIL AND NO TRACK 

LUBRICATION 
Up to 30-9-1999 

Initially, no lubrication was provided on 
Olympic Park loop as the standard rail 
lubricant used at that time was not 
biodegradable.  The flange wear rate for the 
L-sets wheels wearing most rapidly was 
0· 36 mm/day (as previously mentioned) and 
this determined when the next wheel turn or 
wheelset change occurred as there was not 
enough time for tread defects such as spalling 
and thermal cracks to appear.  New wheels 
were lasting less than 30 days before requiring 
a wheel turn and less than 20 days after a 
wheel turn (to the 7/8 TP2 profile).  Wheelsets 
needed to be changed within 70 days instead 
of 4· 5 to 5 years for L-sets and other DDSU 
cars running in general service. 

By August 1999, excessive wheel and rail 
wear was the catalyst for introducing 
lubrication to the Olympic Park loop. 

9.2 Phase 2 NEW RAIL WITH TRACK 

LUBRICATION  
1-10-1999 to 30-11-1999 

Track lubricators were fitted to the Olympic 
Park loop to lubricate the gauge face of the rail 
using the standard rail grease.  The rate of 
flange wear immediately decreased to 
0· 097 mm/day and the wheel life improved.  
Unfortunately, before the benefits of the 
decrease in flange wear rate could be 
translated to a projected fourfold increase in 
wheel life, the track was ground to correct the 
excessive rail wear. 

9.3 Phase 3 INAPPROPRIATE RAIL PROFILE 

AND NO TRACK LUBRICATION  
1-12-1999 to 16-12-1999 

Unfortunately in November 1999, the track 
lubricators were not removed before the rail 
grinding machinery re-profiled the track.  The 
track lubricators were damaged and became 
inoperable.  The profile ground onto the track 
was the rail profile that had worked extremely 
well in the Hunter Valley.  The profile includes 
gauge corner relief on the top of the rail that 
leaves a gap between the gauge face of the 
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rail and the root of the wheel flange.  The gap 
between wheel and rail is used on the Hunter 
Valley freight lines (which has large radii 
curves, radius >= 600 m) to avoid rolling 
contact fatigue (RCF) caused by the relatively 
slow 30 tonne axle load coal hopper wagons. 

The flange wear rate during this phase was so 
excessive that none of the L-set wheels were 
measured twice.  However, from the single 
data points for some of the wheel turns, the 
effective flange wear rate appears to have 
been 0· 9 mm/day. 

9.4 Phase 4 INAPPROPRIATE RAIL PROFILE 

WITH TRACK LUBRICATION (standard 
grease)  
17-12-1999 to 29-2-2000 

When the track lubricators had been repaired 
and were operating again using the standard 
grease the flange wear was much higher than 
expected.  The rate of flange wear was 
0· 4 mm/day which was actually higher than the 
wear rate for new rails without track lubrication.  
This still high flange wear rate lead to the 
conclusion that the rail profile ground in 
November 1999 was unsatisfactory.  The 
Olympic Park loop needed to be ground again 
and provided thus an ideal opportunity to 
implement the family of trial rail profiles. 

With hindsight, using the Hunter Valley track 
profile was completely inappropriate for the 
Olympic Park loop.  RCF is not considered an 
issue for passenger rolling stock due to lighter 
axle loads up to 16 tonnes per axle.  However, 
gauge corner relief destroys the rail’s ability to 
provide steering to the higher speed 
passenger trains on tight curves.  This leads to 
two-point contact between the wheel and rail 
resulting in heavy flange wear. 

9.5 Phase 5 TRIAL RAIL PROFILE, 
BIO-DEGRADABLE TRACK LUBRICATION, 
FLANGE LUBRICATION ON ONE L-SET  
1-3-2000 to 14-9-2000 

By coincidence, the Olympic Park loop track 
was ground to the trial rail profile the week that 
the flange lubrication system was fitted to one 
of the L-sets.  Additionally, the grease in the 
track lubricators was changed to the 
biodegradable grease.  Each of these three 
changes individually would have made a 
significant change to the wheel/rail interface; 

combined, the improvement to wheel life was 
staggering.  The flange wear rate of both 
L-sets dropped dramatically with the flange 
wear rate of the lubricated L-set being 
approximately 1/5 the flange wear rate of the 
non-lubricated L-set.  The respective flange 
wear rates for the non-lubricated and 
lubricated L-sets were 0· 03 mm/day and 
0· 006 mm/day as compared with the initial 
0· 36 mm/day. 

9.6 Phase 6 TRIAL RAIL PROFILE, SUPERIOR 

TRACK LUBRICATION, FLANGE LUBRICATION 

ON ONE L-SET  
30-10-2000 to 12-10-2001 

As previously mentioned, during the Olympic 
Games an additional track lubricator was fitted 
and a superior grease, identified from the 
grease trial at near Glenbrook, superseded the 
biodegradable grease outside the bounds of 
Olympic Park.  From that point the flange wear 
rate of the non-flange lubricated L-set matched 
that of the flange lubricated L-set due to 
superior track lubrication. 

Another change was observed.  The lubricant 
stick consumption for the flange lubricated 
L-set halved with the introduction of the 
superior track lubricant. 

9.7 Phase 7 TRIAL RAIL PROFILE, SUPERIOR 

TRACK LUBRICATION, NO FLANGE 

LUBRICATION 
13-10-2002 to date 

As a result the observed flange wear rates in 
Phase 6, the lubricant sticks were removed on 
12 October 2001.  The flange wear rate for 
both L–sets remained unchanged indicating 
that the superior lubricant currently being 
applied to the Olympic Park loop is so good 
that additional flange lubrication does not 
further reduce the flange wear rate. 

The flange wear rate for both L-sets is now 
0· 006 mm/day giving a projected wheel life 
based flange wear of at least 3 ½ years before 
a wheel turn.  However, tread defects 
(thermals and spalls) will prevent this level 
wheel life being achieved because of the 
thermal load put into the wheels by the tread 
brakes.  Wheel turning should occur after 
about 18 months to remove the L-set tread 
defects. 
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Figure 3  Run Chart for the L-sets Running on the Olympic Park Loop 

 

10 SUMMARY OF FLANGE WEAR RATE 

When the initial condition of new rail, 
unlubricated track and wheels with either 
ANZR or 7/8 TP2 tread profiles is used as the 
control flange wear rate, the relative flange 
wear rates for the seven phases are as follows: 

 Phase 1 100% 
 Phase 2 27% 
 Phase 3 250% 
 Phase 4 111% 
 Phase 5  
  a) without flange lubrication 8· 3%
  b) with flange lubrication 1· 7% 
 Phase 6 1· 7% 
 Phase 7 1· 7% 

11 CONCLUSION 

Correctly matched wheel and rail profiles 
optimise both wheel and rail life.  An 
inappropriate rail profile can increase flange 
wear fourfold (or more) as compared with 
wheels running on a suitable rail profile.  A 
correctly matched wheel profile for the track 
profile can lead to a 15% increase in wheel life 

when compared with a wheel profile that has a 
bed-in period (for example, ANZR and TP2 
profiles). 

A superior track lubricant reduced the flange 
wear rate to a 1/10 of the rate of wear as 
compared with the previous standard rail 
grease.  Optimised track lubrication (and track 
profile) eliminates the need for flange 
lubrication on the Olympic Park loop.  
Repeating the methodology for the rest of the 
state should significantly increase the life of 
the track and wheels in New South Wales.

L-Sets: Olympic Park - Lidcombe Shuttle
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1.  DEFINITIONS 
AAR Association of American Railroads 

ROA Railways of Australia 
UIC Union Internationale de Chemin de 

Fer 

WBA Westinghouse Brakes Australia 

2.  INTRODUCTION 
The subject of air brake systems is an 
extensive one upon which books have been 
written.   

This first part of this paper is a general high 
level view of pneumatic brake system 
configuration and the implications of brake 
cylinder leakage upon system operation risks. 

Having introduced the subject of risk, the 
views of the community are considered and a 
vision for the future of pneumatic braking in 
Australia is discussed. 
The conference theme of ‘Cost Effective 
Railways Through Engineering’ is then 
explored in the context of braking systems.  
Recent product developments by WBA are 
described. 
The final section of the paper deals with the 
development and introduction of electronic 
freight braking systems. 

3.  BRAKE SYSTEMS 
While the most obvious function of a railway 
air brake system is to ‘stop the train’, there is 
a more accurate purpose, which is ‘to control 
the train speed’. 

Other important functions of the brake system 
are: 

• To stop the train under normal service 
conditions within minimum stopping 
distances in a controlled and stable 
manner. 

 

• To stop the train under emergency 
conditions, by acting as a ‘fail safe’ 
system in the event of a break away of 
one or more vehicles. 

• To hold the train stopped until hand 
brakes can be applied to secure the 
train. 

• To slow a train when entering a curve or 
grade or when approaching complex 
track arrangements. 

• To balance train speed when 
descending a grade. 

• To help control coupler slack, and the 
dynamic forces generated in a long train. 

In the 130 years since the invention of the 
automatic air brake there have been a 
number of standards regimes and types of 
railway air brake equipment emerge.   

While all the systems discussed below are 
automatic air brake systems, there are some 
fundamental differences in the features and 
capabilities of the systems in use around the 
world.   

 
3.1  Basic automatic air brake 
The basic automatic air brake has the 
following features: 

• graduated application of brake 
applications.  This allows for a level of 
control through being able to increase the 
amount of braking effort incrementally 
during a brake application. 

• direct release of brake applications.  This 
is the requirement to always release 
brake applications to the fully released 
state.  If necessary, a further brake 
application can then be made after 
waiting for the system to recharge. 
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• a single Brake Pipe running continuously 
through the train 

• no compensation of brake cylinder 
pressure against Brake Cylinder leakage. 

 
3.2  UIC  
The UIC brake system is used in Europe and 
in a number of SE Asian countries.  This 
system has: 

• graduated application of brake 
applications 

• graduated release of brake applications.  
This allows better control by being able to 
reduce brake effort incrementally during a 
brake application which is handy when 
attempting to stop at a particular location. 

• single Brake Pipe or dual Brake Pipe and 
Main Reservoir piped systems 

• full closed loop control of brake cylinder 
pressure against brake cylinder leakage. 

• capability for trains up to 50 cars in length 
which renders it generally unsuitable for 
long freight trains favoured in Australia. 

The UIC freight braking system is not 
considered further in this paper due to other 
systems being more relevant to Australian 
train operations. 
 
3.3  AAR 
The AAR brake system is used in North and 
South America, South Africa and some parts 
of Australia with derivatives in use in other 
countries such as China and South Korea. 

The AAR system has: 

• graduated application of brake 
applications 

• direct release of brake applications 

• an ‘emergency’ system feature to provide 
a means of stopping if difficulties are 
encountered while braking 

• a single Brake Pipe in current North 
American applications 

• partial compensation of brake cylinder 
pressure against brake cylinder leaks.  
This takes the form of a control valve 
feature that will maintain a minimum of 70 
kPa in the brake cylinder after a brake 
application has been made. 

• capability for trains up to 250 wagons 
 
3.4  ROA Relayed Brakes 

The ROA brake system has more in common 
with the AAR brake system than the UIC.  
The ROA system has: 

• graduated application of brake 
applications 

• direct release of brake applications 

• single Brake Pipe, or dual Brake Pipe 
and Main Reservoir piped systems 

• full closed loop control of brake cylinder 
pressure against brake cylinder leaks 

• capability for trains up to 2,200 metres in 
length 

 
3.5  Brake Cylinder Leakage 
Why is Brake Cylinder leakage an issue?  
Essentially, it is about the ability of a moving 
seal operating in a poor environment with up 
to a 10 year overhaul interval, to seal low 
pressures effectively. 

In the first 80 years of the air brake, brake 
cylinders had sealing cups made out of 
leather.  Synthetic materials were introduced 
mid last century and have offered significant 
improvements in sealing. 
Also, the basic air brake and some other 
systems rely on an equalisation of pressures 
from a fixed volume of air to effect a full 
service or emergency brake application.  Any 
leakage in the brake cylinder directly reduces 
the retardation available. 
Another factor is that the air pressures 
involved in braking are low by comparison to 
hydraulic cups and cylinders which derive 
significant assistance to sealing from the 
action of the high pressure in the cylinder 
pressing on the sealing surfaces of the cup. 

There are other factors such as wear of the 
cylinder bore and the sealing cup, 
contaminants in the air, contaminants 
introduced during field lubrication, 
temperature variations, and the like. 

4.  OPERATIONAL DIFFERENCES 
4.1  Basic Air Brake 
Referring to Figure 1.  The Control valve has 
three positions: Release, Apply and Lap;and 
three functions which are to charge the 
Auxiliary Reservoir, to Apply, and to Release 
the brakes; hence the name Triple Valve. 
 In Release, the Brake Pipe is held at 
500kPa and charges the Auxiliary Reservoir 
to 500kPa.  Charging of the Aux Reservoir 
only occurs in Release.   

The energy stored in the Auxiliary Reservoir 
on each wagon is used to push the brake 
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shoes onto the wheels during a brake 
application. 
In Apply, the Brake Pipe pressure has been 
reduced to initiate a brake application.  The 
control valve allows air from the Auxiliary 
Reservoir into the Brake Cylinder until the 
Auxiliary Reservoir pressure matches the 

Brake Pipe pressure.  At this point the control 
valve moves to the ‘Lap’ position.  
In a Full Service application the Auxiliary 
Reservoir and Brake Cylinder pressures are 
equalised at 350kPa while the Brake Pipe will 
be at a slightly lower pressure to ensure that 
full equalisation will occur. 
In Lap, the Control Valve holds the air in the 
Brake Cylinder and the Auxiliary reservoir.  

Any loss of air due to leakage in the Brake 
Cylinder and Auxiliary Reservoir is not 
replenished. 
If there are leaks in the Brake Cylinder, the 
pressure will drop to 70 kPa at which point 
the maintaining feature in the Control Valve 
will use air from the Brake Pipe to maintain 

70 kPa in the Brake Cylinder. 

This type of system requires a technique 
called ‘Cycle Braking’ to keep the system 
recharged and to counter Brake Cylinder 
leakage.  A typical cycle is 5 minutes or so for 
Apply, Lap, Release, Recharge then Apply 
again.  Cycles of varying lengths are seen in 
operations depending on train characteristics, 
the terrain, and driver preference. 

 

CONTROL
VALVE

AUXILIARY
RESERVOIR

BRAKE PIPE

APPLY

CHARGE (DURING
RELEASE ONLY)

RELEASE

BRAKE
CYLIINDER

 
Figure 1:  Basic Wagon Air Brake 
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AUXILIARY
RESERVOIR

BRAKE PIPE

APPLY

CHARGE (DURING
RELEASE ONLY)

RELEASE

BRAKE
CYLIINDER

EMERGENCY
RESERVOIR

APPLY (  DURING
E M E R G E N C Y

APPLICATION)

EMERGENCY
VALVE

CHARGE (DURING
RELEASE ONLY)

 
Figure 2:  AAR Brake System (non-relayed) 
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4.2  AAR Operation 
The AAR configuration has an ‘emergency’ 
system to provide a back up in the event of 
braking difficulties being experienced. 

The right hand side of the diagram in Figure 2 
is the same as the Basic System shown in 
Figure 1. 

The left side of Figure 2 shows an additional 
reservoir called the Emergency Reservoir 
and an additional control valve called the 
Emergency Valve.  The Emergency 
Reservoir is only charged while the system is 
in Release. 

For normal driving the system is driven and 
performs the same way as the Basic System 
described earlier.  That is, Cycle Braking 
techniques are used to counter Brake 
Cylinder leakage. 
There is also a possibility that the 70kPa 
brake cylinder maintaining feature in the 
control valve will, on some less demanding 
grades provide sufficient brake cylinder 
pressure that cycle braking may not be 
needed. 

If the Brake Cylinder leaks to the point where 
insufficient retardation is available and/or the 
amount of recharge in the system is too low, 
the driver can make an emergency 
application using the air in the Emergency 
Reservoir.   

Handbrakes are then used to secure the train 
while the brake system is recharged.  If a 

loaded train is on a ruling grade and AAR 
maximum allowable leakage rates are 
present on all wagons, the crew has 
approximately half an hour to apply sufficient 
handbrakes to secure the train.  
This system has a high level of operating 
safety because of the redundancy provided 
by the Emergency application feature. 
 
4.3  ROA Relayed Operation 
Figure 3 shows the ROA system.  The left 
half of the diagram is the same as the basic 
air brake in Figure 1, except that the Brake 
Cylinder has been replaced by a Dummy 
Brake Cylinder that has no moving seals and 
is much less likely to leak.   
There is also a Supplementary Reservoir 
which is continuously charged from the 
Brake Pipe and provides air for a Relay Valve 
which controls the admission and release of 
air from the Brake Cylinder.   
The Dummy Brake Cylinder provides a 
reference pressure to control the Relay Valve 
that controls pressure in the Brake Cylinder. 
In Release, the Control Valve charges the 
Auxiliary Reservoir in the same manner as for 
the Basic System.  The Supplementary 
Reservoir is charged continuously. 

In Apply, the Control Valve will admit air from 
the Auxiliary to the Dummy.  The pressure 
developed in the Dummy will cause the Relay 
to admit air from the Supplementary to the 

CONTROL
VALVE

AUXILIARY
RESERVOIR

BRAKE PIPE

SUPPLEMENTARY
RESERVOIR

DUMMY
BRAKE

CYLIINDER

RELAY
VALVE

APPLY
RELEASE

CHARGE
(CONTINUOUS)

RELEASE

BRAKE
CYLIINDER

APPLY

SIGNAL

CHARGE (DURING
RELEASE ONLY)

 
Figure 3:  ROA Relayed Brake Control 
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Brake Cylinder until the required brake 
cylinder pressure is supplied. 
In Lap, the Control Valve holds air in the 
Auxiliary and the Dummy, and the Relay 
valve maintains the required pressure in the 
Brake Cylinder.  If the Brake Cylinder leaks, 
the Relay will admit more air from the 
Supplementary to maintain the required 
pressure.  The Supplementary is replenished 
from the Brake Pipe continuously. 

It is possible to hold a single brake 
application almost indefinitely with this 
system while ever there is an operational 
locomotive attached to the train to maintain 
Brake Pipe pressure. 
This system has a high level of operating 
safety because of the continuous 
maintenance of Brake Cylinder pressure 
provided by the action of the Relay Valve. 

5.  WHAT’S OUT THERE? 
There are approximately 42,000 wagons in 
service in Australia which are a mix of 21,000 
(49%) standard gauge, 20,000 (46%) narrow 
gauge and 2,000 (5%) broad gauge. 6,000 
(14%) wagons are in the Pilbara and 15,000 
(35%) standard gauge wagons are operating 
on the Defined Interstate Network, 
government and former government 
networks. 
System configurations in Australian service 
include: 

 
5.1  AAR 
AAR equipment is used on Pilbara iron ore 
wagons, on the Australian Western Railroad 
system, and at Weipa.  On the AWR system it 
is run in block train consists that do not inter-
work with ROA equipped wagons. 

 
5.2  AAR Relayed 
AAR equipment is widely used in a Relayed 
configuration in West Australia. There are two 
variations on this system configuration which 
are single wagon relayed or tandem (2 
wagons) relayed configuration.   

This system configuration allows large iron 
ore trains to stand for long periods of time 
using the automatic brake.  A locomotive 
must be attached and operational with its 
Brake Valve ‘cut-in’ to maintain Brake Pipe 
pressure to achieve this operating state.   

The practical limit of how long a train can 
stand in this manner is determined by 
leakage in the Auxiliary Reservoir, Dummy 
Brake Cylinder, the control valve and 
associated piping on each wagon. 

5.3  AAR Service Portion Only 
This configuration consists of an AAR pipe 
bracket and Service Portion with a blanking 
plate fitted in place of the Emergency Portion.  
It is used to interwork with ROA equipped 
wagons.  A number of control valve features 
required by the ROA standard are not 
present in this equipment configuration.  This 
configuration is mainly seen on 240 wagons 
in West Australia. 
 
5.4  AAR Relayed Service Portion Only 
This configuration is similar to the AAR 
Service Portion Only and inter-works with 
ROA equipped wagons. A number of control 
valve features required by the ROA standard 
are not present in this equipment 
configuration.   
However, this configuration has the 
advantage of being relayed in that a dummy 
brake cylinder, supplementary reservoir and 
relay valve are included which provide for 
continuous maintenance of brake cylinder 
pressure during brake applications.  There 
are approximately 300 wagons with this 
configuration in service in West Australia. 

This system has a higher level of system 
safety than the AAR Service Portion Only 
configuration due to the actions of the relay 
valve. 

 
5.5  ROA Relayed 
Current estimates indicate that half of the 
wagon fleet in Australia is relayed.   Relaying 
was introduced in the late 1960s in the 
Pilbara and in the 1970s on the government 
railways.  The proportion of the fleet so 
equipped has gradually risen to half the 
wagon fleet.  All the coal trains in NSW and 
Queensland rely on the performance 
advantages of relaying to run efficiently. 
 
5.6  ROA Non-Relayed 
Control valves including the majority of 
control features specified in the ROA 
standard were introduced in the late 1960s.  
Applications to wagons were in a non-relayed 
configuration until the mid 1970s when 
relaying became the norm.   
This configuration has lower level of systemic 
safety than the ROA Relayed configuration. 

 
5.7  Pre ROA Non-Relayed 
Wagons more than 25 years old and some 
rebuilt and recently imported wagons have 
system configurations which have a lack of 
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system features required by the ROA 
standard. 
Control valve types that are included in this 
category are Improved Triple Valves (ITV), 
AF2 valves which are an ITV with Inshot and 
Retarded Recharge features included, and 
Chinese Model 120 valves in an AAR Service 
Portion Only configuration. 
These valves and system configurations, 
along with the AAR Service Portion Only 
configuration, have the lowest level of 
systemic safety of all the systems described 
in this paper. 
There are some of these valve types with 
operators in South Australia, Victoria, 
Queensland, and on the Defined Interstate 
Rail Network. 

The mixing of these valves with ROA 
Relayed and ROA equipped wagons dilutes 
the reduced performance that would be 
evident were they to be worked in block 
consists of each of these system 
configurations and valve types.   
This is perhaps the most powerful reason 
why all new and rebuilt wagons should be 
equipped with the ROA Relayed brake 
system.  To do otherwise is to cause a 
gradual decline in brake system capability 
across the wagon fleet, and begs the 
question “At what point will a particular train 
operating practice become marginally safe?” 

6.  RISK ANALYSIS OF SYSTEMS 
CURRENTLY IN SERVICE 
6.1 Community expectations 
What does the Australian community expect 
in terms of safety of rail operations and what, 
if any, level of risk are they prepared to 
accept? 
Justice McInerney addressed this in his Final 
Report (p.30) into the Glenbrook Rail 
Accident by quoting Dr Leivesley from part of 
her evidence to the Inquiry.  This part of the 
report deals with the concept of “As Low As 
Reasonably Practical” (ALARP) as an 
engineering decision support tool for making 
decisions about safety.  Dr Leivesley said: 

“The community will say ’we don’t want to 
be the one in a million’ and what the 
community is saying is ‘we don’t accept 
deaths and injuries in this organisation, or 
from this organisation.  So I think now that 
as low as reasonably practical may go 
through a change to where people are 
accepting what I have suggested to you as 
a near zero risk requirement on the 
organisations.” 

In short, the community expects there to be 
no train operating incidents that will cause 
injury or loss of life, irrespective of cost. 
It is our view that the system configurations 
that best meet the community expectation of 
safety are the ROA Relayed, AAR Relayed, 
and AAR Non-Relayed.  All of these systems 
have features to mitigate the effects of brake 
cylinder leakage. 
 
6.2 Risk registers to AS4360 
The braking system configurations discussed 
above have been analysed using risk 
registers conforming to AS3460:1999.  A 
typical Risk Register is included as Appendix 
1. 
The highest rated risks arising from each 
system configuration were then extracted to a 
single list of analysed risks. 
 
6.3 Analysed risks 
Insufficient retardation caused by: 

• Loss of Brake Cylinder pressure 

• Air flow into Brake Pipe from storage 
reservoirs  

• Loss of Brake Pipe control signal 
propagation 

• Incorrect load compensation 

• Insufficient Brake Ratio  

 
Wheel damage caused by: 

• Over braking eg braking load not evenly 
shared across all axles in the train 

• hand brake not released 

• failure of brake applications to release 

• Incorrect load compensation ie brake 
system in ‘loaded’ when wagon is empty. 

A complete brake system is required on the 
last wagon/s of a train to protect against 
break away. 
 
6.4 Treatment of risks 
There are ways to improve the systemic 
safety level of wagon braking systems at 
relatively  modest  expense.  Such expense 
being offset by savings from other 
interventions that would otherwise be 
required to mitigate brake operating risks. 
Following the above analysis it is  
recommended that: 

• Only ROA Relayed, AAR Relayed or 
AAR system configurations are installed 
on new and rebuilt wagons to address 
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brake cylinder leakage.  The fact that 
ROA and AAR equipped wagons are not 
compatible should be a consideration 
when evaluating train operating  and 
rescue scenarios. 

• Wagons with significant volumes 
connected to their brake pipes should 
have Main Reservoir piped through them 
for Auxiliary supply, eg pneumatic door 
reservoirs. 

• System configuration be corrected where 
necessary to comply with maximum 
control valve spacing requirements of the 
AAR.  This will ensure that the reliable 
propagation of the Brake Pipe signal is 
achieved. 

• Reliable load compensation be adopted 
and maintained to protect against wheel 
damage and instances of insufficient 
retardation. 

• The Brake Ratio of all wagons meets 
access provider performance criteria. 

• The Last vehicles in a train have a 
complete brake system rather than a 
shared brake system with the second last 
or other wagons.  This is to ensure brake 
system integrity in the event that the last 
vehicle breaks away from the train. 

The forthcoming Code of Practice on 
Rollingstock has in its early drafts reduced 
the ROA standard requirement for relaying 
wagon brake systems from mandatory to 
optional.  This is a retrograde step and not in 
accordance with the community’s view of 
safety. 
It is our view that the work of relaying the 
national wagon fleet should continue to its 
logical conclusion which would then allow the 
complexity of train driving practices to be 
significantly reduced. 

7. COST EFFECTIVE BRAKING 
That Australia has a wagon braking system 
standard that is unique is an historical fact.  
That there are numbers of wagons working 
on the Defined Interstate Rail Network and 
former government rail networks with brake 
systems not in accordance with the ROA 
standard is also an historical fact. 

Rail operators have moved over the last 10 or 
more years to gradually eliminate older valve 
types such as the ITV and AF2 from service 
and to implement relaying across their fleets. 
While there has been expense associated 
with this upgrading, it has resulted in 
movement toward a more capable and 
homogeneous wagon fleet and has been 

offset by a reduction in ongoing maintenance 
and reliability costs. 
There are now a number of rail operators that 
are owned by US operators.  They may well 
ask why there are not more AAR wagon 
braking systems in Australia. 
The main reason is that the AAR emergency 
valve and the ROA control valves cannot 
work together in the same train.  The 
propagation wave set up in the Brake Pipe by 
the bulb action of the ROA valve is 
sufficiently sharp that it will trigger the AAR 
emergency valve bringing the train to an 
emergency stop every time the brakes are 
applied. 
A further aspect of the AAR system is that the 
emergency feature relies on every wagon 
having an emergency portion and the 
locomotives having vent valves that act in 
concert to achieve the propagation of an 
emergency stop.  This mutual reinforcement 
does not occur if inter-worked with ROA 
wagons and most locomotives in Australia 
are not fitted with vent valves. 

Another reason relates to the cost of 
converting 31,000 ROA equipped wagons to 
the AAR configuration.  If operators were 
going to expend this level of capital, would 
they not convert to Electronically Controlled 
Pneumatic braking (ECP)? 

Given the above, what should Australian Rail 
Operators do with their brake systems? 
The most cost efficient course of action, in 
general, is to selectively upgrade wagons to 
the ROA Relayed configuration.  To acquire 
new and rebuilt wagons with less capable 
brake system configurations is not in 
accordance with community expectations. 

8.   ELECTRONIC FREIGHT BRAKES 
If there are significant economic recoveries 
that can be achieved through investment in 
ECP technology then that is also an option.  
There are several rail operators in Australia 
that have trialled or are preparing to trial ECP 
braking technology.  However, the economic 
benefits are highly subjective to the particular 
train service, geography and line capacity of 
the operation being considered for 
conversion to ECP. 
A study conducted by the AAR in the early 
1990s reached the conclusion that the most 
cost efficient implementation of ECP would 
be as original equipment on a new wagon in 
a stand alone configuration. 
It follows that the next most efficient ECP 
configuration would be as retrofitted 
equipment in a stand alone configuration. 
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The least cost efficient is a retrofitted,  
overlayed configuration where the wagon has 
a full ECP braking system and a full 
pneumatic brake control system. That is, the 
wagon has two complete braking systems 
fitted such that it can be controlled either as 
an ECP train when marshalled with an ECP 
equipped locomotive or can still be controlled 
by conventional 26L equipped locomotives. 

This remains a consideration even if the 
wagons are already fitted with pneumatic 
brake equipment that has been paid for.  If 
the pneumatic equipment is not removed 
when the ECP equipment is installed, the 
maintenance costs of the pneumatic 
equipment continue to be incurred even 
though the equipment may only present to 
provide operational flexibility. 
The reason why an overlayed ECP 
application is considered is that it minimises 
the operational impact of potentially having 
sections of the wagon fleet with incompatible 
brake systems during the roll out of ECP 
which for a large fleet could take several 
years. 

9.   WIRE AND RADIO BASED ECP 
The AAR originally decided that ECP would 
be a wire based system and developed 
S4200 as the standard to define ECP which 
has evolved over a number of years during 
the 1990s. 

Radio based ECP is also available and an 
AAR standard to define it is expected to be 
complete during 2002. 
A further AAR standard is also being 
prepared to define Distributed Power (DP) 
operation to control remote locomotive 
consists in the train, over a wire based ECP 
system.  This standard is also expected to be 
completed in 2002. 
So which is better…..wire based or radio 
based?  It depends on the train operation 
being considered for upgrade to ECP with or 
without DP.  Both provide graduated release 
capability and both eliminate the control 
delays associated with control via a 
pneumatic brake pipe thereby shortening 
stopping distances. 

Indications are that a combined ECP/DP 
installation is far more capable and flexible 
than an ECP installation without DP. 
At a fundamental level, power supply and 
cabling of the train are two main ECP issues.  
Operators who regularly break up train 
consists for loading and unloading purposes 
will appreciate the ease that a radio based 
ECP installation provides in that no additional 

personnel activities are required when 
coupling and uncoupling wagons. 
While operators that run block trains that are 
not often re-marshalled would be pleased to 
avoid having to maintain a power generating 
device on each wagon which the radio based 
installation requires.  Wire based ECP 
provides power and control signals over the 
one pair of train line conductors. 
Another aspect that should be mentioned is 
that it is unlikely that there will be Australian 
standards for ECP and DP.  The most likely 
scenario being the adoption of the respective 
AAR standards as ‘Defined Systems’ under 
the Codes of Practice for the Defined 
Interstate Rail Network. 
There are some implications for train 
operating and rescue scenarios flowing from 
this, including that brake cylinder pressures 
under pneumatic back up mode will be AAR 
brake cylinder pressures which are higher 
than the ROA brake cylinder pressure of 350 
kPa under a full service application with a 
loaded train.  These pressures are 
determined by the internal components of the 
ECP Car Control Device rather than software. 

10. RECENT PRODUCT DEVELOPMENT 
WBA has recently developed two new 
products which address the maintenance 
cost / operating risk balance for freight 
wagons.  They are a: 

• Body Mounted Load Detector, and, 

• Tension Spring Park Brake 
 
10.1  Body Mounted Load Detector 
Designated as the ‘BMLD’ this new device is 
a functional replacement for the VTA empty 
load detector used in ROA Relayed systems 
for many years.  Refer Figure 4 

WBA is aware that customers consider the 
VTA to be one of the highest maintenance 
items on a wagon.  It also performs a critical 

 
Figure 4:  BMLD valve 
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function in that it commands the brake control 
system to implement loaded or empty brake 
cylinder pressures.  As noted above, loaded 
brake cylinder pressures on an empty wagon 
will result in skidded wheels. 
A factor in the durability of the VTA is the 
environment in which it works…it is mounted 
on the bogie and is subjected to the high 
shock and vibration levels associated with 
bogies as they interact with the track.  The 
VTA also requires flexible hoses to connect it 
to the brake control system. 
The BMLD takes advantage of the lesser 
vibration environment arising from being 
mounted to the wagon body.  It is a stationary 
device so it is able to be piped into the control 
system without the use of flexible hoses.   
Wear rates should also be less for the BMLD 
as it only makes contact with the bogie frame 
during a brake application, whereas the VTA 
is in constant contact with bogie components. 
Over 200 BMLDs had been produced at the 
time of writing and will have up to a year in 
service prior to CORE2002. 
 
10.2 Tension Spring Parking Brake for 

Specialised Freight Service. 
There has been a trend over many years for 
technologies and system features developed 
and applied to passenger rollingstock to 
gradually make their way into locomotive and 
eventually into wagon brake systems.  The 
TSPB is the latest example of this 
phenomena.  Please refer to Figure 5. 
Spring parking brakes have been common on 
mass transit rollingstock for decades.  
Locomotives in Australia have enjoyed the 
operational advantages of spring park brakes 
since the 1980s. 
As noted above, there is a significant physical 
effort required from personnel to secure a 
train with hand brakes in the event of an 

incident, or more routinely for loading, 
unloading, and marshalling.  At times this will 
be required under arduous physical 
conditions of weather and time of day, with 
access only available over the track bed.  
While such actions by personnel have been 
necessary since railways started, they 
continue to have significant Occupational 
Health and Safety implications. 

The TSPB is being applied to container 
wagons for a private operator.  In its initial 
application the TSPB will be controlled by a 
nearby cock which will still required personnel 
to walk to the particular wagon.  Application 
at each wagon will now take seconds 
compared to minutes of manual exertion to 
apply a hand brake. 

A TSPB release trainline pipe could also be 
fitted to allow control from the head of the 
train. 

The TSPB design raises a number of issues 
which have been identified and addressed.  
The TSPB itself is based upon a 305mm WF 
brake cylinder body which has had material 
and bolting pattern changes to better meet 
the requirements of this duty. 

External labelling warning of the extreme 
danger of field disassembly is included.  The 
TSPB contains springs with a combined 
compressive load in excess of 2 tonnes.  A 
significant increase over the 1 tonne load 
inside the WBA HSL spring parking brake 
assembly which also must not be 
disassembled in the field. 

Hand brakes left applied are a significant 
source of wheel damage for rail operators.  
The TSPB has been designed to release 
from brake pipe pressure so that the charging 
of the brake pipe to 500 kPa will release the 
TSPB which is then held released by an 
external check valve fed from the 
Supplementary Reservoir in the wagon brake 
system.  Application and Release is by 
means of a control cock on the wagon which 
vents the air from the TSPB to apply and 
admits air to release. 
The TSPB includes a manual release to allow 
for field release when the air has drained out 
of the wagon.  This release is effected by a 
hydraulic jack acting on a bell crank which 
extends the TSPB pull rod.  A locking pin 
facility is included so that the TSPB can be 
manually locked in the released position so 
that the hydraulics are not being relied on at 
times when personnel are working on the 
brake system. 

Why a ‘tension’ spring park brake as most 
brake cylinders are compression devices?   

Figure 5:  Tension Spring Park Brake 
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The TSPB has been designed specifically to 
work with the TMB60 truck mounted brake 
system designed and manufactured by the 
New York Air Brake Corporation. 
The TMB60 features a cable connection 
between the brake cylinder and the manual 
hand brake assembly.  In this application, the 
TSPB is fitted in place of the handbrake 
assembly providing a simple and effective 
handbrake system with no additional rigging. 
Further development of the TSPB is being 
contemplated to increase its output force 
capability to allow application to heavier 
wagons. 

11. CONCLUSION 
This paper has attempted to provide a high 
level perspective on broad areas of railway 
braking. 
The following are considered to significant in 
that they are consistent with community 
expectations of safety: 
11.1 Australian rail operators need to 

continue to pursue the upgrade of their 
ROA and Pre ROA wagon fleets to the 
ROA Relayed configuration, or 
alternatively, to ECP braking. 

11.2 The adoption of ECP braking will be 
highly subjective to the particular terrain 
and train operating scenario.  Therefore 
its adoption will be on a piecemeal basis 
rather than across the board. 

11.3 New wagons should have new brake 
equipment.  This is a long established 
AAR rule and there is no reason why 
Australia should settle for less. 

11.4 New wagons should have, either the 
ROA Relayed, AAR Relayed, or AAR 
brake system configurations.  Wagons for 
use on the Defined Interstate Network 
should have the ROA Relayed 
configuration to provide for the least 
disruption to operations due to equipment 
incompatibilities. 

11.5 Rebuilt ROA and Pre ROA wagons 
should be upgraded during rebuilding to 
the ROA Relayed configuration. 

11.6 The recent trend to wagon brake 
system configurations that are less 
capable than the ROA Relayed 
configuration may be viewed as reducing 
brake system capability across the 
Australian wagon fleet, and therefore not 
in accordance with community 
expectations.  The use of non-relayed 
systems other than full AAR requires 
regular monitoring of wagon condition to 

ensure that leakage is at low levels to 
assure brake performance. 

 

WBA will continue to serve and support 
Australian rail operators through the 
refinement and development of equipment 
that will provide operating advantages. 

The flexibility in the ROA and soon to be 
released Codes of Practice will allow 
operators to minimise their operating costs 
provided that appropriate equipment and 
system choices are made.  The comment 
provided in this paper is intended to provide 
some guidance in the formation of these 
choices. 
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The consequences of an 
event happening 

Ref The Risk:  what can happen and how 
it can happen 

Consequences Likelihood 

Adequacy of existing controls Consequence 
Rating 

Likelihood 
Rating 

Level 
of 

Risk 

Risk 
Priority 

1 Loss of Retardation        

1.1 Loss of Brake Cylinder pressure through 
leaks in brake cylinder , piping or auxiliary 
reservoir 

Loss of 
Retardation on 
that wagon 

Medium Non-relayed.  There is no system feature to 
control this.  Relies on driver’s judgement to 
ensure proper cycling and recharge of braking 
system. 

High Medium 12 1 

  Loss of 
Retardation on 
that wagon 

Very Low Relayed WTV uses the locomotive brake pipe 
maintaining feature and the relay valve to 
maintain BC pressure against leakage 

High Very Low 4 3 

1.2 Local increase in Brake Pipe pressure from 
leaky auxiliary systems or supplementary 
reservoir causes uninitiated brake release. 

Loss of retardation 
on one or more 
wagons 

Very Low Non-relayed. There are no existing controls 
apart from the reliability of the check valves 
isolating systems from the Brake Pipe 

High Very Low 4 3 

  Loss of retardation 
on one or more 
wagons 

Very Low Relayed.  There are no existing controls apart 
from the reliability of the check valves isolating 
systems from the Brake Pipe 

High Very Low 4 3 

1.3 Loss of BP signal propagation causing 
control valves not to apply 

Loss of retardation 
on one or more 
wagons 

Low Controlled by wagon design ensuring that the 
AAR maximum valve spacing is observed 

High Very Low 4 3 

1.4 Incorrect load compensation Loss of retardation 
on that wagon 

Low Controlled by wagon design, setup and 
maintenance 

High Low 8 2 

2 Wheel Damage        

2.1 Incorrect load compensation Over braking 
leading to skidded 
wheels  

Low Controlled by wagon design, setup and 
maintenance 

High Low 8 2 

2.2 Failure to release at rear of long train Dragging brakes 
leading to burnt 
shoes and wheels 

Low Accelerated release system controls this risk High Very Low 4 3 

2.3 Handbrake not fully released Dragging brakes 
leading to burnt 
shoes and wheels 

Medium There is no system feature to control this.  Relies 
on examiners and train crew ensuring that hand 
brake is fully released 

High Low 8 2 

3 Runaway vehicles Last wagon/s run 
away when train 
parts 

Low This system configuration will apply brakes on 
last wagon/s upon break away.  Non-relayed will 
leak off faster than relayed. 

Low Low 4 3 

4 Inshot feature and cylinder fill and exhaust 
timings generate in-train forces if not 
consistent between vehicles 

Higher in-train 
forces and 
damage to 
wagons and lading 

Very Low WF2/4 is compliant with ROA fill and exhaust 
timings 

Low Very Low 2 4 
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SIGNALLING CONTROL TABLE GENERATION AND VERIFICATION 

David Tombs (SVRC) 
Neil Robinson (SVRC) 

George Nikandros (QR) 
 
SUMMARY 

Queenland Rail (QR) and the Software Verification Research Centre (SVRC) from The University of 
Queensland are investigating a suite of tools to assist in the production of signalling control tables. 
Altogether there are four tools, a graphical track layout editor, a tool to generate control tables 
automatically, a tool to enable manual editing of tables, and a verifier to show that tables satisfy 
signalling safety principles. This paper provides an overview of the toolset. It gives a fuller 
description of two of the key parts of the toolset design: the algorithms to generate control table 
entries and the formalisation of signalling safety principles for verification. 

 
1. INTRODUCTION 

Control Tables are the functional specification 
for railway signalling interlockings. They have 
an important role in the signalling design 
process since they act as an agreement 
between the railway administration and the 
train operators on when moves will be 
permitted on a track layout. They also act as a 
design specification for use by the interlocking 
designers and a test specification for use by 
testers. Control Tables contain the key 
functional safety requirements for the 
interlocking.  

Currently Control Tables are developed and 
checked entirely manually. QR and SVRC are 
investigating the automatic generation and 
verification of Control Tables [15]. In this 
paper, an overview of a prototype toolset to 
support Control Table designers and checkers 
is provided. The paper focuses on two key 
areas of the toolset: Control Table generation 
and the specification of signalling principles 
that will be used for the automatic verifier. The 
verification itself is the subject of other papers 
[16] [17]. 

Section 2 of the paper provides a description 
of QR’s Control Tables. Section 3 gives an 

 overview of the toolset and its architecture. 
Sections 4 and 5 describe the Control Table 
generator and the specification of signalling 
principles. 

2. CONTROL TABLES 

A control table is a structured, tabular 
presentation of the rules governing route 
setting on a railway track layout. It is used as a 
specification of the signal interlocking for the 
layout and as a test specification for the 
interlocking. The rules for writing out control 
tables are derived from the principles of 
safeworking of trains. A control table 
represents an intermediate level of design 
between a track plan and a wiring diagram. 
The format and content of tables is not 
standardised, and may vary even within the 
same railway administration. Diverse 
safeworking practices and signalling 
technologies drive diverse table formats. 
Nevertheless, general principles of control 
table design are evident. This work specifically 
addresses the tables and principles applied by 
QR within the Brisbane Suburban Area (BSA), 
but may be adapted to other formats. A 
sample of a BSA control table is shown in 
Figure 1. 
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Figure 1 - Example Control Table 
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A route, or path from signal to signal, is a key 
concept in the table. One row of the table 
indicates the conditions needed to set a single 
route. Columns of the table indicate the: point 
settings required by the route; conditions for 
locking and releasing other routes; tracks 
required clear in order to clear the entry 
signal; route replacement rules; and approach 
locking acquisition and release.  

Some signalling conditions are presented in 
other tables, subsidiary to the main route 
table. There is a point control table that 
indicates the conditions needed to move a 
point. Since the interlocking connects points 
and routes, the two tables are, to a degree, 
converses of one another. Other tables cover 
approach locking, aspect sequencing, level 
crossings and dual-gauge requirements. 

The BSA Principles [1] effectively define the 
content of each table cell. The task of filling 
them out is complex, but with experience 
much of the work is routine. The routine 
elements are amenable to automation.  

However, in general, it does not appear to be 
feasible to generate a complete table 
automatically. Some signalling rules are 
imprecisely defined, some are difficult to 
capture in the control table format, and at 
some locations there are special rules that 
deviate from the general principles. These 
issues imply a degree of human intervention 
in the control table generation process.  

3. ARCHITECTURE OF THE TOOLSET 

The Signalling Design Toolset (SDT) consists 
of a suite of tools which generates a control 
table automatically, allows human editing of 
the table, and verifies the control table against 
a set of signalling principles. There are four 
tools altogether, related as shown in Figure 2.  

The tools are discussed in turn in the 
subsections below. 

3.1 Track Layout Editor 

The Track Layout Editor is used to produce a 
graphical representation of a track layout. The 
user draws the track on the screen and 
decorates it with the elements needed for a 
control table (track segments, points, signals 
etc). The editor undertakes consistency 
checks on the drawing (eg, that precisely three 
track segments join at a point) and writes out 
the elements and their connectivity in a formal 
notation. For reasons of portability and utility 

we have chosen Extensible Markup Language 
(XML) as our interchange format.  

Track Layout

Route Table

Completed
Control Table

Generated Control
Table

CT Semantics

Signalling
principles

Train movement
rules

Verification report

Control Table
Genarator

Control Table
Verifier

Track Layout
Editor

Validate

Control Table
Editor

 

Figure 2 - The Signalling Design Toolset 

 

3.2 Control Table Generator 

The Control Table Generator is a tool that 
generates control table entries for a layout, 
given its XML description. It generates all 
entries of the table that can be inferred from 
the layout. However, in general it is not 
possible to compute the entire table 
automatically. Limitations include situations 
where different options are possible, or where 
extra commentary or notation is needed to 
fully specify the meaning of a condition.  

The output of the tool is a structured 
description of signalling controls for the layout. 
It is expressed in XML, in a form that mirrors 
the BSA control table structure. 

3.3 Control Table Editor 

The Control Table Editor allows the user to 
add, remove or modify entries in a Control 
Table. Control Tables are presented in a style 
similar to a spreadsheet. Edited control tables 
are stored in the same interchange format 
produced by the Generator. 

User editing is essential, for several reasons. 
First, it is still sometimes desirable to produce 
a table by hand from scratch. Second, as 
indicated above, the Control Table Generator 
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will not always produce a complete table. 
Third, specific local signalling rules apply at 
some locations. These local rules may be 
either more or less restrictive than the general 
principles. 

From the Control Table Editor, the user can 
perform basic consistency checks on the 
Control Table. For example there might be a 
check that each point control in the route table 
has a corresponding control in the points table. 

3.4 Control Table Verifier 

The Control Table Verifier is a tool that checks 
a control table against a set of Signalling 
Principles. To achieve this it translates a 
Control Table into a model that defines the 
behaviour of the signalling objects (e.g. points 
and signals) for the layout, based on generic 
Control Table Semantics, which define the 
meaning of the Control Tables. It then puts 
this model together with a model that captures 
assumptions on how trains can move through 
a layout. This final model is exhaustively 
checked against the signalling principles, 
using a model checking algorithm (see 
Section 5). 

We now focus on two key parts of the toolset 
design: the Control Generation and the 
specification of Signalling Principles for 
verification.  

4. CONTROL TABLE GENERATION 

The BSA principles document acts as a 
requirement specification on the control table 
that should be generated. However it does not 
define an executable algorithm. This section 
outlines the algorithm used in this work. 
Different classes of route (eg main and shunt) 
have slightly different requirements, but the 
same algorithm captures all cases. The 
following describes the algorithm applied to a 
main route. 

4.1 The General Algorithm 

The algorithm comprises two main phases. 
Phase 1 identifies the sequence of tracks 
within each route and the required setting of 
all points along it. It further finds tracks and 
point settings up to any overlap limit of the 
route. It does this by means of a tree walk 
over the network graph, starting from the route 

entry signal and continuing until it finds a path 
to the exit signal.1 

This phase enables completion of much of the 
control table, including: 

• tracks required clear or occupied, from 
entry to exit signal; 

• overlap tracks from the exit signal to the 
overlap limit, including all alternative 
overlap paths (swinging overlaps); 

• the required lie of each point lying in the 
route and overlap; 

• in-route shunt signals; 

• signal replacement tracks (generally, 
the first track after the entry signal); 

• approach locking release conditions. 

Phase 2 finds conflicting routes on the 
network, ie pairs of routes that cannot be set 
simultaneously. The control table records 
conflicting routes in a column indicating which 
routes are locked normal (ie cannot be set). 
Two routes that pass along the same track in 
opposite directions are conflicting; there are 
other cases as well. With a few exceptions, 
conflicting route pairs are opposing routes that 
share any in-route or overlap track. These 
pairs are extracted from the information 
gleaned during Phase 1. 

Phase 2 also determines the conditions for 
release of locking of points and conflicting 
routes. When a train starts to use a route by 
passing the entry signal, then the locking 
conditions must not be released until it is ‘safe’ 
to do so, even though the entry signal is set to 
a stop aspect. When it has completed the 
route, then locking conditions may be 
released2, and the route is now ‘normal’ once 
more. Locking conditions may be released 
progressively as the train passes along the 
route to allow better utilisation of the rail asset 
and operational flexibility.  

To understand the algorithm, consider a train 
passing along a route, from entry to exit. As it 
passes each trailing or facing point, then the 
reason for locking the point no longer applies. 
Similarly, as it passes an opposing signal, 
then any conflicting route starting at the signal 
may now be set. Finally, in-route shunts are 

                     
1 The present algorithm assumes there is only one route 
from entry to exit. Multiple routes must be handled manually 
in the Control Table Editor.  
2 Of course, as a train completes one route and starts 
another, it maintains locking on an opposing route in conflict 
with both. 
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released as the train passes the shunt signal. 
The train effectively maintains the locking on 
each point and route that requires a track in 
front of the train, but not those only requiring 
track behind. Tracks whose occupancy 
maintains the locking are known as the holding 
tracks of the point, conflicting route or in-route 
shunt. As expressed above, the complete set 
of conflicting routes and holding tracks 
contains a degree of redundancy. Some 
routes may be omitted from the control table 
and interlocking logic because they are 
indirectly locked normal by other conditions in 
the table. Routes that require a point setting 
different from a route in use are locked by the 
point. In-route shunts lock opposing routes 
normal, on behalf of main routes using them. 
Hence the control table can be optimised by 
removal of redundant route controls and 
holding conditions. The Phase 2 algorithm 
performs these optimisations. 

4.2 An Example 

To illustrate the algorithm, consider the layout 
in Figure 3.  

One route passes left-to-right, from signal s1 
to s7. There are four potentially conflicting 
routes passing right-to-left, all starting and 
terminating at an even-numbered signal. The 
example is simplified for explanatory reasons. 
We assume that all routes are main routes, 
there are no in-route or other shunts, and we 
ignore overlaps and timed release of locking. 

Applying Phase 1 to all routes identifies the in-
route tracks and point settings for each route. 
The results are shown in Table 1 below: 

route ent
ry 

e
xi
t 

Tracks points set 

r1(1m
) 

s1 s
7 

1A,1B,1C,1D,1E,1
F 

p101 N, p102 
N 

r4(1m
) 

s4 s
2 

4A, 1B, 1A, 4B p101 R 

r6(1m
) 

s6 s
2 

1C, 1B, 1A, 4B p101 N 

r10(1
m) 

s10 s
8 

10A, 1F, 1E, 10B p102 R 

r10(2
m) 

s10 s
6 

10A, 1F, 1E, 1D p102 N 

Table 1 Partial control table after Phase 1 

The route labels r1(1m) etc are synthetic, but 
are derived from QR practise. A suffix N on a 
point indicates a normal setting while R 
indicates a reverse setting. 

Now consider application of Phase 2 to the 
route r1(1m). All four even-numbered routes 
are conflicting, directly or indirectly.  

The holding tracks for the two points are 
obvious. If a train has just entered r1(1m) (ie, 
it occupies track 1A) then moving either point 
might divert it along the wrong path or cause a 
derailment. However it is safe to move p101 
once the train has passed 1B and to move 
p102 once it has passed 1E. Route r6(1m) 
opposes r1(1m) and is directly locked because 
both routes require the shared point p101 
normal. Therefore it must appear in the ‘routes 
locked’ column for r1(1m). The locking is held 
until the train passes s6. Note that r6(1m) will 
also be locked normal by the route applying up 
to r1(1m).  

Route r4(1m) opposes r1(1m) but is indirectly 
locked via the setting of facing point p101. 
The locking may be released once the train 
clears p101. Therefore the point locking rules 
are sufficient and r4(1m) need not appear in 
the ‘routes locked’ column for r1(1m).  

When considering route r10(1m), point locking 
rules are not sufficient in this instance (r1(1m) 
requires p102 N whereas r10(1m) requires 
p102 R) for when the train has cleared p102 
(i.e. 1E track clear, 1F track occupied) p102 
could be swung behind the train. This should 
not release the locking of r10(1m) as it is now 
directly opposing the train movement. Route 
holding would list all tracks up to and including 
the point tracks after the points. 

Route r10(1m) opposes r1(1m) but is indirectly 
locked via the setting of point p102. However, 
because p102 is a trailing point from the 
viewpoint of the train, the locking cannot be 
released once the point is cleared, unlike 
r4(1m). 1F is a holding track of the route. In 
theory, holding tracks 1A to 1E are indirectly 
locked by p102 and need not appear in the 
table next to r10(1m) but QR practise is to list 
all holding tracks in this situation. 
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Figure 3 - Example track layout 
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1A, 1B, 1C, 1D, 1E, 1F 

 r6(1m) 1A, 1B, 1C 
     r10(2m) 1A, 1B, 1C, 1D, 1E, 1F 
     r10(1m) 1A, 1B, 1C, 1D, 1E, 1F 

Table 2 Partial control table after Phase 2 

 

Therefore, the generated table for r1(1m) after 
Phase 2 is as shown in Table 2.  

4.3 Limitations of the Algorithm 

Currently the generation algorithm does not 
generate the controls for swinging overlaps. 
Instead it merely records facing points in the 
overlap that trigger swinging overlaps. Also, 
the algorithm does not handle multiple routes 
from entry to exit. 

4.4 Prototyping 

There are two prototypes of the Control Table 
Generator.  

The algorithm of section 4.1 was developed 
during an initial prototyping phase, using a 
specification and animation language. The 
Possum animator [9], based on the Z 
specification language, was chosen. This was 
in order to provide the benefits of formal 
specification, with the additional benefit of 
execution of the specification. The animation 
was developed to the point where it could 
handle a single loop station and its 
approaches, including main and shunt routes 
and locking and release of opposing routes 
and in-route shunts. However, the Possum 

prototype has a number of drawbacks that 
mean it is not suitable as a final prototype. 
Possum demands a certain style of 
specification in order to work efficiently. 
Operations need to be broken up into small 
chunks, and the specification needs to be 
fairly explicit (Z allows implicit specifications). 
The specification needed to be altered to 
make it work efficiently in the animator, and 
this made it less elegant. Even with the 
alterations, the animation was still slow. For 
example the animation took half an hour to 
generate the control tables for a simple 
passing loop station. 

The second prototype, currently under 
development, attempts to remedy these 
defects. It is written in an imperative 
programming language (Ada) and copies the 
algorithm from the Possum prototype. It 
performs full input and output processing via 
XML and covers both route and point tables. 
When complete, it should be significantly 
faster to execute and handle large, real-world 
layouts. It should be sufficient to act as a 
prototype for a full operational system. 
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4.5 Related Work 

The terminology of direct and indirect locking 
of opposing routes is taken from Hachiga [8], 
who specifies an algorithm for identifying 
opposing routes and caters for complex 
conditions such as flank protection.  

Cullyer & Wang [5] use the HOL specification 
language to describe a track layout and to 
formalise signalling principles, at a level 
comparable with the BSA Principles. They 
present an overview of an implementation in 
SPARK Ada. 

Brown & Haberlin [4] demonstrate how a 
computer program may be used to assist in 
the automation of control table generation on 
old BR Southern region. There is an informal 
definition of such terms as route holding, 
aspect sequencing, and approach locking 
release. The tool was tried in a number of real 
interlocking designs, and a claim is made that 
it revealed previously unknown errors and 
improved process efficiency. 

5. SPECIFICATION OF SIGNALLING 
PRINCIPLES 

Automatic verification of Control Tables is one 
of the key functions of the Signalling Design 
Toolset. In the prototype toolset, the automatic 
verification is performed using the model 
checking tool SMV, which checks a specific 
Control Table against a set of properties. A 
key problem with model checking is the state 
explosion problem. As the size of the model to 
be checked increases, in general the time 
and/or memory requirements increase 
exponentially [16]. The properties that are 
checked must somehow capture QR’s 
signalling principles. It is the formal 
specification of these properties that are the 
focus of this section.  

There are different levels of abstraction at 
which signalling principles may be defined or 
formalised. If the principles are defined at a 
low level, it can be expected that the definition 
will be large, complex, hard to capture in a 
formal notation, and hard to validate against 
intent. However, it should be relatively easy to 
formally verify a control table or 
implementation against low-level principles, 
although the control tables may be so close to 
the principles that verification may become 
trivial and meaningless. Conversely, a high-
level definition of principles should be smaller, 
easier to formalise, and more obviously 
correct with respect to intent, but the 

verification task will be harder, at least in 
terms of logical complexity. 

5.1 Survey of existing approaches to 
specifying signalling principles 

Most railway administrations, including QR, 
define their signalling principles in informal 
natural language descriptions. These 
descriptions can become long and complex. 
This is a particular problem in the UK, where 
they define their principles in a similar manner 
to QR. The Institution of Railway Signalling 
Engineers (IRSE) in the UK has conducted a 
review of Signalling Philosophy [10], which 
included a report from a working group on 
Signalling Principles. In the IRSE’s report, 
they state that “Improvements are needed to 
the body of existing UK signalling principles. 
… Existing signalling principles are not 
sufficiently complete, nor are they written in a 
formal manner so as to be a generic 
specification for signalling systems. … They 
also lack explanation of the underlying 
assumptions and rationale, and therefore, 
depend heavily on the knowledge and 
experience of designers and testers.” 

There is therefore recognition that signalling 
principles should be specified in a more formal 
manner, and with clear traceability to 
underlying assumptions and rationale. Most 
approaches to re-specifying signalling 
principles have focussed on the formalisation 
aspects. 

For example, Eriksson [6], [7] has undertaken 
a substantial formal description and 
verification of railway interlockings on behalf 
of Banverket (Swedish National Rail 
Administration). He verifies a model of the 
interlocking circuitry (relays, etc) 
(implementation model) against a 
formalisation of certain signalling principles 
(specification model). The principles are 
expressed at a comparable level to QR’s BSA 
principles; for example, there is a rule that 
points in a route must be set in the correct 
direction.  

Borälv [3] and Petersen [13] describe 
interlockings in a special purpose language 
called STERNOL, and verify them using NP 
Tools. The work is at the same level of 
abstraction as Eriksson’s work. 

Praxis Critical Systems [14] have completed a 
specification of interlocking requirements for 
British Rail. The specification captures the 
requirements in structured language, 
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supported by a Z specification. The objective 
of the work is to have a rigorous specification 
to give to interlocking developers. 

Some other work has attempted to address 
the problem of traceability to assumptions and 
rationale. For example, Lemos, Saeed and 
Andersen [12] develop a collisions-based 
specification of a railway network, expressed 
using a logical formalism (Timed History logic) 
and a Petri transition network. The 
specification states an invariant that two trains 
must not lie at an intersection (must not 
collide), develops a strategy for train 
movement that allows them to proceed, and 
shows that the strategy meets the invariant. 
However, their method is applied to a “toy” 
train set comprising two intersecting circles, 
and there is no indication of how to apply it to 
more realistic layouts. 

A different approach was taken on Railtrack’s 
West Coast Main Line project in the UK. Here 
they derived a collection of abstract signalling 
rules, based on a set of distinct operational 
‘scenes’. For each scene, accident sequences, 
safety requirements and operational 
objectives are elaborated. An example is a 
scene with two trains following on plain line, 
where an accident sequence is a rear-end 
collision due the leading train slowing down. 
The scenes are written in structured natural 
language. The objective of the work is to 
make a high-level statement of principles for 
transmission-based signalling principles, but 
the work also applies to fixed block signalling. 

5.2 QR’s existing specifications of 
Signalling Principles 

The specified principles must be consistent 
with QR Signalling Principles. QR maintain 
two relevant documents - the Brisbane 
Suburban Area (BSA) principles [1] and the 
more general “Principles of the Signalling of 
Trains” [2]. 

5.3 BSA Principles 

The BSA principles document is at a relatively 
low level of abstraction, and closely 
corresponds to the BSA control tables. For 
example, the Section “Main route general 
requirements” lists a collection of items that 
are clearly identifiable with specific control 
table columns, eg “(b) opposing and 
conflicting routes normal”, “(g) in-route tracks 
clear” and “(h) tracks in overlap clear”. The 
meanings of these items are defined in more 
detail, but still rather informally, elsewhere in 

the document. In part, the document acts as a 
manual for completing control tables. 

The BSA Principles document also contains a 
lot of material concerned with implementation 
of the rules, which have little direct impact on 
the control tables or their correctness, eg 
proving electrical track circuitry. This material 
does not impact on the formal verification 
task, and therefore not on the definition of 
formal principles. The BSA principles 
document does not present a rationale for the 
signalling principles.  

Initially, the project considered using the BSA 
Principles document as the main source of 
principles for verification. The real effort 
appeared to be in formalising the BSA 
principles. Once this is done, then verification 
of control tables is relatively straightforward. 
However the set of formalised principles would 
be very hard to validate, because of their size 
and complexity. Errors in the formalisation 
could lead to errors in the verification of the 
control tables. Also, since the control tables 
and the Control Table generation algorithms 
are so closely related to the BSA principles, it 
is likely that the errors made in the generation 
side would be the same as the errors made in 
the verification side - a potential common-
mode failure. 

5.4 Principles for the Signalling of Trains 

QR also maintain a more abstract document, 
the “Principles for the Signalling of Trains”. 
This document defines general signalling 
principles that apply to all signalling systems 
used on the QR network, not just Brisbane 
Suburban Area. It is not restricted to fixed-
block, trackside signals, and allows for in-cab 
signalling and Automatic Train Protection 
(ATP). 

The document states a number of high level 
requirements, eg: 

• a safe distance between trains must be 
maintained; 

• the integrity of a route must be 
maintained, once a proceed authority 
has been given; 

• guidance and braking and overlap 
distances. 

Because this document is more abstract than 
BSA principles, it would seem to be a more 
appropriate source for formalisation. However, 
the generalisation comes through terminology 
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applicable to different signalling systems, 
rather than a more abstract form of the 
principles appropriate to BSA territory. For the 
project’s purposes, that generality is hard to 
sustain when verifying a particular layout.  

As an example, consider 5.1, “Train 
Separation”. 

A safe separation shall be assured by 
either: maintaining at least one unoccupied 
intervening Route; or providing an overlap 
limit beyond the end of authority; or by 
controlling the entry speed of the Train into 
a Route, where a full overlap is not 
available.  

For BSA territory, concepts like “route” and 
“end of authority” must be expressed in terms 
of the track objects of the layout. In turn, the 
track objects (track circuits, signal aspects, 
etc) are driven by the particular signalling 
rules applying to the layout. For example, 
main routes in BSA territory meet the 
requirement by providing an overlap limit 
according to 3.3.1(h). Therefore, a formal 
definition based on the above principle will run 
into the same problems as one based on BSA 
Principles. 

5.5 The Chosen Approach 

The project’s chosen approach is to define a 
set of signalling principles, consisting of: 

• operational objectives that the signalling 
system is intended to support, e.g., the 
need to join and split trains; 

• accidents that the signalling system is 
intended to prevent, e.g., head-on 
collision of trains and; 

• assumptions on the behaviour of 
trains/drivers, e.g., that trains do not 
exceed the limits of their authority. 

For the purposes of control table verification, 
the most important aspects are the accidents 
and the assumptions on train/driver 
behaviour. This is because the highest priority 
is to check the safety of the control tables.  

The next Section contains an informal 
description of these principles. The research 
project includes investigation of a range of 
different formal verification technologies, 
each of which has its own associated 
formalism. The principles described here can 
be readily translated into an appropriate 
formalism. For example, some of the 

principles have been translated into 
Computation Tree Logic (CTL), an input 
language for the Symbolic Model Verifier tool 
(SMV), and the assumptions on train 
behaviour have been translated into an 
Abstract State Machine (ASM), which is 
automatically translated into SMV code. This 
is the subject of a separate paper [16]. 

Only principles that are appropriate to the 
Brisbane Suburban Area are considered. Note 
that both the interpretation of each of the 
accidents and the assumptions on train 
behaviour are specific to the signalling 
technology, e.g., lineside signals, and the 
signalling philosophy, e.g. route signalling, 
used in the Brisbane Suburban Area.  

The accidents listed here are the ones 
relevant to verifying control tables. At this 
stage of the project, these principles are still 
draft. Examples are provided here only to 
demonstrate the approach to their 
specification, and are not necessarily 
complete or correct. 

5.6 Accidents - Examples 

• Trains collide at speed 

Interpretation: Two trains on the same track 
section, at least one of them travelling on a 
main route and not stopped. 

• Train collides with fixed obstruction 

Interpretation: A train travelling on a track 
section containing a fixed obstruction, e.g., 
a buffer stop, having received a more 
permissive aspect than it should have. 

• Train collides with road user at level 
crossing 

Interpretation: A train travelling on a track 
section containing a level crossing, with 
insufficient or no warning, or with boom 
gates open or not closed for long enough. 

• Train derailment due to movement into 
out-of-gauge zone 

Interpretation: Train enters a track section 
with a different gauge to the train gauge. 

• Train derailment due to excess speed at 
turnout 

Interpretation: Train passes over facing 
points having received a more permissive 
aspect than it should have. 
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• Train derailment due to passage over 
trailing points wrongly set 

Interpretation: A train enters a track section 
containing a trailing point, where the point 
is not set and detected in the position 
appropriate for the train’s movement. 

• Train derailment due to points driven 
beneath train 

Interpretation: Points move when a train is 
occupying a track that contains the points. 

5.7 Assumptions About Train Behaviour - 
Examples 

The assumptions made about train behaviour 
govern the effectiveness of the control table 
verification. The more sophisticated the 
assumptions, the more of the control table can 
be checked, but the more difficult the 
verification becomes. 

Currently, the prototype verifier uses a very 
simple model of train behaviour which is 
sufficient to check only the most critical parts 
of the control table, e.g. opposing locking 
between signals and point locking. In this 
model, trains have infinite deceleration, i.e., if 
a train meets a red signal it always stops, 
regardless of the aspect it received at the 
previous signal. With this model it is not 
possible, for example, to check the approach 
locking controls in the control table or the 
aspect controls, since a train approaching a 
signal will always stop if it is red. 

Some example assumptions from our simplest 
train movement model are: 

• Trains move contiguously from track 
section to track section; 

• Trains only enter or exit an area from 
the boundaries of the area, or from a 
non-track-circuited siding.  

• Trains only enter the area in a manner 
consistent with the control tables for the 
adjacent area 

• Trains continue in the same direction, 
except when signalled in the opposite 
direction when they may reverse; 

• Trains are always detected by track 
circuits while in a section3; 

• Trains always stop at red signals 

• Trains travel at the appropriate speed 
for their route, as indicated by the 
previous route indication 

There are also assumptions on the behaviour 
of signalling objects, for example that points 
always move into their controlled position.  

The project has also considered a more 
realistic train model in which trains only stop at 
signals when they have been given sufficient 
warning, and in which trains can travel into 
their overlap. However, currently the feasibility 
of model checking control tables using these 
assumptions has not been investigated. 

5.8 Handling Local Principles 

Local principles are special signalling rules 
that apply only at specific locations. They may 
be more restrictive than the general principles, 
or more permissive than the general 
principles. More restrictive rules are consistent 
with the principles; less restrictive are 
potentially inconsistent, and may provoke a 
safety violation. 

The project investigated an approach in which 
local principles were formally specified and 
merged with the general principles before 
being checked in the Control Table verifier. 
However, this was found to be overly 
complex. The project is now following an 
approach in which local principles are only 
specified informally, and implemented 
manually in the control tables. With this 
approach, the control table verification will 
have one of two outcomes. 

• If the local principles are more 
restrictive than (consistent with) the 
general principles, then the verification 
will succeed. This is correct, because no 
safety principle is violated by adding 
extra controls. 

• If the local rules are more permissive 
(inconsistent) than the general 
principles, an error will be reported by 
the verifier. This is correct, because a 
safety principle is violated by removing 
a control.  

                     
3 Sometimes, short-term transients in the track circuit mean 
that a real train is not detected. However the rules of the 
control table are not designed to cover such situations. We 
assume that the track circuit gives a continuous reading. 
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In the second scenario, it is for the QR 
management process to decide whether to 
accept the risk and proceed with interlocking 
design, or change the Control Tables or track 
layout. 

5.9 Remaining Issues 

It turns out that using the approach with a 
model checking tool does not detect all 
relevant errors in a control table. This is 
mainly because of redundancy in the control 
table controls. For example, errors in a control 
table can be introduced, which enable two 
opposing signals to show green. However, 
because of the controls on routes leading up 
to those signals, it is not possible to move 
trains into a position where they would collide, 
and so the model checker does not detect an 
error. 

For now, the project has decided to live with 
this limitation. The verification approach 
detects the most critical errors – ones which 
would lead to accidents in practice. In the 
future the verification against the general 
safety principles will be complemented with a 
less critical set of syntactic and consistency 
checks (implemented in the Control Table 
Editor). The intention is to check the 
consistency of parts of the tables that are 
known to be redundant. 

6. CONCLUSIONS 

An approach has been described to generating 
control tables, that has been shown through 
prototyping to be capable of generating the 
majority of the controls in the QR control 
tables. 

A means of specifying the signalling principles 
has been defined, which, because of their 
expression in terms of high level accidents 
and assumptions on train movement, are 
relatively straightforward to validate. Work 
with the model checking tool SMV [16] 
indicates that these principles are appropriate 
for the verification activity and achieve the 
most important aim – that of checking the 
critical safety properties for a control table. 

Currently the project is continuing with 
prototyping the control table verifier, and is 
developing design specifications for the other 
parts of the toolset. Development is expected 
to start mid 2002. 
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AUSTRALIA WIDE COMMUNCIATIONS SYSTEMS FOR 
CARGOSPRINTER  

John Aitken  BE MIEEE AMIRSE 
Aitken & Partners 

 
SUMMARY 
CargoSprinters will operate in a variety of situations throughout Australia.  Their low environmental 
impact and nimble operation favours operation in busy Metropolitan areas while their ability to split 
and amalgamate on country lines suggests a busy rural operating schedule. 
 
A train with this level of flexibility, operating in a cost sensitive market, requires a communication 
system that will satisfy the commercial needs of its operators as well as the demands of the track 
access providers.  Some novel techniques and a range of technologies have been employed to 
create a train communications system that is capable of satisfying each of these requirements at low 
cost.  We describe the technology used and its relevance to the operator and operating crew. 
 
INTRODUCTION 
In a bold, innovative move, CRT Group has 
introduced a very unconventional train to 
Australia.  The CargoSprinter could be thought 
of as a Diesel Multiple Unit for freight 
operations.  CargoSprinter was designed and 
manufactured by Windhoff at Rheine in 
Germany as a low cost, multi-purpose rail 
vehicle. 
 
The CargoSprinter locomotive has a compact 
engine system mounted under the cargo deck, 
only the driver’s cab and fuel tank being 
above the deck.  The locomotives are 
normally used in pairs, one at each end of the 
consist.  Since the locomotives and wagons 
are designed for container operation, each 
consist can be operated as a unit.  Where 
longer consists are required, units are coupled 
together and operated as a train with 
distributed power and braking. 
 
CargoSprinter wagons are wired to link the 
PLC control systems from locomotive to 
locomotive.  The control systems use both 
Modbus and Canbus. 
 

 
Figure 1 - CargoSprinter 

1. SYSTEM SCOPE 
CRT Group operates freight operations 
throughout Australia, specialising in plastics 
transport and packaging.  CRT Group 
headquarters are at Altona in Melbourne and 
this is the hub of their rail operations.   
 
The objective is for the CargoSprinter to be 
able operate throughout the standard gauge 
network.  While operation of the CargoSprinter 
on some routes may not be cost-effective, the 
communications system should not be an 
impediment to access and should facilitate 
CargoSprinter operations. 
 
Australia has a sad history of incompatibility in 
railway radio communications.  There is no 
single standard for radio communications on 
the standard gauge track.  Indeed there is not 
even a single standard for the standard gauge 
track in any state.  This incredible state of 
affairs looks likely to continue for many years, 
imposing a substantial cost on each rail 
operator.  Incompatibility has a further cost to 
the community, as the McInerney inquiry into 
the Glenbrook rail accident so clearly shows. 
 
Some operators have dealt with the 
incompatibilities by installing many 
independent radios, each with a control head 
and microphone.  This is adequate for some 
portions of the network but becomes 
unworkable if all areas are to be 
accommodated.  Pacific National’s NR class 
locomotives fitted with the AWARE system 
attempt to operate on all networks with a 
single screen display for the driver.  The 
screen display connects to a cabinet full of 
radio equipment. 
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2. NETWORK REQUIREMENTS 
 
2.1   Train Control 
Most access providers require that trains have 
radio communication with Train Control.  The 
requirements (as we understand them) for 
some areas are summarised in Table 1.   The 
situation is changing as access providers 
make changes to their infrastructure and as 
more of the Victorian broad gauge track is 
converted to standard gauge (under the 
control of Freight Australia). 
 

Area Control Radio 
Perth Metro UHF (trunked) 
Northam – Kalgoorlie UHF  
Kalgoorlie – Esperance 
Kalgoorlie – Leonora  

UHF (parts) 
Satellite phone 

Kalgoorlie – Pt Augusta UHF 
Tarcoola – Alice Springs UHF (parts) VHF 
Pt Augusta – Adelaide UHF 
Adelaide – Broken Hill UHF 
Adelaide – Serviceton UHF/GSM/None  
Serviceton – Melbourne UHF + ASW 
Melbourne – Albury UHF + MDC600 
Albury – Goulburn 
Broken Hill – Parkes 

Countrynet  
(Satellite only) 

Goulburn – Macarthur  
Newcastle – Greenbank 
Parkes – Lithgow 
Orange – Dubbo 
Newcastle – Tamworth 

Countrynet  
(UHF or Satellite)   

Macarthur – Sydney  
Lithgow – Sydney 
Newcastle – Sydney 

UHF Metronet 

Other NSW 
Countrynet  
(Satellite only) 

Greenbank - Fisherman 
Islands (Qld) 

UHF + Selcall 

Table 1 – Train Control Radio 
 
The only area currently requiring a VHF radio 
for communication with Train Control is the 
Tarcoola – Alice Springs railway. 
  
Whilst most areas are shown as requiring UHF 
radio, it should be noted that no single UHF 
radio can do the job.   
 
The UHF radio used in the Perth Greater 
Metropolitan area is a trunked radio with 
narrow band operation.  In general, radio 
transceivers that can provide the trunked radio 
operation cannot also provide the wide band 
conventional operation required for the rest of 
the country.  (At least one manufacturer 
provides a “dual mode” radio but this radio is 
suitable for neither Countrynet nor Metronet). 
 
A standard, off-the-shelf conventional mobile 
radio can be used for the remainder of the 
UHF train control areas outside NSW.  In 

Victoria this radio is useless unless connected 
to a Motorola ASW or MDC600 unit (more 
about this later).  The Victorian train control 
radio system is commonly referred to as Train-
to-Base radio. 
 
In NSW, a special duplex radio is required for 
Metronet and Countrynet.  There is only one 
source of duplex radio to our knowledge, 
although one can contrive a full duplex radio 
from two simplex radios.  To further 
complicate the issue, the Metronet and 
Countrynet systems require the radio to be 
capable of continuous transmission (at 25 W 
in the case of Countrynet).  Very few mobile 
radios (one to our knowledge) are capable of 
operating continuously in full duplex mode. 
 

 
Figure 2 – CargoSprinter cab  
 
Access to the Metronet system is limited to a 
particular brand and model of mobile radio.  
Although it is technically possible to 
implement the Metronet radio functions with 
other radio transceivers, the necessary 
information and approvals are not available.   
 
Similarly, RIC is at present the only source of 
Countrynet equipment.  Although it is 
technically possible for other suppliers to 
implement the Countrynet functions, the 
necessary information and approvals have  
not been made available by RIC.  (At the time 
of writing, CRT Group has been formally 
seeking this information from RIC for seven 
months.) 
 
At present it is not necessary to have radio 
communication with Train Control in NSW.  It 
is in fact sufficient to have a hand held 
portable radio, operating on the Local Radio 
channel.  Although a statement was issued 
requiring compatibility with Metronet, the 
implementation of this requirement has been 
deferred. 
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2.2   Local Radio 
“Local Radio” is known by many names.  In 
NSW it is commonly known as “WB” radio, the 
acronym referring to the radio equipment 
provided to train crews when “Without 
Brakevan” operation of trains was 
commenced.   
 
The WB radio was a portable radio carried in 
the cab by the driver and second person.  This 
radio was suitable for use as a “Local Radio”, 
covering the local area around the train.  It 
permitted the driver to communicate with the 
second person when inspecting the train and 
performing brake continuity checks.  
  
In NSW the WB or Local Radio has also been 
used for communication between trains and 
signallers.  There is now an extensive network 
of Local Radio base stations on NSW track, 
linking signallers with the Local Radio used on 
trains. 
 
In Victoria the Local Radio is known as an 
End-to-End radio, referring to its original use 
from end to end of the train.  Local Radio is 
used in all states for roll-by inspections of 
trains by signal boxes and other trains.  The 
roll-by inspection is a confirmation to the 
driver of the train that the train is complete 
(marker light is on the last wagon). 
 
Local Radio is also used for shunting 
operations in various yards and other 
locations.  In most cases a separate radio 
frequency channel is used for these operations 
but in many situations the shunting and other 
movements are performed on the Local Radio 
channel.  There is a move to stop this very 
dangerous practice and require a discrete 
communication channel for each shunting 
operation. 
 
As one might by now expect, a single Local 
Radio channel cannot be used across 
Australia.  The radio frequency used in 
Victoria is different from that used in NSW, 
Qld and WA.  The Victorian frequency is at 
least in the same frequency band as the Local 
Radio channel.  On the Trans Australian 
Railway the radio used for roll-by inspections 
is VHF simplex.  This is a continuation of the 
practice that was employed before the 
introduction of the UHF radio system on this 
line. 
 
2.3   Train Location - GPS 
GPS is an integral part of the NSW 
Countrynet train radio system and is also 
employed in the Queensland Rail network.    
Although GPS receivers are fitted to the 

majority of the locomotives operating in 
Australia, very little use is made of the 
available information.  A GPS “watchdog” 
system has been added to the train order 
computers used on the Parkes - Broken Hill 
line.  This equipment verifies the location of 
the train when train orders are created and 
fulfilled. 
 

 
Figure 3 – CargoSprinter Antennas 
 
3. DESIGN CONSIDERATIONS 
 
3.1   Customer Requirements 
The brief from CRT Group was simple – 
provide facilities for radio communications for 
the standard gauge track.  In addition, CRT 
Group required telephone access from the 
trains and integration with the on-board 
systems.  Later in the project a CB radio was 
added for communication with trucks and 
email facilities were requested.  
 
A touch sensitive computer screen was 
selected as the primary interface to the driver.  
A telephone handset with a keypad and small 
display was added to form a compact terminal.  
The telephone handset is used for all mobile 
communications. 
  
3.2   Implementation Issues 
The CargoSprinter cab has limited space for 
radio equipment.  The radio transceivers have 
been fitted into the space below the 
windscreen, immediately in front of the 
observer’s seat.  There is a small space here, 
sufficient for a satellite telephone, a power 
supply and equipment boxes with a total 
volume of approximately 500 mm x 200 mm x 
320 mm. 
 
The radio antennas are on the roof of the cab.  
Figure 3 is a view of the cab from the rear.  
The satellite antenna is the domed unit on an 
elevated stand (to raise the antenna above the 
air conditioning unit).  The UHF antennas are 



John Aitken Australia Wide Communications System for 
CargoSprinter 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

430

the larger cylindrical items.  The GSM antenna 
is near the horns and the GPS antenna is on 
the right at the front of the loco. 
The FM radio antenna is the large “skate” style 
unit and the CB radio antenna is to its right.  
The CB antenna location is alternatively used 
for a VHF antenna.  An adaptor plate has 
been installed so that the antennas can quickly 
be changed. 
 
3.3   Equipment Complement 
The equipment complement selected for the 
CargoSprinter consists of: 
 

• Computer Processor 
• Touch Screen 
• Satellite Telephone 
• GSM Telephone 
• GPS Receiver 
• UHF Local Radio 
• UHF CB Radio 
• UHF Control Radio 
• Modbus Interface 
• Portable Radio 
• FM Broadcast Receiver. 

 

Touch Screen

GSM Phone

Local Radio

GPS Receiver

Audio Switch

CB Radio

Control Radio

Satellite Phone

Modbus

FM Radio CD Input

Audio Amp

Processor (PC)

Power Supply

 
Figure 4 – Block Diagram 
 
The UHF CB radio occupies the equipment 
slot that had originally been allocated for a 
VHF train control radio.  The system is 
designed so that the CB radio can be replaced 
with a VHF radio when required. 
The equipment selected is suitable for all the 
radio systems identified in Table 1.  There is a 
compromise for the trunked radio system for 
Western Australia.  The control radio is 
changed when the train is operating in Perth, 

to a unit with trunked operation.  Since the 
CargoSprinter is unlikely to operate on the 
long-haul routes, this is a cost-effective 
alternative to permanently fitting more radios 
and interface equipment.  (The radio 
transceivers for conventional and trunked 
operation have the same size and connections 
and can be changed in about thirty minutes.) 
 
The UHF portable radio is fitted into a vehicle 
kit with a built-in charger.  This ensures that 
the portable radio battery is always charged.  
The portable radio chosen, a Tait Orca, has a 
screen display with easily read text for channel 
descriptions.  The portable radio has a 
capacity of 300 channels. 
 
3.4   Entertainment 
An entertainment system has become a 
standard fitting in most modern locomotive 
cabs.  The CargoSprinter is no exception.  The 
train has been fitted with a high fidelity car 
Sony radio amplifier, high quality MB Quart 
speaker systems, an FM radio receiver, a CD 
player input and an MP3 file player.  The MP3 
file player is built into the driver’s console and 
plays files from the system compact flash 
drive.  There is provision for the addition of 
more compact flash memory and for compact 
flash module exchange. 
 
Rather than have a built-in cassette or CD 
player, the CargoSprinter has a socket for 
connection of a walkman or MP3 player.  The 
audio input socket permits the use of any 
audio device that the driver prefers.  It also 
removes the risk of a damaged CD player or 
jammed cassette player making a locomotive 
unserviceable.  The audio input socket is 
located in the base of the handset cradle and 
has a high fidelity stereo connection into the 
radio sound system. 
 
The apparently extravagant sound system 
may appear not to be consistent with the 
notion of a cost-effective system.  It is 
consistent with “cost-effective engineering”.  
There is only one pair of loudspeakers 
because all audio is routed through the 
computer controlled audio switching.  The 
robust automotive amplifier has abundant 
power and excellent performance at a very 
reasonable cost. The item that has the highest 
maintenance frequency and cost, the 
cassette/CD player, has been  removed from 
the locomotive equipment complement. 
 
A very high performance commercial FM radio 
module was employed (normally used in 
upmarket receivers).  Since the FM radio 
receiver is built into the system and is 
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controlled from the driver’s console, there is 
minimal additional hardware cost.  The FM 
radio has scanning and station memory 
buttons. 
 
The MP3 player cost is minimal because it 
uses off-the-shelf player software and files are 
stored on the same medium as the rest of the 
system files.  The MP3 control panel is also 
integrated into the driver’s console software.  
There is an incremental cost to increase the 
amount of stored audio but the operator can 
determine the timing and extent of any 
changes.  There is no need to re-engineer the 
system if more capacity is required. 
 
3.5  Operating System 
Linux is the operating system of choice for the 
CargoSprinter system.  Linux is very cost-
effective, it is extremely adaptable and it is 
very reliable.  Drivers were available for most 
of the devices used in the system and 
additional drivers were created for the 
remaining devices. 
 
Linux is very compact and is readily 
customised to the application.  The final Linux 
build is a cut-down version of Peewee Linux, 
with X-windows for the graphical user 
interface.  The operating system, applications 
and data files are all stored on compact flash. 
 
3.6  Application Software 
The application software has been developed 
in assembler, C, Phoenix and Kylix.  Kylix is a 
Linux version of Pascal that permits rapid 
development of graphical applications.  The 
Kylix code is object oriented, very readable 
and has rigorous type and bounds checking.  
Linux signals and TCP/IP protocols are used 
between modules of the application software. 
 
3.7  Modbus 
Windhoff use Modbus protocols in the PLC 
control system of the locomotive.  A Modbus 
port is used by the train radio system to 
update the PLC clock with GPS time and to 
obtain train status information from the PLC.  
The most important item of information is the 
vigilance alarm status.  During driver-only 
operation an unacknowledged vigilance alarm 
will trigger an automatic emergency radio call. 
 
4. USER INTERFACE 
 
4.1   Concept 
The CargoSprinter driver’s desk has a very 
clean, uncluttered appearance.  The display 
screen for the communications system follows 
this approach.  The overall view can be seen 
in Figure 5.  The driver’s desk has a screen 

printed overlay on steel panels.  The edges of 
the panels are softened by a polished wood 
trim.  The whole of the driver’s desk is hinged 
for access to the PLC control system. 
 
The normal screen display has only the most 
essential information. The unused areas of the 
screen are blue, toned to match the rest of the 
driver’s desk.  On the left of the screen there 
are “buttons” to switch the handset between 
radio systems.  The options are Control, Local, 
Phone and CB radio.  At the top of the 
selection panel there is a button for the 
entertainment system and at the bottom of the 
panel there is a button for backlight control.  
The button colour has been chosen to tone 
with the wooden trim on the driver’s desk. 
 

 
Figure 5 – Driver’s Desk 
 
The train location is determined from the GPS 
data and is displayed as a line of text on the 
bottom of the screen.  A warning message is 
displayed on this line if the GPS receiver is 
unable to provide accurate data.  
 
Comprehensive test facilities have been built 
into the CargoSprinter communications 
system.  If the word “Test” at the top of the 
screen is touched, a panel of test results is 
displayed.  This panel shows the status of all 
the radios and ports connected to the system, 
with abnormal conditions highlighted.  More 
detailed tests can be made by touching the 
buttons on the right of the test panel. 
 
4.2   Screen Brightness 
Train drivers usually operate in a dark cab at 
night.  Even though the screen can be 
dimmed over a wide range (using a knob to 
the right of the screen), the brightness of the 
display can be annoying in a dark cab.   
 
The driver can turn the display backlight off 
completely by touching the backlight control 
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button.  The backlight will then stay off until 
there is a call that requires the driver to use 
the screen, in which case the backlight will 
automatically be returned to the last 
brightness setting.  The driver can turn the 
backlight on at any time by touching the 
bottom left corner of the display screen. 
 
4.3   Audio and Volume Control 
The speaker volume is controlled with the 
lower knob on the left of the screen.  This is a 
master speaker volume control.  There is 
independent control of the relative volume of 
each part of the entertainment system. The 
handset earpiece volume is controlled from 
the handset (up/down buttons). 
 
The normal configuration of radios directs the 
train control radio to the left speaker and the 
local radio to the right speaker.  The relative 
levels of these radios are preset and both are 
adjusted simultaneously with the main volume 
control. 
 
The CB radio shares the right speaker with the 
local radio.  The CB radio transceiver is also 
used for shunting operations in the CRT depot 
on a licensed CRT UHF radio channel.  The 
driver can turn off the local radio audio during 
these shunting operations.  At other times the 
local radio must remain connected to the 
speaker.  The driver can switch off the CB 
radio at any time. 
 
4.4   Emergency Calls 
Emergency radio calls are initiated by pressing 
the button on the top right of the console.  In 
those radio systems where there is no 
emergency call function (eg South Australia 
and Western Australia) a warning message to 
this effect is displayed to the driver if the 
emergency button is pressed. 
 
4.5   Telephone Calls 
GSM and satellite telephone calls may be 
made by the driver at any time.  The handset 
dialling buttons can be used to make the call 
or the driver can use a touch screen telephone 
directory.  The touch screen directory operates 
in a similar manner to an ordinary cellular 
telephone phonebook.   
 
To access the touch screen directory the 
driver simply touches the phone button on the 
left of the display.  When the button is first 
touched, the handset is switched to the 
telephone.  If the button is touched again, the 
phone directory display will be visible.  (The 
phone directory will be hidden if the button is 
touched again).  The phone directory 

information is stored in a text file that can 
readily be updated. 
The screen display includes a signal strength 
display for each of the GSM and satellite 
telephones.  The default telephone device can 
be set in the track database, as can any 
desired limitation on use of either phone.  The 
driver can switch between phone devices by 
touching the signal strength display.  The 
system software continuously monitors the 
satellite and GSM phone network availability 
and automatically switches systems if 
coverage is lost. 
 
4.6   Local Radio 
Under normal conditions the local radio is 
switched to the channel defined in the track 
database for the current train location (based 
on GPS data).  However, the driver can 
change the local radio channel at any time by 
touching the Local Radio button twice (as for 
the phone directory) and displaying a channel 
selection panel.  The driver can select any 
yard or local radio channel from this panel. 
The panel shows the channel number and a 
channel description.  The channel number 
displayed can be used to easily set the 
portable radio channel. 
 
The local radio panel also has a DICE button.  
DICE is used in Victoria for Driver Initiated 
Control of Equipment.  A number of crossing 
loops can be switched with through DICE 
codes.  The DICE code is entered on the 
display touch screen. 
 
4.7   CB Radio 
The CB radio has a similar panel operation to 
the local radio and phone.  The panel is 
smaller and provides channel selection for the 
CB channels as well as three preset channel 
buttons. 
4.8   Control Radio 
The control radio is dynamically allocated as 
the train travels along the track.  It can be 
switched between the UHF radio and the VHF 
radios (if fitted) or the satellite telephone.  In 
NSW the satellite telephone will be used for 
Countrynet access, along with the UHF radio.  
 
The Control button operation is similar to that 
for the Local radio, CB and Phone.  The 
Control panel contents will vary from area to 
area.  In most areas there is only a display of 
the selected channel.  In NSW there will be an 
additional indicator to identify whether the 
terrestrial or satellite system is in use. 
 
A special screen panel has been developed 
for ASW operation in Victoria.  This panel 
reproduces the two display screens used in the 
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hardware Locomotive Display Units (including 
the fixed pitch text).  The various buttons that 
are used to accept and return authorities are 
included in the display panel.  The DICE 
functions normally present in the LDU have 
been moved to the Local panel, as discussed 
earlier. 
 
4.9   Email 
The email facility is under development.  A 
wireless keyboard has been provided for the 
drivers to use when creating and responding 
to emails.  The emails will be transmitted over 
the GSM and satellite telephones. 
 
4.9   Consist Documentation 
The Driver’s Console has a consist 
documentation system to assist the crew in 
completing X2010 forms.  The documentation 
system provides a very quick method of 
adjusting the consist record on screen and 
identifying wagons that are empty and loaded.   
 
For most unit operations it takes only a couple 
of minutes to generate a complete consist 
document, with all loads and wagon numbers.  
The keyboard can be used to prepare the 
details but any common load or consist can be 
created from the touch screen. 
 
Completed documentation can be faxed 
directly to the CRT office or to the access 
provider.  The fax is electronically created and 
transmitted over the cellular phone or satellite 
phone. 
 

5. SUMMARY 
The CargoSprinter communications system 
uses commercially available off-the-shelf 
components to form a comprehensive 
communications system.   The hardware 
elements are drawn from the industrial 
computer market and are designed for very 
similar applications in industry. 
 
The cost and size of the equipment has been 
controlled by modular design.  Rather than 
permanently fit all radio transceivers that may 
be required, the design permits quick 
exchange of modules to suit particular areas.   
 
The software design is equally modular and 
accommodates changes in application.  The 
modular software design has already been 
proven to be readily expanded or 
reconfigured.   
 
A great deal of engineering effort has been 
dedicated to the user interface.  The goal is to 
have a user interface that is self explanatory 
and intuitive in operation.   
 
While systematic planning is important, 
prototyping and field testing have proved to be 
very valuable.  Software prototyping has been 
employed with good effect, taking advantage 
of the rapid development environment that 
Kylix offers. 
 
The CargoSprinter communications system 
provides a cost efficient solution to Australia-
wide radio communications. 
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TRANS AUSTRALIA RAILWAY 
SELF RESTORING POINT SYSTEM 

 
E.N FLETCHER & R.B.KEMPSTER 

AUSTRALIAN RAIL TRACK CORPORATION 
 

SUMMARY 
 
The Trans Australia Railway is a 1685.5 kilometre long standard gauge rail corridor linking Port 
Augusta in South Australia and Kalgoorlie in Western Australia, for much of it’s route the corridor 
traverses a remote and environmentally harsh area of Australia.   

 
To reduce train transit time, a self-restoring point system was introduced in 1993.  Reliability 
problems with that system necessitated the application of speed restrictions at each of the 42 loop 
locations. These restrictions, in total exceeded 75 kilometres of the corridor and substantially 
negated the benefits of civil engineering improvements directed at reducing transit times. 

 
This paper case studies the Trans Australia Railway Self Restoring Points System and highlights 
the process applied to determine the performance requirements and the lessons learnt.  The paper 
concludes with a review of the project’s success measured by a comparison of prior and current 
reliability of the self-restoring point system.

 
NOTATION 
 
The following abbreviations are used in this 
paper, and refer to the terminology in place 
at the time of the project. 
ARTC Australian Rail Track Corporation 
ATCS Advanced Train Control System  
HD / Link System 

Safetran HD/Link vital I/O modules 
and Safetran Spread Spectrum 
Radio 

RSA Rail Services Australia 
SRP Self restoring point 
TMG TMG International Pty Ltd 
WSA Westinghouse Signals Australia 
 
INTRODUCTION 
 
The Australian Rail Track Corporation, was 
formed on 1st July 1998 with the core 
function of managing and improving the 
interstate mainline infrastructure to allow 
rail transport to make a viable and 
competitive contribution to Australia’s 
transport needs. 
 
Part of the asset transferred from 
Australian National included the Trans 
Australia Railway linking Port Augusta and 
Kalgoorlie, a distance of 1685.5 kilometres. 
 
The corridor consists of 41 Crossing Loops 
and Tarcoola a Crossing Loop and junction 
with the Central Australia Railway. 
 

 
Australian National had in the late eighties 
initiated the Austrac Project, a brave 
attempt to develop Australia’s own 
Advanced Train Control System.  Point 
machines, equipment huts and solar panels 
were installed at each location in 
preparation for ATCS. 
 
Following the shelving of the Austrac 
Project due to software integrity issues, a 
project was established to identify ways of 
setting to work the hardware installed in the 
field. 
 
In 1993 the point machines at each end of 
the Loops were configured using four 
proximity switches and an industrial quality 
Programmable Logic Controller to achieve 
a self-restoring function. 
 
A number of embellishments to the basic 
installation were made in subsequent 
years. Searchlight signal mechanisms were 
added to increase sighting distance and the 
ends of the loops were linked by data 
radios to allow the setting of the far end 
points to be included in the information 
displayed by the light indicators. 
 
The system at this stage of development 
had achieved significant operational 
benefits but suffered from reliability issues 
relating to the proximity switches and data 
integrity of the telemetry system. 
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As a precautionary measure, a 70-km/h-
speed restriction was applied to all trains  
 
when traveling through a crossing location, 
effectively creating a standing speed 
restriction on the corridor for a total 
distance exceeding 75 kilometres.   
 
When the time loss and the additional costs 
of fuel and brake wear were considered, it 
became obvious that the system as it stood  
was a significant impediment to corridor 
efficiency. 
 
The decision was made to identify an 
alternative system with all of the 
operational advantages but none of the 
technical deficiencies. 
 
1. GEOGRAPHIC AREA 

 
The Trans Australia railway is a 
single-track rail corridor linking Port 
Augusta in South Australia to 
Kalgoorlie in Western Australia a 
distance of 1685.5 kilometers. 
 
To facilitate train operations 
Crossing Loops are installed at 42 
locations, each location has a 
minimum of 1850 metres standing 
room where trains can cross 
opposing or pass slower rail traffic. 
 
Tarcoola, located 413.5 kilometres 
west of Port Augusta, is also the 
junction of the Adelaide - Alice 
Springs and soon to be extended 
to Darwin rail link. 
 
The rail corridor includes the area 
known as the Nullabor Plain, a 
sparsely populated area, almost 
devoid of permanent human 
population and associated 
amenities. 
 
The Nullabor is the home of the 
longest straight section of railway 
in the world (478 kilometres). It is 
gently undulating country with 
significant amounts of both 
limestone and flies! 
 
The isolation of the area increases 
the logistic planning required both 
in maintenance and installation, 
adding to the cost and potential 
delays associated with a failure. 

 

2. OPERATING ENVIRONMENT 
 
The Nullabor experiences seasonal 
air temperature variations of -5° - 
65° Celsius.  The area is prone to 
isolated but severe electrical 
storms. 
 
Any installation had to be capable 
of withstanding these conditions 
while being housed in a convection 
cooled concrete hut. 
 
With maintenance staff based at 
Port Augusta it was critical to install 
robust equipment capable of 
withstanding the natural elements 
thereby reducing unscheduled site 
attendance. 
 
The worse case scenario would 
see staff undertaking a 3350 
kilometre return trip to replace a 
two dollar component, an 
expensive and unrewarding trip.  
The Nullabor is harsh environment 
for both people and technology. 
 

3. SAFE WORKING SYSTEM 
 
Manual Train Order Working is 
used to regulate the movement of 
rail traffic across the corridor; the 
Train Control Centre is located at 
ARTC’s Mile End offices in 
Adelaide. 
 
Trains operate without the 
traditional brake van and guard – 
there is no person riding the rear of 
the consist; train integrity is 
achieved by end of train monitoring 
systems. 
 
When trains are required to 
advance, cross or pass, a Train 
Authority is issued authorizing the 
movement. 
 
For a cross or pass, the Train 
Authority specifies the location and 
path to be taken by each train. 
 
For a train to enter the Crossing 
Loop, it must come to a stand prior 
to the facing point, reverse the 
points, confirm point set integrity 
then enter the loop. 
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If a full manual system were to be 
employed, the points would be 
required to be set back to the 
normal position either by the crew 
of the entering train – this would 
involve a 2 kilometre walk or by the 
crew of the opposing train resulting 
in a delay to both trains. 
 
The alternative is to have the 
points self restore for Main Line 
moves after the rear of the train 
entering the Crossing Loop has 
been proven to be clear of the 
fouling point. 
 
If a visual indication of electrical 
detection of point position and lock 
integrity is added, a significant 
improvement in network capacity 
and safety can be achieved. 
 

4. TRAIN TYPE, DENSITY AND 
MARKET SHARE 
 
The corridor is used by both freight 
and passenger trains.  As the 
dominant usage is freight, traffic 
patterns are market driven and 
significant peaks and troughs 
occurring. 
 
Significantly higher tonnages move 
in a westbound direction. Trains 
are restricted to a maximum length 
of 1800 metres, giving a gross 
weight of approximately 5,500 
tonnes. 
 
Maximum train speed is 110 km/h. 
 
79.4 % of the freight task into Perth 
from the eastern states in handled 
by rail. 
 
Double height stacking of 
containers is permitted. 
 

5. PROJECT DEFINITION 
 
As a precursor to the main project 
the following areas were examined. 
5.1 Review the existing system 

from an operational 
perspective. 

5.2 Review current and future train 
working requirements. 

5.3 Predictions as to future train 
density. 

5.4 Review the existing system to 
identify weaknesses. 

5.5 User consultation. 

6. THE PROJECT GOES ON THE 
MARKET 
 
In December 1998 Australian Rail 
Track Corporation invited 
expressions of interest from five 
leading signal system suppliers in 
Australia. 
 
The call specified operational 
outcomes as opposed to technical 
requirements. 
 
The expression of interest called 
for a vital self-restoring points 
system with visual indicators 
capable of being sighted from a 
distance of 2500 metres. 
 
The system must consist of vital 
components consistent with signal 
systems but a full signal system 
was not mandatory. 

 
After an exhaustive evaluation 
process, Westinghouse Signals 
Australia was awarded preferred 
tenderer status. 

 
7. OPERATIONAL REQUIREMENTS 

 
Analysis of operational 
requirements indicated the 
following basic needs 
7.1 A simple reliable system 

capable of restoring the points 
to the normal position after a 
train had entered or departed 
from the Crossing Loop and 
compatible with the existing 
Train Order system of safe-
working working 

7.2 Indications that could be 
sighted at least 2500 metres 
prior to the facing points, 
where this was not 
geographically possible, 
repeater indicators were to be 
installed. 

7.3 Positive indications to be 
displayed for each of the 
following point conditions. 
7.3.1. Facing and trailing 

points both proven 
normal and locked. 

  7.3.2. Facing point normal 
and locked, trailing 
point unconfirmed. 

  7.3.3. Facing point 
unconfirmed. 

  7.3.4. Facing point reversed 
and locked 
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8. ENGINEERING REQUIREMENTS 
8.1 The transport of double-

stacked containers should not 
interfere with any installed 
radio telemetry system. 

8.2 Vital end-to-end 
communication by any reliable 
means would be acceptable. 

8.3 Any track mounted detection 
system needed to be robust, 
and proven in a heavy railway 
environment. 

8.4 No insulated rail joints were to 
be installed in the Main Line. 

8.5 The system needed to be 
designed with consideration for 
the operating environment, 
factors to be considered 
included temperature, 
humidity, electrical storms and 
damage to telemetry antenna 
by bird life. 

8.6 Maintenance intervals should 
not be increased from the 
existing six weekly intervals 

8.7 A test site was to be 
established at Tent Hill in May 
1999 and operate for a period 
exceeding 30 days without 
failure prior to award of the 
contract 

 
9. REUSE OF EXISTING 

COMPONENTS  
 
All existing components were 
available for reuse, however it was 
at the discretion of the successful 
tenderer to ascertain the condition 
and serviceability of all 
components. 

 
10. EXISTING HARDWARE 

 
The following components from the 
initial installation for one end of a 
typical Crossing Loop were in place 
10.1. Westinghouse M23 point 

machine 
10.2. Concrete relay hut 
10.3. Solar panels configured for 

12 volt and 24 volt outputs 
10.4. 550 Ampere Hour 12 volt 

battery bank 
10.5. 65 AH 24 volt battery bank 
10.6. Pushbutton enclosure 
10.7. Cable runs from relay hut to 

point machine and proximity 
switches. 

10.8. Westinghouse B3 searchlight 
signal mechanism. 

11. REPEATER INSTALLATIONS 
 
In the original installation a total of 
8 repeaters were installed, a 
contract walkout identified a need 
for 24 additional repeater locations. 
The original sites remain equipped 
with searchlight signal 
mechanisms; all of the additional 
sites were fitted with 3 aspect LED 
signal heads. 

 
12. DELIVERED PRODUCT 

 
Westinghouse Signals Australia 
offered the following products 
configured as required in the 
performance specification 
12.1. HD Link System 
12.2. Short modulated track 

circuits 
12.3. Q type relays (BR 930 

specification) 
All of the above were mounted on 
pre-wired and pre-tested relays 
racks. 
12.4. K3 long-range lens package 

to suit searchlight signal 
mechanisms. 

12.5. Additional solar panels to 
handle the increased 
electrical load. 

12.6. 1100 Ampere Hour capacity 
12-volt batteries. 

12.7. Insulated gauge, spreader 
and actuating rods. 

 
13. FIELD INSTALLATION 

PROVIDERS 
 
Installation was undertaken by Rail 
Services Australia as a 
subcontractor to WSA.  Installation 
audit was undertaken by TMG on 
behalf of ARTC. 
 
WSA staff undertook 
commissioning 
 
Transfield, ARTC’s Civil Service 
provider installed insulated rail 
joints in the turnout and foot of rail 
insulation for specified distances 
 

14. FIELD INSTALLATION TIME 
 
Following successful field 
evaluation of the Tent Hill test site, 
final approval was granted for the 
project roll out. Due to perceived  
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Y2K compliance issues with the old 
system, it was considered 
necessary to complete the 
installation before 31st December 
1999.  All sites were completed 
and operational by 21st December 
1999 

 
15. THE WORK PERFORMED 

 
The objective was to achieve the 
required outcomes within a tightly 
controlled budget, to achieve the  
outcome the following strategies 
were adopted. 
15.1. Reuse of existing relay huts 
15.2. Field checking of the point 

machines, refurbishment was 
not considered necessary. 

15.3. Reuse of existing cable run 
to the point machines and 
searchlight mechanisms. 

15.4. Conversion of all searchlight 
lenses to long range K3 
specification. 

15.5. Installation of one new 1100 
AH battery with relocation of 
the existing 550 AH and 
parallel connection to 
achieve 1100 AH. 

15.6. Reuse of the existing battery 
solar regulators 

15.7. Reuse of existing pushbutton 
enclosures. 

 
16. EXPENDITURE NOT INCURRED 

 
The project avoided the following 
common pitfalls and the associated 
expenditure. 
16.1. The project objectives as 

defined in the project brief 
were not altered after 
lessons learnt from the Tent 
Hill test site were 
incorporated. 

16.2. Any embellishments not 
directed to achieving the 
identified base case more 
efficiently were rejected. 

16.3. No spare capacity was 
intentionally created at the 
time of installation; spare 
capacity of the system is 
limited to the unused 
sections of working 
components. 

16.4. All activities that could be 
undertaken off site were 
identified, prepared off site, 

and then delivered to site as 
sub assemblies. 

16.5. The project was rolled out 
from west to east with yards 
being commissioned in strict 
geographic order – 
production line style. 

16.6. With few exceptions the use 
of generic plans during 
construction and 
commissioning reduced the 
cost and lead-time of design 
and verification. 

16.7. Work practices were 
documented and 
standardized to achieve the 
desired outcome as quickly 
and efficiently as possible. 

16.8. The order of works at each 
site was controlled and 
recorded minimizing delays. 

 
17. THE BENEFITS TO DATE 

 
Reliability of the system has greatly 
increased; failures are now 
significantly less than experienced 
with the previous system.  
Maintenance staff can now 
concentrate their efforts on planned 
maintenance tasks and not fault 
rectification leading to more 
efficient application of resources. 
 
Most of the failures to date are not 
related to the new installation but 
peripheral components i.e. voltage 
regulators, pushbutton contacts 
and lock adjustment due to sudden 
temperature changes.  The 
progressive installation of concrete 
bearers in the turnouts is reducing 
lock adjustment related failures. 
 
The enhanced data logger capacity 
has proved useful in maintenance 
applications, safety performance 
monitoring and incident 
investigation. 
 
Train speed on the Main Line has 
been raised to 110 km/h through 
the crossing locations – previously 
a 70 km/h speed restriction 
applied, this has reduced transit 
time on the average journey by 168 
minutes. 
 
By maintaining a constant track 
speed of 110 km/h and not being 
required to slow to 70 km/h at each 
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loop location, a typical train has the 
potential to reduce fuel costs by 
approximately $1 per hauled tonne 
per journey. 

 
18. COMPARATIVE FAILURE DATA 

Figure 1 shows faults recorded 
during the period July 1998 – June 
2002 
 
From a high of 41 failures in 
November 1999 to a low of 1 
failure in October 2000. 
 

The annual total of failures and 
monthly average are as follows 
July 1998 – June 1999 
 272 failures 22.66 
average 
July 1999 – June 2000 
 287 failures 23.91 
average 
July 2000 – June 2001 
 83 failures 6.91 
average 
July 2001 – June 2002 
 71 failures 5.91 
average 

 

Figure 1 - TAR Self Restoring Point System Failures 
July 1998 - June 2002
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19. ENHANCEMENTS TO THE 

CURRENT SYSTEM SINCE 
COMMISSIONING 
 
As an outcome of a human factor 
incident that occurred in the last 
few months that the original PLC 
based system was in service; a 
timer function was installed on the 
pushbutton functions to prevent 
human sequence errors. 
 
This project was achieved at a 
relatively low cost due to a 
previously unused vital timer 
function existing within the HD 
Link. 
 
A safety audit conducted soon after 
completion indicated significant 
variation in the sighting distance 

afforded by the searchlight 
mechanisms. 
 
The original performance 
specification stated 2500 metres, 
as the required figure, a detailed 
assessment of this problem and 
possible solutions was undertaken. 
 
By comparing the light output at 
various sites and the variables 
affecting light output, a matrix of 
essential features was created. 
 
Significant factors effecting 
indicator sighting were identified as  
19.1 Focal point of the lamp 

filament. 

1998 - 1999 1999 - 2000 2000 - 2001 2001 - 2002 
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19.2 Voltage applied to the lamp 
terminals during normal 
cycling of the solar charging 
voltage regulator 

19.3 Focus of the lamp and 
reflector. 

19.4 Condition of the reflector 
surface. 

Alternatives assessed included, 
19.5 Installation of LED signal 

units 
19.6 Increased wattage lamps 
19.7 Minor variations to aspect 

color 
Each of these was dismissed on a 
cost or practicality basis. 

 
In a return to basic principals, and 
acknowledging the inherent robust 
capability of the searchlight signal 
unit, the following work was 
initiated. 
19.8 Installation of new pre-

focused reflectors and lamp 
holders. 

19.9 Installation of electronic 
voltage regulators in the 
lamp circuit to ensure 9.9 
volts at the lamp terminals 
regardless of battery voltage 
fluctuations  

19.10 Installation of high light 
output long life lamps of the 
same wattage as the original 
design specification. 

 
The above work achieved the 2500 
metre sighting specification at all 
locations fitted with searchlight 
signal mechanisms in a cost 
effective manner and within a short 
installation period.  Maintenance 
costs have reduced due to 
increased lamp life. 
 

20 NATIONAL CODE OF PRACTICE 
COMPLIANCE 
 
Included in the SRP upgrade 
project was the installation of 
Location Boards complying with the 
National Code of Practice for the 
Defined Interstate Network. 
All boards are now standardized in 
both appearance and distance from 
the facing points. 

 

21 ADDITIONAL INFORMATION 
 
WSA, the designers and suppliers 
of the system have available on 
their website several excellent 
technical papers on the technical 
aspects of the SRP project, the site 
is www.invensysrail.com.au pull 
down the Solutions Area then 
select Technical Papers. 
 

22 CONCLUSION 
 
The SRP project achieved it’s 
objective to provide a cost effective 
and reliable solution to a defined 
problem in a short time frame, key 
points in achieving this were, 
22.3 Accurate definition of the 

need by consultation with 
operations staff. 

22.4 By not providing unused 
capacity or technically 
embellishing the system 
beyond identified operational 
requirements. 

22.5 Defining a fit for purpose 
system by operational 
outcomes and allowing the 
industry to define the 
necessary technology. 

22.6 Close performance 
monitoring of the work in 
progress and concentrating 
on outcome rather than 
input. 

22.7 Being prepared to accept 
new technology bought into 
Australia for evaluation 
purposes, although widely 
used overseas. 

 
The cost of the project has been 
totally negated by savings to the 
customers of Australian Rail Track 
Corporation in reduced fuel cost 
and decreased transit time in just 
three years.
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BANGKOK BLUE LINE METRO : TECHNICAL DUE DILIGENCE 

Lachlan Daniel, IEAust, RTSA, RTAA, PWI 
B Tech. Civil Engineering 
SKM Sector Leader – Rail 

 
Summary 
This paper describes Sinclair Knight Merz’s commission to undertake a Technical Due 
Diligence Audit of Bangkok Metro Company Limited's 25 year concession agreement, with the 
Mass Rapid Transit Association, to build, operate and maintain the mechanical and electrical 
equipment, including the depot facilities, associated with the Blue Line Metro Project in 
Bangkok, Thailand. 
 
The paper outlines the methodology required to carry out a Technical Due Diligence Audit of 
a AUS$4 Billion project that not only identifies those risks which have a financial impact on 
the project but one that is carried out under extreme time constraints and still ‘satisfies’ the 
requirements of international financing parties. 
 
 
1. INTRODUCTION 
On the 1st August 2000 the Bangkok Metro 
Company Limited (BMCL) was selected by 
the Mass Rapid Transit Association 
(MRTA) as the concessionaire of the 
Mechanical and Electrical Works 
associated with the Bangkok Blue Line 
Metro Project, under a 25 year Build 
Operate and Transfer (BOT) scheme. 
 
BMCL are responsible for Design, Supply, 
Installation, Testing and Commissioning of 
the following: 
q Rollingstock 
q Traction Power supply and distribution 
q Signalling systems 
q Communication systems 
q Fare collection systems 
q Platform screen doors 
q SCADA systems 
q Signage systems 
q Depot buildings and facilities 
q Workshop equipment 
 
In addition BMCL are responsible for 
operation and maintenance of the system 
for 25 years. 
 
The Civil Works, being carried out by the 
MRTA and financed by the Government of 
Thailand, consists of: 
q 20km of twin tunnel 
q 18 stations 
q Depot platform 
q Trackwork 
q Lifts and escalators 
 

BMCL considered an offer from a 
consortium, comprising Mitsubishi 
Corporation, Mitsubishi Electric 
Corporation and Alstom Transport for the 
supply of the M&E Equipment under a 
turnkey, fixed price lump basis contract.  
BMCL also considered entering into a 
separate contract with the consortium for 
maintenance of the system for the first 10 
years of operation.  The maintenance 
contract was to include M&E maintenance 
as well as track maintenance. 
 
BMCL invited a number of domestic and 
international financing parties to consider 
providing finance for the M&E Equipment.  
The international financing parties invited 
to do so consisted of: 
q Bank of Tokyo - Mitsubishi Ltd 
q Credit Agricole Indosuez 
q JBIC 
q NEXI (formerly METI) 
q COFACE 
 
2.ROLE CARRIED OUT BY SKM 
Sinclair Knight Merz was appointed on this 
assignment to act as the Common 
Technical Consultant (CTC) to the 
Financing Parties for the following phases 
of work: 
q Phase 1:  Technical Due Diligence - 

up to financial close 
q Phase 2:  Construction Monitoring as 

the Financier's Engineer 
q Phase 3:  Operations and 

Maintenance Monitoring - as the 
Financier's Engineer 
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Under Phase 1 the role of the CTC was to 
undertake a Technical Due Diligence Audit 
of BMCL's 25 year concession agreement, 
with the MRTA, to build, operate and 
maintain the mechanical and electrical 
equipment, including the depot facilities, 
associated with the Blue Line Metro 
Project. 
 
The audit would then provide the 
International Financing Parties with a 
comprehensive evaluation of not only the 
technical issues and risks that could 
impact on the consortium's financial model 
but also the proposed Capex, Operating 
and Maintenance costs over the term of 
the Concession Agreement. 
 
Sinclair Knight Merz mobilised a core team 
of highly experienced Engineers to carry 
out the Technical Due Diligence in 
Bangkok.  In addition, presentations of the 
audit were given to Financier's in both 
Singapore and Tokyo. 
 
The audit provided: 
q A quantified assessment of risk 
q A review of contractual arrangements 

for both Civil Work and M&E Contracts 
q An evaluation of interface issues 

between the Civil Works and the M&E 
Contract as well as internal M&E 
interface issues 

q A review of the Civil Works 
q A review of Construction, Operating 

and Maintenance costs 
q A review of proposed Operating and 

Maintenance plans 
q A review of Financial Model 
 
Sinclair Knight Merz audit allowed the 
International Financing Parties to make 
appropriate adjustments to the financing 
model and term sheets and, as expected, 
an "Instruction to Procure" letter was 
issued to BMCL in mid August 2001. 
 
3. METHODOLOGY FOR PHASE 1 
WORK: TECHNICAL DUE DILIGENCE 
The work was subdivided into two main 
stages.  Within Stage 1, the first task was 
the acquisition of all available information, 
mainly in the form of documents, but also 
through site visits and interviews.  The 
second task was to review this information 
with regard to its adequacy for the purpose 
of determining risk and where necessary 
request additional information.  In a third 
task, the information was reviewed and 

analysed from the point of view of 
identifying hazards, i.e. events that could 
occur and that could possibly lead to a risk 
to the International Financing Parties.  
Risk analysis was the fourth task and in 
the fifth and final task in Stage 1, an 
Interim Report was prepared for review by 
the International Financing Parties. 
 
In order to process the large amount of 
information involved in Stage 1 in a timely 
manner, the work was further subdivided 
into areas according to the subsystems 
already identified in the M&E project, as 
listed in section 1. 
 
In addition, three further areas of 
importance to the risk assessment were: 
q Contractual Issues 
q Civil Works (currently under 

construction) 
q Environmental Issues 
 
These areas were processed in parallel 
through the five tasks of Stage 1 by the 
members of the Sinclair Knight Merz 
review team, and consequently the Interim 
Report consisted of a collection of eleven 
individual reports. 
 
Stage 2 followed a review of the Interim 
Report by the Lenders and consisted of 
three steps.  The first of these was to 
address a list of items of particular 
concern to the Lenders, generated as a 
result of the Lenders' review of the Interim 
Report.  The second step was to generate 
a consolidated Draft Final Report which 
was issued April 25th 2001.  The third step 
was to finalise the report at a time closer 
to Financial Close such that detailed 
Capex, Operating and Maintenance costs 
could be reviewed. 
 
Within this overall approach, the central 
activity was the consideration of risk to the 
Lenders, and the methodology adopted 
was generally in accordance with that set 
out in AS4360 - Risk Management, but 
adopted to the purpose of this work.  In 
particular, of the five main components of 
risk management - identification, analysis, 
assessment, treatment, and monitoring - 
only the first three were carried out; no 
attempt was made to suggest how the risk 
should be managed by MECO from now 
on. 
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Plan and Risk definitions adopted are indicated in Table 1: 
 
Plan With reference to a particular system, the plan is the current documentation of how it 

is intended to design, produce, install, test, maintain, and operate that system.  The 
documentation consists of two types of information - the requirements on the system 
itself (functional requirements, performance requirements, etc) and the requirements 
on the processes related to the system (planning, system assurance, etc). 
 

Risk A risk is a product of two factors - a hazard and one or more consequence(s).  A 
hazard is something that can go wrong; ie. a deviation from the plan, and each 
hazard has associated with it a probability of occurrence, P.  Once the hazard 
occurs, it will have a consequence; in the present case most appropriately 
measured in its financial impact on the Lenders.  However, a given hazard may 
have more than one outcome, each with a probability of  occurrence pi and 
consequence (in dollars) ci, and the total consequence, C, is given by  
 

C = ∑ pici 
 
The risk is then given as the product of P and C. 

 
TABLE 1 – Plan and Risk Definitions 
 
At the highest or most general level, the 
only hazards that exist for the Lenders are 
those that lead to BMCL not being able to 
service the loans.  The conditions that 
could lead to this hazard occurring can 

then be developed in a manner similar to a 
Failure Modes Effect and Criticality 
Analysis (FMECA), and it is suggested 
that the first two levels of the breakdown 
into failure modes as indicated in Figure 1 

 
 

 
FIGURE 1 – Failure Modes 
 
In the following, the hazards were 
identified with one (or, possibly more) of 
these four groups of consequences, with 
the groups numbered 1 to 4 from left to 
right. 
Group 1 includes not only underestimating 
the development effort as such, but also 
the associated consequences arising from 
inadequate (rushed) design, cutting 
corners, etc. 
 
Group 2 includes risks arising from the 
requirement on MECO to provide a Safety 
Case for all equipment and systems to 
meet a Safety Inspection Level (SIL).  The 
examination and approval of such Safety 

Cases can be quite lengthy and, if not well 
planned, can easily lead to delays in 
putting the line into service. 
 
Group 3 includes not only complete 
failures of the system which shut down the 
service, but also failures or inadequacies 
of components which degrade the service 
as perceived by the public. 
 
Group 4 addresses the risk of the system 
not being able to transport the planned 
number of passengers.  This would arise 
mainly from design errors, eg: track layout 
or signalling design. 
 

 

BMCL 
DEFAULTS 

 

DELAY OR COST 
 

INADEQUATE 
PERFORMANCE 

 

3.  SYSTEM FAILURES 
 

4.  CAPACITY NOT 
ACHIEVED 

 

1.  DEVELOPMENT 
 

2.  SAFETY NOT 
DEMONSTRATED 
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Because both the occurrence of the 
hazards and their consequences lie in the 
future, the probabilities of occurrence and 
the values of the consequences must of 
necessity be estimates.  It is therefore not 

sensible to go to a level of detail that 
exceeds the accurancy of the estimates, 
and hence the scales indicated in Table 2 
have been adopted: 

 
Probability of occurrence, P: High: 0.2 < P < 1 
 Moderate: 0.05 < P < 0.2 
 Low: 0 < P < 0.05 
   
Consequence, C: High: C > 0.5 S 
 Moderate: 0.05 S < C < 0.5S 
 Low: C < 0.05S 
 
TABLE 2 – Probability of Occurrence and Consequence Scales 
 
where S is the Sum of $20 million US.  
The risk, as the product of the above, was 
categorised as follows: 
 
Risk: High if both P and C are High 
 Moderate if P is High and C 
Moderate, or C High and P Moderate 
 Low otherwise 
 
This gives a lower threshold for risks in the 
High category of $US 2 million, a threshold 
that was adopted following discussions 
with the Financing Partners and which led 
to the Sum being chosen as $US 20 
million. 
 
4. PHASE 2 AND PHASE 3 WORK 
Phase 2 work - Construction Monitoring for 
the International Financing Parties was to 
consist of review and assessment of: 
q Quality Assurance 
q Environmental Management Plans 
q Design Approvals 
q Work in progress and progress claims 
q Change order evaluation 
q Commissioning and Completion Tests 
This Phase was originally scheduled to 
commence in October 2001. 
 
Phase 3 work - Operations and 
Maintenance monitoring was to consist of: 
q An annual site visit 

q Review and comment on project 
operational agreements 

q Preparation of quarterly reports 
q Review and comment on project 

maintenance regime 
q Review and comment on actual and 

scheduled operating budgets 
This Phase would start at 
'Commencement of Operations' for the 
Bangkok Blue Line Metro which is 
scheduled for January 2004. 
 
 
5. CONCLUSIONS 
The principal conclusions and 
recommendations that resulted from the 
technical due diligence audit remain with 
the financing parties, as these are strictly 
confidential. However the purpose of this 
paper has been to describe how to carry 
out such an assignment under extreme 
time constraints. 
 
By adopting the above methodology an 
interim technical due diligence report was 
issued to the financing parties within 2 
weeks of award of contract and a final 
report, one that was accepted not only by 
the financing parties but also by the 
consortium bidding for the project, within 6 
weeks of award of contract. 
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BANGKOK BLUE LINE METRO: PART OF THE 20KM UNDERGROUND RAIL TUNNEL 
UNDER CONSTRUCTION 
 

 
BANGKOK BLUE LINE METRO: PROPOSED ROUTE
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THE PERTH URBAN RAIL DEVELOPMENT PROJECT 
M Peter Martinovich, Deputy Project Director 

Perth Urban Rail Development 
 
SUMMARY 
 

The last 15 years has been a golden era for urban rail in Perth. But it could have been different. By 1987, daily 
patronage was only 30,000. The system was falling apart. Then came electrification of the old network and in June 
1993, full services commenced on the 29.5 kilometre new Northern Suburbs Transit System. In May 2002, the 
Government awarded a $300 million contract for the supply of 93 railcars and associated maintenance facilities.  In 
August 2002 the State Government gave final approval for an integrated rapid transit system to serve the rapidly 
expanding south-west metropolitan corridor, based on 71.5 kilometres of new railway, including a major 
underground section through Perth.  In 2001 patronage had risen to just over 101,000 and in 2006 it is predicted to 
be 170,500. These new rapid transit systems are designed from the outset to compete with private car trips. Whilst 
describing the details of the current Perth Urban Rail Development (PURD) Project this paper is foremost about an 
engineering system response to the land use and settlement pattern of Perth, Western Australia.

 

GRAND OVERVIEW 
 

In 1985 the Perth suburban rail network consisted of 
the Armadale, Fremantle and Midland lines of 
approximately 64 route kilometres of double, narrow 
gauge track.  The Perth to Fremantle service had 
recently reopened after closure by a previous 
government.  Total patronage was around 35,000 
passengers per week day; by 1987 it had fallen to 
around 30,000.  The system was falling apart. 

In 1987, after some soul searching it was decided to 
electrify and in late 1988, to build the Northern 
Suburbs Transit System (NSTS).  Electrification of 
the old system was completed in October 1991.  The 
NSTS became fully operational in March 1993. 

The scope of the current Perth Urban Rail 
Development Project is as follows: 

• Extension of the Northern Suburbs Transit 
System (NSTS) by three kilometres to Clarkson, 
33.2 kilometres north of Perth. 

• Construction of the South West Metropolitan 
Railway (SWMR) from Perth to Mandurah 
(71.4 kilometres), with eight stations. 

• Construction of a short spur from the Armadale 
line at Kenwick to a station at Thornlie. 

• The supply and maintenance of 93, 1067 mm 
gauge EMU’s in 31 three car trains including 
construction of a major railcar depot. 

The SWMR requires the construction of a railway 
underground through the heart of the City.   

The cost of the project is $1,419 million made up of: 

• Infrastructure through the City $222.5 million 

• Other Infrastructure $896.5 million 

• Rollingstock and Depots $300 million 

The project is now fully funded. 

A $300 million contract for the design and supply of 
the railcars and depot was awarded to EDI Rail 
Bombardier Transportation Pty Limited on 10 May 
2002. 

The timeframe for introduction of the new services is: 

• Clarkson & Greenwood (NSTS) September 2004 

• Thornlie December 2004 

• Rockingham-Waikiki (SWMR) December 2006 

• Mandurah (SWMR) December 2007 

On completion of the currently planned rail 
expansion, the capital expended over the period from 
1987 on the Perth Urban Rail System will approach 
$2 billion.  Growth in daily boardings is as shown 
below: 

• 1985 35,000 

• 2001 101,400 

• 2006 170,500(Projected) 

• 2011 200,000(Projected)
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1. PLANNING BACKGROUND FOR THE 
SOUTH WEST METROPOLITAN RAILWAY 

In 1993 planning commenced for a railway from 
Perth to the growing City of Mandurah, 75 kilometres 
south. 

Unlike the NSTS where the railway is located within 
the median of the Mitchell Freeway from West Perth, 
use of the Kwinana Freeway median for a railway 
from Perth to about 15 kilometres south was not an 
option.  There were various reasons offered and  
official policy had earmarked the Kwinana Freeway 
median as a busway.  Among the major stakeholders 
there was not the shared interest and support to 
develop a railway within the Kwinana Freeway 
median.  Options other than the median were 
prohibitively expensive. 

A way to Perth was finally found using the existing 
freight railway reserve from Thomsons Lake to 
Kenwick and then to Perth along the Armadale 
suburban railway.  This added about 12 minutes to 
the journey time, compared to a direct freeway route.  
Based on this route, the SWMR Master Plan, was 
endorsed by the State Government in March 1999.   

A Master Plan for the extension of the Northern 
Suburbs Transit System to Clarkson was endorsed in 
June 2000.  Funding of all the works was approved in 
October 1999.  It was directed that they would be 
undertaken under a project umbrella, namely the 
PURD Project. 

2. THE INTEGRATED STRATEGY BEHIND 
THE SWMR MASTER PLAN 

The SWMR Master Plan was based on a 
Government strategy of three complementary 
systems to satisfy the demand for local, inter and 
intra-regional public transport in the South West 
corridor.  The strategy was based on; 

• A bus-way within the median of the Kwinana 
Freeway from Perth to the Murdoch Park & Ride, 
16 kilometres south 

• A bus Transitway from Rockingham to Fremantle 

• Extension of the suburban rail system through 
Kenwick to Mandurah 

3. A NEW STRATEGY FOR SOUTH WEST 
INTEGRATED PUBLIC TRANSPORT 

In early 2001, the new State Labor Government 
fundamentally changed the strategy.  Instead of 
extending the Kwinana Freeway Busway to Murdoch:  

• The railway will replace the busway within the 
12.7 metre wide Kwinana Freeway median from 
Perth to Murdoch. This became the Direct Route.  
Figure 1. 

• A railway spur will be built from Kenwick to 
Spencer Road in Thornlie 

Benefits of the Direct Route are: 

• Significant journey time savings 

• Patronage increase 

• A better level of service 

• 20% saving in rollingstock numbers 

• 50% increase in rollingstock utilisation 

In July 2001, the Government approved preparation 
of the Perth Urban Rail Development Supplementary 
Master Plan to develop the Direct Route.   

4. WHAT DID NOT CHANGE 

The following key aspects of the original Master 
Planning will be retained: 

• The bulk of the SWMR route to Mandurah 

• The railway will be the spine of an integrated 
public transport system 

• SWMR services will integrate with the NSTS, by 
‘through running’ 

Major reasons for the integration of SWMR and 
NSTS services are: 

• Transit station spacing, track alignment and track 
infrastructure of both are similar, suit rapid transit 
and permit line speeds of up to 130km/h 

• Demand forecasts are similar 

• The full potential of rollingstock performance and 
capacity can be achieved
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5. REQUIREMENTS OF MASTER PLANNING 

The significant change to the route required 
preparation of a Supplementary Master Plan.  The 
credibility of the final estimates depends on the ability 
to correctly define the scope of works required to 
satisfy the demand.  The major objectives of Master 
Planning therefore are to: 

• Determine patronage demand 

• Design services and provide the rollingstock and 
infrastructure to satisfy the demand 

• Integrate the system with land use 

• Conform with statutory and regulatory 
requirements 

• Consult with the community and engender 
stakeholder ownership 

• Prepare cost estimates and a Report 

6. DRIVERS OF PATRONAGE DEMAND 

By the year 2021 the population of the Perth 
Metropolitan Region will to be about 1.7 million.  
Within constraints the region can accommodate 
2.5 million people. 

Expansion of the metropolitan region will be 
concentrated north and south of the City within a 
narrow coastal strip. The total length of the full 
north/south development will be about 
135 kilometres.  Over 75% of the projected 
population increase will settle on a coastal strip less 
than ten kilometres wide.  Reasons for such a long 
narrow corridor include land use constraints, 
geography, climate and lifestyle choice.  Major 
constraints are:  

• A natural barrier, the Darling Scarp, 20 - 30km 
inland 

• Underground water mounds north and south of 
the City which supply drinking water 

• Protected vegetation and wetland areas 

• Special industrial and agricultural areas 

In 1996 the population and workforce was about 
evenly split between the inner suburbs and outer 
corridors.  About 47% lived in the inner suburbs and 
53% in the outer corridors.  About 70% of 
employment was still concentrated in the core and 
inner suburban areas.  

By 2021 it is expected that only 40% of the 
population will live in the core and inner areas, with 
60% in the outer corridors.  However, the core and 
inner metropolitan areas will still have 63% of 
employment. 

The volume and length of commuter trips from the 
outer corridors to the core and inner areas will 
increase. 

7. DEMAND MODELLING RESULTS 

Demand estimates were prepared using an 
advanced, four step computer model. 

The estimated number of daily journeys is based on 
projections of population and employment 
distribution, location of key activities, general land 
utilisation and trips for a variety of purposes 
throughout the metropolitan region. 

The estimated demand projected for SWMR in year 
2006 is 24,950 all day, week day boardings from 
eight stations.  Of those boardings, the morning peak 
period will account for 11,680 boardings. 

8. SERVICES TO SATISFY THE DEMAND.  
REQUIREMENTS OF RAPID TRANSIT 

To be successful in a city like Perth with its low 
density settlement, lifestyle, very high car ownership 
together with splendid road infrastructure, the public 
transport system must compete with the car.  
Unbridled expansion of private car trips, particularly 
journeys to work, cannot be sustained. 

The rail system is designed to minimise journey times 
and maximise convenience in order to attract people 
from cars.  From this has come, for Perth’s rapid 
transit system, the station spacing interval selected, 
high train frequency, fast trains and transit stations 
that facilitate convenient modal interchange. 

To minimise journey time, maximise the speed 
potential of the rollingstock and optimise rollingstock 
utilisation, the average spacing of transit stations 
should be no less than about three kilometres on 
average.  Figure 2.  

The different modes of travelling from home to major 
stations on the NSTS is as follows: 

• Park & ride: up to 20% 

• Car passengers set down: up to 28% 

• By bus: 35% to 45% 

• By walking or cycle: 10% 
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Key criteria for rapid transit are: 

• Dedicated right of way 

• High frequency 

• Reliability 

• Fast trains 

• Well designed and located transit interchanges 

• Good modal connection to bus and car feeders 

• Safety and comfort 

• Integration with surrounding land use 

Table 1 below, emphasises the SWMR competitive 
edge over freeway traffic in the morning peak period 
when rail services commence in 2006. 

TABLE 1: SWMR – Road vs Rail Journey Times 

Section Distance Rail Road Average 
Rail 

Speed 

Average 
Road 
Speed 

Mandurah- 
Perth 

71 km 48 mins 68 mins 90 km/h 82 km/h 

Rockingham- 
Perth 

44 km 33 mins 54 mins 80 km/h 49 km/h 

Thomsons 
Lake– Perth 

21 km 16 mins 34 mins 79 km/h 37 km/h 

9. DISCUSSION OF SYSTEM PERFORMANCE 

The old suburban rail network, namely the Fremantle, 
Armadale and Midland lines were built in an age of 
limited transport choice with stations 1.1 to 
1.4 kilometres apart. Much of the access to stations 
would have been by foot – certainly not motorised. 

Today with very high car ownership together with a 
city of low urban density, the number of people within 
the walking catchment of a station is severely limited 
with a maximum potential of 500-600 boardings per 
day.  This by itself, is insufficient to justify the cost of 
new stations. On the NSTS at Warwick and Whitfords 
stations, where the all day, weekday boardings are 
now 4,850 and 4,250 respectively, over 85% arrive 
by bus or car. 

Of the 101,400 boardings per day on the Perth 
Suburban Network in 2001, the contribution of 
boardings at the suburban stations by line were: 

• NSTS - 35% 

• Armadale, Fremantle and Midland lines - 65% 

Eight suburban stations on the NSTS contributed 
35% of the boardings whilst the forty eight suburban 
stations on the rest of the network contributed the 
remaining 65%.  Figure 3 refers. 

10. ROLLINGSTOCK TO PROVIDE THE 
SERVICES 

The planned extensions to the Perth Urban Rail 
Network requires 93 Electric Multiple Units (EMUs) 
that will be made up in 31 three-car trains.  The new 
cars will have an operating speed of 130 km/h.  
Unlike the 110 km/h existing cars that have dc 
traction motors, the new cars will have ac traction 
motors on the bogies.  The cars will be equipped with 
automatic train protection. 

Ten trains are to be ready for service by the end of 
2004, a further 15 by the end of 2005, and the 
remaining six trains by mid 2006. 

The contract awarded on 10 May was for the design, 
construction and maintenance of the fleet for 
15 years.  This form of procurement is intended to 
ensure that ‘whole of life’ costs are taken into 
consideration, that responsibility for design and 
maintenance resides with the manufacturer and that 
maintenance costs are controlled under contractual 
arrangements. 

The option for the manufacturer to finance the supply 
of the railcars under an operating or finance lease 
was seriously examined.  However in the ultimate 
analysis it was shown that the cost to the 
Government would be higher than if Government 
funded the purchase even after allowing for trade-offs 
such as transfer of financial, construction and other 
risks. 

The contract includes the design and construction of 
the new railcar depot at Nowergup where EDI Rail-
Bombardier will carry out railcar maintenance. 
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11. INFRASTRUCTURE - STATIONS 

Planning and concept design of transit stations 
considered five main objectives: 

• Identify the function 

• Quantify the function(s) 

• Define the precise land requirement and location 

• Prepare conceptual plans of the infrastructure to 
satisfy the functional requirements 

• Estimate the cost of the conceptual design 

These objectives were achieved through: 

• Preparation of patronage projections to the 
stations 

 

 

• Briefing stakeholders of the requirements 

• Consensus with local government and other 
stakeholders and engendering stakeholder 
ownership 

• Concept development with stakeholders 

There will be eight new suburban station from Perth 
to Mandurah with a total of 24,950 all day, week day 
boardings.  The largest station, Thomsons Lake will 
have nearly 5,500 boardings per day.  Table 2. 

Figure 4 shows the conceptual design for the 
South Street (Murdoch) Station. 

TABLE 2 
SWMR Summary Of Suburban Stations 

Location Kilometres from Perth Function Weekday Boardings Car Parking 

Canning Bridge 9.4 Minor Bus interchange 970 Nil 

Leach Highway 13.8 Major transit interchange 3,110 700 

South St (Murdoch) 16.0 Major transit interchange 4,980 925 

Thomsons Lake 22.6 Major transit interchange 5,460 1,000* 

Thomas Road 35.1 Major transit interchange 2,560 600 

Rockingham 45.4 Major transit interchange 2,320 700 

Waikiki 49.7 Major transit interchange 2,060 700 

Mandurah Terminus 71.4 Major transit interchange 3,490 850 

Total   24,950 5,475 
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12. STANDARDS AND RAILWAY 
INFRASTRUCTURE 

The SWMR will be 1067 mm gauge, as is the existing 
Perth Urban Rail network. 

Minimum radius of horizontal curvature is generally 
700 metres.  Where there are constraints, such as 
through the city, the radius is as low as 135 metres.  
This will be managed with speed restrictions, 
lubrication, minor gauge widening and attention to rail 
and wheel profiles. 

Maximum applied superelevation is 100 mm.  
Passenger comfort is enhanced by limiting 
unbalanced lateral acceleration to 0.52 metres per 
second2.  

Transition lengths are designed to enhance comfort.  
The rate of change in the development of applied 
superelevation will generally be limited to 26 mm/sec.  
The transition ideally should also be long enough to 
limit the development of unbalanced lateral 
acceleration to the order of 0.20 m/sec3. 

The above effectively means, for narrow gauge track 
and 100mm of applied superelevation, that the length 
of transition in metres is about the same numerical 
value as the speed of the train in km/h, i.e.130km/h 
needs a 130 metre transition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vertical curvature will be limited to a minimum of 
5000 metre radius except in the central Perth area 
where it will be down to 2500 metres.  The desirable 
vertical acceleration will be less than 0.01g.  
Maximum grade will be 3% compensated. 

The railway is designed for 140 km/h although the 
maximum operating speed will be 130 km/h.  

The new railway will have two tracks from its 
connection with the Northern Suburbs line in Perth 
yard all the way to the Mandurah Terminus.  Facilities 
for overnight stabling of railcars will be constructed at 
Mandurah adjacent to the terminal station. 

The track will be constructed for a 16 tonne axle load, 
generally with new 50 kg/m standard carbon steel rail 
fastened with resilient fastenings on concrete 
sleepers and crushed rock ballast.  However, for the 
line under the city and for eight kilometres south in 
the restricted freeway median, a concrete slab track 
structure with 60 kg/m rail will be used. 

Rail will be field welded into continuous lengths. 
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13. THE RAILWAY THROUGH PERTH 

The SWMR requires the construction of a railway 
underground through the heart of the City, running 
north–south under William Street.  Figure 5.  From 
the Narrows Bridge through the City, that work 
involves: 

• About 650 metres of double track in a cut and 
cover box, including an underground station at 
the Esplanade. 

• From Esplanade Station to Lake Street in 
Northbridge, about 690 route metres of bored 
tunnel and 310 metres of cut and cover structure 
including underground platforms integrated with 
the existing Perth Station. 

• About 200 metres of ramp structure to link the 
new railway to the NSTS at Fitzgerald Street in 
Northbridge. 

Building the railway through Perth will provide the 
opportunity to sink the existing Fremantle line 
through Northbridge, allowing ground level 
connection between Northbridge and the city proper, 
a priority of planners and the community for years. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

14. SIGNALLING AND COMMUNICATIONS 
SYSTEMS 

The signalling will incorporate computer based 
interlocking linked with fibre-optic cables and will use 
existing type three-aspect, multi-unit colour-light 
signals.  It will enable full line speed operations at 
three minute intervals.  

Automatic Train Protection (ATP) equipment will also 
be provided. 

All signal control functions will be exercised from an 
extension of the existing WAGRC Control Centre.  A 
fibre optic communications bearer system will be 
provided which will interconnect equipment at the 
new stations, the traction power supervisory control 
(SCADA) system and signals control and indications 
sites. 

15. THE TRACTION POWER AND SUPPLY 
SYSTEM 

The South West Metropolitan Railway will be an 
integral part of the Perth Urban Railway system 
network and the 25kV overhead power supply to the 
new lines will be integrated with the existing system.  
The power demand will be of a similar order to the 
existing system. 
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New feeder stations will be provided at Kenwick, 
Jandakot and Karnup, taking 132kV supply from 
Western Power facilities.  There will be midpoint 
25kV switching stations at Esplanade and Leda.  
Intermediate switching stations will be located at 
Anketell and Waikiki.  

Along the Kwinana Freeway, through the South Perth 
Foreshore, where there is great sensitivity to visual 
impact, ways of minimising the number of aerial wires 
is being studied.  The existing Traction Power 
Supervisory Control and Data Acquisition system for 
the Perth Urban Rail system will be extended to 
cover the SWMR. 

16. PROJECT MANAGEMENT 

The project management structure is based on the 
Government’s responsibility to the community for the 
provision of an effective implementation of the Master 
Planning objectives and outcomes. The 
organisational structure to achieve this is made up of 
a mix of permanent government employees and 
private professionals unified under the PURD Project 
umbrella. The broad objectives of the PURD office 
are to: 

• Appropriately package and specify in tender 
documents the outcomes identified in Master 
Planning 

• Evaluate tender responses and make 
recommendations for awarding contracts 

• Award contracts 

• Manage the implementation of contracts 

• Ensure overall management of the essentials; 
scope, time, budget, risk, safety, quality etc 

17. IMPLEMENTATION - STAGING THE WORK 

The scope for the design and construction of 
infrastructure associated with the SWMR includes : 

• Stations 

• Civil and structural works 

• Railway infrastructure 

A detailed procurement plan has been prepared, 
which divides the work into seven primary packages 
based on location, scope and delivery method. 

The seven major contract works packages will be of 
substantial size.  These packages, designated 
A to G, are aligned such that the scope of each 
design package aligns with the scope of the 
construction package.  Each design consultant will be 

responsible for design, documentation, technical 
support, design verification and design product 
validation for each individual package. 

The seven packages are as follows: 

Package A Civil, structural and drainage 
works from Glen Iris to Mandurah 
and for rail infrastructure work 
from Perth yard to Mandurah. 

Package B Stations at Thomsons Lake and 
Thomas Road. 

Package C Stations at Rockingham, Waikiki 
and Mandurah. 

Package D Stations at South Street, Leach 
Highway and Canning Bridge. 

Package E Bridge works on the Mount Henry 
Bridge and Narrows Bridge, plus 
civil, structural and drainage 
works from the Narrows to Glen 
Iris. 

Package F Civil, structural and drainage 
works for the route through Perth 
(excludes track infrastructure 
which is Package A). 

Package G Train control systems upgrade. 

The packages developed for the stations (Packages 
B, C and D) will be traditional in nature, with all 
stations being fully designed by PURD and its 
appointed consultant and constructed by the selected 
contractor to the PURD design. 

Packages A, E and G will be a mix of traditional 
design and then construction and contractors’ design 
for structural works such as bridges and tunnels, 
along with signalling, communications and train 
control.   

Alliance contracting is being seriously considered for 
Package F, the route through Perth. 

18. CONSTRUCTION STAGING 

The staging of the work is arranged to minimise 
construction interfaces between the packages and to 
existing operations. 

The station packages will be the last to commence, 
being heavily dependent upon the rail infrastructure 
packages.  

Continuity of construction of track and its associated 
infrastructure will be a key element in project 
success, with the construction programme staged so 
that civil, structural and station elements are 
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completed in time for continuous track and rail 
infrastructure construction. 

Construction work on the railway will commence in 
the third quarter of 2003 and be completed in 
2007.Summary 

The Perth metropolitan region is characterised by a 
very long, narrow, linear residential development, 
already stretching over 100 kilometres, whilst still 
retaining over 60% of employment within the central 
core.  Aided by splendid road infrastructure, a heavy 
dependence on private car trips has evolved. 

Within that context and from a low point in the mid 
1980’s when the future of the Perth Urban Rail 
network was uncertain, patronage has now grown  

over threefold to 101,000 boardings per weekday and 
is expected to double that figure in the next ten 
years. 

Urban rail electrification in the late 1980’s and the 
currently programmed massive expansion in urban 
rail are all directed at winning commuters who have a 
choice, out of their motor cars.  To undertake this 
“mission” successfully requires a thorough 
understanding of the city’s development pattern, the 
nature and purpose of travel demand and the 
requirements of rapid transit if it is to have a place in 
all that. 

The current Perth Urban Rail Development Project is 
the public transport response to Perth’s town 
planning and mobility and access needs.  In so 
doing, it has become the biggest public works ever 
undertaken by the State Government. 
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A REVIEW OF URBAN RAILWAY LINE CAPACITY 

A W Wardrop BSc(Hons) MengSc (Traffic Engineering) 
TMG International Pty Ltd 

SUMMARY 

Urban and suburban railways are increasingly being pushed to handle more trains and 
passengers because of the high cost of new infrastructure.  The highly peaked nature of 
suburban passenger flows leads to poor whole-of-day infrastructure and rolling stock 
utilisation.  It is therefore important to be sure that realistically available line capacity is being 
fully exploited before pursuing the development of new infrastructure. 

Communications based signalling is currently being developed as an alternative to fixed block 
wayside signalling.  Such signalling technology can potentially offer sufficient line capacity 
improvements to obviate the development of some new infrastructure.  It is thus very 
important to assess the merits of such signalling technology in a familiar context, such as the 
Sydney Metropolitan Railways. 

Railway signalling systems are designed to be used by trains with particular performance 
properties, including capacity and access/egress.  In the Sydney suburban railway operating 
environment these trains must stop at a small number of heavily patronised CBD stations 
whose dwell times will directly affect the headways between successive trains.  The 
properties of classic fixed block signalling and of communications based signalling can thus 
be described, modelled and assessed on a comparable basis. 

Through system analysis, surveys of station dwell behaviour and MTRAIN train performance 
and signal system simulation TMG determined that new signalling systems do not deliver a 
significantly higher capacity than is currently available from Sydney’s high capacity inner area 
wayside signalling.  Nevertheless, the long term protection of train flows offered by 
communications based signalling means that it should desirably be introduced as part of 
progressive infrastructure maintenance and renewal. 
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1. INTRODUCTION 

Passenger railways throughout Australia, 
particularly urban and suburban railways, 
are being pushed to handle more trains 
and passengers because of their 
environmentally friendly contribution to 
urban transport.  However, passenger use 
is highly peaked during weekdays with, 
typically, one third of passengers travelling 
during the (2-3 hours) morning peak 
period, a similar number of passengers 
travelling during the afternoon peak period 
and the balance travelling throughout the 
rest of the day.  These peak periods 
generally commit all of a train operator's 
ready rolling stock and a significant 

amount of a track access body's inner 
area infrastructure.  Outside these peak 
periods 30-50% of rolling stock is idle and 
much infrastructure is used at less than 
50% of its potential capacity.  For 
example, in Figure 1, the Suburban/North 
Shore Lines in Sydney run at up to 20 
trains per hour per direction during peak 
periods but drop to perhaps 8 trains per 
hour per direction out of peak periods for a 
total of 410 trains per day.  Freight 
railways are also subject to peaks but their 
scale of train operations and geographic 
concentration is less intense.  Thus the 
NSW North Coast Railway can be 
congested at a total of 40 trains per day. 

 

Figure 1: Trains Running in the Up and Down Directions between Wynyard and 
North Sydney by Hour of Working Day 
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-25

-20

-15

-10

-5

0

5

10

15

20

25

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

21
00

22
00

23
00

24
00

25
00

26
00

27
00

28
00

29
00

Time of Operation

T
ra

in
s/

h
r

Down

Up

 

New railway infrastructure is expensive, 
particularly in urban areas where surface 
rights of way are no longer available.  The 
Sydney Airport Railway was built wholly 
underground because the former Southern 
Suburbs Railway reservation had been 
relinquished by the 1970s.  Even the Brisbane 
Airport Railway had to be built as an elevated 
single track system because of the difficulty of 
obtaining a surface right of way through 
Brisbane Airport.  Therefore access providers 
and train operators need to rationally examine 
the limits of existing line capacity before 
embarking on new infrastructure parallelling 
existing infrastructure.  One of the issues 
which has sparked this debate in Sydney is a 

foreshadowed need to augment line capacity 
between the City and the Lower North Shore. 

This debate thus raises a number of issues: 

• what are the train performance and safety 
issues associated with different signalling 
technologies; 

• what are the components of line capacity 
and what control do train operators and/or 
access providers have over them; 

• how can existing capacity be measured 
and is it solely the number of trains per 
hour or does it include the number of 
passengers carried; 
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• have, or can, operational measures be 
taken to better exploit available line 
capacity; and 

• to what extent can new signalling 
technology increase the carrying capacity 
of a railway line. 

Seeking a tangible increase in line capacity is 
intrinsically appealing because it is a way of 
"sweating the assets" and developing more 
cost efficient railways.  Therefore, this paper 
explores the opportunities for increasing line 
capacity by changing signalling technology. 

TMG International’s interest is it specialises in 
railway policy, planning, engineering and 
operations.  It regularly uses its MTRAIN train 
performance and signal simulation model to 
assess infrastructural and operational matters, 
such as raised in this paper. 

2. SIGNALLING SYSTEM FUNCTIONS 

All signalling systems, irrespective of their 
technology, should perform at least the first 
two of the following functions: 

• safely separate moving trains from each 
other along plain track; 

• safely separate conflicting train 
movements from each other at 
interlockings; and 

• enforce adherence to safe separation 
between successive trains. 

The first function is what is regarded as the 
prime function of traditional block and/or 
automatic signalling whereby the passage of 
trains is regulated in some way to keep them 
at least a safe braking distance apart.  By safe 
braking distance we mean a conservative 
braking distance to stop plus a margin for 
safety dependent upon appropriate risk 
mitigation measures.  The second function is 
the protection of trains from each other when 
they potentially move across each others’ 
paths at junctions or interlockings.  The third 
function can be thought of as Automatic Train 
Protection (ATP) whereby some enforcement 
regime is imposed over traditional signalling to 
act upon a train closing upon another train or 
some general obstruction (eg. a stop signal at 
an interlocking). 

Other systems can be hung off these basic 
functions.  There are a number of functions of 
particular interest in metro or regional rail 
environments, for example, but not 
exhaustively: 

• Automatic Route Setting (ARS) whereby 
individual trains’ routes can be 

automatically set and cleared through 
interlockings by programmable logic driven 
by the trains’ identities and itineraries 
without the manual involvement of 
signallers; 

• Automatic Train Operation (ATO) whereby 
trains can be driven by machine or 
electronic logic rather than manually by 
human drivers.  Necessarily ATO cannot 
function without the prior provision of ATP; 
and 

• Automatic Train Regulation (ATR) 
whereby the flow of trains can be 
managed as a whole to smooth variations 
in travel times between successive trains.  
Depending upon the method of regulation, 
ATR may require the prior provision of 
ATP and ATO. 

These functions can and do enhance safety.  
However they are also productivity aids and 
their application can improve train service 
reliability and permit the exploitation of latent 
capacity in a railway network.  Nevertheless, 
we still need to understand the three 
fundamental safety and capacity functions of 
signalling, establish the capabilities of existing 
signalling systems and assess the realistic 
opportunities offered by alternative signalling 
systems before considering any "nice to have" 
functionality. 

3. GENERAL SIGNALLING DESIGN 
ISSUES 

Irrespective of technology, the performance of 
existing and alternative signalling systems 
depends upon: 

• the lengths of individual trains; 
• their deceleration performance; 
• their current and/or maximum permitted 

speeds; 
• the duration of dwell times at intermediate 

stations along shared routes; and 
• their acceleration performance. 

Trains must always be spaced apart so that 
the front of a following train never overlaps the 
rear of a previous train.  Therefore the 
absolute minimum separation distance 
between trains is the distance between the 
front of the previous trains and the front of the 
following train, ie the length of the previous 
train.  Each train’s nett deceleration rate (ie 
after taking into account gradient) plus its 
current actual speed determines its 
instantaneous stopping distance.  If a train’s 
current actual speed is not reliably known then 
the stopping distance must be determined 
from that train’s current maximum permitted 
speed.  Station stops will space trains apart in 
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time and this time is converted into local 
equivalent distances to keep trains safely 
separated from each other.  A train’s nett 
acceleration rate plus its current and maximum 
permitted speeds affect the degree to which it 
closes on or separates from a previous train. 

Typical train lengths in Sydney are 160 metres 
for an 8-car suburban train, 190 metres for an 
8-car interurban train, 210 metres for an XPT 
and from 400 to 1500 metres for various types 
of freight train. 

Maximum service (and emergency) braking 
rates for suburban and interurban trains 
operated on the Sydney Metropolitan and 
Interurban Railways lie between 0.8 and 1.0 
m/s2.  By way of contrast, maximum service 
braking rates for freight trains lie between 0.35 
and 0.40 m/s2.  It is unclear what the typical 
average deceleration rate (ie as used for every 
station stop) for suburban or interurban 
passenger trains would be.  TMG estimate that 
it would probably lie between 0.60 and 0.80 
m/s2 for Sydney. 

The uncertainty about practically achievable 
braking rates, ie through the combination of 
driving practices and degraded braking 
performance, will affect the performance of 
any signalling system.  This uncertainty is 
taken into account in conventional signalling 
by using derated deceleration rates as the 
basis for signal layout design.  This derating 
can be as much as 50% of the specified  

maximum service braking rate in the absence 
of any regime which enforces base braking 
performance standards.  This is based upon 
the worst permitted degradation of train 
braking applied under the worst environmental 
conditions.

The maximum permitted speeds for suburban 
and interurban trains lie between 115 and 130 
km/h.  The maximum permitted speeds for 
Xplorers and XPTs lie between 145 and 160 
km/h.  The maximum permitted speeds for 
freight trains vary between 65 and 115 km/h, 
depending upon axle load and the riding 
qualities of freight wagon bogies.  However 
around Sydney, track speeds, as distinct from 
train speeds, are 40-60 km/h in the City, 60-80 
km/h in the inner suburbs and 100+ km/h in 
the outer suburbs. 

Actual station dwell times are a significant 
component of practical headways between 
trains.  Station dwell times per passenger will 
be significantly shorter for suburban trains 
than for interurban trains by virtue of their 
greater doorway width (16-18% vs 10% of total 
train length). However it is still unlikely that 8-
car suburban trains could load or unload 1000 
passengers in less than 60 seconds. 

Based on station dwell times surveyed by 
CityRail prior to the Olympics it seems that the 
minor City stations (ie Martin Place, Circular 
Quay, St James and Museum) would have 
90th percentile dwell times of roughly 40 
seconds.  TMG surveyed the major City 
stations lying along the North Shore Line (ie 
Central, Town Hall and Wynyard) after the 
Olympics (see Table 1 below for a summary).  
Average dwell times range between 50 and 70 
seconds during the morning peak period and 
between 50 and 80 seconds during the 
afternoon peak period.  Current timetable 
planning is suggesting that major City station 
dwell times might even be approaching 90 
seconds. 
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Average Morning Peak Dwell 
Time (sec) and Coefficient of 

Variation 

Average Afternoon Peak Dwell 
Time (sec) and Coefficient of 

Variation 

Station 

Northbound Southbound Northbound Southbound 
Central 69 (1.22) 63 (1.83) 82 (2.05) 56 (1.14) 
Town Hall 68 (0.97) 43 (1.35) 50 (0.66) 53 (0.85) 
Wynyard 53 (1.94) 48 (1.19) 72 (1.24) 80 (0.91) 
Milsons Point 25 (0.88) 24 (1.63) 31 (2.23) 43 (1.47) 
North Sydney 45 (n/a) 71 (n/a) 53 (n/a) 56 (n/a) 
Total trains (no) 25 19 22 30 
Total time (min) 79 93 96 88 
Average 
headway (min) 

 3.2  4.9  4.4  2.9 

Table 1: Summary of North Shore Line Dwell Time Survey Conducted by TMG for 
Rail Services Australia on 9 May 2001 

Acceleration rates, and the speed range 
over which they are sustained, vary 
between train types.  High-ish power-to-
weight trains, such as suburban and 
interurban electric multiple unit trains 
would have initial acceleration rates of the 
order of 0.75 m/s2.  These acceleration 
rates might be sustained up to 30 to 50 
km/h.  Freight trains, having power-to-
weight ratios at best one third of those of 
metropolitan passenger trains, will be 
necessarily more sluggish. 

All in all, the headway performances of 
metropolitan passenger trains will be most 
influenced by deceleration rates and 
station dwell times.  Train throughput will 
be maximised when train lengths, 
maximum permitted speeds, acceleration 
rates, deceleration rates and station dwell 
times are the same.  Thus metropolitan 
passenger rail systems aspire to the use 
of homogenous rolling stock and regulated 
service patterns. 

4. FIXED BLOCK SIGNALLING 
DESIGN IN SYDNEY 

The existing signalling systems in 
operation throughout the Sydney 
Metropolitan Railways are all fixed block 
signalling systems.  Under such systems, 
sections of plain track are divided into 
successive blocks each controlled by a 
signal.  The lengths of these blocks are 
generally determined by the worst 
combination of train speed, braking 
performance and gradient profile along a 
line.  In this way, any train running over 
the line should always be able to safely 
stop short of a previous train or an 
obstruction such as a stop signal at an 
interlocking.  Since the length of a block 

affects the duration of time between 
sighting and responding to successive 
signals, shorter blocks allow the spacing 
information imparted by signals to be 
refreshed more quickly.  However once 
block lengths are shorter than the limiting 
braking distance, signals have to display 
more complex information about the 
distance to an obstruction. 

Thus the automatic signals in use in 
Sydney all show multiple aspects.  In 
general, signals may display between two 
and five through aspects and between two 
and three turnout aspects.  Through 
aspects apply to an unrestricted mainline 
route.  Turnout aspects apply to restricted 
divergent and convergent off mainline 
routes.  Two aspect signals are generally 
only found on country mainlines where the 
distances between automatic signals are 
too long (eg four kilometres or more) for 
intermediate signal aspects to be 
remembered by train crew.  In these 
instances a distant signal is placed at the 
braking distance from the next main 
signal. 

Generally on plain track within 
metropolitan Sydney: 

• three aspects (ie Stop, Caution and 
Clear) provide one block length for a 
train to stop from its maximum 
permitted speed; 

• four aspects (ie Stop, Caution, 
Medium and Clear) provide two block 
lengths for a train to stop from its 
maximum permitted speed; and 

• five aspects (ie Stop, Low Speed, 
Caution, Medium and Clear) provide 
three block lengths for a train to stop 
from its maximum permitted speed. 



Alex Wardrop 
TMG INTERNATIONAL PTY LTD 

A Review Of Urban Railway Line Capacity 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

466

A sixth “reward” aspect (ie Conditional) 
can sometimes be displayed prior to either 
a Low Speed or a Caution aspect if a train 
is timed to be travelling slow enough (ie 
25-40 km/h according to circumstances) to 
still be safely separated from the train in 
front.  In Sydney, Low speed has an 
implied 25 km/h speed limit whereas 
higher aspects may have inferred speed 
limits reflecting drivers’ caution in 
controlling their trains while running under 
restrictive signals. 

Mechanical train stops are provided 
beside each mainline signal throughout 
the Sydney Metropolitan and Interurban 
Railways to automatically apply the 
emergency brakes if suburban or 
interurban trains over-run stop signals.  
This is a crude, but effective, means of 
enforcement.  However it is normally only 
able to enforce compliance to a stop signal 
and then by allowing a train to stop in the 
overlap distance beyond the stop signal.  
Train stops also can be used to enforce 
the “reward” speeds associated with 
Conditional aspects, in which case if a 
train is travelling slowly enough when it 
passes a Conditional aspect it is not 
tripped and stopped. 

5. FIXED BLOCK SIGNALLING 
PERFORMANCE IN INNER SYDNEY 

TMG conducted a series of MTRAIN train 
performance and signal system simulation 
trials to establish the operational 
characteristics of existing wayside fixed 
block signalling in inner Sydney.  TMG 
adopted: 

• the acceleration characteristics of 
standard double deck suburban trains, 
currently forming over 60% of 
CityRail’s suburban EMU fleet; 

• conservative average service braking 
rates of 0.6 m/s2; and 

• the assumption that trains would run 
at the minimum headway at maximum 
track speed. 

This modelling showed that the minimum 
headway times for all-stops trains, 
excluding station dwell times (ie “intrinsic 
clearance times”), in both directions along 
the North Shore Line between Central and 
North Sydney were approximately 100 
seconds.  TMG observed that the intrinsic 
clearance times between successive trains 
could be reduced if trains were permitted 
to run under restrictive signal aspects, 

provided these trains could maintain stable 
sectional running times.  However, the 
stability of sectional running times began 
to drift once intrinsic clearance times were 
driven below 80 seconds and trains 
received restrictive signal aspects of 
varying severity.  Furthermore, train 
performance while running under 
successive restrictive signals is inherently 
erratic and thus potentially unreliable.  
Finally, TMG established that the minimum 
green-to-green headway was the sum of 
the intrinsic clearance time plus the ruling 
station dwell time in the line section of 
interest. 

Figure 2 shows the fixed block intrinsic 
clearance time implications between 
Central (CEN), Town Hall (-TO), Wynyard 
(-WY), Milsons Point (-MI) and North 
Sydney (NSY).  Two trains were run, 
separated by 110 seconds (ie the intrinsic 
clearance time of 100 seconds plus 
nominal, non-representative, station dwell 
times of 10 seconds at all intermediate 
stations).  This time versus distance plot 
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Figure 2: Central and North Sydney at Minimum Green-to-Green 
Headways under Existing Wayside Fixed Block Signalling 
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shows the front and rear of each train plus 
the aspect clearance history of each signal 
passed by each train.  The front of the first 
train places each signal at Stop (“R”).  As 
it proceeds its rear releases progressively 
less restrictive aspects for that signal, ie 
Conditional (“C”), Low Speed (“L”), 
Caution (“Y”), Medium (“M”) and Clear 
(“G”) until the next train passes to repeat 
the process. 

6. COMMUNICATIONS-BASED 
SIGNALLING DESIGN CONCEPTS 

A number of communications-based 
signalling systems are being developed as 
alternatives to classic fixed block signalling 
to either increase line capacity, improve 
the safe separation of trains or reduce the 
amount of lineside equipment.  
Conceptually under communications-
based signalling, trains can report their 
current position with respect to a known 
location (eg a wayside balise) to a central 
computer via a secure radio system.  This 
location and the current train’s length can 
then be securely broadcast to a following 
train.  That train can similarly locate itself 
and can then determine its separation 
distance from the previous train or any 
other obstruction (such as a junction).  If 
the current separation distance exceeds 
an appropriate service braking distance 
plus some stand-off distance, the following 
train can proceed subject only to prevailing 
track speeds and station stop obligations.  
The stand-off distance is a dead zone 
between trains and any obstruction to 
allow for communication delays, braking 
inaccuracies, etc.  If the current service 
braking distance plus the stand-off 
distance exceeds the current separation 
distance then the following train must 
brake at its service deceleration rate until it 
is once more safely separated from the 
previous train or obstruction. 

The system described above is generically 
called a moving block signalling system.  It 
is the ultimate form of communications 
based signalling system whereby train 
position or interlocking status can be 
regularly updated via a secure train-to-
base radio system and broadcast to other 
trains or interlockings.  The refreshment 
time on locational information is 
determined by the communications polling 
rate rather than episodically by the 
crossing of block boundaries.  Depending 
upon how and what quantum of track 

geometric information is passed to each 
train, actual and required separation 
distances can be determined and train 
motion appropriately modified.  A moving 
block system is necessarily dependent 
upon certain key parameters, eg: 

• each train’s length; 
• each train’s maximum permitted 

speed; 
• a realistic value of each train’s service 

deceleration rate; 
• reliable track geometric data (ie 

baseline, gradients, curvatures and 
speed limits) spanning the distance 
from the current train to the train or 
obstruction ahead; and 

• the minimum stand-off distance (eg, 
the Australian Rail Track Corporation’s 
[ARTC] draft communications-based 
safeworking system specification 
requests that this distance be the 
service braking distance from 
maximum line or train speed plus a 
safety margin). 

There are less ambitious forms of 
communications-based signalling systems 
which can be laid over fixed block 
signalling layouts.  In general, such 
systems impose various levels of ATP on 
any train passing through a control area.  
Thus ATP can be discrete and only 
refreshed as each train passes a 
command location or it can be continuous 
and refreshed whenever there is a 
detectable change of state.  TMG would 
expect ATP compliance to be better than 
what is achievable by existing signalling 
around Sydney.  However line capacity is 
unlikely to be higher than is currently 
achievable within inner Sydney because 
block length and frequency would still 
determine train spacing.  Furthermore, the 
purpose of this paper is to establish the 
best line capacity which could be delivered 
by communications-based signalling if it 
was applied to inner Sydney. 
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7. SIMULATED MOVING BLOCK 
SIGNALLING PERFORMANCE IN 
INNER SYDNEY 

TMG conducted a series of MTRAIN train 
performance and signal system simulation 
trials to understand the operational 
characteristics of a hypothetical moving 
block signalling system over the same 
stretch of inner Sydney discussed above.  
TMG adopted the same basic 
assumptions as before.  TMG also 
assumed a fixed stand-off distance of 230 
metres (the braking distance from 40 km/h 
on a falling 3.3% grade).  Inner area 
speeds generally lie between 40 and 60 
km/h while 3.3% is the steepest gradient 
found between Central and North Sydney. 

Under these conditions, the minimum 
unconstrained separation times for all-
stops trains, excluding station dwell times 
(ie the intrinsic clearance times), in both 
directions between Central and North 
Sydney, appear to be 75 seconds.  Moving 
block intrinsic clearance times could be 
reduced by accepting: 

• a higher service braking rate; 
• a shorter stand-off distance; and/or 
• higher performance trains. 

As for fixed block signalling, TMG 
established that the minimum safe 
separation headway was the sum of the 
intrinsic clearance time plus the ruling 
station dwell time in the line section of 
interest. 

Figure 3 shows the moving block intrinsic 
clearance time implications between 
Central and North Sydney.  Two trains 
were run, separated by 85 seconds (ie the 
intrinsic clearance time of 75 seconds plus 
a nominal station dwell times of 10 
seconds at all intermediate stations).  This 
time versus distance plot shows the front 
and rear of each train plus the safe 
braking distance “bow wave” ahead of the 
front of each train.  The proximity of the 
safe separation zone to the previous train 
is readily apparent at every station stop.  
Minimum separation is achieved when the 
separation zone touches the rear of the 
previous train. 

TMG suspect that manually driven trains 
would not be able to sustain this 75 
seconds separation time because of: 

• the time a driver would take to react to 
changes in driving instructions; 

• the refreshment rate on locational 
data; and 

• any hysteresis in responding to up and 
down shifts in control speeds, or 
whatever the driver/machine interface 
might be. 

The separation time could easily blow out 
to 80 seconds under manual driving.  The 
alternative would be to overlay multi-train 
ATO to automate train driving. 

8. COMMENTARY ON HEADWAYS 
AND LINE CAPACITY OFFERED BY 
FIXED AND MOVING BLOCK 
SIGNALLING SYSTEMS 

Taking these considerations into account, 
we can now observe the differences in 
theoretical line capacity for the existing 
fixed block signalling and hypothetical 
moving block signalling assuming a 20 
second intrinsic clearance time advantage 
for moving block signalling.  Figure 4 
shows the relationships between dwell 
times, headways and line capacity for 
intrinsic clearance times of 100 seconds 
(for fixed block signalling – firm line) and 
80 seconds (for moving block signalling – 
dashed line) 

On the assumption of unconstrained train 
running for both fixed block and moving 
block signalling Figure 4 shows that the 20 
second headway advantage that moving 
block signalling theoretically has over fixed 
block signalling translates into a steadily 
decreasing difference in line capacity as 
the duration of station dwell times grows.  
Thus: 

• at 30 seconds dwell time moving block 
signalling offers a 5 trains/hour (18%) 
increase in line capacity over fixed 
block signalling; 

• at 60 seconds dwell time moving block 
signalling offers a 3 trains/hour (14%) 
increase in line capacity over fixed 
block signalling; and 
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Figure 3: Time versus Distance Display of a Pair of Trains Running between Central and North Sydney at Minimum Full Speed 
Separation under Hypothetical Moving Block Signalling 
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• at 90 seconds dwell time moving block 
signalling offers a 2 trains/hour (12%) 
increase in line capacity over fixed 
block signalling. 

From our measurements the average 
limiting dwell time between Central and 
North Sydney lies between 60 and 80 
seconds depending upon the direction of 
travel and the choice of peak period.  
However dwell times are variable, with 
coefficients of variation rarely below 1.0, 
so that a signalling system must be able to 
absorb some of this variability while 
timetable design must absorb the rest, 
within reason.  Nevertheless, our Central – 
North Sydney measurements did indicate 
that 20 trains per hour was a sustainable 
flow for at least a continuous hour in either 
direction of travel notwithstanding the 
variability of the observed dwell times 
during that period. 

Sydney’s existing multiple aspect fixed 
block signalling offers an ambiguous line 
capacity.  Trains may still continue to run 
under restrictive (proceed) aspects.  They 
will run slower because a restrictive aspect 
indicates that a train must reduce its 
speed preparatory to stopping before an 
obstruction.  However if a train continues 
to receive a succession of restrictive 
aspects then it can continue running at 
less than the current maximum permitted 
speed.  It appears quite likely that trains 
may run 30 seconds closer if they run, 
say, 30 seconds (roughly 5%) slower 
between Central and North Sydney.  Thus 
there is certainly a trade-off between travel 
time and capacity.  Theoretically trains 
could then shift 20% more passengers 
during peak periods but this would only be 
realisable if this throughput could be 
sustainable beyond just the Central – 
North Sydney section and there was 
sufficient rolling stock to support it. 

There is some doubt as to whether travel 
time will be predictable under these 
circumstances because running under 
restrictive signal aspects requires 
judgement from train drivers beyond that 
required for normal station-to-station 
running.  Unlike in Melbourne (“speed” 
fixed block signalling), there are no firm 
rules in Sydney (“route” fixed block 
signalling) as to the speeds at which trains 

should travel when presented with 
restrictive signal aspects.  Drivers are 
injuncted to drive so that they may be able 
to stop at an obstruction.  Therefore, they 
should reduce speed at the first restrictive 
signal they receive and they should then 
maintain a reduced speed while ever they 
continue to receive the same restrictive 
aspect from successive signals.  Their 
normal response appears to be to hang 
back so that they can be rewarded by 
receiving less restrictive aspects at 
following signals. 

There would be a similar approach 
mechanism under moving block signalling.  
If a train infringes the safe separation zone 
of a preceding train it needs to slow down 
until it once more lies outside the safe 
separation zone.  The stability of this 
mechanism will depend upon the 
driver/machine interface which would 
probably be an indicated speed within 
which to drive.  Such a control speed 
would be regularly refreshed.  However 
under manual driving a driver would 
probably aim to drive slower to avoid 
braking control being taken out of his/her 
hands. 

The other critical aspect of moving block 
signalling is the length of the stand-off 
distance.  It could certainly vary if TMG 
apply ARTC’s rule of maintaining a buffer 
zone based on the length of the service 
braking distance.  The variations in 
stopping distance within a 40 - 60 km/h 
maximum permitted speed between 
Central and North Sydney will be 
considerable given the significant changes 
of gradient between stations and between 
directions of travel.  It would certainly be 
less than 410 metres (from 80 km/h on 
level tangent track at a constant 0.6 m/s2 
deceleration rate).  However it is unlikely 
to be less than 100 metres (from 40 km/h 
on level tangent track at a constant 0.6 
m/s2 deceleration rate).  Increasing the 
stand-off distance from 230 metres to 410 
metres would increase headways by over 
10 seconds if travelling at 60 km/h.  
Decreasing the stand-off distance from 
230 metres to 100 metres would decrease 
headways by over 5 seconds if travelling 
at 60 km/h. 

.
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Figure 4: Fixed Block and Moving Block Signalling Operations Comparisons 

 

9. CONCLUSIONS 

Irrespective of the theoretical capabilities 
of alternative signalling systems the issue 
remains that the Sydney Metropolitan 
Railways have to be run with some 
predictability and reliability.  It is not a 
metro system with short lines and simple 
service patterns.  It is a suburban rail 
system on which journey lengths are long 
and service patterns are varied, perhaps 
too much.  The on-board level of seating 
will be high hence critical dwell times will 
be long because of the limited number of 
doors.  Travel times need to be contained, 
if not reduced, to maintain a competitive 
position with respect to private vehicular 
travel.  Services from different branches 
and/or termini feeding into central Sydney 
need to be sequenced.  This potentially 
places successive services on fixed time 
intervals on the approach to the City.  
Timetable intervals are generally in whole 
minutes, although these can be fudged to 
half minutes.  This points toward 
assessing the line capacity of alternative 
signalling systems on a free-running basis 
within fixed headway steps of at least half 
minute intervals. 

Therefore the practical differences in 
maximum line capacity between fixed 
block signalling and moving block 
signalling in the Sydney situation, with 
respect to limiting station dwell times, 
seem to be: 

• at 30 seconds dwell time, moving 
block signalling could offer 30 
trains/hour whereas fixed block 
signalling could offer 24 trains/hour 
giving a 25% advantage of 6 
trains/hour; 

• at 60 seconds dwell time, moving 
block signalling could offer 24 
trains/hour whereas fixed block 
signalling could offer 20 trains/hour 
giving a 20% advantage of 4 
trains/hour and; 

• at 90 seconds dwell time, moving 
block signalling could offer 20 
trains/hour whereas fixed block 
signalling could offer 17 trains/hour 
giving an 18% advantage of 3 
trains/hour. 

However, such improvements in line 
capacity are unlikely to meet the needs for 
future train flows which could easily be 
50% higher on certain lines.  Furthermore, 
an increase in line capacity, if it has been 
achieved through a reduction in dwell time, 
may be counterproductive because the 
purpose of a suburban railway system is to 
carry peak period passengers.  The total 
hourly dwell time, a measure of the 
number of passengers which could be 
carried, increases with the reduction in 
train flow.  Any examination of crowd 
shifting must therefore include rolling stock 
design.  Therefore, any infrastructure 
change based solely upon a signalling 
system change would be sub-optimal. 

Nevertheless, these observations should 
not preclude the eventual replacement of 
existing fixed block signalling with some 
form of communications based signalling.  
Communications based signalling with on-
board monitoring and/or control of train 
driving has properties beyond increases in 
line capacity, such as better train speed 
compliance and mandated safe 
separation, which are highly desirable. 
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FREIGHT AUSTRALIA: A NEW ERA IN GRAIN TRANSPORT 
 

Mr Ivo Anic, B.Eng (Mech), Grad. Dip (BA), Project Manager, Freight Australia, 
Mr Ray Kimpton, B.Tech (Mech), General Manager Workshops, Freight Australia 

 
Summary: Freight Australia was founded in 1998 to bid for V/Line Freight and successfully 
acquired the business from the Victorian Government in May 1999. Freight Australia is a fully 
owned subsidiary of Rail America. 
 
The transport of grain accounts for a significant percentage of Freight Australia’s business 
and is a major revenue stream. 
 
In order to actively service this traffic, Freight Australia utilises an existing fleet of hoppers. 
This fleet is in general 20 years old and is of a “low-height” hopper profile, designed 
specifically to fit within available grain silo-loading envelopes.  
 
Since inception, Freight Australia has actively promoted (over the long term) the upgrading of 
axleload capacity on SG lines (to 25t capacity). Coupled with this, Freight Australia has been 
actively working with customers to fully exploit loading facilities that can accept new 
generation “full outline height” hoppers. 
 
In order to meet these opportunities, Freight Australia has implemented a strategy to create a 
fleet of hoppers rated at 100t GM. This strategy has the potential to provide a quantum leap in 
carrying efficiency and throughput productivity. This has been accomplished by:- 
 
• Design and conversion of 76t GM hoppers to 100t GM capacity. 
• Design and construction of new 100t GM capacity hoppers. 
 
Detailed descriptions of both designs are outlined in this paper. 
 
One of the core features of the 100t GM designs has been the elimination of OH & S issues 
associated with climbing on hoppers to open/close loading doors. Both designs have 
pneumatic hatch systems that can be operated from ground level. The new design has a 
unique “Rota-Hatch” system. The provision of pneumatic hatch systems on the new 
generation hoppers has provided a quantum leap in operator safety and throughput 
productivity for our customers. 
 
Provision for pneumatic bottom discharge has also been included in both designs. Lateral 
thinking has resulted in a pneumatic discharge system that has been integrated with the 
existing manual system, giving the customer the choice of two systems depending on the 
available unloading facility equipment. The provision of pneumatic bottom discharge has, 
again, resulted in a quantum leap in hopper throughput and eliminated the need for operator 
exertion.   A detailed description of the system implemented is detailed in this paper. 
 
Since inception, Freight Australia has been a customer focussed organisation. The 
introduction of a fleet of 100t GM hoppers has provided our customers with “state-of-the-art” 
hoppers that provide significant increases in carrying efficiency, throughput productivity and 
operator safety. 
 
 

1. NOTATION AND UNITS 
 
F = Internal force vector (in N)  
K  = Global stiffness matrix  (in N/m) 
x   = Node displacement vector 

(in m) 

σ1,σ2, σ3  = Principal stresses at a point 
in a material (in Pa) 

σvm  = Von Mises Stress (in Pa) 
GM            =  Gross Mass ( tonnes)    
 

 



Ivo Anic, Ray Kimpton 
Freight Australia 

Freight Australia: A New Era in Grain Transport 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

474 

2. INTRODUCTION 
 

Freight Australia was founded in 1998 (as a 
fully owned subsidiary of Rail America) in order 
to bid for the V/Line Freight business. The 
V/Line Freight business was successfully 
acquired from the Victorian Government in 
May 1999.  
  
Freight Australia operates in a number of 
transport sectors, with the major sector being 
grain.  
  
Implementation of efficiency gains in this 
sector will have the potential to generate quite 
significant improvements in overall profitability. 
 
The current task of grain transport  is shared 
between a significant fleet of hoppers. This 
fleet is generally 20 years of age and is of the 
“low height” hopper profile (designed 
specifically to fit within available silo loading 
facilities). 
 
The existing hopper fleet was designed for a 
maximum of 19t axleload (76t gross mass). 
This limits each hopper to a maximum of 55t 
payload at a maximum speed of 80 km/hr. 
 
In order to place the grain transport task in 
perspective, the average annual grain tonnage 
task is around the 3 million tonne mark. In the 
12 months (from October 2000 to October 
2001), this task had increased to 4.85 million 
tonnes.  
 
This task had placed quite a bit of pressure on 
the existing hopper fleet and had prompted the 
re-evaluation of current and future hopper 
asset requirements. 
 
 
3. PROJECT OBJECTIVES 
 
Since inception Freight Australia has actively 
promoted the importance of upgrading of 
existing permissible axleloads to 25t axle loads 
(100t gross mass). 
 
This had also been the catalyst for pro-active 
working with customers in order to find ways to 
fully exploit loading facilities that can accept 
new generation “full outline height” hoppers. 
 
In order to meet these efficiency objectives, 
Freight Australia has identified the potential 
economic benefits of high capacity hoppers.  
 
These were accomplished by: 
 

• Conversion of non-utilised 76t GM 
hoppers to 100t GM capacity (the VHNY 
design, Fig-1). 
 
• Design and construction of new 100t GM 
hoppers (the new VHKY design, Fig-2). 
 
The end objective was to maximise carrying 
capacity and minimise tare. An option for high 
speed operation was also taken up (110 
km/hr), at a relatively minor cost. 
 
Other objectives of the 100t GM designs were 
the elimination of OH & S issues associated 
with climbing onto hoppers to manually 
open/close top lids (pneumatic lid systems 
were incorporated in both designs so that they 
can be operated from ground level).  
 
Additionally, the current fleet of hoppers are all 
equipped with manual discharge doors. In 
order to eliminate (or reduce) operator exertion 
during the unloading cycle, provision had also 
been made for pneumatic bottom discharge in 
both designs.  
 
The inclusion of both pneumatic lid and bottom 
discharge systems has had an indirect 
productivity gain effect at both loading and 
discharge facilities.  
 
In summary, the target objectives for the 
project were: 
 
• Maximising carrying capacity at minimum 

tare. 
• Operating these wagons in long train 

             consists. 
• Improving operator safety. 
• Increasing fleet Productivity. 
• Optimising the wagons for the transport of 

wheat, canola and barley.  
• High speed operation. 

 
 

4. TARE WEIGHT EFFICIENCY 
 
Track Access Equation 
 
As an illustration of the driving factors in today’s 
competitive rail environment it is worthwhile to 
look at the track access costs for freight 
transport.    

 
Track Access Cost = Fixed Cost + Variable 
Cost 
 
  Fixed Cost:  Flagfall Cost 
  Variable Cost: Cost per km 
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The cost that is of most significance to 
operators is the cost per km, which is 
proportional to the gross mass being 
transported. The gross mass transported is 
made up of the payload + tare weight of the 
wagon. The goal is to keep the tare weight to a 
minimum and maximize the payload.   

 
Target Tare Weight 
 
The current Freight Australia fleet is made up 
of hoppers that “tare-out” at 21t and that were 
designed for a maximum payload of 55t (ie 
design limit of 76t gross mass). 

 
At the design axleload of 19t, the existing fleet 
provides a maximum payload/tare ratio of 2.6. 
For the transport of barley and canola this 
figure reduces to 2.1 to 2.3. 
 
With the conversion/construction of 100t gross 
mass hoppers, extensive sensitivity analysis 
was performed in order to quantify cost saving 
for every “kg” of tare saved and thus to aim for 
the lowest tare weight that can be achieved. 
 
This had resulted in the tare weight target 
range of 23t (optimistic) to 25t (pessimistic). 

 
Cost of Tare 
 
In order to perform this sensitivity analysis, a 
costing model was created.  
 
The benefits of low tare weight efficiency are 
quite significant. 
 
Design Criteria 
 
The following AAR combined load cases were 
used in the stress analysis in order to 
determine structural response:- 
 
1.8(DL+LL) 
1.8(DL+LL+DRAFT) 
1.8(DL+LL+BUFF) 
1.0(DL+LL+CEL) 
1.8(DL+DRAFT) 
1.8(DL+BUFF) 
1.0(DL+CEL) 
Bounce/Roll/Twist 

 
DL: Dead load (wagon tare) 
LL: Live Load (payload) 
DRAFT: +1.56 MN  tension 
 
BUFF: -1.56 MN compression 
CEL: Comp. End Load, -4.4 MN  
1.8: AAR load factor on applied 
 loads 

Allowable stress limit is the yield stress of the 
material being used.  
 
For the VHNY this was a combination of 
250MPa/350MPa and for the VHKY (new 
design), the stress limit was 350 MPa. 
 
 
 Analysis Procedures 

 
Detailed analysis was performed using finite 
element analysis (ie the stiffness matrix 
approach). Once set-up, this method enables 
rapid structural optimisation for various load 
configurations.  
 
The basic formulation for the stiffness 
approach is outlined below:- 

 
 

 
where: 
 
F= Force Vector, K= Stiffness Matrix, x= 
Displacement Vector. 
 
The above formulation provides a global 
stiffness representation of the hopper 
structure. The output results are 
displacements and stresses at each of the 
nodes making up the structure.  
 
The design criterion used is the Von Mises 
stresses, which is a combination of all 
principal stresses at a point in the material.  

 
Principal stresses are calculated at each of 
the nodes from the stiffness approach and 
combined using the Von Mises design criteria.  
The Von Mises design criteria is outlined 
below:- 

 
where, σ1, σ2, σ3 are the principal stresses at 
each node making up the hopper structure.   
 
Fig-3, 4 & 5 show finite element plots of the 
hopper structure for the load cases listed. 

 
Operational Results 

 
In relation to the new VHKY design (the more 
efficient of the two designs), the average tare 
weight  was measured to be 23.5t. This 
provided the following operational parameters 
(for wheat, with 750 kg.m3 average density): 
 
 

Kx F=

( ) ( ) ( )σ σ σ σ σ σ σvm = + +− − −1
2 2 2 3 3 11

2 2 2
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Gross Mass Capacity 
 
76t  52.5t 
92t  68.5t 
100t  76.5 

 
Maximum internal volumetric capacity, product: 
 
Product  Internal Vol. 
 
Wheat  101 m3 
Barley/Canola 113 m3 (full fill) 
 
Payload/Gross to tare ratio summary: 
 
Product  P/T G/T 
 
Wheat  3.2 4.2 
Barley/Canola 2.9 3.9 
 
In comparison to the 2.1 to 2.6 of the existing 
fleet, the above ratios provide a significant 
increase in operational efficiency. 

 
5. HIGH SPEED OPERATION 

 
Constant Contact Sidebrearers 
 
Currently most of the existing hopper fleet is 
limited to maximum operational speed of 
80km/hr 
 
Both the VHNY and the new VHKY designs 
have Stucki Constant Contact Sidebearers 
fitted to enable high-speed operation.  
 
Both designs have been accredited for high-
speed operation.  
 
Hopper Aerodynamics 
 
Fuel is a major operational cost of any rail 
system and is the largest item of ongoing 
expenditure. 
 
Aerodynamic drag is one of the major sources 
of resistance to motion, hence by reducing 
drag significant fuel savings can be made. 
 
As an example, tests have shown that at 80 
km/hr aerodynamic drag can account for 55% 
of the total resistance. At say 144 km/hr, this 
figure can increase to approximately 70% of 
the total resistance. 
 
The shape of the new VHKY design has 
evolved from the existing fleet of 76t gross 
mass hoppers.  
 

One of the major factors influencing the total 
aerodynamic drag, is the “hopper–to-hopper” 
gap. Previous wind tunnel testing of hopper 
wagons had concluded that aerodynamic drag 
rises rapidly for gaps greater than 1 m. 
 
In relation to the new VHKY design, shape 
efficiency gains are obtained from a further 
reduction of the “hopper-to-hopper” gap to 
665mm (see Fig-7). This can be compared to 
an existing gap of 1133mm (see Fig-6). 
 
Based on previous wind tunnel tests and data 
on the influence hopper-to-hopper gap on total 
drag, a block train of VHKY hoppers will be 
more aerodynamically efficient then the 
existing hopper fleet, especially at high speed 
operation of 110 km/hr. 
 

     6.      BRAKING SYSTEM 
 
The current fleet of 76t gross mass hoppers 
has the following braking configuration: 
 
Air  brake: Two air brake systems, each 
system operating individually on  each bogie 
through a single triple valve. The system uses 
two brake cylinders and two slack adjusters. A 
manual empty/loaded changeover is also used. 
 
Handbrake: Handbraking is performed on a 
single bogie only. 
 
Drawbacks of the above brake system 
configuration are the extra brake components 
that need to be maintained and handbraking 
on one single bogie. 
 
For the VHNY conversion (although more cost 
effective and enabling the most effective 
utilisation of non-used assets) the above 
inherent deficiencies of the original brake 
system are still present. 
 
The braking system design on the VHKY was a 
“greenfields” approach in overcoming these 
issues. 
 
The new VHKY uses the minimum equipment 
required to adequately perform the braking 
task. 

 
The system uses a single brake cylinder and a 
single in line slack-adjuster. Empty/loaded 
changeover is done automatically. 

 
The air brake system is a fully relayed brake 
system. 
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Importance of the Handbrake 
 
On the VHKY a single braking system has 
enabled handbraking on both bogies. Having 
adequate handbrake control at 
loading/discharge facilities is a mandatory 
requirement. 
 
Most grain loading facilities operations have 
been designed around graded track (ie track is 
graded towards the facility entrance and away 
from the facility exit)  
 
The controlling mechanism is the handbrake, 
hoppers are currently indexed into the 
loading/discharge facility with the handbrake 
being used to stop each moving vehicle (s)).  
 
Fig-8 shows a VHKY being loaded at the 
GrainCorp loading facility at Murtoa (Victoria), 
with indexing being performed using the 
handbrake. 
 
The VHKY has been designed with 20% 
handbrake percentage in the 100t gross 
condition. This is double the current handbrake 
percentage for any operational grade.  
 
On the VHNY design the handbrake had to be 
upgraded to meet changed operating 
requirements, to a maximum of 100t gross 
mass.   

 
 
     7.    OPERATOR SAFETY 
 

The Current Practice 
 
Shown in Fig.-9 & 10 are photos of a consist 
being prepared for loading. Freight Australia’s 
current fleet of hoppers is fitted with manual  
top lids only, each hopper being fitted with six 
manual lids. The preparation procedure is as 
follows: 
 
• Climb hopper 
• Open six doors 
• Climb down 
• Climb next hoppers 
 
This can repeated 40 to 100 times (depending 
on consist length). 

 
Once loading is completed, the above 
procedure is repeated to close all the lids, in 
preparation for transit.  
 
The above work practices are being called into 
question by both staff and safety personnel.   
 

Freight Australia, in recognition of this work 
practice, has been actively working with its 
customers in order to find a permanent long 
term solution to this problem. 
 
As a result, Freight Australia has decided to 
implement ground operated pneumatic lids on 
all major conversions (such as the VHNY) and 
new construction (such as the VHKY).  
 
Two systems of ground operated pneumatic 
lids are currently in service with Freight 
Australia, these being: 
 
• VHNY: Slide Type System. 
• VHKY: “Rota-Hatch” System. 
 
The “Rota-Hatch” system was developed by 
Freight Australia in order to find the optimum 
balance between cost and performance, with 
one of the critical features being the provision 
for a manual override system. 
 
The balance between cost and performance is 
critical, especially over the long term as Freight 
Australia has a large fleet of  600-700 hoppers. 

 
The “Rota-Hatch” System 
 
The system is made up of a single aluminium 
lid spanning an opening  that is 13106 mm 
long by 762 mm wide. The lid is riveted back to 
a mild steel sub-frame. 
 
The mild steel sub-frame is connected to a 
single common shaft. The rotation is provided 
by a single pneumatic cylinder operating 
through a 2:1 gear ratio. The gears are profile 
cut from mild steel plate, keeping the cost 
down. 
 
The basic objective was to design a system 
that uses the minimum amount of pneumatic 
components. This whole system uses one 
pneumatic cylinder, again reducing cost. The 
system (to a degree) has been balanced by the 
use of counterweights, eliminating the need for 
a second pneumatic cylinder. 
 
The manual override system acts through the 
counterweights, with the positioning of the 
counter weights being designed so that 
minimal effort is required to close the complete 
lid in the manual mode (or emergency 
situations). 
 
The whole system when closed is protected by 
a pilot check valve preventing the door from 
opening due to any severe cross-winds. 
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Fig.-11 shows the sequence of operation of the 
Rota-Hatch system on a VHKY from ground 
level 
 
 

     8.     THROUGHPUT PRODUCTIVITY 
 
The introduction by Freight Australia of ground 
operated pneumatic lids on both the VHNY and 
the VHKY design not only improved operator 
safety but also has the potential to significantly 
increase throughput productivity at 
loading/discharge facilities. 
 
The current fleet of hoppers has both manual 
top lids and bottom discharge doors. 
 
As a comparison, some existing productivity 
figures at both loading and discharging are 
listed below: 
 
Loading 
 
Three employees take 1 hour to open and 1 
hour to close 240 lids on a 40 hopper consist. 
 
Discharge  
 
One employee opens a single discharge chute 
at a time. After discharge, each of the chutes 
needs to be closed manually (using air driven 
tools designed for the purpose). 
 
Bottom Pneumatic Discharge 
 
Along with pneumatic ground operated lids, 
both the VHNY and the VHKY designs have 
provision for a pneumatic discharge system. 
 
The objective was to provide a system that can 
be pneumatically operated and that has 
manual override option as well.  
 
The system consists of 4 vertically mounted 
cylinders, each of which is connected to a 
shaft. The cylinders impart a torque on the 
shaft, which is then translated into horizontal 
motion via links. The horizontal motion opens 
and closes the discharge doors. 
 
All four cylinders are activated by a single 
control valve, ensuring that discharge occurs 
simultaneously through all four chutes. 

 
Fig-12 shows the pneumatic bottom discharge 
doors as implemented on the new VHKY 
design. 

 
 
 

     9.     CONCLUSION  
 
Freight Australia, since starting operations, has 
been faced with transporting record grain 
tonnages, this in turn has placed allot of 
pressure on the existing hopper fleet. 
 
The limitation of the current hopper fleet to 76 
tonnes gross mass has prompted Freight 
Australia to re-evaluate capacity needs based 
on current and future transport task. 
 
This re-evaluation process has resulted in the 
introduction of 100t gross mass hoppers into 
its fleet.  
 
In the process of re-evaluation of current and 
future needs, quite a stringent set of objectives 
has been set, these being: 
 
• Maximum carrying capacity at minimum 

tare (designs that are optimised for the 
transport of the three major grains 
transported (ie wheat, canola and 
barley)). 

• High speed operation. 
• Capability for  long train operations. 
• Increased operator safety. 
• Increased fleet productivity. 
 
Both the VHNY and the VHKY designs meet 
the above objectives. 
 
The introduction into its fleet of 100t GM 
hoppers has provided our customers with 
“state-of-the-art” hoppers that will provide 
significant operational improvements into the 
future. 
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Fig-3,4,& 5: 1.8(DL+LL), 1.8(DL+LL+DRAFT), 
1.8(DL+LL+BUFF) load cases 

Fig-6: Existing hopper 
gap, 1133mm 

Fig-7: VHKY gap, 665mm

Fig-1: VHNY 100t GM Hopper, 
Conversion 

 

Fig-2: VHKY 100t GM Hopper, 
New Design 
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Fig-9 & 10: Existing work practices 

Fig 8: VHKY, handbrake used 
to index hoppers through the 

loading facility 

Fig-11: VHKY “Rota-Hatch” ground operated lid 
system, opening cycle 

Fig-12: Pneumatic operated discharge, 
close/open cycle 
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AN OPTIMISATION MODEL FOR MULTI-MODAL CONTAINER 

TERMINALS 
 

Erhan Kozan (BSc., MSc., PhD.) 
 

School of Mathematical Sciences 
Queensland University of Technology 

 
 

SUMMARY 
 
Today's multi-modal container terminal (MMCT) systems are very complex and consequently require large 
amounts of computation time for sequencing and scheduling of containers.  At the same time, due to the 
dynamic nature of the environment a large number of timely decisions have to be continuously reviewed 
in accordance with the changing conditions of the system. When a container vessel calls to a port, the 
containers on board must be unloaded and stored at the port until they are transported further by rail or 
road.   
 
The containers must be stored in a manner so as to minimise the amount of handling needed to place a 
container in the storage area and to remove it when needed. Terminal layout is influenced by the transfer 
techniques employed and the number of containers handled.  Therefore, the problem being investigated 
is to minimise the total throughput time, which is the handling time for all the containers from ships at berth 
and the transferring time of the containers to the MMCT.  If dealing with export containers the problem is 
reversed.   
 
The following major activities in the MMCT are considered in this paper: the re-sequencing and balancing 
of the multi-stage container transfer process; operating strategies; physical layout; and storage 
processes. The best algorithms to schedule and sequence container transfers and locations of ship 
to/from road and/or rail inter-modal terminals are modelled in a “Time Window”. 
 

1.  INTRODUCTION 
 
The role of a multimodal container terminal 
(MMCT) is to ensure a smooth transfer of freight 
between the two nodes. Total throughput time of 
containers as a function of cranes and 
forklifts/highstackers and terminal transfer trucks 
at the terminal should be determined to measure 
the performance of the system (see Kozan and 
Preston (1999), Kozan (1997-1, 1997-2, and 
2000)). 
 
 

The system's steady-state performance is 
analysed as a function of the arrival and 
departure of import and export containers.  The 
expected delay depends on the following 
parameters: number and types of cranes and 
other handling equipment and their ages; 
capacities and down-times; distribution of arrivals 
in a given time period; and overall length of the 
vessel.  
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In contrast, work on modeling inland road/rail 
inter-modal terminal has received considerably 
less attention than individual handling operations.  
Kondratowicz (1990) put forward a methodology 
to model the operations of such facilities using 
simulation techniques.  Kozan and Ferreira 
(1992) used queuing theory to build a simulation 
model of loading/unloading operations at a 
terminal in Brisbane which provides the 
background for this study.  
 
An equipment assignment rule at any terminal is 
one of the major factors which affect the 
operating strategies of terminals.  In the literature 
many dispatching rules have been suggested for 
scheduling and controlling problems. Alvarez-
Valdes(1989) and Blazawicsz et al (1996)  
provide an extensive survey of general heuristic 
rules.   
 
Taleb-Ibrahimi et al. (1993) has analysed the 
effect of handling and storage strategies for 
seaport terminals for long-term planning.  At the 
operational level, the paper describes how to 
minimise and predict the amount of handling 
work. 
 
Investments in multimodal terminals are very 
costly and the physical life time of the equipment 
much shorter than they had in the past.  In order 
to obtain maximum benefits it is usually 
necessary to combine a number of investment 
strategies into a coherent and complementary 
package of capital expenditure projects.  For 
example, the investment in terminal infrastructure 
to allow faster loading/unloading of ships and 
trains (Kozan (1994)). 
 
Users of inter-modal terminals have three main 
needs in terms of operational efficiency.  These 
are reliable delivery times, container pick-up and 
delivery cycles which are delay free, and the 
ability to monitor progress of their consignments 
(i.e. real time information regarding container 
locations and their estimated arrival times).  The 
efficient and timely interchange of data between 
the rail system and its customers is critical to the 
effective operation of a terminal as highlighted by 
Zimmer (1989). 
 
A container terminal represents a point in a 
transportation system where containers are 
moved from one mode of transport to another.  
The model in this paper establishes the nature of 

the relationship between two or more significant 
factors and the options for increasing throughput 
by discovering the location of bottlenecks which 
restrict entity flow through the system.  There 
have been a number of attempts to solve various 
aspects of this overall problem.  However as far 
as we know from the literature review and 
“Insider Knowledge” (ie. visits to various railways 
and seaport container terminals, liaison with 
colleagues at seminars and conferences), little 
contemporary work has been done or publicised 
for large size MMCT systems.  This confirms the 
present lack of research into integrated planning 
and control models and theory.  To fill this gap, a 
MMCT optimisation model is developed in this 
study for the effective use of MMCT 
infrastructure and associated functions. 
 
This model may be of use for long-term planning, 
for example, to help with the selection of a 
handling technology, site locations, or proposed 
service expansion. 
 
2.  NOTATION 
 
e : Export 
h : Berths 
i : Import 
J : Locations in main storage block 
k    : Transfer equipment type (k=1 represents 

shore cranes; k=2 represents highstackers; 
k=3 represents terminal trucks; and k=4 
represents gantry cranes) 

L : Terminal trucks area (L)} 
O : Road intermodal terminal(ROIT) 
p1,2 :  Nodes { ship (v), berths (h), storage      

locations (j),Roit (O), Rait (R),Terminal 
Trucks Area (L)} 

q : Storage location next to ROIT and RAIT 
R : Rail intermodal terminal(RAIT)  
s : Ship 
t : Time period (period 1, period2,.. ,period T) 
v : Ship location 
P : Length of time-period t in minute. 
M : A big value 
e
JstA   : Expected arrival time of export containers     

for ship s to location { },J O R∈  
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1        

        -  .

0  .
hst

if ship s is docked at berth

B h during time period t

otherwise


= 



  

i
JstD  :  Expected arrival time of import containers 

for ship s to location { },J O R∈  

stG  :  Lateness of ship s during t. 

stl  :  Lateness of ship s to the scheduled    

departure time. 
iM  :  Set of allowed moves between nodes of 

import containers. 
eM  :  Set of allowed moves between nodes of 

export containers. 
nk   :  The number of equipment type k used. 
Nk         : The total available number of equipment   

type k.  

1  if ship  is late.
  

0  otherwise.
e s

s


= 


  

U
J

 : Storage capacity at storage location 

{ },J j O R∈ ∪  

e
Jstu  :  Number of export containers for ship s 

stored at node J during t. 
i
Jstu  :  Number of import containers from ship s 

stored at node J during t. 

1 2

e
p p stX :   Expected number of export containers of 

ship s transferred from node p1 to node p2 
during t.  

1 2

i
p p stX :   Expected number of import containers of 

ship s transferred from node p1  to node p2 
during t.  

1 2p p ky :    Expected travelling cycle time of a 

container from node p1 to node p2 using 
one unit of equipment type k. The time is 
measured from when the first container of 
the containers is picked up and stops 
when the last container has been moved 
into place. This is valid similarly for other 
routes. 

3. MULTI-MODAL TERMINAL 

As seen in Figure 1, after the import containers 
have been unloaded from the container vessel s 
and placed in the marshalling area h, they are 
transferred to the storage areas J, the multi-
modal terminal truck area L or the road inter-
modal terminal O. The containers are transfered 
from L to rail intermodal terminals R by terminal 
trucks for transferring to the hinterlands. If 
dealing with export containers the problem would 
be reversed, when a container arrives, for export, 
it is unloaded from the truck by gantry crane or 
train by reach stacker and transfered to the 
storage area. 
 
                              
     Ships 

 
 

 
 
 
 
      Berthing and Marshalling Area  I=1,2,…I             
 
 
 
 
 
                                                        Terminal 
                                                         Trucks 
                    Area L  
              
 
                           Storage Area j   

    
  
 
 
                                Storage Area O  
 

   
   Road     

             Road Intermodal Terminal (ROIT)   
    
    
 
  
                               Storage Area R 

 

Rail     
   
            Rail Intermodal Terminal  (RAIT) 
   

Figure 1.  A Layout of a Multimodal Container  
Terminal 
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The terminal’s performance can be measured in 
terms of labour productivity, train reliability, pick-
up/delivery cycle times, equipment utilisation, 
ship service time, container throughput time and 
train waiting time. Achievement of a desirable 
level of customer service mainly depends on the 
length of the throughput time. Furthermore 
throughput time affects the stationary time and 
non-productive time of trains, ships and trucks at 
the terminal.  Long throughput times may cause 
congestion at the terminal.   
Terminal layout is influenced by the transfer 
techniques employed and the number of 
containers handled.  In the case of a specialised 
container terminal, all loading and unloading 
involves vertical and horizontal operations.   
 
An ideal state of affairs is impossible to achieve 
in practice because of the unpredictable nature 
of problems such as delays in ship and train 
arrival times, variability of number of containers 
on the ships and trains, machinery break downs 
and loading-unloading requirements.  There are 
basically two ways to achieve an approximation 
to such an ideal solution: (i) improvements in 
operational methods; and (ii) investment in new-
facilities for expansion. 

 
Research has been done to analyse all major 
activities in the container seaport as well. When 
a container vessel calls to a port, the containers 
on board must be unloaded and stored at the 
port until they are transported further by rail or 
road.  The containers must be stored in a 
manner so as to minimise the amount of handling 
needed to place a container in the storage area 
and to remove it when needed.  Therefore the 
problem being investigated is to minimise the 
total throughput time which is the handling time for 
all the containers from ships at berth and the 
transferring time of the containers to the storage 
area has been investigated (see Kozan 2000, 
Kozan and Preston 1999, Preston and Kozan  
(2001 a and b).  
 

4. THE MODEL 
 
When a container vessel calls to port, the 
containers on board must be unloaded and 
stored at the port until they are transported 
further by rail or road.   The containers must be 
stored in a manner so as to minimise the amount 
of handling needed to place a container in the 
storage area and to remove it when needed. 
Therefore the problem being investigated is 
minimising the total throughput time which is the 
handling time for all the containers from ships at 
berth and the transferring time of the containers to 
the MMCT.  When dealing with export containers 
the problem would be reversed.  That is, the 
handling time of the containers from when it first 
arrives at the port until the ship carrying the 
containers departs from the port.  Therefore, the 
shore cranes, fork lifts, terminal trucks and gantry 
crane cycles need to be synchronized.  
 
When a vessel arrives and its cargo is unloaded, 
the stevedoring company will receive information 
about where some of the containers are to be 
transported.  The containers that are remaining 
must be placed in storage areas until they are 
needed. They stack the containers in a manner 
so as to minimise the time taken to retrieve a 
container by considering the storage area 
constraints.  In the case of exports, the 
stevedoring company usually knows when a 
container will depart as it arrives.  The 
stevedoring company charges a penalty for 
containers that are delivered too early in respect 
to the departure time and after cut-off times no 
containers are received. 
 
The opportunity cost of train and ship throughput 
time and variation from the desired level of 
service can be calculated using throughput time 
of containers.  This can then be balanced against 
capital investment and operating costs for finding 
the optimal investment program for a terminal. 
 
The objective (1) is to minimise total ship delays 
and total expected throughput time of containers 
which are the sums of the handling and travelling 
times for moving containers into the different 
sections in the terminal before export or import. 
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The space constraint at each storage location: 
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J
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Constraints 5 and 6 to ensure that only one ship 
can occupy a berth at once, and vice versa: 
 

1 ,hst
s
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Constraints 7 and 8 balance the container 
transfers between berth h and terminal truck area 
L: 
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2p shows no back movement from l  to place p2. 
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Constraint 9 ensures that no more is scheduled 
for a time-interval than can be done in that time-
intervals): 
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Constraints 8 and 9 to ensure that ships are 
docked for loading and unloading: 
 

, ,  ,e
hvst hstX B M h v s t≤ ∀         (10) 

 
, , ,i

vhst hstX B M v h s t≤ ∀        (11) 
 
Constraints 12 and 13  to track which ships are 
late: 
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( )1 ,     

                                    

st s tG G s t ship s is not scheduled

to be docked at time t

+≥ ∀ ∋

           (13) 
 
Constraints 14 and 15 force containers actually 
be on the ship. They add arriving export 
containers and take away departing import 
containers to/from J. 

sJu e
Jst ,0 ∀=          (14) 

where t is the latest possible departure time for 
ship s.  
 

0 ,i
Jstu J s= ∀                                  (15) 

where t is the time-period immediately before the 
arrival of ship s. 
 
Constraints 14 and 15 prevent export containers 
from still being at port when the ship leaves and 
import containers from being at port before the 
ship arrives.  The only alternative is for them to 
be on the ship when it sails. 
                
This constraint ensures that the pieces of 
equipment k used do not exceed the total 
number of available equipment type k. 
 nk ≤ Nk  ∀ k.                                (16) 
 
All variables are non- negative integers for  ∀  
p1, p2,J,k, s, t. 
 
4.   DATA SPECIFICATION 
 
For the following variables the parameters of the 
probability distribution functions must be defined: 
 
§ ship delays from scheduled arrivals; 
§ import containers on arriving ship; 
§ import containers transferred to different 

nodes; 
§ import container leaving by road and rail; 
§ export containers to be loaded onto ship; 
§ export containers arriving by road and rail; 
§ cycle times of all transfer equipment between 

nodes; and 
§ containers storage time. 
 
In addition to these functions, the following 
parameters are also known: 
 
§ scheduled arrival and departure times of 

ships; 
§ storage capacities; 
§ number of equipment; 

§ time period; and 
§ allowed moves between nodes of export and 

import containers. 
 
5 CONCLUSION 
 
The problem being investigated is the 
minimisation of ship delays, and handling and 
travelling time of containers from the time the 
ship arrives at port until all the containers from 
that ship leave the port. If dealing with export 
containers the problem would be reversed. That 
is, the handling and travelling time of the 
containers from when the first arrive to the port 
until the ship carrying the containers departs 
from the port.  This mathematical model can be 
used as a decision tool in the context of 
investment appraisals of multimodal container 
terminals. The model can be used to analyse and 
balance the container transfer process; save 
costs savings and improve performance; improve 
efficiency of the storage area and container 
transfer system. 
 
An optimisation model for export and import 
container process in seaport terminals has been 
developed in this paper. The model has been run 
and tested with a small size problem using four 
hours time period (t) in CPLEX.  However 
research continue into the investigation of the 
solution for shorter time period (t), which makes 
the solution of the problem harder. For example, 
some cases would need several hours to reach a 
suitable integer solution for two hours periods. 
Very short periods make the problem NP-Hard 
and research continues into the investigation of 
solution for a one minute time period by heuristic 
techniques.  
 
Long-time data collection should be carried out 
for distribution functions before the 
implementation of the model.  In the optimisation 
of the port system through this type of 
mathematical model, several parameters are 
involved in the phenomena which influences the 
optimisation results.  An ideal state of affairs is 
impossible to achieve in practice because of the 
unpredictable nature of variables such as delays 
in ships and train arrival times, variability in ship 
and train sizes, machinery break downs and 
loading-unloading requirements.  Therefore 
further study may be undertaken to analyse the 
effect of these parameters and variables on the 
improvement of port capacity in the long-term. 
The model assumes that equipment is available 
every time it is needed. 



Erhan Kozan 
Queensland University Of Technology 

An Optimisation Model For Multi-Modal 
Container Terminals 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

487 

A cost-benefit analysis must be performed before 
any implementation is considered. To make the 
cost-benefit analyses results more flexible an 
analysis should be carried out to determine the 
sensitivity of the optimal solution to changes in 
variables.  This would provide port planners with 
a mechanism for the continual updating of the 
optimal solutions based on any new estimates of 
these parameters. 
 
The application of research results to multi-modal 
container terminals and operators in Australia 
has the potential to: reduce delays and costs by 
better planning of schedules of container transfer 
systems in Australia; and reduce transport costs 
to rail customers and increase rail’s market share 
of freight movements in Australia. 
 
In addition, a comprehensive hinterland analysis 
within the national context will provide more 
comprehensive data for estimating the future 
demand on any seaport system.  Future studies 
are needed on the alternative means of 
increasing seaport efficiency by improving 
utilisation of the present capacity.  Such a study 
might cover better port planning methods, 
investments for increasing the capacity of the 
lagging segments of the seaport system, and 
means of better utilisation of present facilities. 
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SUMMARY 
 
The Pilbara iron ore railways have undergone continuing development and optimisation to become 
amongst the most efficient railways in the world. Hope Downs Management Services (HDMS) is 
proposing a new 370km heavy haul railway  to transport 25 million tonnes per annum (Mtpa) from its 
Hope Downs mine to a port terminal at Port Hedland. This railway, which would be the first complete 
new railway in the Pilbara in over three decades, needs to build on the existing heavy haul rail 
experience and also take advantage of being a "greenfields" development. 
 
The paper outlines the planning process by which the permanent way, operations, rolling stock and 
support facilities are engineered to provide a railway at the leading edge of "World Best Practice". It 
then outlines aspects of this heavy haul experience that may be applied to mixed railway operations 
 
1. INTRODUCTION 
 
From 1995 to 2000, a number of Pre-
feasibility Studies for new iron ore export 
terminals at each of the three Pilbara ports 
was undertaken, together with connecting 
railways to the Hope Downs mine, some 60 
km north west of  Newman. The rail route 
studies included options for both sharing track 
with existing railways and for an independent 
railway. Based on capital and operating cost 
estimates, plus environmental and project 
"risk" considerations, HDMS decided to adopt 
Port Hedland as the preferred port. A 
bankable Feasibility Study was undertaken in 
2001 on a Hope Downs to Port Hedland 
railway and port facilities south of Finucane 
Island in Port Hedland. (Ref. 1). HDMS were 
strongly encouraged in the iron ore market to 
become the third independent Pilbara 
producer in place of North Limited, which had 
been absorbed by Rio Tinto. HDMS have also 
sought to negotiate sharing and expansion of 
existing rail infrastructure on a rational and 
equitable basis. 
 
2. HOPE DOWNS RAIL ROUTE 
 
This rail route has approximately 352km 
between a marshalling yard at Boodarie near 
Port Hedland  and the mine loop at Hope 
Downs. (Figures 1 and 2). The total route 
length including the port and mine yards is 
nearly 370km and the track length in a 
possible ultimate development as in Figure 2 

is about 400km. Where appropriate, the 
proposed railway is located parallel to the BHP 
Billiton (BHPB) Mt. Newman Railway, 
principally for environmental reasons. The 
BHPB railway commenced operation in 1967 
and has evolved to be one of the most 
efficient heavy haul railways in the world. 
Hope Downs is the first complete new heavy 
haul Pilbara railway in three decades and 
lessons from the other systems have been 
studied and applied. 
 
The railway line has to cross the eastern 
Hamersley (now called the Hancock) Ranges 
and the Chichester Ranges. (Figures 1 and 3). 
In the first 20 km from the mine in the 
Hancock Ranges, a grade against the loaded 
train of 0.55% exists and this is the ruling 
grade in the whole of the railway. From this 
point, the route is generally down hill, but is 
partly in narrow valleys with difficult terrain. 
Route development is ongoing, with the aim of 
achieving a 0.33% ruling grade for loaded 
trains, as this will allow longer trains and 
greater cost-efficiency. 
 
In the Fortescue River valley (313-266km), the 
route is placed at the foot of the Hancock 
Ranges, avoiding braided creek systems 
across the river valley and hence several 
bridges, as well as environmentally sensitive 
drainage areas. 
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Figure 1 – Location Plan
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The other major challenge is the Chichester 
Ranges, with grades up to 0.33% against the 
loaded train on the south side (255-221 km) of 
the Ranges. (This compares with shorter but 
0.55% grade on the BHPB line here). On the 
north side of the Chichester Ranges, the 
BHPB rail route occupies a narrow valley with 
the least adverse terrain in the area. The 
Hope Downs route is in more difficult terrain to 
the west, with the ruling grade of 1.5% against 
empty trains.  
 
The key feature north of the Chichester 
Ranges is the Coonarie Creek, Yule, Turner 
and East Turner River systems. These each 
require significant bridges. The route is 
partially parallel to the BHPB line, but 
deviating to avoid creeks and minimise the 

impact on natural water flows and hence the 
number of bridges and culvert works. The 
bridge locations are away from the BHPB line 
to obtain a hydraulically favourable crossing 
and to ensure there are no backwater effects 
between the bridges on the two rail lines. 
 
From Turner River East to the rail yard near 
Port Hedland, the route veers west of the 
existing BHPB railway, to be west of South 
Hedland and the Bore Creek system, as this is 
more environmentally sensitive and direct. 
 
An unsealed access road, of similar standard 
to that on the other Pilbara railways, will be 
provided along the full length of the rail route. 

 
 

Figure 2 – Track Layout Diagram (at full production)
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Figure 3 – Long Section of the Route 

  
 
3. DESIGN CRITERIA 
 
The design is to embody the best of accepted 
Pilbara rail practice and to allow inter-
operability with BHPB. Key parameters 
therefore include: 
 
• Train consist; initially 220-240 ore wagons 

as two rakes, say 2.6km length, but allow 
for a maximum of 320-330 ore wagons as 
two or three rakes, say 3.6km length. 
Intermediate locomotives are controlled 
from the head end using Locotrol III. 

• Maximum mainline train speeds; 75kph 
loaded, 70kph empty, 100kph light engine. 

• Initial axle load nominally 35t, but could 
evolve up to an ultimate 40t maximum. 

• Maximum (compensated) grades; 0.33% 
preferred but 0.55% absolute maximum 
for loaded trains and 1.5% for empty 
trains. 

• Mainline curve radius; 2000m preferred, 
1000m preferred minimum, but 600-800m 
absolute minimum in special situations. 

• A reverse in vertical curve, or two 
changes in the sign of the grade, is to be 
avoided within the train length. 

• Minimum yard curve radii; 500m for 
loaded trains but 600m in balloon loops 
and 400m for empty trains. 

• Vertical curve radius; nominally 3000m for 
crests and 6000m for sags, though this 
may be refined based on train speed. 

• The port yard and rotary dumper/indexer  
would be capable of rakes of about 165 
wagons, with the whole train being split 
and made up at the Boodarie Yard. (See 
Figure 2). 

 
4. TRACK STANDARDS  
 
Rails will be AS68 kg/m Head Hardened 
throughout, following cost-benefit assessment 
of Carbon and Head Hardened rails on 
tangent track. This decision reflects the needs 
of higher axle loads combined with the 
reduced price differential between the two rail 
types. 
 
Sleepers designed for actual axle loads up 
50t, similar to those used by BHPB are 
specified. A 650mm spacing is assumed, 
though this will be further reviewed. These 
sleepers are likely to be manufactured in the 
Pilbara. 
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Ballast depth below the sleeper is assumed to 
be 250mm, but an allowance for an increase 
to 300mm is conservatively assumed for the 
Feasibility Study. However, this will be subject 
to value engineering studies, including the 
possibility of variable ballast depth depending 
on track modulus in any area. 
 
Turnouts are proposed to be 1 in 20 with 
swing nose frogs, both in the mainline and in 
yards where loaded trains will run. In yard and 
workshop areas with generally unloaded ore 
cars and siding stub tracks, 1 in 10 turnouts 
will be used. 
 
5. DRAINAGE AND BRIDGES 
 
Whilst the Pilbara region is generally arid, it 
can be subject to localised high intensity 
cyclonic rainfall events. Drainage design is 
difficult, where even basic tenets like “rivers 
always flow in the same direction” cannot 
necessarily be assumed. There have been 
many washouts and considerable drainage 
upgrade works over the last 30 years. 
 
The Hope Downs Project takes advantage of 
this hard won understanding of the region's 
hydrology. Bridges and culverts are designed 
for an average 50 year flood recurrence 
period. Formations are designed for 0.25m 
freeboard with a 20 year recurrence ARI 
design flood. 
 
There are 12 river bridges of 60-240m 
lengths;  ten lower level bridges are composed 
of 20m spans based on previous designs 
"optimised" for Pilbara conditions, and two 
medium level bridges with 30m spans. Two 
single span bridges, one road over rail and the 
other rail over rail,  have 27.5m spans. 
 
Corrugated steel pipe (CSP) culverts from 
0.9m to 3.6m diameter are proposed,  though 
concrete culverts are specified near the coast, 
due to salt levels. The rail yards at the port 
and near the coast are designed for the one in 
50 year storm surge event as well as rainfall 
runoff. 
 
6. ROLLING STOCK AND TRAIN SIZE 
 
The selection of locomotives, ore wagons and 
train size, like other aspects of Pilbara railway 
design, are the result of rigorous analysis on a 
system-wide basis, including the use of: 
 
• Train Performance Calculator (TPC) to 

simulate the performance of an individual 
train consist on the curves and grades on 

the given track alignment. This estimates 
train speeds, travel times and fuel usage. 
TPC is used to trial different train consists, 
provide input to the simulation of the 
overall project and test the track 
alignment. Figure 4 give a sample of one 
of the outputs; speed versus distance. 

 
• Analysis of the train loading systems. The 

proposed loading system is an overhead 
bin with train loading under a low 
constant speed. There are trade-offs 
between loading rate, bin size, cost and 
the upstream ore handling system's 
capacity. 

 
• Modelling of the unloading system with 

rotary wagon dumping, wagon indexing 
system and associated movement of 
wagon rake to and from the dumper. 

 
• Detailed simulation modelling from mine  

to the ship loading including the railway, 
as a total system with its interactions and 
variability. This is used to test factors like 
train sizes, siding locations, timetables, 
cycle times and tonnage delivered. The 
model is also used to assess ore handling 
equipment at the mine and port, 
stockyard layouts, ship loading 
operations, shipping patterns, etc. 

 
Locomotives for the Project are assumed to 
be diesel-electric with AC traction, including; 
 
• GE AC 4400 CW 
• GE AC 6000 CW (as used by BHPB) 
• EMD SD70/90 MAC 
 
These units have about 33t axle loads and 
would be equipped with Locotrol EB. There 
are some modifications to the cab and 
enhanced cooling systems, based on Pilbara 
experience, but are otherwise standard heavy 
haul units. The current preference is a 4400hp 
unit. 
 
The ore wagons assumed in the Feasibility 
Study are of stainless steel (3CR12) and 
designed for rotary dumping. These are 
compatible with BHPB rolling stock in length 
and outline, have a tare weight of 21.1t, but 
have a slightly larger 64m3 volumetric 
capacity. Even with lower density Marra 
Mamba iron ores, this gives a payload of up to 
126t for lump and 139t for fine ore, ( ie. 36.8t 
and 40t axle loads respectively, though lesser 
axle loads will apply during at least the earlier 
part of the Project).   
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There are 275 of the older style steel ore 
wagon bodies unused but stored at Port 
Hedland for a number of years. They are in  
 
• Rail testing and track geometry recording, 

including laser header wear measurement, 
every 6-8 weeks. 

• Rail grinding on curves of 1000m radius or 
less twice per year, through to tangent 
track every 2-3 years. 

• Rail welding, track surfacing and cleaning 
of drains and cutting as required. 

 
A permanent maintenance base will be 
located at the Port, with a base at the mine for 
part time use. It is envisaged that there will be 
no intermediate line camps, though use of 
"flying gangs" is expected. 
 
7. ROLLING STOCK MAINTENANCE 
 
The proposed rolling stock maintenance 
workshop at Boodarie Yard (Figure 2) would 
be much smaller than the facilities of this type 
built 20-30 years ago. Modern locomotives are 
built with a high degree of modularity. The 
workshop needs to be capable of modular 
"change-outs", with service of assemblies, 
even engines, being done off-site. Heavy body 
repairs and any other function will also be 
done off-site where it is economically 
favourable to do so. 
 
Routine maintenance such as wash downs, 
bogie and wheel exchange, brake service and 
testing and light body repairs are allowed for, 
with a "one spot" and a drop pit. A wheel 
turning lathe is also assumed. 
 
A "service station" style of trip service facility 
as to be located near the workshop. (Figure 
2.) This is used for daily refueling, lubricant 
and coolant top-up, cab servicing, waste 
disposal and windscreen washing. 
 
The maintenance activities are likely to be 
undertaken by the OEM or other suitable 
contractor, with HDMS as overall manager. 
 
8. APPLICATION TO OTHER RAILWAYS 
 
10.1 Factors Driving Rail Efficiency 
 
Single commodity railways such as those in 
the Pilbara have always vigorously pursued 
efficiencies and minimum unit costs, as this is 
a direct contributor to overall Project viability 
and profitability. This objective has been aided 
by most of the determinants of this 

productivity being within the control of the 
Project. 
 
Most other railways operate in a more 
complex environment of mixed freight 
operations and possibly passenger trains as 
well, with trains of differing speed and braking 
characteristics, size and axle loads.  These 
railways are now under similar pressure to 
increase efficiency and reduce unit costs, due 
to factors like privatisation and "vertical 
separation" with competing train operators. 
The remainder of this paper will make 
observations as to how aspects of heavy haul 
practice, like that described above for Hope 
Downs, may translate to mixed railway 
operations. 
 
A key characteristic of Pilbara  railways is the 
systems approach to all aspects of its design 
and operations. This philosophy applies at the 
micro level to systems like wheel/rail 
interaction and maintenance strategies, 
through to optimising the overall project 
including the railway and interfaces with the 
loading and unloading systems. Whilst there 
may be limits on the direct application of 
heavy haul practice to mixed railways, this 
systems approach can and is being 
increasingly used in mixed railways, even if it 
is more complex and difficult to apply. 
 
10.2 Application to Route Design 
 
New bulk haul lines, whether or not heavy 
haul, should be designed to optimise the 
combination of train power, length, weight and 
ruling grade in the loaded and empty 
directions.  As well as engineering parameters 
such as track design criteria, terrain, 
geotechnology and hydrology, an acceptable 
alignment needs to cater for environmental 
and ethnographic features.  Train performance 
calculators (TPC) are used to test alternate 
train consists on proposed alignments, as part 
of the alignment design process.  In the 
detailed design stage, modeling of dynamic 
"in-train" forces may also be used to refine the 
alignment design where long trains are to be 
used.  However, the above approach may be 
negated in settled and urban areas, where 
routes are defined by existing land uses and 
other historical constraints. 
 
Even in mixed use railways, there will often be 
a dominant traffic in one direction, such as a 
bulk export to a port.  In this case, the other 
traffics would benefit from lesser grades in the 
dominant loaded direction.  The lesser traffics 
may have the power to weight ratio to cope 
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with grades in the dominant empty direction, 
especially passenger trains.  Alternatively, 
TPC may aid in finding a quantifiably justified 
compromise in the grade required by differing 
trains, to equally benefit the various traffics.  A 
similar compromise may be used where a new 
line is used in conjunction with existing routes, 
such as spur lines to mines or the Melbourne 
to Brisbane AIRE project. (Ref. 2). 
 
10.3 Application to Operations 
 
Train Performance Calculators (TPC), as 
described in 10.2 above, can also be used in 
conjunction with simulation models of rail 
operations to analyse operations, timetables 
and rolling stock requirements. The TPC is 
used to obtain sectional running times for 
various locomotive and wagon combinations 
for an individual train on the route of interest.  
This provides input to a simulation model of 
the multiple interacting trains on the given rail 
network.  Such models usually use Discrete 
Event Simulation techniques, whereby the 
model steps though time with the movement 
and interaction of trains governed by given 
logic and input data that is an analog of the 
real system. (Ref. 3 and 4). These models can 
allow for random variability in running times 
and delays, plus contingencies like 
breakdowns and track outages, to realistically 
represent train operations.  The model is used 
by varying inputs in "what if" fashion to test 
factors like operating efficiency, turn-around 
times, tonnes delivered and capacity, and to 
identify "bottlenecks" in the system. Such 
models can and should be applied more 
widely to mixed railway situations, although 
these are more complex than a single 
commodity railway.  Examples of where such 
models have been used include: 
 
• Analysis of the superposition of new train 

types on existing network operations.  
Timetables, location of new sidings and 
other track capacity improvements can be 
tested, eg. the AIRE Project (Ref 2.) 

 
• Analysis supporting the development of 

track access regimes and the cost of train 
paths, such as that by the Queensland 
Completion Authority (Ref. 5). 

 
• Introduction of higher speed passenger 

trains on predominantly freight tracks, with 
track improvements and timetabling to the 
best compromises between the conflicting 
traffic types, eg. Victorian Fast Passenger 
Trains, QR Tilt Trains and the new 
Prospector train in WA. 

• Examination of rail access proposals to 
objectively assess capacity of existing 
track infrastructure, the most cost 
effective capacity improvements and the 
traffic levels at which these are required. 
This allows the relative benefits and costs 
to the various proposed traffics to be 
quantified. 

 
As well as these modeling applications within 
railways, there is now increasing pressure for 
transport solutions that yield more efficient 
operations over the wider transport chain.  
However, the track, train operations and 
terminals for loading and unloading may be 
owned and operated by different parties.  The 
best overall solution may not be optimal for 
each part of the system and the costs and 
benefits may not be shared equally.  The 
Pilbara railways have the advantage of a 
single ownership and have long had models to 
analyse their whole transport and processing 
chain so as to pursue lowest cost per tonne.  
However, simulation modeling provides a 
means of objectively testing various 
improvement strategies over both the rail 
operations and loading/unloading systems in 
the terminals, and to quantify the separate 
costs and benefits to each party.  In this way, 
modeling can provide the basis for a 
"partnering" approach to maximise the overall 
efficiency in a transport chain. 
 
10.4 Track Structures and Maintenance 
 
The track structure, wheel/rail interface and 
the associated maintenance, should also be 
researched and managed as a system.  In 
heavy haul railways like the Pilbara, there has 
been decades of focus on lowering the life 
cycle costs of rails and wheels, reducing 
maintenance costs and possession times, and 
hence increasing asset life. Comparative 
studies by UIC Infracost, suggests such 
railways have 2-4 times lower tonne-km 
maintenance and renewal costs than typical 
mixed railways in Western countries (Ref. 6).  
The underlying key to this performance is an 
optimal compromise between controlled wear 
and avoidance of fatigue failures in the rail, 
given railways are unusual in using this crucial 
component of their infrastructure plastically. 
 
The procedures developed in heavy haul for 
high track performance are increasingly well 
known, but include: 
 
• Premium materials in rail, sleepers and 

ballast, to an optimal design and 
constructed and maintained to strict 
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geometric tolerances.  (Head hardened 
rail is becoming the norm in heavy haul 
railways even for tangent track, given its 
proven life cycle benefits and the reduced 
cost differential with ordinary carbon rail). 

 
• Regular inspection including ultrasonic rail 

flaw detection and laser head profile 
measurement. This is supported by 
techniques to use this data for trend 
analysis and feedback into the design of 
the maintenance program that "lets the 
track tell you what if needs". 

 
• Regular track grinding regime to eliminate 

defects and maintain a good rail head 
profile, with a corresponding wheel turning 
program, based on applied research and 
track monitoring program. 

 
The above approaches are now being 
increasingly used to the benefit of mixed 
railways, though the application and outcomes 
may differ from heavy haul systems.  Apart 
from direct economic benefit, even passenger 
trains can attain a better ride from higher 
quality track.  Safety imperatives may also 
lead to the use of  track maintenance regimes 
like those outlines above, given events like 
the Hatfield accident. 
 
One interesting example of technology 
transfer between heavy haul and passenger 
rail is a partnership between BHP and the 
MTR in Hong Kong.  Using applied research 
and a structured systems approach developed 
in the Pilbara, to this rather different setting, 
has resulted in revised rail grinding cycles, 
revised wheel profiles, lubrication and 
changes in rail types and the use of rail pads.  
Since 1992, this yielded an 85% reduction in 
rail shelling, a 67% reduction in wheel flange 
wear and a substantially lower rate of 
corrugation growth.  (Ref. 7.). 
 
10.5 Application to Rolling Stock 
 
There is a strong operating cost incentive to 
minimise the tare weight of wagons used in 
heavy haul and bulk commodity railways with 
payloads in only one direction. Wagons 
constructed recently for use in the Pilbara 
have been new designs with stainless steel 
bodies.  This has reduced the tare weight by 
over 2t, and the operating cost benefits 
through reduced fuel consumption and 
maintenance have easily offset the slightly 
higher initial cost. Where commodities like 
grain and coal permit, aluminium bodies have 
also been used.  Whilst use of lighter tare 

wagons is becoming more common in the 
choice of new wagons, there is yet to be 
extensive re-evaluation of wagon replacement 
strategies with the inclusion of operating and 
environmental cost benefits from such 
wagons. 
 
Locomotives of the Dash 9 type are now much 
more efficient and have less maintenance, 
compared with those built more than about 10 
years ago. There is still the attraction of low 
capital cost with older locomotives, as 
evidenced by the extensive use of 30-50 year 
old motive power in Australia. Heavy haul 
operations can readily show the benefit of 
recent locomotive technology, with 
locomotives in the Pilbara being either new 
units that are less than 10 years old or are 
older units rebuilt to almost new standard 
within the last 15 years. For more intensive 
operations, the choice of motive power and 
the locomotive replacement strategy needs to 
be evaluated incorporating the reduced 
operating costs of current locomotive 
technology.  Moreover, new higher powered 
units will reduce the locomotive fleet size 
required by replacing a larger number of 
lesser powered units.  Environmental and 
greenhouse gas emissions should also be 
considered in fleet replacement analysis, if 
locomotive emission standards are not to be 
eventually imposed by government mandate, 
as is now happening in the USA with their 
EPA "Tier 2 Standards". 
 
The most recent evaluation and purchases of 
locomotives for the Pilbara and other heavy 
haul railways have favoured AC traction, as 
this is an application where the advantages of 
AC are more clearly evident.  As the benefits 
of AC traction are proved over time in heavy 
haul railways, they may become more 
common in mixed railways, particularly if the 
cost differential between AC and DC traction 
continues to narrow. 
 
EPC brakes are likely to be used initially in 
heavy haul applications, as the greatest 
benefits of these brakes is to be obtained with 
long and heavy trains. Heavy haul may be the 
primary proving ground for EPC brakes, prior 
to any more extensive use in mixed railway 
networks. 
 
There are strong incentives in mixed as well 
as heavy haul railways, to run longer and 
heavier trains, so as to enhance the efficiency 
of the trains themselves and to extend the 
capacity of the network.  However, this means 
there is a larger train asset at risk in any train 
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accident, plus potentially greater damage to 
the permanent way.  Asset protection devices 
like DEDs, HBDs and HWDs, as described in 
Section 7 above, should therefore be 
considered for use on higher tonnage mixed 
railway lines used by larger trains. 
CONCLUSIONS 
 
The lessons learned by the Pilbara Railways 
are directly applicable to new ventures such 
as Hope Downs, where the evolved 
experience has been selected in order to 
supply a new railway designed to be amongst 
the most cost-efficient system in the world. 
 
Whilst the nature of iron ore rail lines, with a 
homogeneity of use, optimises cost efficiency, 
many of the principles can be applied to multi-
purpose systems to optimise the combination 
of route topography, track, motive power, 
rolling stock, signalling and operations. This is 
necessary if rail is to provide a competitively 
economic freight system when compared with 
competing modes, particularly road transport. 
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A COST EFFECTIVE HIGH SPEED RAILWAY 

FOR AUSTRALIA 
 

Colin F G Butcher, BSc, F.I.E.Aust 
 
SUMMARY. Rail currently has a small share of the interstate freight and passenger markets 
particularly for movements along the East Coast of Australia. Rail needs to match the 
performance of the competition to increase market share and a significant reduction in transit 
times is a fundamental requirement. The poor performance is a direct result of the inadequate 
alignment of the existing tracks. Various proposals for new rail infrastructure have been based 
on needs of either the freight or the passenger market. An approach that deals with both 
sections of the market has been lacking. This paper outlines a concept that could form the 
basis for renewal of the rail infrastructure to suit freight and passenger trains without 
compromising the performance of either. In addition to the greater potential revenue from the 
total transport market, the concept would be less expensive to construct and would be much 
more cost effective than separate systems for the two types of transport. The paper contains 
some key performance data for the trains and details of the track standards that allow the two 
types of train to use the same tracks. 
 
1. INTRODUCTION 
 
During the first half of the 20th century rail 
was the dominant mode of land transport 
between capital cities. For the transport of 
bulk materials such as coal and iron ore, 
rail remains pre-eminent but in most other 
sectors of the freight market rail makes a 
minor contribution.  
 
Road now dominates the general freight 
sector of the market along the main 
transport corridors. Rail has only a small 
share of the market on some of the most 
important interstate links and this share is 
concentrated at the low value end of the 
market. This combination of low volume 
and low value makes the revenue from rail 
freight relatively small.  
 
Investment in better roads has allowed the 
road transport sector to offer quick delivery 
of freight over long distances. Rail cannot 
match the journey times by road on some 
key interstate links and is unable to 
compete for the valuable time sensitive 
sector of the freight market. It is hampered 
by an antiquated infrastructure that 
severely limits train speeds along these 
corridors.  
 
This paper reviews the non-bulk freight 
market shares along the main transport 
corridors throughout Australia. Particular  

attention is given to the major flows along 
the East Coast. Published freight market 
data is used to identify the scale of the 
improvement that is required to reverse 
the downward trend in market share. 
 
In passenger transport, rail is the dominant 
mode for mass transit between the 
suburbs and the central business district of 
the largest cities but is almost irrelevant in 
all other sectors. Air and road have 
captured most of the market for the 
transport of passengers over long 
distances and rail only provides a few 
poorly patronised services. 
 
Details of the passenger market shares 
along the East Coast corridor are used to 
indicate the need for very fast passenger 
trains to attract patronage back to rail.  
 
Inferior track alignments do not allow rail 
to offer journey times that are competitive 
with the other two modes. Faster transit 
times for freight and passenger trains are 
not feasible unless the rail infrastructure is 
significantly upgraded. The limits imposed 
by the existing alignment are reviewed and 
compared with the potential performance 
on a new alignment. Investment in 
separate lines for the two types of train 
could not be justified but tracks designed 
for conventional high-speed passenger 
trains are not suitable for fast freight trains.  
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This is due to the limited capacity and 
exceptional speed of that the freight trains 
would be required to achieve. 
 
An alternative concept is described that 
would allow fast freight trains and very fast 
passenger trains to operate over the same 
tracks. Details of suitable track standards 
are provided and these indicate the origin 
of construction cost savings compared to 
tracks designed for conventional high-
speed passenger trains. 
 
2. NOTATION 
 
The following symbols are used in 
formulae contained in this paper. 
 
Symbol Parameter Units 

a Horizontal 
acceleration 

m/s2 

CD Cant 
deficiency 

mm 

IC Installed 
Cant 

mm 

R Curve 
Radius 

m 

Suffixes   
f Freight  
p Passenger  

 
3. FREIGHT TRANSPORT 
 
3.1 Freight Flows 
 
The market for freight transport may be 
divided into a number of categories that 
have quite different requirements. Bulk 
freight such as coal, wheat and iron ore is 
generally transported in large quantities 
and the market is much more sensitive to 
cost than to journey time. In most cases 
these low value commodities are 
transported to the nearest port and do not 
form part of the transport task along the 
main interstate corridors.  
 
The main type of freight that is carried 
along the interstate transport corridors is 
general or non-bulk freight. Within this 
broad description there are several 
categories but a major part of the non-bulk 
freight is time sensitive and this freight 
generally commands the highest revenue 
per tonne. 
 
As shown by figure 1, the flow along the 
North-South corridor linking Melbourne, 

Sydney and Brisbane is significantly larger 
than the total for the East-West flows, (1). 

In 2000 the flow of non-bulk freight 
between Melbourne and Sydney was 9.4 
million tonnes and between Sydney and 
Brisbane it was 6 million tonnes. The 
direct flow between Melbourne and 
Brisbane added another 4 million tonnes 
to bring the total for the main North-South 
freight market to 19.4 million tonnes or 
72% of the total for all of the above links. 
This is the origin of the emphasis given to 
the East Coast corridor and in particular to 
the Melbourne-Sydney sector. 
 
3.2 Freight Market Shares 
 
At one time rail was the main mode of 
transport for all non-urban freight but this 
is no longer the case. During the period 
from 1964 to 1985 the market for non-bulk 
freight between Melbourne and Sydney 
grew at an average rate of 3% (2). At the 
same time the freight carried by rail 
decreased at an average of 0.9% pa. This 
divergence transferred dominance from 
rail to road transport within two decades.  
 
By 2000 rail’s overall share of the non-bulk 
freight market on the interstate links 
declined to about 22%, (1). The rail share 
along the East Coast is particularly low 
and for the largest market between 
Melbourne and Sydney it is only 10 to 
11%.  
 

Figure 1
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Along some corridors rail has retained or 
captured a significant share of the market 
but on all three of the high volume North-
South links rail carries no more than a fifth 
of the available non-bulk freight.  
 
Rail has about two thirds of the market 
between Perth and the two largest cities 
on the East Coast but the flows are quite 
small. An increase in market share on 
these two links would have very little effect 
on the overall market share. 
 
3.3 Freight Market Demands  
 
Whilst cost and service reliability are 
important factors that influence the choice 
of mode, market research for the ARTC 
has predicted gains for rail if transit times 
are reduced. As shown by figure 2, the 
effect is not the same for all of the East 
Coast links.  
Between Sydney and Brisbane any 

reduction in time is likely to have an 
immediate effect on market share and the 
response appears to be similar on the link 
between Melbourne and Brisbane. For the 
link between Melbourne and Sydney there 
is a need for a significant reduction in 
journey time before there is much 
customer response. 
 
To attract 50% of the market on the two 
links with Brisbane the reduction in journey 
time should be 42 to 43% based on a 
linear extrapolation of the trends shown 
over the reasonably wide range in figure 
2. On this basis the journey time between 
Melbourne and Brisbane should fall from 
36 to less than 21 hours and between 
Sydney and Brisbane it should fall from 21 

to 12 hours. If the length of the lines 
remains unchanged, the average speed 
would be only 81km/hr between Sydney 
and Brisbane and 94km/hr between 
Melbourne and Brisbane. 
 
Between Melbourne and Sydney the 
response to time saving is less clear but 
the current time of 13.5 hours at an 
average speed of just over 71km/hr is 
obviously not up to market expectations. 
From the market research data obtained 
by the ARTC it may be inferred that a time 
saving of 40% should give rail the 
opportunity to capture about 30% of the 
non-bulk freight.  
 
The above would require a journey time of 
little more than 8 hours, or an average speed 
of 118km/hr on the existing length of line. 
When this time is coupled with a time of 12 
hours between Sydney and Brisbane, the 
time between Melbourne and Brisbane would 
be under the target of 21 hours. 
 
A journey time of 8 hours is two hours less 
than the non-stop time for the fastest 
passenger trains that use the line. The 
average speed is above the maximum 
speed for conventional freight trains. 
These points illustrate the need for major 
changes that would allow rail to offer 
transit times that are well below current 
minimum times.  
 
If transit times could be reduced to the 
above targets, the market shares for rail 
would increase significantly. The current 
share of 15% of the North-South non-bulk 
freight would increase to 40%. In terms of 
volume the demand could rise to 7.8 
million tonnes or about 2.7 times the 
current tonnage. A further reduction in 
times should attract a greater share but 
further market research would be required 
to obtain a reliable basis for predicting the 
precise response. 
 
The shares on each of the East Coast 
interstate links are listed in table 1 below.  
 

RAIL 
SHARE 

RAIL 
VOLUME 

LINK 

% Mt 
Mel-Syd 30 2.8 
Syd-Bris 50 3.0 
Mel-Bris 50 2.0 

 
Table 1 - East Coast Shares 
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3.4 Freight Train Performance 
 
The report on the electrification of the line 
between Melbourne and Sydney, (3), 
provided predicted journey times for 
various freight train formations. 
Locomotive power output was varied from 
2975kW to 5400kW to determine the most 
appropriate balance between performance 
and energy consumption. At the high end 
of the range the predicted energy input 
increased significantly for very little gain in 
journey time. Trains of 1400 to 1600 
tonnes hauled by one 3.4MW locomotive 
operating at a maximum speed of 
105km/hr formed the basis for the final 
recommendation. 
 
The electrification study suggested a 
practical minimum running time of just 
over 12 hours for the above trains on the 
current alignment. This is about one hour 
less than the current journey time but it is 
well above the target suggested in section 
3.3. 
 
Recent studies have reviewed the effect of 
electrification combined with increased 
cant on the curves to allow the freight 
trains to operate at XPT speed limits. 
Running times for trains with a gross mass 
of 720 tonnes hauled by one modern 80 
tonne 6MW locomotive are shown in 
figure 3. 

 

The running time includes the effect of 
stopping for crew changes at Yass and 
Albury but not the dwell time at these 
stops or any contingency allowances for 
other sources of delay. At a maximum 
speed of 120km/hr a realistic time for 
these high performance freight trains 
would be about 10 hours. With suitable 
rolling stock the freight trains could 
operate at 160km/hr and may be able to 
complete the journey in about 9.5 hours.   
The Fast Freight Train proposal (4) 
included the option of freight trains 
operating at 160km/hr on the existing 
alignment. The results quoted above 
suggest that this approach would provide 
significant gains but would be insufficient 
to match the market requirements 
identified earlier. 
 
The energy input is solely for the traction 
system and ignores the small benefit 
obtained from regenerative braking. It 
indicates the significance of the energy 
required for a small reduction in running 
time. At a maximum speed of 160km/hr 
the time is 15% less than at 100km/hr but 
the energy input to the traction system is 
about 33% higher. 
 
4. PASSENGER TRAINS 
 
4.1  Passenger Journeys 
 
Passenger journeys for work and business 
within the urban areas of towns and cities 
account for about 98% of all travel within 
Australia. Nevertheless, the total number 
of interstate trips in 1975/76 was 
11.95million (5). Details are given in the 
National Travel Survey for 1977-78 (6). At 
the time of the survey there were more 
than one million two-way trips between 
Melbourne and Sydney. 
 
A large number of trips in the main travel 
corridors are for shorter journeys such as 
Melbourne-Wangaratta and Canberra-
Sydney. The number of these shorter trips 
may be scaled to provide the equivalent 
number of trips along the full length of the 
corridor and this would increase the total 
number of trips within the Melbourne-
Sydney corridor to about 2.4 million at the 
time of the survey. A modest growth rate 
of 3% would provide an estimated travel 
market equivalent to 4.9 million two-way 
trips by 2001. 

Figure 3 
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A report on a proposal to upgrade the 
existing rail transport system (7) listed 
travel data for 1984. The travel in the 
corridor for that year and revised 
estimates for 2001 based on the above 
growth rate are listed in table 2. 
 

CORRIDOR TWO-WAY TRIPS 
(millions) 

 1984 2001 
Melbourne-Sydney 2.59 4.28 

Melbourne-Brisbane 0.48 0.80 
Sydney-Brisbane 1.53 2.52 

 
Table 2 

Predicted Travel – Jacana 
 

Travel between Melbourne and Brisbane 
includes direct travel by air and by other 
paths that avoid passing through Sydney. 
For this reason the data in the above table 
should not be directly compared with the 
previous assessment of the passenger 
market on the Melbourne-Sydney corridor. 
 
The flows for individual sectors may be 
added to obtain the total number of trips 
along each section of the corridor between 
Melbourne and Brisbane. This suggests a 
total passenger flow equivalent to 5 million 
two-way trips between Melbourne and 
Sydney and 3.3 million two-way trips 
between Sydney and Brisbane in 2001. 
 
The VFT travel survey for the inland route 
(8) reported a total passenger market of 
31 million trips in the Melbourne-Sydney 
corridor. Most of these trips were to and 
from intermediate points along the 
proposed line but were equivalent to over 
5.8 million round trips by 1995. Adjusting 
the VFT data at a growth rate of 3% pa 
provides the estimated number of two-
way, full-length trips listed in table 3. 
 

CORRIDOR TWO-WAY 
TRIPS 

Melbourne-Sydney 6.9 million 
Sydney-Brisbane 4.6 million 

 
Table 3 

Predicted Travel - VFT 
 
4.2 Passenger Market Shares 
  
In 1945 rail had about 65% of the non-
urban travel market and cars accounted 
for slightly less than 30%. By the late 
1970s car and air travel had become 

dominant with a combined share of 94% of 
the market. The modal shares listed in 
table 4 are from the National Travel 
Survey, (6).  
 

Mode Over 100km Interstate 
Car 88 55 
Air 6 39 

Train 3 3 
Coach 3 3 

Table 4 
Modal Shares - Nts 

 
Data for 1994/95 indicated a similar 
pattern for short journeys but a major shift 
from cars to air for longer journeys (9). In 
table 5 the modal shares for the fairly short 
journey between Sydney and Canberra 
are compared to the much longer inter-
capital journey between Melbourne and 
Sydney. 
 

Mode Canberra-
Sydney 

Melbourne
-Sydney 

Car 80 19 
Air 10 74 

Train 4 3 
Coach 6 4 

Table 5 
Modal Shares 94/95 

 
The data in tables 4 and 5 indicates a 
slight trend towards public transport for the 
shorter journeys and a major shift for 
interstate travel. Rail remained the least 
favoured mode with only a very small 
share of the market on short and long non-
urban journeys. 
 
4.3 Passenger Market Potential 
 
Various proposals for faster passenger 
trains have provided information about the 
technical possibilities and some have 
included capital cost estimates. All have 
suggested that higher patronage will flow 
from reduced journey times but reliable 
data on the response to journey time 
reduction is limited to a few specific 
proposals.  
 
The VFT consortium proposed a minimum 
time of 3 hours for the journey between 
Melbourne and Sydney and 
comprehensive market research 
suggested that this would attract 
considerable patronage (8). 
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The predicted demand for the VFT did not 
rely solely on a shift from existing modes 
but included new travel demand that the 
system would induce. The total travel 
within the corridor between Melbourne and 
Sydney was predicted to rise by 24%. 
 

Mode Melbourne-Sydney Travel 
Shares for 1995 

 Millions of 
One-Way Trips 

Percent 

Car 4.54 31.5 
Air 2 13.9 

Train 0.14 1.0 
Coach 0.73 5.1 
VFT 6.99 48.5 
Total 14.4 100 

 
Table 6 

Effect Of VFT 
 
As shown by the VFT data in table 6, it 
was anticipated that about 40% of the total 
demand for the very fast train would be 
induced by the new system. Most of the 
remainder would have been drawn equally 
from car and air travel. The predictions 
assumed the existing rail service would be 
retained but the very small share makes 
this even less relevant than it is without a 
fast alternative.  
 
The minimum journey time chosen for the 
VFT was based on the need to match the 
city centre to city centre journey time 
currently provided by air. As air offers the 
shortest journey time on the interstate 
links and has captured the largest share of 
the passenger market a journey time of 
more than 3 hours between Melbourne 
and Sydney may not be acceptable.  
 
There is insufficient published data to 
indicate the patronage that may be 
obtained for other journey times. For this 
reason the times proposed for the VFT are 
used as the basis for the performance of 
high-speed passenger trains between the 
East Coast capitals.  
 
4.4 Passenger Train Performance 
 
On the line between Melbourne and 
Sydney the 160km/hr XPT offers a journey 
time in excess of 10 hours. Various 
proposals have been made for 
improvements to the train performance 
such as increasing the maximum speed, 
using a tilting suspension system, 

increasing the engine power and making 
changes to the alignment of the track. The 
effect of each of these has been the 
subject of a number of simulation studies 
and the results are included below. 
 
Much of the existing alignment contains 
curves that restrict the speed of the trains 
to well below their maximum and in NSW 
the XPT has relatively few opportunities to 
reach 160km/hr.  
 
Increasing the maximum speed by 25% to 
200km/hr would have little effect on the 
journey time (10). This higher maximum 
speed would only reduce the journey time 
between Melbourne and Sydney by about 
2% and between Sydney and Brisbane by 
little more than 1%.  
 
Many of the curves in the tracks along the 
East Coast have a small horizontal radius 
and this is the major factor that limits the 
speed of the passenger trains. The 
relationship between speed and curve 
radius is given by the following simple 
formula. 
 
V2 = R.a   (1) 
 
The horizontal acceleration is determined 
by the banking of the track and the 
unbalanced lateral acceleration that may 
be applied to the vehicles. On the line 
between Melbourne and Sydney a few 
curves have an installed cant of 125mm 
but the majority of curves have much less 
banking.  
 
The unbalanced lateral acceleration or 
cant deficiency is limited to 110mm. These 
maximum values limit the acceleration to 
1.54m/s2 in accordance with the following 
formula.  
 
a = 9.81(IC+CD)/1500  (2) 
 
At the above maximum acceleration the 
minimum curve radius for passenger trains 
operating at a maximum speed of 
160km/hr is 1280m. However, about a 
quarter of the distance is curved at 1200m 
or less and most of these curves have 
relatively little installed cant. 
 
On the line between Sydney and Brisbane 
the combination of small radius curves and 
low cant places a severe limit on train 
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speed. Out of a total of 342 speed limits, 
more than one third are at or below 
70km/hr and almost two thirds limit speed 
to 80km/hr or less. 
 
Trains with tilting suspension systems may 
be exposed to a higher lateral acceleration 
and this allows speeds on curves to be 
increased. An XPT style train that could 
operate at a cant deficiency of 190mm and 
a maximum speed of 200km/hr has been 
used as the basis for a simulation study. 
Between Melbourne and Sydney this train 
would be about 16% quicker than a 
standard XPT and could provide a realistic 
journey time of 8 hours 20 minutes. 
 
Higher power engines could be used in the 
XPT but a major increase would require 
electric versions of the power cars. The 
running times shown in figure 4 are for an 
electric version of the above train 
operating between Melbourne and 
Sydney. 
  
As expected the performance of the 2MW 
train is similar to the current diesel sets but 
increasing the power to 6MW would 
reduce the journey time by less than 7%. 
This would be at the expense of a 42% 
increase in energy input but it would be 
feasible to offer a journey time of 7 hours 
45 minutes. This journey time would 
require significant investment for new 
trains, electrification, elimination of level 
crossings and new signalling equipment. 
To obtain the most from this investment 
some improvements to the infrastructure 
should also be considered.   

 

In 1982 The Institution of Engineers 
proposed a deviation between Yass and 
Goulburn to avoid a particularly slow 
section of the existing line (11). This 
change to the line between Melbourne and 
Sydney would have contained easier 
gradients and larger radius curves to 
achieve a time saving of about 20 minutes 
for the XPT. The proposal also included a 
new branch that would make a much more 
direct connection with Canberra. 
 
Another proposed deviation would have 
followed the freeway between Bargo and 
Douglas Park. This reduced the distance 
by 15.5km and for standard XPT trains the 
time saving would be about 15 minutes in 
the uphill direction. When compared with 
tilting trains operating on the existing line 
the running time would be reduced by 
about 10 minutes. As the deviation would 
have large radius curves, the speed in the 
downhill direction could be much higher 
and the time saving would be significantly 
more for trains heading towards Sydney. 
 
The combined effect of the two deviations 
outlined above would be a saving of 35 
minutes and a high performance electric 
train operating at a speed of 200km/hr 
may be able to complete the journey in 7 
hours 10 minutes. Whilst this would be a 
significant improvement it does not provide 
a journey time that is less than the working 
day.  
 
Additional changes to the alignment would 
produce further savings and may 
ultimately provide a largely new alignment.  
 
5. VERY FAST TRAINS 
 
As shown by the data presented 
previously, the existing track alignment is 
a major impediment to passenger train 
performance. To allow the XPT to operate 
at its modest maximum speed about a 
quarter of the existing line would require 
reconstruction to increase the radius of the 
curves to more than 1280m. 
  
For a train with tilting suspension 
operating at 200km/hr the minimum curve 
radius would need to be at least 1500m 
and this would require extensive 
reconstruction of the line. However, it 
would only allow trains to operate at this 
modest maximum speed.    
 

Figure 4
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A new alignment should allow trains to 
operate at a very high speed for practically 
all of the non-urban part of the journey. 
Simulations of train operations over the 
alignment proposed for the VFT illustrate 
the significance of the time saving that 
would be achieved. The data shown in 
figure 5 indicates the origin of the 
maximum speed proposed for that project. 

A maximum speed of 350km/hr may have 
been adequate to meet the target time for 
the VFT but would not provide sufficient 
allowance for contingencies. For this 
reason a maximum speed of 360km/hr 
was adopted as the basis for track design.  
 
To match airline standards of comfort the 
preferred cant deficiency for the VFT was 
zero and this required an installed cant of 
180mm on curves with a radius of 8500m. 
Where this large radius could not be 
accommodated a slightly smaller radius of 
7000m was proposed with the same large 
installed cant. This combination would 
have produced a cant deficiency of 40mm 
and passengers would experience a small 
lateral acceleration. 
For lower speed trains the cant on the 
large radius curves would be excessive. A 
limit of 50mm excess cant is normally 
applied to freight trains and this may be 
treated as a negative cant deficiency.  
 
On the preferred minimum radius curve of 
8500m the minimum speed of freight trains 
would be 306km/hr. On the smaller radius 
curves the minimum speed would be 
278km/hr. Freight train speeds for a range 

of conditions that might apply to a very fast 
train system are shown in figure 6. 

The concept for the VFT freight train was 
similar to the passenger trains with a 
power car at each end. A fixed formation 
of fully enclosed freight vehicles were to 
be shorter than the passenger cars but 
with a similar aerodynamic profile. Train 
size varied with speed as shown in the 
following table. 
 

SPEED (km/hr) 250 300 350 
Gross Mass (tonnes) 720 600 480 
Payload (tonnes) 318 265 212 
Volume (m3) 1000 850 700 

 
Table 7 

VFT Freight Trains 
 
Although the slower trains could carry 
more freight the faster trains provide 
greater utilisation of the equipment. For 
this reason the final proposal envisaged 
operating at the same maximum speed as 
the passenger trains and making the 
journey in only a few minutes more than 
the passenger trains.  
 
6. A DIFFERENT APPROACH  
 
The VFT project was based on 
conventional high-speed trains operating 
on a new alignment between Melbourne 
and Sydney. The same concept was 
envisaged for the subsequent proposal for 
a high-speed rail link between Sydney and 
Canberra. The brief for the aborted 

Figure 6
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investigation into a new line from 
Melbourne to Brisbane implied that it 
would also be for very fast passenger 
trains. These projects all required new 
construction that would duplicate the 
existing network between the relevant 
capital cities.  
 
On a new alignment between Melbourne 
and Sydney, the freight trains described in 
section 3.4 could achieve a running time of 
less than 6 hours. At a maximum speed of 
160km/hr the time saving is more than 
40% compared with operating on the 
existing alignment. The predicted energy 
input for propulsion is similar to trains 
operating on the existing alignment at only 
120km/hr. This is substantially quicker 
than the target time and would allow rail to 
match road transport even after more of 
the interstate roads are upgraded. 
 
On the links with Brisbane a fast freight 
train on a new alignment could also 
exceed the current target performance and 
has the potential to capture the majority of 
the non-bulk freight. Although this requires 
investment in a new line, the time saving 
provides a large increase in crew and 
locomotive productivity without any 
increase in the energy cost. 
 
Fast freight trains may operate on very 
large radius curves provided the installed 
cant is low or on smaller radius curves 
with a moderate installed cant. Neither of 
these combinations would match the 
requirements of very fast passenger trains. 
However, trains with a tilting suspension 
system could operate at a higher cant 
deficiency on these curves and this would 
increase the speed differential between 
the two types of train. 
 
For maximum operating speeds of 
360km/hr for the passenger trains and 
160km/hr for the freight trains, formula (1) 
may be used to obtain the following pair of 
simultaneous equations. 
 
1002 = ap.R   
 (3) 
 
44.442 = af.R   
 (4) 
 
Dividing (3) by (4) provides an 
acceleration ratio of 5.0625 and (2) may 

be used to substitute cant and cant 
deficiency values for the relevant 
accelerations. Using the Swedish X2000 
as an example, the passenger train cant 
deficiency might be 246mm. If the 
negative cant deficiency for the freight 
train is limited to 50mm the following 
formula may be used to determine the 
installed cant. 
 
5.0625 = (IC + 246)/(IC – 50) 
 (5) 
 
In this instance the installed cant would be 
123mm and the relevant minimum curve 
radius may be 4147m. This is significantly 
less than the minimum curve radius 
required for conventional passenger trains 
that could operate at the maximum speed 
proposed for the VFT. This smaller curve 
would be easier to fit to the natural profile 
of the hilly terrain along the East Coast 
reducing the need for extensive 
earthworks.  
 
Even smaller radius curves could be used 
but this would require a larger installed 
cant and faster freight trains. Conversely 
for slower freight trains the radius of the 
curves must be increased and the installed 
cant must be reduced, as illustrated in 
figure 7. 
 

Figure 7
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7. CONCLUSIONS 
 
♦ Along the main East Coast transport 

corridors the rail share of the freight 
and passenger markets has steadily 
declined and rail has become the least 
favoured mode of transport. 

♦ Rail must reduce transit times to 
match the performance of the 
competition and the necessary degree 
of improvement cannot be achieved 
on the existing track alignments. 

♦ Tracks built to suit very fast passenger 
trains would require freight trains to 
operate at exceptionally high speed 
and it would be necessary to retain the 
existing tracks for conventional freight 
trains. 

♦ Realistically fast freight trains may 
operate over tracks designed to suit 
high-speed passenger trains that have 
tilting suspensions without 
compromising the performance of 
either. 

 
♦ Reconstruction of the existing lines 

where the alignment is suitably 
straight, or where it may be 
straightened at a reasonable cost, 
would avoid the cost of an entirely 
new line. 

 
♦ The smaller radius curves required for 

the proposed trains would be a better 
fit to the natural terrain and would be 
cheaper to construct than lines built to 
suit very fast passenger trains. 

 
♦ Competitive transit times for freight 

and passenger trains may be 
achieved with the above mix to 
provide greater revenue than freight or 
passenger trains alone.  
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REGIONAL VICTORIA FAST RAIL LINKS – BALANCING ROLLINGSTOCK 

AND INFRASTRUCTURE REQUIREMENTS FOR PROJECT SUCCESS 
N. S. Lawson, BEng(Mech), FIEAust, Bombardier Transportation 

R. M. Hamann, BEng(Mech), Bombardier Transportation 
R.N. Fuller, BEng(Mech), MIEAust, Department of Infrastructure Victoria 

 
 
 
SUMMARY  
 
In March 2000 the Victorian Government gave the go-ahead to a $550 million project to provide Fast Rail links 
to the State’s major regional centres of Geelong, Ballarat, Bendigo, and the Latrobe Valley.  The Government 
set aggressive journey time targets, which are expected to be achieved through a major upgrading of the rail 
infrastructure, and the introduction of 29 new two-car diesel multiple units. 
 
A consultative assessment determined that 160 kph is the required maximum service speed. To operate 
safely with high passenger comfort at high speed, issues such as track standards, signalling and level 
crossing protection must be addressed.  
 
The rollingstock supplied by Bombardier Transportation will be based on the Xplorer/ Endeavour vehicles 
operated by the SRA of NSW, modified for a maximum service speed of 160 kph. Issues such as ride comfort, 
noise, aerodynamics and crashworthiness needed to be considered. Tilt technology was also evaluated. 
 
The Department of Infrastructure worked in close partnership with Bombardier to achieve the optimum 
balance of rollingstock and infrastructure upgrade. This Partnership has provided the platform for the Regional 
Fast Rail Project to successfully meet the Government’s project objectives. 
 
 
 
 
1 INTRODUCTION - THE FAST RAIL 

PROJECT 
 
The State’s Linking Victoria initiative, launched on 
28 February 2000, provided a blueprint for 
generating over $1.5 billion of vital transport 
infrastructure.  At the heart of the Linking Victoria 
initiative is the Regional Fast Rail Project (RFRP), 
one of the largest projects in the history of 
Victoria’s rail industry.  It represents the single 
most significant capital investment in Victorian rail 
infrastructure since the Melbourne underground 
rail loop in the 1970s, and the largest upgrade of 
Victoria’s regional railways in over 120 years.  
 
Nearly six million passengers are carried each 
year on the four rail corridors being upgraded by 
this Project.  Communities in these regions have a 
combined population of more than half a million 
people and represent 40 per cent of Victoria’s rural 
and regional population.  Their travel opportunities 
are currently limited by aging rolling stock and by 

rail infrastructure that cannot currently support fast 
rail operations. 
 
The RFRP aims to reduce passenger journey 
times between Melbourne and Ballarat, Bendigo, 
Geelong and the Latrobe Valley. This will be 
achieved by infrastructure works that will allow 
trains to run at speeds of up to 160 kph.  The 
infrastructure works will involve upgrading nearly 
500 kilometres of track, installing new signalling 
equipment and constructing new sections of track.  
The four RFRP corridors are shown in figure 1.1. 
 
To achieve the travel time targets, National 
Express Group Australia Pty. Ltd., the State’s 
country passenger rail franchisee through its 
V/Line Passenger business, has contracted 
Bombardier Transportation to supply 29 new two- 
car diesel multiple units.  The State Government 
through the Department of Infrastructure (DOI), 
acted as guarantor to the $410 million contract 
which includes maintenance of the rollingstock for 
15 years. 
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Figure 1.1: RFRP Corridors 

 
 
2 PROJECT OBJECTIVES 
 
The Victorian Government’s objectives for the 
project are as follows: 
 
Journey times: to secure the delivery of fast rail 
services between Melbourne and Ballarat, 
Bendigo, Geelong and the Latrobe Valley that will 
significantly reduce rail journey times to the 
maximum extent possible on a value-for-money 
basis within the context of the State’s financial 
commitment to the Project. 
 
Safety: to implement, operate and maintain a fast 
rail service with no deterioration in rail safety. 
 
Quality: to ensure that the upgraded rail service 
provides convenient, comfortable and affordable 
rail services for the travelling public. 
 
Patronage: to achieve a substantial and sustained 
increase in rail patronage on the four rail lines. 
 
Cost: to minimise the long-term costs to the 
taxpayer associated with the upgrading, 
maintenance and operation of the upgraded rail 
network. 
 
Risk Transfer: to transfer risk to the private sector 
where it is appropriate to do so. 
 

Timeliness: to secure the delivery of the Project in 
a timely fashion, in accordance with target dates 
and deadlines set by the State. 
 
Accountability: to manage the Project in a 
transparent and accountable way, in consultation 
with stakeholders and in accordance with the 
highest standards of probity. 
 
3 JOURNEY AND RUN TIMES 
 
The first stage of the RFRP consisted of a 
feasibility study to examine national and overseas 
experience of the economic impacts of fast rail 
services and the alternatives available for the 
Victorian regional network. 
It was determined that upgrading the country 
segment of each rail corridor would deliver the 
most cost effective travel time savings. 
 
The feasibility study established ambitious 
maximum and target country express run times, 
which are shown in Table 3.1 below. 

000000000 2 52 52 52 52 52 52 52 52 5

k ilo m e tr e sk ilo m e tr e sk ilo m e tr e skilom e t r e skilom e t r e skilo met reskilo met reskilo met reskilom e t r e s
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Line Maximum Target 

Ballarat 47 43 

Bendigo 61 57 

Geelong (ii) 16 16 

Latrobe Valley 45 40 

Table 3.1: Maximum and target country 
express run time (minutes) (I) 

 
Notes: 
(i) The metropolitan/country boundaries for the 

Ballarat, Bendigo, Geelong and Latrobe 
Valley lines are Sunshine, Sydenham, 
Werribee and Pakenham respectively. 

(ii) Notional express run time between Werribee 
and Geelong with no stops. 

 
4 MATCHING ROLLINGSTOCK AND 

INFRASTRUCTURE 
 
Trains operating on over 500 km of track between 
Melbourne and the 4 regional centres of Geelong, 
Ballarat, Bendigo and Traralgon are used by 90% 
of all V/Line passengers.  Almost six million 
passengers are carried each year. 
 
National Express Group – V/Line Passenger, the 
franchisee, operates in excess of 900 trains per 
week in fulfilling its current franchise commitment. 
 
Existing services can operate at speeds of up to 
130 kph where “Sprinter” railcars are used and up 
to 115 kph where locomotive hauled carriages are 
operated. 
 
The existing services comprise a daily timetable of 
peak and off peak services operating between 
Melbourne and the 4 regional centres. This 
timetable is jointly agreed by the Victorian 
Government and the franchisee. The latter is 
responsible for operating the services and is 
subject to a performance penalty/ bonus scheme 
based on percentage of services operating and 
running on time. 
 
The future RFRP services will be jointly developed 
by the franchisee and the Department of 
Infrastructure, Victoria taking into consideration the 
results of community consultation and travel 
surveys. 
 
Indicative additional fast rail express services at 
this stage in the project are shown in Table 4.1 
next. 
 

Corridor Services (in each of am & 
pm peaks) 

Ballarat  2 peak and 1 counter-peak 

Bendigo 2 peak and 1 counter-peak 

Latrobe Valley  2 peak and 1 counter-peak 

Table 4.1: Additional fast rail express services 

 
5 SELECTION OF MAXIMUM 

ROLLINGSTOCK SPEED 
 
Extensive computer modelling was performed for 
both the rollingstock and the infrastructure to 
predict the country run times for each Fast Rail 
Link Corridor. The DOI, Victoria has made 
extensive use of its SIMU++ licence, modelling a 
range of infrastructure track alignments, 
operational scenarios and rollingstock to predict 
the run times. 
 
To produce the optimum results, the DOI 
consulted with Bombardier Transportation to 
achieve the correct balance of rollingstock and 
infrastructure upgrade. The DOI provided 
proposed alignments and Bombardier used these 
to perform a number of journey time simulations at 
different maximum service speeds. The result was 
that the required journey times could be achieved 
with a maximum rollingstock speed of 160 kph. 
The benefit of increasing speed is demonstrated in 
table 5.1 for the Ballarat and Bendigo lines. The 
relative improvement in journey times differed 
between routes because of the terrain and station 
spacing but maximum benefit was attained at 160 
kph with only marginal journey time improvements 
beyond that speed. 
 

Journey time relative to existing 
Sprinter Service (indicative) 

Operating 
Speed 

Ballarat Bendigo 
130 kph 88.0% 92.8% 
145 kph 86.0% 89.0% 
160 kph 85.7% 86.9% 
180 kph 85.6% 86.6% 

Table 5.1: Comparative Journey Time 
Simulations for Ballarat and Bendigo Lines 

Increasing rollingstock speed has technical 
implications such as ride and noise, aerodynamic, 
propulsion and braking and structural 
considerations including crashworthiness. As a 
consequence of increased wear rates, 
maintenance activity will also increase.  
Operations implications such as level crossing 
equipment, compatibility problems with slower 
freight train operations must also be addressed. 
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Some of the issues that had to be considered 
were: 
 
§ Unfenced track, possibly resulting in higher 

speed collision with wildlife or farm animals. 
§ Signalling distances, compatibility problems 

with slower traffic. 
§ Speed through stations. 
§ Operational compatibility with electric stock 

operating at lower speed.  
§ Limitations of operating in mixed traffic on 

single line. 
 
The relative influences of speed on journey time 
and the technical implications were then 
considered by the DOI. It was decided that the 160 
kph solution offered the best value. 
 
5.1 Passenger Comfort 
 
When increasing rollingstock speed it is important 
to consider the impact on passenger comfort 
criteria such as ride quality and noise. These 
factors are affected by both the rollingstock and 
infrastructure design. Once again the DOI and 
Bombardier Transportation worked together to 
achieve the optimal solution. 
 
Ride Quality is a function of long wavelength track 
deviations. A number of measures can be taken on 
both the rollingstock and the infrastructure. 
Information on the track quality of the existing 
infrastructure and high-speed track in other 
countries was exchanged. A cost effective 
compromise between rollingstock improvements 
and track quality was reached so that ride quality 
was not compromised. 
 
At high speeds, internal and external noise levels 
are dominated by rolling noise at the wheel/rail 
interface due to short wave length irregularities. 
On the existing infrastructure, the noise levels 
shown in table 5.2 were predicted at the various 
speeds. 
 

Operating 
Speed 

Internal Noise 
Level (dBA) 1 

External Noise 
Level (dBA) 2 

145 kph 65 93 
160 kph 67 97 
180 kph 68 99 

Note 1. In passenger saloon, 1.2 m above floor 
Note 2. At 15m from track centreline 

Table 5.2: Noise Levels versus Maximum 
Service Speed 

 

The DOI performed an assessment of the possible 
track improvements such as surface roughness, 
track damping and ballast. Lower noise level 
targets were agreed based on the provision of 
improved infrastructure. At 160 kph, these targets 
were 66 and 96 dBA respectively for the internal 
and external levels. 
 
5.2 Tilt versus Non-Tilt 
 
Tilting trains are able to run faster through curves 
on existing infrastructure while maintaining 
passenger comfort levels. In many applications 
throughout the world, 25 – 35% faster speeds 
through curves have been achieved [1]. Typically, 
the tilting rollingstock also has a higher maximum 
speed than the non-tilting rollingstock it replaces. 
Together, these effects result in improved journey 
times. 
 
The introduction of tilt technology to a rollingstock 
results in increased life cycle costs. This is not only 
because of the additional tilt equipment but also 
because of the other technical considerations for 
operating at higher speeds. 
 
Centrifugal forces due to higher speeds in curves 
are maintained at existing levels in the passenger 
area but not at the track interface. Hence, track 
wear will increase resulting in increased track 
maintenance costs. The track operator is limited by 
the lateral fixation strength of the infrastructure and 
hence, lateral track forces must be kept at existing 
levels. To achieve this, the rollingstock must 
optimise axle load, unsprung mass, centre of 
gravity height and bogie suspension [2]. 
 
Tilt trains reduce the requirement for infrastructure 
upgrades. However, they do not eliminate them. If 
the bogie design can not adequately compensate 
for increase lateral track forces, track fixation 
strengthening is required. Infrastructure clearance 
may need widening and long wave track 
irregularities must be rectified to avoid possible 
motion-sickness effects [3]. All other infrastructure 
considerations for increased speed such as 
signaling would still be required. 
 
No quantitative cost comparison was performed for 
the tilt option. However, the above qualitative 
assessment combined with the ability of the lower 
speed rollingstock to achieve the required journey 
times ruled it out as an option. 
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6 PLANNED INFRASTRUCTURE UPGRADE 
 
To operate safely with high passenger comfort at 
high speed, a number of issues such as track 
standards, signalling and level crossing protection 
must be addressed. To achieve the best utilisation 
of the improved infrastructure, optimum track 
alignments and rollingstock must be selected. 
 
6.1 Track Quality and Construction 
 
Increasing the rollingstock speed from 130 kph to 
160 kph brings with it a requirement to provide 
track of suitable quality and construction. Track 
deviations that are acceptable for 130 kph running 
may cause excessive forces in the bogie and 
carshell at 160 kph. This may lead to poor ride 
quality and passenger discomfort, excessive 
interior and exterior noise, excessive vibration 
accelerations on the running gear and carshell, 
increased wear and may even lead to unsafe 
running. 
 

To operate at the higher speed through curves, 
these must be of suitable radius and installed cant. 
If suitable track is not installed, there will be 
insufficient safety margin against derailment in 
curves.  
 
The track must therefore be of suitable high-speed 
quality and construction if safety against 
derailment and the other parameters above are to 
be maintained at 160 kph. It is then important that 
the track be maintained to the same level. 
 
At the outset of the RFRP it was recognised that 
existing standards did not cater for operations at 
up to 160 kph. The majority of the Victorian 
regional rail network is classified as broad gauge 
VRI Class 2 track accredited for Sprinter railcar 
operation at up to 130 kph only. It was therefore 
necessary to develop a set of draft standards 
known as Guidelines and issue these for the 
purposes of the infrastructure tenders and 
contracts. 
 

 
Design Parameter Track Standard  ( Class RFR HP  & RFR 2M) 
Gauge  (mm) 1,600 
Ballast depth  (mm) 300 
Shoulder Width (mm) 400 
Max. RFR DMU Speed (kph) Class RFR HP:160,  Class 2M: 130 
Max. Freight Train Speed (kph) VRI Class 2, Max. 
Horizontal curve radius 
(m) 

Min. Open Track:  200 
Min. Passenger Platforms 600 ( Class RFR HP:-no 
concave alignment at platforms. Class RFR 2M:- no 
concave alignment at platforms except where pre-
existing) 

Maximum Cant 
(mm) 

Open Track , Class RFR HP:140, Class RFR 2M: 110 
Passenger Platforms  50 
Simular Flexure Curved Turnouts  50 
Contraflexure Curved Turnouts 20 

Maximum Cant Deficiency (mm) RFR DMUs, Class RFR HP: 120, Class RFR 2M: 100 
Sprinter Railcars  85 
Freight Rollingstock 85 

Maximum Excess Cant 
(mm) 

Axle loads >= 25t,  55 
Other Freight  85 

Transition Ramp Gradient (Max. Rate)  1:600 
Maximum Rate of Cant Application (mm/sec.) RFR DMU, Class RFR HP:  60, Class 2M: 40 

All Other Rollingstock  40 
Maximum Rate of cant Deficiency Application 
(mm/sec.) 

60 

Minimum length of straight between tangent 
points of reverse curves 

Greater of 15m or (V-80)/2 m, where V is the maximum 
speed of any train in kph. 

Maximum Grade 1:50  Compensated 
Vertical Curves – Minimum Radius  (m) Sags  2,660 

Summits  1,670 
Vertical Curves maximum Vertical Acceleration 
(m/s2) 

0.4 

Table 6.1: Classifications of Track 
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Two new classifications of track were established 
to accommodate operations at up to 160 kph. 
 
§ RFR HP, and  
§ RFR 2M. 
 
The Guidelines for these are summarised in Table 
6.1. 
 
6.2 Speed through Stations and Crossings 
 
Operation of a high-speed system through open 
stations and unfenced crossings creates additional 
risk of injury to the public. This is particularly so on 
systems that have operated at substantially lower 
speeds for some time. These aspects were 
included in the risk assessment of the RFRP. Any 
changes to the operating requirements had to be 
shown by the risk assessment to be not less safe 
than the existing operations. 
 
The Guidelines also specify the minimum radius 
and maximum cant through station platforms.  
 
6.3 Signalling Distances 
 
Whilst the car set will be capable of activating track 
circuits of the existing signaling systems and level 
crossing protection equipment, operation at 160 
kph will have implications on track side equipment 
operating times and safety levels. To safely 
operate signaling equipment with the decreased 
headway due to increased speed, it will be 
necessary to relocate signaling beacons and/or 
otherwise modify the system consistent with the 
RFRP Guidelines and signaling overlap 
requirements to produce a system which is not 
less safe. 
 
 
7 ROLLINGSTOCK DESIGN IMPLICATIONS 

FOR HIGHER SPEED OPERATION 
 
The reference rollingstock originally tendered by 
Bombardier Transportation was the Xplorer/ 
Endeavour rail car operating in NSW with a 
maximum service speed of 145 kph. To operate 
this rollingstock at the agreed maximum speed of 
160 kph, certain design changes were necessary 
to the reference rollingstock. 
 
7.1 Vehicle Dynamics  
 
Apart from bogie suspension frequencies, the 
carshell eigenfrequency will have the largest effect 
on ride quality. It is possible to provide structural 
damping in the joint design but it is more effective 
to increase the separation of the carshell and 
bogie frequencies. 
 

The existing bodyshell structure has a primary 
vertical frequency of about 7.5 Hz. To achieve 
greater separation from the vertical primary 
suspension frequency, it was considered prudent 
to increase the carshell primary bending frequency 
to 8.5 Hz. The ratio of carshell eigenfrequency to 
bogie primary vertical frequency is about 1.4, 
which avoids resonance excitation.  The stiffness 
increase was achieved by strengthening the 
cantrail and side sills. Bonded windows also assist 
in stiffening the carshell. Modern analysis tools 
were used to optimise the design so that there was 
no increase in carshell mass. 
 
It was not possible to provide similar levels of 
separation from the bogie pitch frequency so 
decoupling of the modes will be used to avoid 
unacceptable bogie to body interaction. This 
involves optimising the traction rod height so that 
the bogie is free to pitch without exciting body 
bending modes. 
 
The design of the bogie becomes more complex 
as the speed of the rollingstock increases. The 
most critical impact on bogie design is the lateral 
ride performance. An optimisation of the primary 
spring lateral stiffness and the yaw dampers is 
required. A progressive bump stop that utilises 
rubber to control movement after the air gap is 
closed has been incorporated. This will allow 
greater but more controlled lateral movement while 
maintaining lateral accelerations to comfortable 
levels. 
 
At higher speeds, yaw instability can have a 
detrimental effect on lateral ride quality and safety 
against derailment. To ensure a safe and 
comfortable ride, it was considered necessary to 
increase the bogie wheelbase from 2.4 to 2.6 
metres. The longer wheelbase increases yaw 
inertia but provides greater restoring torque due to 
lateral creep forces. The overall result is better 
hunting stability at higher speeds. 
 
7.2 Acceleration 
 
The gearing change required to reach the higher 
speed means that acceleration from standstill will 
be less than the reference rollingstock. To partly 
compensate for this, an engine of higher power 
output has been selected. The acceleration from 
standstill was reduced to 0.7m/s2 from 0.8m/s2. 
 
The entire driveline (engine and transmission) is 
computer controlled and therefore very fast 
response times will be achieved. An optimised 
wheel slip protection system (WSP) is installed to 
maintain sufficient adhesion. A sanding system will 
also be fitted to maintain high adhesion. 
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Due to the increased power output of the engine 
the cardan shafts and final drive units have also 
been upgraded.  The design criteria for the final 
drive upgrade the increased tractive effort.  To 
achieve the higher power output with the same 
engine size (19 liters, 6 cylinder) as the Xplorer/ 
Endeavour rail cars an additional external charge 
air cooler (air to air) is required. 
 
Cooling capacity of the roof mounted cooling unit 
was reviewed and found to be sufficient. The 
continuous rating of the cooler at maximum 
ambient temperature is designed for the power 
output of the hydrodynamic retarder. The charge 
air of the engine is cooled in the charge air cooler 
located in the underframe and has no impact on 
the roof mounted cooling unit. 
 
Electronically managed de-rating will be applied in 
extremely hot ambient conditions. Since the heat 
dissipation in traction is much less than the cooler 
capacity, the system is sufficiently robust. 
 
7.3 Aerodynamics 

Figure 7.1: Maximum wind speed as a function 
of the weight of the leading bogie for the lateral 
track plane accelerations of zero (upper curve) 
and 1 m.s². 

Aerodynamic drag will increase in proportion to the 
square of the speed. It can therefore have a 
significant effect on rolling resistance at high 
speeds. The front end of the rollingstock 
contributes nearly half of the drag and so a more 
streamlined front end is required. Blend radii 
greater than 600mm will be used wherever 
possible. 
 

Gaps between cars can also be significant. To 
minimise aerodynamic drag between cars, a 
shroud/foil will be investigated on the intercar 
ends. Roof mounted equipment protrusions will be 
minimised. 
 
Operation of high-speed rollingstock in strong 
winds increase the risk overturning of the 
rollingstock in severe conditions. This is due to the 
increased aerodynamic lift generated at the 
rollingstock front end and high lateral wind forces 
adding to the lateral (centrifugal) forces that occur 
during curving. To maintain the same level of 
resistance to overturning as the reference 
rollingstock, the heavier power bogies have been 
shifted to the lead position. The effect of this on 
overturning resistance is demonstrated in figure 
7.1. 
 
At higher speeds, the possibility of drawing 
exhaust smoke into the air conditioning inlet is 
increased. This is borne out with experience on 
other similar rollingstock. To overcome this, it is 
necessary to fit bodyside air intakes, necessitating 
a change to the car shell and air conditioning 
ductwork. 
 
Aerodynamic noise has also been considered. 
External doors will be fitted with additional locks 
and contoured to the carshell profile to prevent 
flutter.  
 
7.4 Crashworthiness and Impact Resistance 
 
The reference rollingstock has demonstrated good 
crash performance in service, being involved in a 
number of level crossing and other incidents. 
However, the increased speed required 
crashworthiness and impact resistance to be 
reconsidered in the light of modern standards. 
GM/RT 2100 “Structural Requirements for Railway 
Vehicles” was selected as the appropriate design 
standard. Additional energy absorption will be 
included in the intermediate couplers up to a total 
of 600 kJ. A crumple zone with more than 1 MJ of 
energy absorption will be incorporated into the cab 
structure. A more robust cowcatcher will be design 
in accordance with the above standard. The 
collision posts and penetration barriers in front of 
the driver currently in the reference rollingstock will 
remain. Anti-climbers will be fitted at both ends of 
the cars. 

 
To maintain driver safety at high speed, the 
windscreen and front facing GRP will be made of 
material that provides greater protection against 
penetration. The specification of these 
components has been increased accordingly to the 
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requirements of BR566 Specification for High 
Impact Windscreens – type 2. 
 
7.5 Underframe Equipment 
 
The principle arrangement of the underframe is 
based on the experience obtained from the 
Xplorer/ Endeavour and other DMUs operating in 
Europe. Relocating the power bogie to the front of 
the car has allowed the fuel tank to located as far 
as possible away from the front of the rollingstock 
behind the engine. This is in line with the findings 
of the Ladbroke Grove inquiry [4]. In the case of a 
collision the likelihood of rupturing the fuel tank 
with a resultant fire is decreased. 
 
Extra protection from ballast will be provided for 
the relevant underframe. This will be in the form of 
protective “cages” that surround the equipment. 
The engine will be provided with a rock shield. 
It will also be necessary to provide a more robust  

bogie frame for the increased acceleration levels. 
 
7.6 Brakes 
 
Braking is provided through axle mounted discs for 
friction braking and hydrodynamic braking in the 
transmission. The brake system from the reference 
rollingstock is capable of operating at the higher 
speed. However, a fundamental change in the 
braking control is required to allow for the extra 
thermal energy required for stopping from higher 
speed. 
 
The hydrodynamic brake effort will be reduced in 
high ambient temperature conditions if the 
temperature of the cooling oil exceeds a safe limit. 
In that case, the blending control of the 
hydrodynamic and friction brakes will be 
automatically compensated by increasing the 
amount of friction brake utilised. 
 

 
System Sub-system Description of change Consequence 
Carbody / 
Interior 

Passenger 
entry doors 

Additional door locks due 
increased operating speed 

Increase in maintenance activity (e.g. functional 
checks, lubrication, overhaul, replacement etc.) 

 Body 
additions 

Upgrading of windscreen wiper 
arrangement (e.g. higher down 
force requirement) 

Increase in maintenance activity (e.g. increased 
material cost, more frequent replacement of 
blades & arms etc.) 

 Misc. Addition of external mirrors, 
review of interior fittings, etc.  

Additional maintenance activity associated with 
checking security, attachment etc.   

Bogies & 
running gear 

Suspension Upgrading of existing design 
(including rubber components) 
to accommodate higher 
operating speed 

Additional maintenance activity associated with 
additional components, higher suspension work 
rate etc. resulting in more frequent inspections, 
component replacement, exchanges/overhauls, 
etc.  

 Wheelsets Higher unsprung forces Reduced wheel life (e.g. more wheel turns, 
wheel exchanges etc.)  

Power 
supply 

Traction 
engine 

Increase in engine power (by 
two power bands to achieve 
the difference between 650 
and 750hp and hence higher 
speed) 

Increased fuel burn due to higher operating 
speed reduces the interval between 
maintenance tasks, (i.e. more frequent 
inspections, oil changes, component 
replacement, exchanges/overhauls, etc.)  

Propulsion Voith 
Transmission
/Gearbox 

Gearbox reconfigured to 
operate for longer period in 
hydrodynamic mode (i.e. fluid 
coupling) to accommodate 
higher speed 

Increase in operating temperature due to higher 
operating speed resulting in additional 
maintenance. activity due to more frequent 
inspections, fluid changes, component 
replacement, exchanges/overhauls etc.  

 Engine/ 
transmission 

Upgraded to new power take 
off with coupling 

Changes to scope of maintenance activity 

 Cardan 
shafts 

none Increased maintenance activity associated with 
regular inspections/checks arising from higher 
operating speed 

 Final drives Upgraded from E15/V15 to 
E16/V16 

Increased size for operation at the higher 
operating speed has affected labour and material 

Table 7.1: Examples of increased maintenance activities due to increase of rollingstock speed from 
145 to 160 kph 
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7.7 Maintenance/Reliability 
 
Higher speed operation will increase the wear rate 
of various components. This will increase the 
frequency of maintenance activities so that the 
specified reliability can be achieved. Specific 
examples are shown in table 7.1. 
 
The higher-powered engine required to operate at 
higher speeds while maintaining reasonable 
acceleration means there will be an increase in 
fuel consumption. 
 
8 CO-OPERATION BETWEEN THE 

VICTORIAN GOVERNMENT, OPERATOR 
AND SUPPLIER  

 
In order to achieve an optimised overall system 
performance, considerable cooperation was 
required between the parties involved.  At the 
rollingstock contract level the key participants in 
establishing the vehicle specification and finalising 
the contract were: - 
 
§ The Victorian Government (DOI), 

§ Bombardier Transportation, and  
§ National Express Group. 
 
The Victorian Government in managing RFRP had 
several other relationships to maintain including: - 
 
§ Freight Australia, 
§ The infrastructure upgrade Contractors, 
§ The Safety Regulator, 
§ The Regional Community, and  
§ Regional Local Government. 
 
The optimisation of the rollingstock design 
specification led that of the upgraded infrastructure 
alignment on account of the timing of contract 
negotiations for the former. The rollingstock 
optimisation preceded that of the infrastructure by 
approximately 6 months. The optimisation of the 
infrastructure upgrades to achieve an integrated 
system solution was achieved via an iterative 
process making use of the well-developed 
infrastructure and rollingstock performance 
prediction models.  This process is summarised in 
Figure 8.1. 
 

 

Figure 8.1: Logic Diagram - Performance Prediction Process 
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9 CONCLUSIONS 
 
The success of the RFRP can be measured by a 
range of key success factors including; 

 
• The achievement of at least the Maximum 

Country Express Run Times, 
• Rollingstock actual performance matching the 

predicted performance within the allowable 
tolerance, 

• The infrastructure alignment is optimised for 
predicted rollingstock performance, 

• The “as built” rail infrastructure matches the 
concept design  

• The project is completed on time and within 
budget 

• Cooperative stakeholder relationships are 
maintained throughout the entire design and 
construction phases of the project. 

 
There is still some way to go to complete the 
project and achieve the above key success factors 
but the significant work undertaken to date is 
expected to deliver good results. A cooperative 

environment has existed between stakeholders 
from their early collaboration. All parties are 
working toward the common goal of meeting the 
Victorian Government’s objectives.  
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SUMMARY 
Rail cleanness and the fatigue type defects which result from poor levels of cleanness have recently 
been the subject of much public nervousness about Australia's ageing railway tracks. A lack of data 
has made it very difficult to dispel this concern. Railway tracks in Australia, with the exception of the 
mineral lines are mainly laid with rail which predates clean steel standards. The steelmaking 
techniques used did not anticipate the traffic which is being carried today and service failures in the 
rail itself rather than joints and welds is increasing. 
The authors will describe the development of ultrasonic techniques used in both the steelworks and in 
track to measure rail cleanness so that track maintenance decisions can be made in a timely and 
cost effective manner. The techniques described reveal inclusion well below the 1.5mm threshold 
required for new rails. They have revealed track locations where whole length replacement at the first 
defect occurrence is saving money by avoiding the replacement of a rail piecemeal as successive 
defects develop. 
Cleanness testing using ultrasonics reduces track maintenance cost and allows us to reassure the 
travelling public that the track is sound. 

1. INTRODUCTION 
There has been much concern expressed in 
the press this year (Wainwright) about the 
condition of railway tracks in Australia. This 
has probably been fuelled by the Hatfield 
accident in the UK (Railway Gazette Dec 
2000) and delays to services in some places 
which have been reported to be the result of 
rail failures. 
The public perception that Australia’s rail 
tracks are in terminal decay may not have a 
basis in fact but in general it has been difficult 
to demonstrate this. Rail Technology 
International (RTI) has developed a method of 
inspecting railway tracks to a level down to 
steel cleanness making it possible to assure 
ourselves, railway operators and the public 
that the track is being maintained to whatever 
level of safety they require. 

2. CURRENT RAILS IN TRACK 
The first passenger carrying rails were laid in 
Australia a hundred and fifty years ago to 
connect Goolwa and Port Elliot in SA. These 
were wrought Iron rails containing substantial 
slag entrapped in the iron mass. These are 
almost all gone, with the last remaining iron 
rails being confined to sidings and fence 
posts. 
A few however remain in track, mainly, but not 
always in lightly trafficked lines. Australian  

 
made rails have been produced in Lithgow 
from 1907-1928, Newcastle from 1914-1970, 
Port Kembla from 1928-1982 and Whyalla 
from 1979to the present. 
What rails are actually in track and what are 
their properties? A track sample study 
conducted by RTI on a heavily trafficked 
system found the distribution of age and size 
shown in Error! Reference source not 
found.. This distribution reflected the re-
railing that had occurred at various points 
along the track over time. None of the original 
rail was found indicating that the track had all 
been re-laid at least once. 
 

Decade of Rolling Rail 
Size 
kg/m 

50s 60s 70s 80s 90s 

41 1 40 5 2 1 
47  7 27 7  
50    1 6 
53   1   
60     1 

Table 1 Age/Size distribution (%) 
 
The sample size for this investigation was 270 
collected over 1000km. 
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The quality of rails has improved considerably 
over this time in particular with the 
introduction of cooling boxes for hydrogen 
elimination in heavier rails. The most 
significant leaps in quality though, have only 
occurred in the last twenty years. Semi-killed 
steel was replaced by fully killed steel very 
soon after ultrasonic testing of new rails at 
Whyalla demonstrated just how much 
difference in rail cleanliness it made in 1982. 
Continuous casting introduced in 1991 made a 
further significant step. 
This progression indicates that any rails 
produced pre 1980 are well below what would 
be considered acceptable today in terms of 
internal cleanness. 
The Pre Whyalla rail accounting for 81% of 
the rails in the above sample with the 
“modern” rail from Whyalla accounted for 
19%. 
This track is considered to be representative 
of most tracks around Australia other than 
those carrying heavy mineral traffic. These 
heavy haul lines generally have a renewal 
cycle of less than 20 years and thus contain 
mainly rail which was ultrasonically tested at 
the time of manufacture. 
Does it matter that the rail is old and produced 
to standards which are now considered 
inadequate? Where the tracks still carry the 
original 10 tonne axle loads and have 
amassed a total of less than a million tonnes 
of traffic in their whole life, probably not. 
Where the rails carry passengers (particularly 
at speed) or are being expected to carry a 
million tonnes per year with 20 tonne axle 
loads or more then these rails are loaded 
beyond their fatigue limit and will eventually 
fail. Failure of the rail will generally initiate at 
inclusions and grow in vertical, horizontal or 
transverse planes depending upon the local 
stress at the initiation point resulting in 
Transverse defects (TD), Horizontal Split 
Head (HSH), Vertical Split Head (VSH) or 
Shelling (Shell) 

3. HOW RAILS FAIL 
Recent testing on one system showed the top 
six defects as: 
Defective Weld 29% 
Bolt Hole 25% 
Vertical Split Head 14% 
Transverse Defect (associated 
with wheel burn 

14% 

Horizontal Split Web 14% 
Horizontal Split Head 3% 
 
Weld and bolt hole defects account for about 
half of all defects found in track but fatigue 
related defects in parent rail account for most 

of the rest and are increasing as the rail ages, 
bolted track is being eliminated and welding 
practices are improving. 
Marich et al (1977) described how inclusions 
caused transverse defects in rails at BHP Iron 
Ore in the 1970’s. These were (by 1970’s 
standards) heavily loaded at 30 tonne axle 
loads. These rails began to fail after only 100 
MGT of traffic on 66kg rails. The rails were a 
fully-killed, ingot product generally better 
internally than others in the pre-Whyalla era 
but they were nevertheless incapable of 
bearing the load. 
Failure began at large inclusions, grew along 
the inclusions and in a plane normal to the 
maximum stress – often extending as shells 
before turning down to break as transverse 
defects. It was this sort of failure that ushered 
in ultrasonic testing of new rails in Australia. 
The critical size of inclusions – the smallest at 
which the fatigue defects occur was about 200 
microns, a size quite common in rails of the 
period. A lack of ability to detect inclusions at 
that time or an ability to generate a calibration 
system saw the acceptance standard for new 
rails set at the equivalent of a 1.5mm hole – 
an order of magnitude larger than the defect 
shown to be capable of initiating failure. This 
standard is similar to international standards 
for the same reasons. Track testing has also 
suffered from similar limitations with little 
improvement obtained between 1998 (Roney) 
and 2000 (Reiff). 
Fatigue failure in other planes to produce 
Vertical Split Head (VSH) or Horizontal Split 
Head (HSH) initiates in the same way but 
grows along transverse or vertical planes. The 
predominant growth mode depends on the 
location of the crack initiator and the stress 
field surrounding it. Transverse Defects (TD’s) 
were common at BHP IO in semi-killed rails. 
Fully killed Whyalla and Japanese rails 
currently in that track have a stress field which 
encourages HSH as the main initial failure 
mode which then tends to turn down to form a 
TD if not removed. VSH is uncommon in that 
track. 
In the former state rail systems tested by RTI 
VSH is much more common but TD and HSH 
are also found. Vehicle tracking is much less 
uniform in these tracks and would be expected 
therefore to give a wider variety of crack 
growth arrangements. 

4. TESTING FOR CLEANNESS 
4.1 System Development 
RTI became involved in testing rail cleanness 
when it was asked by BHP Long Products to 
design and build a single channel system to 
demonstrate the feasibility of using ultrasonics 
to test rail cleanness in new rails. 
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Research at the steelplant by one of the 
authors (Griffiths) while then employed by 
BHP confirmed the feasibility. BHP elected 
not to pursue this capability when it introduced 
continuous casting but RTI found the concept 
worth pursuing and made the detection of sub-
millimetre inclusions one of the design criteria 
in the 8000SX system. 
Early commissioning experience indicated that 
the system was finding reflectors in track 
never previously located. The smaller 
reflectors were near impossible to locate by 
hand testing but could be found reliably and 
repeatably by the vehicle. 
An experiment was conducted to determine 
the sensitivity of the system using a rail with 
artificial defects. A short length of AS 60kg rail 
had a series of 1.5mm holes drilled from the 
side of the head and web from the surface to 
the centreline of the rail as shown in Figure 1. 

Figure 1 Location of Calibration Holes 

Each of these holes was targeted by all probes 
in the system and it was confirmed that all 
holes could be clearly detected. 
A comparison was conducted on the lower 
head hole using the normal, 38 degree and 70 
degree probes to determine the sensitivity at 
this strategic location for cleanness 
measurement. The relative energy return for 
the 25mm hole compared with the background 
is shown in Table 1: 
 

Probe Signal/backgroun
d 

0° 6.8 

38° 6.9 

70° 19.8 

Table 1 Relative Energy (dB) 

For cleanness testing, the margin over 
background available for the 1.5mm hole is 
best for the 70 degree probe. The limitation on 
the other probes is not “noise” but reflections 
from the under-head fillet at a similar range. 
Appropriate gating allows a similar 
performance from these channels too. 
4.2 Vehicle Testing 
Vehicle testing is conducted using a Hi-rail 
based vehicle. A Toyota Landcruiser platform 
is used on standard and broad gauges in 
Australia. For narrow gauge a Daihatsu Terios 
is the principal machine used. These vehicles 
have good agility which translates into minimal 
time occupying productive track. Testing 
speed can be 40km/h but stopping time to 
hand confirm is increased at higher travel 
speeds and higher defect densities. The usual 
test speed of 20-25km/h is used to obtain the 
best overall progress. Daily rates of 200km 
are regularly obtained at low defect densities 
and good access. 

 

Figure 2 Narrow Gauge vehicle 

Cleanness can be assessed from any 
ultrasonic channel but since a rail can tolerate 
number stamps, bond holes and bolt holes in 
the web, the focus on cleanness measurement 
has been in the head of the rail. 
The head of each rail is scanned by a total of 
seven channels in the vertical, longitudinal 
and lateral planes. Whilst many of the probe 
angles were originally designed to detect 
specific common track defects such as bolt 
hole cracks and TD’s, they also work well as a 
cleanliness measurement tool when driven at 
high sensitivity and coupled with hardware and 
software designed for the purpose. 
It has been found that the reflectors are not 
uniform but can be grouped in a series of 
distinct categories: 

1. Cloud Reflectors detected by 
predominantly longitudinal channels. 

2. Linear Reflectors detected 
predominantly by lateral channels. 

The two types have been located on all of the 
railways tested. A distinction in the origin of 
the two types has not yet been made. It will 
require extensive metallography to establish 
this relationship. Railways are invited to 
participate in this. 

Distance from top

5
10

25

Neutral Axis

40mm from base
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RTI’s testing experience has established that 
even repeatable reflectors are not always 
defects requiring action and certainly not the 
responses currently prescribed in railway 
specifications. Discounting the more obvious 
causes of long apparently defective areas 
such as severe plastic flow and transposed rail 
with a lip which are identified visually  
The vehicle testing can reliably and repeatably 
report inclusion type reflectors with a few tens 
of reflections. These typically occur in about 
one rail in every 10. This roughly corresponds 
to about one rail in every other ingot. These 
are not likely to fail in service but are clearly 
abnormal rails even for their era. Modern rails 
give a response at this level at a much lower 
level – of the order of 1%. Responses at a 
level equivalent to a 1.5mm hole typically give 
1-5000 fully saturated reflections. These are 
much less frequent being about 1 in every 50 
pre Whyalla rails and 1 in 500 more modern 
rails. Rails which give 5,000 plus reflections 
are the tail of the distribution and amount to 
about one rail in 150 (0.7%). This seems low 
but since the track length (excluding private 
mining lines) in Australia is about 38 000km, 
of which (on the basis of the proportion 
calculated earlier and a common length of 
13.72m) equates to 15 000 rails currently in 
Australian tracks which are sufficiently 
affected by internal defects that they are likely 
to ultimately cause fatigue failure. 
4.3 Hand Ultrasonic Sizing 
Hand testing for the investigation was 
conducted using a digital ultrasonic handset. 
45 degree and 70 degree probes directed from 
the running surface were used in preliminary 
analysis and location of the peak responses. 
Sizing of reflectors was conducted from the 
top surface and side of the head using a 
normal (zero degree) probe. Side testing was 
sometimes precluded in track by heavy gauge 
face wear and, or a lip on the field side which 
prevented appropriate positioning of the 
crystal. 
Sizing of reflectors was compared to the 
reflection obtained from a 1.5mm 
longitudinally drilled hole as shown in Figure 
3. This reference standard is based on the 
head defect size criteria required in AS1085.1 
and similar to other world specifications for 
new rails. 
It is not suggested that this reference be a 
rejection criteria, merely that it provides a 
comparison against which apparent reflectors 
can be reported. 
Hand testing of smaller defects found by the 
vehicle was very difficult despite the fact that 
they were completely repeatable with the 
automated system.  

Figure 3 Location of reference hole 

 
Reflectors with less than 1000 reflections per 
metre and not saturated, could only be located 
by hand after their location was precisely 
identified with the vehicle and with a gain of 
12-24dB more than the 1.5mm reference hole. 
This confirms that the system is extracting 
information from signals which are hidden by 
noise in handset testing. Semi-continuous 
defects giving 5000 or more reflections per 
metre could however be reliably identified. 
This size of reflector or cluster typically gave 
hand sizing results about the same as the 
1.5mm reference hole. 
Automated results of the order of 10,000 
reflections were associated with reflectors 
which were hand sized at 6-12dB above the 
1.5mm hole. At 20,000 plus reflectors it 
became possible in some cases to use probe 
movement to obtain some idea of defect 
sizing. 
4.4 Metallographic examination 
Samples were cut from the rails identified by 
vehicle testing and hand confirmation 
Metallography was conducted by grinding and 
polishing to a surface suitable to reveal the 
ultrasonic reflectors. 
The results are shown in the Appendix. 
The examination showed that inclusions in 
rails have strong reflectivity even at small 
sizes A reflector giving the equivalent of a 
1.5mm hole was typically well below 1mm 
across the major axis. 
The results of the metallographic testing of 
early samples obtained in this work confirmed  
an ability to report “defects” which would not 
present an immediate threat to railways in 
Australia, even at high axle load. These were 
however clearly extraordinary rails with 
ultrasonic reflectivity well beyond the norm 
and even though small, crack growth had 
begun in some locations. The defects were not 
on the point of collapse but many were beyond 
the initiation time and had entered the crack 
growth phase. 

1.5mm hole
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On the basis of this knowledge the immediate 
action criteria was changed to include an 
ultrasonic reflection threshold rather than just 
a length limit. 
Relaxing the rejection threshold criteria has 
allowed RTI to clearly identify these rails and 
to keep them under observation for the future. 
The current threshold appears to be yielding 
rails with cracks at about 5-10mm in the 
vertical plane in the rail head and is probably 
a good rejection threshold for severe service 
or where even moderate risk is intolerable. At 
this size an action timetable of “fix in the next 
6 months” is probably appropriate and 
dramatically reduces the repair cost from that 
incurred with a response of “fix immediately”. 
The reaction thresholds need to be 
reconsidered by railways in Australia. Many of 
these defects currently meet the definition of 
HSH or VSH  which are defined only in terms 
of length. This is a reflection of historic 
capability where only some of the grossest 
defects were detected and in that 
circumstance a length criterion only applied. 
With the application of RTI’s capability then 
this simple criterion rejects in the order of 5% 
of rails. 

5. CONCLUSIONS 
Ultrasonic testing is now available at sub 
millimetre levels. 
Rail imperfections can be ranked in severity 
using ultrasonic measurement 
There are an estimated 15 000 defects in 
plain rail in Australia which are have passed 
the initiation phase and which have now 
begun to fail. It is now possible to detect and 
monitor them in time to mange their  
replacement, keep crises to a minimum and 
to restore public confidence. 
Rail replacement strategies be changed so 
that the cost of rail rectification is reduced by 
taking advantage of the new detection 
capabilities 
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COST EFFECTIVENESS OF STATE OF THE ART  
TRACK MAINTENANCE 

 
Ing. Rainer Wenty, Mechanical Engineer 

Plasser & Theurer, Austria, Vienna 
 
SUMMARY 
 
The railway track must have a precise geometry: relatively tight tolerances must be observed for 
safety reasons and to guarantee riding comfort. Despite the high demands made on the track, it must 
be laid and maintained at low cost to safeguard its competitiveness with other traffic carriers. The 
laying and maintenance methods for ballasted railway track have been optimised for many years, so 
that modern railway track is a very economical solution, even with regard to life-cycle costs. 
 
The requirement that tracks must provide maximum availability for operation without interruption 
means that laying and maintenance technologies have to provide a high working speed and produce 
lasting work results. It is especially important to have a maintenance strategy, which aimsat a 
longservice life of the track components because every reduction in the lifetime of the railway tracks 
raises the life cycle costs enormously. Cheap methods, which do not fulfil these requirements, cause 
follow-up costs both for the Operating Department and for the Way & Works Department, which by far 
exceed the initial savings. 
 
1. TRACK MAINTENANCE – THE COST 

CONFLICT 
 
The need to keep track maintenance effort 
and costs to a minimum is acknowledged 
by both the engineers and the financial 
controllers. But the way to achieve this is 
the basis for lengthy disputes. Cost cutting 
by reducing expenditure regardless of the 
long-term effect became customary during 
the re-organisation on European railways 
in the early 1990's. The effect is now 
evident: railways have to spend a multiple 
of the “savings” to bring the infrastructure 
back into a reasonable condition, providing 
unhindered passage for rail traffic without 
excessive speed restrictions. 
 
For example: The income from the auction 
of the Universal Mobile 
Telecommunications System (UMTS) 
licences enabled the German government 
to establish a € (=US$) 6 billion fund for 
the upgrading of the infrastructure of 
German railways. The fund has been 
made available for the years 2001 to 2003 
and a substantial part has to be spent to 
catch up with deferred maintenance. As 
the cost cutting programme also included 
massive reductions in engineering 
capacity, there are not enough planning 
resources available today to fully utilise 
the money for track rehabilitation within 
the anticipated time frame. 
 

Another example for the catastrophic 
effect of deferred maintenance is Railtrack 
of Great Britain, which needs no further 
comment. 
 
On the day of the presentation of this 
paper, the Union Internationale des 
Chemins (UIC) – known to the English 
speaking world as the International Union 
of Railways – is organizing a workshop in 
Budapest, Hungary, co-sponsored by the 
European Union, with the special subject 
“Cost effective track maintenance”. Basic 
papers analysing the long-term cost 
effects of different track maintenance 
strategies are being discussed. This 
should only highlight that nowadays there 
is a growing awareness among railway 
managers to long-term strategies in track 
maintenance. 
 
For the engineer it comes as no surprise 
that comprehensive costs analyses have 
revealed that the basis for cost 
optimisation is the application of sound 
engineering principles. 
 

1.1. Model for Track Cost Calculation 
 
In 1998 the track management of Austrian 
Railways together with the University of 
Graz started an investigation into different 
options for all track maintenance 
strategies with regard to their long-term 
cost effects1. 
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The investment and maintenance costs of 
different strategies are summarized for the 
life cycle of a track and the difference in 
the annual cash flow is calculated. If the 
new strategy shows a positive cash flow 
compared to the existing one, then it can 
be concluded that it is more cost effective. 
In addition a present net value calculation 
is made and the internal rate of return is 
calculated. Generally speaking, it can be 
said that financial institutions regard 
projects with an internal rate of return of 
10% as feasible and those with more than 
15% as highly efficient. 
 
A comparison of frequent maintenance 
versus formation rehabilitation is 
demonstrated as an example in Figures 1, 
2 & 3. 
 
The first step is to analyse maintenance 
frequencies and life cycles. The tables in 
Figure 1 list the necessary maintenance 
and rehabilitation operations on a track 
with weak formation and also on a track 
where formation rehabilitation had been 
carried out together with track renewal. If a 
field is shaded, the operation mentioned in 
the left column is due in the year below. 
The number of years in the last line shows 
the life cycle of the track. 
 
Such an analysis is done for different 
formation conditions. Each table is 
crosschecked with experienced track 
engineers from the field. 
 
Then the track costs for the different 
conditions are summarised over the 

lifetime and the average costs per year are 
calculated. This calculation (including 
additional traffic costs due to speed 
restrictions) shows that the annual track 
cost can be eight times more due to poor 
subgrade conditions. 
 
Figure 2: Average Cost per Annum for 
different types of formation on heavily 
loaded tracks 

Type of 
formation 

Average 
costs per 

year 

Percentage 
of standard 

Standard 
(good) 

US$38,750 100% 

Formation 
"Type 3" 

US$70,156 181% 

Formation 
"Type 4" 

US$85,703 221% 

Formation 
"Type 5" 

US$313,359 809% 

 
The different classes are derived from the 
necessary additional maintenance effort 
and the reduced service life of the track. 
 
- Type 3: Increased maintenance but no 

reduction in service life 
- Type 4: Intensive maintenance but no 

reduced service life 
- Type 5: Intensive maintenance and 

reduced service life of the track, two 
months of speed restrictions every 
year. 

 
The final step of the calculation is, to 
compare the cash flow of the existing 
strategy which causes more frequent 
maintenance, with the cash flow of a 
strategy, where one invests into subgrade 

Formation Standard (Good) 
Renewal                          

Maintenance without parts renewal                          

Maintenance with parts renewal                          

Ballast cleaning                          

Formation rehabilitation                          

Rail grinding                          

Rail exchange                          

Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

 

Formation "Type 5" 
Renewal              

Maintenance without parts renewal              

Maintenance with parts renewal              

Ballast cleaning              

Formation rehabilitation              

Rail grinding              

Rail exchange       0,3       

Year 0 1 2 3 4 5 6 7 8 9 10 11 12 

 

Figure 1: Service 
life and 
maintenance 
frequency after 
renewal 
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rehabilitation at the beginning of the life 
time and therefore will need less 
maintenance. If there is a positive cash 
flow for the new strategy, the Internal Rate 
of Return (IRR) can be calculated.  
 
Even for subgrade “Type 3” the calculation 
of the IRR, results in 10 to 15 %, if 
subgrade rehabilitation is carried out within 
the next scheduled track relaying 
(beginning of the service life). 
 
Figure 3: Internal Rate of Return (IRR) on 
Formation Type 3  

 
- Rehabilitation Type 1: Mediocre quality, will last 

one lifecycle of track 
- Rehabilitation Type 2: Excellent quality, will last 

for three times the life cycle of track 
 
On formation “Type 5”, the IRR is so high, 
that it pays off to carry out formation 
rehabilitation at any time during the 
lifetime of the track concerned. 
 

1.2. Life Cycle Cost of a Track 
 
The analysis of the distribution of track 
costs into the elements of depreciation, 
traffic hindrance costs and maintenance 
showed very clear results. 
 
Figure 4 represents an analysis of annual 
track costs for three different densities of 
traffic. For each group, the four columns 
represent (from left to right): 
 
- First column: Summary of rated 

annual costs; 
- Second column: Depreciation of the 

new track; 
- Third column: Cost of the traffic 

hindrances caused by construction 
and maintenance activities; 

- Fourth column: Cost of maintenance 
itself. 

 
The illustration shows how dominant the 
depreciation of the investment is – in 

absolute terms as well as in comparison 
with the costs of the maintenance – under 
all investigated traffic loads. From that the 
strategic approach must be a prolongation 
of the service life. A shortening of the track 
service life caused by reduction of the 
maintenance, cannot be successful 
because of the relatively small importance 
of the costs of maintenance. 
 
These considerations are confirmed by 
corresponding calculations. Further 
calculations show that already a small 
service life prolongation results in 
appreciable saving potentials. 
 
Simultaneously the analysis shows that 
the traffic hindrance costs – although 
surely under-estimated by the Austrian 
Railway model – rise on dense traffic 
routes up to a third of the total costs. 
Traffic hindrance costs reach and exceed 
the cost of maintenance and therefore are 
crucial. 
 

2. DEMANDS ON TRACK MAINTENANCE 
 
The railway track must have a precise 
geometry: relatively tight tolerances must 
be observed for safety reasons and to 
guarantee riding comfort. Despite the high 
demands made on the track, it must be 
laid and maintained at low cost to 
safeguard its competitiveness as 
compared to other traffic carriers. 
 
Figure 4: Distribution of Annual Track 
Costs 

 
 

2.1. Quality of Work 
 
The requirement that tracks must provide 
maximum availability for operation without 
interruption means that laying and 
maintenance technologies have to be 
undertaken at high working speed and 
produce lasting work results. The 
importance of having a maintenance 
strategy that aims at a long service life of 
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the track components has been shown. 
Cheap methods, which do not fulfil these 
requirements cause follow-up costs both 
for the Operating Department and for the 
Way & Works Department, which by far 
exceed the initial savings. 
 
A major cost driver is deferred 
maintenance. New tracks must be 
maintained properly from the beginning. 
Neglect of the maintenance in the initial 
phase of the lifetime causes hidden 
defects that cannot be compensated later 
on. The first 20% of the service life 
generally account for 80% of the life cycle 
costs2.  
 
An essential prerequisite for low 
maintenance costs is a ballast bed of 
superior quality. 
 

2.2. Cooperation with the Operating 
Department 
 
Regardless of which track design is 
applied, provisions must be made – as for 
any other production unit – for the 
necessary maintenance. Production 
windows for maintenance of overhead 
catenary, signalling equipment, rails and 
fastenings and the track geometry should 
be planned so that the customer does not 
change to other traffic carriers due to 
unexpected closures or delays. It is of 
course desirable to combine the various 
maintenance jobs in these production 
windows. 
 
As stated above, maintenance methods on 
the other hand should cause a minimum of 
traffic hindrances due to high performance 
production and as effective, long lasting 
results have been achieved. 
 

3. DEMANDS ON TRACK CONSTRUCTION 
 
The initial quality of the railway track is 
pre-requisite for a reduction in on-going 
maintenance expenditure. Even with 
higher expenditure, construction errors 
cannot be restored again later. Some 
essential points to be considered: 
 
- A superior quality formation must be 

guaranteed. If the load-carrying 
capacity of the subsoil is insufficient, a 
formation protection layer must be 
inserted consisting of grit sand and 
geosynthetics. The installation using 

on-track machines has the advantage 
of high output and high quality 
compared to traditional road 
construction methods. 

 
- The ballast bed must be compacted to 

achieve maximum voids reduction 
from the beginning. The tamping 
machines used must be in excellent 
working order and of the latest 
technical standard. The frequently 
used practice of employing old, 
written-off machines to lay railway 
tracks, already involves in itself the 
danger of additional expenses at a 
later date. For optimum compaction, a 
working cycle with the Dynamic Track 
Stabilizer must follow every tamping 
run. 

 
- It can happen that rails and even 

turnout parts are crippled during 
installation if they are not unloaded 
and laid using the proper machines. 
Elements that have been crippled 
cannot be aligned during track 
geometry correction using tamping 
machines and represent lasting 
trouble spots causing higher 
maintenance expenditure. 

 
- The unevenness in the rolled surface 

and minor damage caused by ballast 
being ground into the rails during the 
construction phase are a cause for 
rapid formation of corrugations. 
Therefore the rail surface must be 
ground before opening the line to 
traffic. 

 
4. NEW TECHNOLOGIES 

 
Railway track maintenance technologies 
are developed continuously in order to 
meet the demands of high performance 
railway traffic. Investment in high-tech 
machines with high-tech units is 
worthwhile. The output of the machines for 
track laying and maintenance is far higher 
and intelligent control circuits are being 
increasingly used. This has a dramatic 
effect on the work result and on the cost-
effective performance of the jobs. The 
focus is always on the long-term effect of a 
maintenance operation and at the same 
time optimisation of the costs. 
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4.1. Combination of High Speed Track 

Tamping and Dynamic Track 
Stabilisation 
 
The development of the continuous action 
three-sleeper tamping machine “09-3X 
Tamping Express” pushed tamping 
performance beyond the 2km/hour mark. 
At the same time, tamping a longer section 
of track at every tamping penetration 
results in better track quality. 
 
The drawings in Figure 5 show two 
consecutive lifting and tamping actions. 
The picture on the top demonstrates, 
standard one sleeper tamping. When 
moving from one sleeper to the next, the 
sleeper, which had just been tamped, 
might be moved again by the following 
lifting and lining process. This may result 
in loss of geometric accuracy. 
 
The picture below shows simultaneous 
three sleeper tamping. After one group of 
sleepers has been tamped, the units are 
moved forward to the next three sleepers. 
When the lifting-, lining- and tamping 
action for those sleepers starts, the area 
that had been tamped before is now 
loaded already by the axle of the machine 
and therefore cannot be moved any more. 
 
Figure 5: Better track quality due to three-
sleeper tamping 
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The experience of Austrian Railways after 
the introduction of the new three-sleeper 
tamping technology is that on the main line 
tracks the average Quality Index improved 
from -21 to -18 minus points (graph 
Fig. 5). 
 
Dynamic track stabilisation is a process 
that should follow every tamping cycle. By 
lateral vibration of the whole ballast bed it 
produces the final compaction. The track 
becomes more stable in lateral, 
longitudinal and vertical direction. This 
increases the resistance against buckling 
and the durability of the work result. 
Various tests and work results in different 
countries all over the world have verified 
its effectiveness. 
 
Three-sleeper tamping and dynamic track 
stabilisation are now combined in one 
machine, the 09-3X Dynamic Tamping 
Express (Fig. 6). 
 

4.2. High Performance Ballast Cleaning 
 
The main tasks of the ballast bed can be 
defined as follows 3: 
 
- Uniform distribution of the wheelset 

forces on the subgrade; 
- Reduction of dynamic stress, caused 

by dynamic axle loading; 
- Ability to allow geometrical correction 

and to hold the vertical position 
achieved during maintenance; and 

- Assurance of the horizontal stability 
(lateral resistance to displacement). 
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In contaminated ballast, the load 
distribution function of the ballast bed and 
the full drainage function of the subgrade 
should desirably be restored by 
undercutting-cleaning.  
 
The general rule is: 
 
“Ballast cleaning becomes appropriate 
when there are more than 30% of fines of 
less than 22 mm size in the ballast4, 
ballast cleaning is absolutely necessary 
when there are more than 40% fines 
present”. 

 
The ballast cleaner, as depicted in Figure 
7 is used to dig away the ballast to a 
minimum depth of 25 cm below the 
sleepers by means of a chain to which 
"excavating teeth" are attached. The chain 
transports the spent ballast upwards to a 
system of vibrating screens where material 
smaller than 35 mm is screened out. The 
cleaned, coarse material is returned to the 
track. 

 
With the introduction of track relaying 
machines with high outputs, it became 
necessary to develop ballast cleaning 
machines with a higher output. In 1988 
Plasser & Theurer built the first RM 800 
ballast cleaning machine with a peak 
output of 800 m3/hour. This fully 
hydraulically powered machine consists of 
excavating car, screening car and drive 
car. The major difference compared to the 
standard machines RM 76 U and RM 80 U 
is the addition of two eccentric screens 
with a screening area of 35 m2 each in a 3-
tier design on the screening car. In the 
transport wagon of the cleaned ballast, 
between screening unit and filling unit, a 
large-sized ballast hopper is provided to 
supplement deficient quantities of ballast 
occurring at the start and end of work or 

when the machine is at a standstill. 
Furthermore, the machine can be 
equipped with a device to compact the 
cleaned ballast (sleeper-end tamping 
units), which saves an additional tamping 
pass.  

 
Today there is an increasing demand for 
such high output machines as the 
availability of track time is scarce and 
there is a backlog in ballast cleaning. 
 
Further developments are the RM 900 and 
RM 802 ballast cleaning machines with 
new ballast supply. On these machines 
new ballast can be taken on conveyor 
belts to the excavating car via the trailer at 
the rear from towed Material Conveyor 
and Hopper Units (MFS). 

 
The high-capacity ballast cleaning 
machines of the RM 800 and RM 900 
series enable the application of new 
measuring and regulating systems. 
Measuring equipment and an industrial PC 
allow the automatic control of excavation 
depth, subgrade crossfall and height of the 
cleaned track. 

 
Queensland Rail (QR) commissioned the 
first RM 900 in Australia in the summer of 
2001 (Fig. 7). 

 
During the cleaning operation about 1.5 
tonne of contaminated ballast is released 
per lineal metre of track. Processing of this 
determines the work rate of the machine. 
The practice of dumping contaminated 
ballast to the side of the track is not 
desirable or possible at all work locations. 
Waste loading systems, which can keep 
up with the working speed of modern 
ballast cleaners (at up to 1000 m³/hour), 
are run in front of the machine. These are 
special hopper cars as depicted in 

Figure 7: High output ballast cleaning system 
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Figure 8 with floor conveyor belts and 
transfer conveyors so that each car can 
load the next one.  
 

 

Figure 8: Waste loading system 
 
4.3. Formation Rehabilitation 

 
The improvement of sections of track with 
subsoil problems is absolutely necessary 
for many reasons. Substructure with 
insufficient bearing strength is primarily a 
serious technical problem because it 
jeopardises the stability of the permanent 
way to the highest degree. This results in 
enormous expenditure for track 
maintenance and a considerable decrease 
in the life cycle of the entire permanent 
way material. Poor quality subsoil can also 
cause enormous additional costs, both 
with regard to higher track maintenance 
costs and the associated operational 
hindrance costs and also in view of the 
shortened life cycle of the permanent way 
material. 
 
The insertion of a Formation Protective 
Layer (FPL) is an effective and well-
proven method to raise the bearing 
strength of the subsoil and has been used 
since the early seventies. As a result of 
this measure there is an enormous 
reduction of the costs for track 
maintenance. 
 
The FPL consists of a special sand-gravel 
mixture, which has to fulfil the filter rule of 

Terzaghi, (which determines the size of 
the voids), and the frost criteria of 
Casagrande (which determines the 
allowed fraction of fine grain < 0.02 mm 
and the demanded non-uniformity of the 
material56). The layer may be reinforced by 
a geo-synthetic underneath. 

 
Figure 9: Gravel blanket with geotextile 
underneath 
 
The material excavated during formation 
rehabilitation contains valuable raw 
material, which can be reused for track 
improvement works. The re-use of this 
recycled material enables a reduction of 
the rehabilitation costs by cutting down the 
expenditure for transport and the quantity 
of new material required. 
 

4.3.1. Blanketing Machine with Ballast 
Rehabilitation 
 
Manual insertion of sand blankets is not 
only costly; also the compactness and 
uniformity of the blanket cannot be 
maintained. Insertion of blankets by road 
construction equipment requires track 
closure during the rehabilitation process 
and again in many cases the quality of the 
finished product is questionable. Different 
machines and machine systems are 
available which can insert sand blankets, 
geo-synthetics or other protection layers 
under the track, in track possessions, 
without the need to dismantle the track. 
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The formation rehabilitation machine of the 
latest design, the RPM 2002 (Figure 10) 
was developed specifically to meet the 
requirements of the German Railways: the 
upper layer is removed separately and 
cleaned within the machine. The ballast 
particles are reshaped and sharpened in a 
crushing plant. After the formation 
protective layer has been inserted and 
compacted, the reclaimed ballast is 
distributed in the track together with the 
new ballast. A tamping unit in the rear part 
of the machine enables line speeds of 70 
km/hour to be achieved immediately 
behind the machine. For cleaning of wet 
and clogged ballast the star screen has 
been developed where rotating cams peel 
the contaminated fines from the coated 
ballast particles. 

The machines discussed above are typical 
examples of state of the art track 
maintenance machines. To meet the 
demands of cost reduction, machines 
offering high output and high work quality 
should be utilised. The investment costs in 
such machines are returned in very short 
periods by less occupation of track, low 
unit cost due to high output and extension 
of the life cycle of the track. 
 

5. CONCLUSION 
 
Quality pays. Calculations of various 
institutions like University of Graz, Delft 
University and UIC came to the same 
conclusion: 
 
Anything that helps to extend the lifetime 
of a track is a potential cost saver. Higher 
investment at the beginning is the key for 
moderate expenditure later. This applies 
even for those machine groups that 
demand rather high capital investment. 
 
On the other hand, neglected maintenance 
or poor quality of work are cost drivers. 
 
High-tech track maintenance machines 
have proven their potential to reduce track 
costs. For the increasing subgrade and 
ballast problems, sophisticated machine 
systems have been developed which 
tackle the problems in a very economical 
way. 

 
                                            
1 Veit, Peter; Wogowitsch, Michael: Track maintenance on basis of Life-Cycle-Cost calculations, Optimisation of the rail/wheel-
systems – track strategy and management systems, International workshop of the working group infrastructure of the Austrian 
Society of Traffic Science ÖVG, 14 May 2002, Eisenstadt, Austria 
2 G. Del Mestre: Keynote paper for the sub-theme infrastructure, AICCF conference, Vienna, 25 to 28 September 2001 
3 Wenty, R.: Basic considerations for mechanical ballast cleaning, Rail Engineering International, 2/1990 
4 ERRI (ORE), Research institute of UIC, question D182 
5 Göbel, C., Lieberenz, K., Richter, F.: Der Eisenbahnunterbau (the railway formation), DB-Fachbuch Band 8/20 
6 Schilder, R., Piereder, F.: Formation rehabilitation on Austrian Federal Railways - five years of operating experience with the 
AHM 800 R, Rail Engineering International 4/2000 

 
Figure 10: Formation rehabilitation machine with 
integrated ballast cleaning 
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MEETING THE RAILWAYS’ NEEDS – 
MORE STANDARDISATION WITH MORE VARIETY 

 
David Rhodes, Ph.D., M.B.A., C. Eng, F.I.Mech.E. 
Pandrol Ltd., Addlestone, Surrey, United Kingdom. 

 
SUMMARY 
 
Three case studies are used to illustrate the trend in the railway industry world wide towards 
greater standardisation of materials and methods within individual railway companies, 
combined with increasing demands from each railway for those materials to be tailored 
towards their needs, and not the needs of other customers. For the supply industry, which has 
also become more global, this presents a significant engineering challenge – that of 
developing materials and services which share common technology, but which can be 
adapted to local needs quickly and economically. 
 
 
1. INTRODUCTION 
 
Twenty years ago a company like Pandrol 
could pride itself in the fact that it supplied 
the same products to all kinds of railways, 
all over the world. The industry today 
demands a wide range of different 
products, but within any one railway 
company, or maintenance zone, diversity 
is seen as a source of unnecessary cost. 
To reduce costs, a high degree of 
standardisation is desirable.  
 
2. PERFORMANCE STANDARDS. 
 
Increasingly, national and international 
standards organisations are issuing 
performance based requirements for 
components such as rail fastenings, 
replacing specifications written by 
railways. European standards[1,2] (e.g. 
EN13146 and EN13481) and US 
standards[3] (e.g. AREMA Chapter 30) are 
being adopted far beyond the 
geographical areas and track and traffic 
conditions for which they were first written. 
The corresponding Australian standards[4] 
(e.g. AS. 1085) are currently under review. 
The introduction of performance standards 
leaves the supply industry with the ability 
to tailor products to individual railways 
needs, where those requirements are 
beyond the scope of the standard. For 
example, for a given track performance 
requirement, it may be possible to meet 
the specification with a low cost product, 
which requires labour intensive installation 
methods. Alternatively it may be possible 
to use a product with higher first cost, but 
which is more suited to use with automatic 

machinery. The economics of the choice 
between the two will vary from place to 
place. Similarly, two railways may require 
the same technical performance in terms 
of structural integrity of the permanent 
way, but also have quite different 
requirements in terms of environmental 
impact on the surrounding area. That 
impact can be affected by the detail of the 
track design. Three case studies are 
presented to illustrate this point. 
 
3. CASE STUDY 1: ENVIRONMENTAL 
IMPACT. 
 
In Hong Kong, many new urban railway 
lines are under construction, in an area 
that has some of the most stringent 
requirements in the world for minimising 
environmental impact from railway noise 
and vibration. Hong Kong MTR has made 
use of several different forms of vibration 
isolating track structure, and is currently 
evaluating new developments. On the 
Airport Line, which opened in 1998, there 
is some ballasted track, and there are also 
lengths of non-ballasted track that have 
either a booted block, or bonded resilient 
baseplates to provide some isolation of 
vibration. In both systems, a resilient layer 
is used to provide some dynamic isolation 
of the rail from the concrete track slab, 
thereby preventing transmission of 
vibration into the structure at frequencies 
down to about 50Hz. For the Tsuen Kwan 
O Line, now under construction, similar 
track designs were adopted, but with a 
non-bonded resilient baseplate being used 
in place of the bonded product. However, 
the bonded system had to be configured 
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so that it is physically interchangeable with 
the original plate i.e. had the same anchor 
bolt positions, the same rail height and the 
same rail fastening components. HKMTR 
are now evaluating a more resilient 
system, which provides isolation down to 
even lower frequencies (around 20Hz). 
 

 
 
Fig. 1 Very resilient track form installed 

in Hong Kong. 
 
The track support assembly used in this 
application has many components in 
common with similar units supplied by the 
same manufacturer for applications in 
Europe and North America, and has been 
tested against European Standards. 
However, the mounting plate has been 
“customised” to meet the local 
requirements for interchangeability. Thus 
the manufacturer meets global demands 
at minimum cost, and the railway has the 
opportunity to select different types of rail 
support knowing that all types will fit in all 
locations. 
 
4. CASE STUDY 2: AUTOMATION 
 
In the United Kingdom, the West Coast 
Main Line – the main route linking London 
with Birmingham, Manchester, Liverpool 
and Glasgow – was re-built and electrified 
in the early 1960s, but by the 1990s was in 
need of major refurbishment. Increasing 
demand for rail travel in the U.K. also 
meant that there was a need for a 
significant increase in capacity on some 

parts of the route. Consequently the West 
Coast Route Modernisation (WCRM) 
project was initiated. The new technical 
specification for the track required 
sleepers to be designed which could be 
used with either 56E1 (BS.113A) or 60E1 
(UIC60) rails. They also had to be suitable 
for speeds up to 240 km/hr and should not 
require any modification if axle loads are 
increased from the present 25.5 tonnes 
limit, to 30 tonnes, within the life of the 
new track.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Clipping unit under  
track renewal train. 

 
As one of the most significant costs in the 
WCRM programme is the cost of 
disruption to traffic, contractors wished to 
use materials that could be installed as 
quickly as possible. They also wished to 
minimise the number of people working on 
the track. The resulting sleeper design 
(designated G44) uses a fastening system 
that is pre-assembled at the sleeper 
factory. The contractor is using a track 
laying train, fitted with equipment that 
drives the clips onto the rail. This makes it 
unnecessary to have any personnel 
employed on the track to install fastenings. 
This is beneficial in terms of economics, 
and occupational health and safety 
requirements. 
 
Once again, it is important to the 
infrastructure owner, Railtrack, that there 
is no unnecessary diversity in parts or 
equipment used in each area. 
Consequently, designs have been 
developed to use exactly the same 
components in locations where manual 
track laying methods are still used. That 
includes applications with steel sleepers 
and those with switches and crossings. All 
of the components used meet European 
Standards, and most are common with 
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those supplied to other major European 
railways. 
 
5. CASE STUDY 3: LOW COMPONENT 
COST 
 
In Sri Lanka, the Government Railways 
(SLGR) has been installing concrete 
sleepers for a number of years. On most 
lines, train speeds are low, and train 
services relatively infrequent. As labour 
costs are also low, and most track 
renewals are over short lengths of track, 
SLGR cannot obtain any benefit from the 
potential cost savings in logistics and track 
laying man-power described above. They 
require a system with a very low 
component cost, and reasonable 
performance. For this application, a light 
duty version of the fastening described in 
Case Study 2 was developed, which did 
not have the features required for pre-
assembly, and which would be suitable for 
use with modest axle loads and low train 
speeds. 
 
Despite the pressures to minimise costs, 
components designed for applications of 
this sort must be particularly robust. 
Where there is pressure to keep the first 
cost down, it is likely that there will also be 
pressure to reduce spending on 
maintenance. In such applications, the 
track will be expected to survive with less 
than perfect maintenance of wheels, rails 
and track geometry – all of which adds to 
the dynamic loading applied to the track. 
 
The resulting fastening design was 
evaluated by SLGR over a three-year 
period, and is now being specified for 
future track construction. It uses the same 
basic technology as fastenings developed 
by the same manufacturer for other 
customers. Rather than using international 
standards, a detailed assessment was 
made of the loading conditions on SLGR 
tracks, as a basis for the design.  
 

 
 
Fig. 3 Low cost track form in Sri Lanka 
 
6. CONCLUSIONS 
 
Many of the components supplied to 
railways around the world are now 
required to meet national or international 
performance based standards. At the 
same time, suppliers are asked to tailor 
designs to meet local requirements 
relating to factors such as labour costs, or 
environmental concerns. In the global 
market place, this means that suppliers 
have the challenge of developing a wider 
range of products, whilst meeting more 
strict requirements for standardisation for 
each customer. 
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UNATTENDED TRACK GEOMETRY MEASUREMENT (UGMS): 

A SAFETY AND MANAGEMENT TOOL 
 

Roger H. Tracy, M.I.,Prod E C Eng 
President, ImageMap Inc (formerly E. H. Reeves & Associates. Inc.), Columbia, South Carolina USA 

 
 
SUMMARY 
 
For several decades it has been the practice of railroads worldwide to equip a special car or passenger 
coach with measurement equipment that is used to gather track geometry data throughout their network.  
This data helps to maintain the track within safe operating standards, minimizing the risk of derailments 
and allows the track to be operated at commercially acceptable speeds.  The high-cost of these 
measurement cars have increasingly become an area of concern to railway operators.  The cars are 
expensive to acquire, life cycle costs are quite high and with the rate of advances in technology, 
obsolescence is always a problem.   
 
Unattended Track Geometry Measurement Systems (UGMS) are now considered to be a viable 
alternative. Systems are in production for customers and the concept is under active consideration by 
many railways worldwide.  
 
Because UGMS track recording systems are fitted to service trains, track managers and engineers have 
access to frequent track geometry data that accurately reveals the rate of track deterioration at any 
location, provides feedback on the quality of track maintenance and renewal work and also provides 
warning of any sudden change in track quality which might be a cause for concern.  Track safety can be 
addressed weekly rather than quarterly. 
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1. TECHNICAL PROGRESS 
 
Electronic componentry and high-speed high-
reliability software are changing the face of 
what is possible in reducing the cost of data 
gathering.  Wireless communication 
technology and the Internet are now making 
the analysis and distribution of track 
measurement data a relatively simple and 
straightforward operation. 
 
Engineers, computer specialists and 
technicians, all highly paid professionals, who 
were vital to the data gathering operation, 
could soon be assuming different and more 
productive roles.  Many railroads have a goal 
of moving towards having less “finders” and 
more “fixers”.  Technology advances and 
miniaturization are now allowing the industry to 
move their track measurement data collection 
activity from a high cost labor-driven 
environment to one where unattended 
equipment, modern communication technology 
and data processing can take over.  
 
2. UGMS – UNATTENDED GEOMETRY 

MONITORING SYSTEMS   
 
Advances over the past several years have 
allowed substantial changes in two key areas 
of track geometry measurement.  First the 
equipment has been greatly reduced in size 
and overall complexity.  This has the effect of 
increasing the Mean Time Between Failure 
(MTBF) and minimizing the need for routine 
maintenance.  In addition the reduction in 
overall complexity has removed most real-time 
operator tasks.  The second area of 
advancement has been the custom 
engineering of electronics specifically 
designed for track geometry measurement.  
This has allowed the building of relatively low 
cost equipment in higher volumes and makes 
it possible for the first time to consider large-
scale application of measuring systems on a 
significant number of locomotives or 
passenger coaches.  Figure 1 gives a 
schematic diagram of a UGMS system.  The 
combined result of these advancements 
makes possible a change in the method by 
which track geometry is collected.  It is now 
possible to replace the traditional track 
geometry car with a pool of unattended 
geometry measuring systems on a statistically 
determined number of locomotives.  Data from 
the pool will be collected automatically, 
checked for quality and processed at a central 
facility and distributed through a secure 
network. 
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Figure 1 - UGMS Block Diagram 

 
This approach provides significant advantages 
over the current method of geometry 
measurement.  The greatest advantage is that 
the track can be tested with much greater 
frequency.  Timely data will always be 
available and reliability will thereby be 
improved.  Track exceptions specified by the 
railroad can be emailed to the responsible 
person as soon as they are detected.  Track 
occupancy requirements will be reduced to 
near zero.  As a result, overall track 
measurement costs will be decreased 
substantially. 

 
3. EQUIPMENT REQUIREMENTS  
 
3.1 Autonomous Operation 

 
UGMS is able to function without direct 
operator intervention and achieves this goal 
through hardware, software and the overall 
UGMS infrastructure.  There is no display 
screen on the UGMS unit and no controls are 
accessible by or visible to the train crew.  
Figure 2 shows the electronics box that is 
mounted in the  locomotive or passenger 
coach. All equipment that is mounted in the 
locomotive or coach is small in size and light in 
weight. The size of the electronics box is 500 
mm long x 400 mm wide x 300 mm deep and 
weighs 35 Kg. 

 

 
 

Figure 2 - Electronics Control Box 
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3.2 Unit Cost & Physical Size 
 

The unit cost for individual UGMS units allows 
for installation on a significant number of 
locomotives. Despite the large size of a 
locomotive, the UGMS hardware is quite 
compact.  Installation of the sensors on the 
locomotive’s bogie does not interfere with 
brakes, drive train, sanding system or other 
components.  Figure 3 shows the arrangement 
of the cameras and lasers that mount under 
the vehicle on the bogie.  There is one 
assembly mounted on each side of the vehicle 
and each weighs 9 Kg.  Figure 4 shows the 
inertial package that also mounts under the 
car on the bogie.  The size of this package is 
300 mm long x 300 mm wide x 300 mm deep 
and weighs 5 Kg.  The electronic unit inside 
the locomotive cab is installed without 
interfering with existing equipment or the 
locomotive crew.  Small Global Positioning 
System (GPS) and wireless network antennas 
are mounted on top of the locomotive. 
 

 
  

Figure 3 - Cameras and Lasers 
 

 
 

Figure 4 - Inertial Package 
 

3.3 Reliability 
 

In order to achieve the desired frequency of 
track testing with a minimum number of UGMS 
units, the reliability of each testing unit must be 
very high.  The UGMS can achieve this goal 
by the equipment being designed with no 
moving parts and with sensors that are proven 
to withstand the extreme shock and vibration 
loading encountered in the railroad 
environment. The Charged Coupled Device 
(CCD) cameras are remanufactured and 
hardened before first use to improve shock 
and vibration resistance.  Only military style 
electronic connectors are used.  The overall 
result is a system with a high degree of 
reliability. 
 

4. PARAMETERS TO MEASURE 
 

The following track geometry parameters are 
measured by UGMS: 

 
Geometry 

Parameters 
Measurement 

Accuracy 

Track Gauge ±0.8mm 

Superelevation ±1.0mm 

Twist ±1.0mm 

Surface 
(left & right) ±1.0mm 

Alignment 
(left & right) ±1.5mm 

 
5. LOCATION INFORMATION 

 
One of the most difficult problems to solve with 
an unmanned system is putting locations with 
the data. The following three devices will 
provide the UGMS with location information. 

 
 
5.1 Global Positioning System 

 
A low cost GPS receiver is built in to the 
UGMS.  This provides location information 
with an accuracy of within 30 metres.  
Differential GPS is not required.  The GPS 
information is used to determine which 
switches and track features are located in the 
immediate area.  It is also used to monitor the 
performance of and calibrate the tachometer.  
Very accurate calibration of the tachometer is 
possible with simple GPS because the GPS 
error is not cumulative and it can thus be used 
to accurately measure long distances.  

  
5.2 Switch Detectors 

 
Detectors (one on each side) are used to 
accurately determine the location of frogs in 
switches.  This provides highly repeatable 
markers in track that are used as location 
reference points.  Geometry data collected 
through the switch area indicates which route 
was taken through the particular turnout.  

 
5.3 Tachometer 

 
A conventional axle mount tachometer is used 
to measure distance.  The tachometer is 
calibrated in real-time by comparison with the 
GPS data.  
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6. FREQUENCY OF TEST / UGMS 
INSTALLATION BASE 
 

Two factors determine the number of UGMS 
units that are needed.  The first factor to be 
considered is the desired frequency of testing.  
The second is the percent success rate the 
UGMS units have in obtaining valid geometry 
data. There are numerous other issues to be 
considered including the importance of 
additional data and reports that are available 
with very frequent testing and the normal 
travel range of the class of locomotives on 
which the equipment is installed. 

 
The percent success rate of the UGMS can be 
influenced by many external events that are 
unrelated to equipment performance.  For 
example, with a very small population of 
UGMS units, locomotive scheduling is 
important.  However, with sufficient built-in 
redundancy (added test units) random routing 
of locomotives will suffice.  Other events that 
will prevent successful data collection include 
occasional accidents such as a plastic bag 
being hooked on a camera or a laser window 
being covered with heavy grease.  While 
experience has shown these to be rare events, 
they can occur.  Equipment breakdown will of 
course also influence the percent success 
rate.  The impact of these factors can be 
greatly reduced by having a sufficiently large 
population of UGMS units in operation.  The 
exact number to meet the customer’s needs 
can be determined by a detailed review of 
traffic patterns and locomotive usage.  As a 
project progresses, adjustments can be made 
to ensure the desired frequency of testing. 

 
It is recognized that relatively large amounts of 
data will be collected due to the level of built-in 
redundancy required to maintain desired test 
frequencies using “random” testing.  Since 
data transmission and handling are relatively 
inexpensive it is better to have more data than 
not enough.  In order to have the lowest 
possible cost for a specified frequency of test, 
UGMS units can be managed using two 
methods.  The proportion of each type of unit 
used will be decided following negotiation with 
the customer. 

 
6.1 Dedicated Units 
 
Dedicated units are permanently installed and 
travel at random around the coverage area of 
the carrier locomotive.  These units collect 
data on any given segment of track as often as 
the locomotive passes over it.  On high-density 
tracks, a relatively small number of equipped 
units will provide total coverage. 

6.2 Moveable Units 
 

Moveable units can be used to cover low 
tonnage and branch lines where the specified 
frequency of test does not justify a large 
number of dedicated units.  A moveable unit 
can be installed on a locomotive and allowed 
to collect data for a defined period until the 
area has been adequately tested.  The unit 
can then be moved to some other location to 
be installed on a local service locomotive in 
that area.  This approach will minimize the 
number of units required. 
 
7. DATA RETRIEVAL  

 
Any time the locomotive is moving, raw sensor 
data is written to a hard disk in the UGMS.  
Only the raw sensor data is stored.  Geometry 
parameters are calculated from this raw data 
at the central processing facility.  Data is 
recovered from the locomotives by means of a 
wireless network.  Fueling stations (or other 
suitable locations) are equipped with data 
recovery systems consisting of a computer, a 
dial-up Internet link, and a wireless network 
hub.  The wireless network is based on the 
latest wireless communication standards.  The 
dial-up Internet connection can be either ISDN 
or a standard telephone line.  
 
When a locomotive equipped with UGMS 
stops at a fueling station, a wireless network 
connection is established automatically with 
the data recovery unit.  The data is then 
downloaded automatically and no action is 
required on the part of any railroad employee.  
The fact that data is being downloaded is 
totally transparent to both the locomotive crew 
and the fuel depot staff. If the locomotive 
moves out of range of the wireless network 
before the download is complete, the data is 
retained on the UGMS hard disk.  If the 
download is successfully completed, the data 
is still retained on the UGMS until the disk 
space is needed for new data.  This provides a 
secondary backup to allow recovery in the 
event of data loss. 

 
8. DATA PROCESSING AND 

DISTRIBUTION 
 

Data is received at the central processing 
location via File Transfer Protocol (FTP) over 
the Internet.  It is estimated that data is 
available for processing within 30 minutes of 
downloading from a UGMS locomotive.  There 
are numerous steps to process the raw data 
into geometry data ready for distribution.  
However, the final result is an updated 
database of geometry data and track defect 
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data ready for distribution.  The significant 
steps are listed below. 
 
8.1 Route Determination 

 
Raw data is first sorted by GPS location to 
determine approximate track identifying 
information.  Exact Track ID is then 
determined by comparison of switch detection 
data with a switch position database.  By 
looking at the curve radius, the route taken 
through a switch can be determined.  
Tachometer pulses are used to measure 
distance between switches so that exact 
kilometre post and metres are known.  After 
route determination is complete, the raw data 
will be further sorted by exact track position.  
The sorted data will be then separated into 
individual data sets for each track segment 
tested. 
 
8.2 Geometry Calculation 

 
Track geometry calculations are an offline 
application of real-time geometry data 
algorithms.  This process results in files of 
track geometry data for each track segment 
that is tested.  These geometry files are then 
merged into the geometry database keeping it 
“current” at all times. 
  
8.3 Data Validation 

 
The techniques used for data validations are 
one of the enabling technologies for UGMS.  
The data must have the same (or better) 
reliability as data collected by a conventional 
geometry car.  To have confidence in the data 
to the point where it can be used for 
authorizing remedial actions and for 
maintenance planning, it is necessary to be 
able to trace the data back to a known 
reference.  In addition it is necessary to have 
an indicator that shows that the system is 
accurately measuring the track at any given 
point.  Auto correlation and reference track 
sections provide data quality and traceability. 

  
8.4 Auto Correlation 

 
The technique of overlaying historical data on 
current real-time geometry data has been 
used for many years.  On conventional track 
geometry cars, the overlay is done with a 
video (computerized) strip chart display.  The 
recording car operator can judge from the 
overlay of the geometry signals whether the 
system is functioning correctly.  In this case, 
the operator is effectively doing a correlation 
by eye. 
 

For UGMS, a correlation program will compare 
the current run with past runs.  A high 
correlation factor indicates that the equipment 
is functioning correctly over a given segment 
of track.  Track segments for correlation 
purposes are typically 0.4 km.  Individual 
geometry signals are correlated separately.  
This allows good data to be recovered even if 
other data is not correct.  For example, the 
gauge measurement could be good even if 
superelevation is found not to be.  Correlation 
proves that the equipment is functioning 
normally though it cannot prove that the 
results are accurate.  For accuracy 
determination, comparison against a known 
reference will be needed. 

  
8.5 Reference Track Sections 

 
Certain geometry parameters such as gauge 
and super-elevation require an absolute zero 
point.  While the stability of the measuring 
devices used for these parameters is very 
good, it is still necessary to check the zero 
points and set them if necessary.  It is also 
necessary to check the absolute accuracy of 
other track geometry parameters from time to 
time. 

 
To accomplish these setups and tests without 
operator intervention, reference sections of 
track are used.  These reference sections 
would typically be 0.4 km to 0.8 km in length.  
The sections are hand measured and then 
compared (correlated) to the measurements 
from a geometry car.  In this way the absolute 
Root Mean Square (RMS) error is calculated. 

 
8.6 Track Defect Detection  

 
Geometry data is processed to identify Federal 
Railway Association or other specified track 
defects using an offline version of the real-time 
defect software.  Track class information 
comes from a railroad-supplied database. All 
defects will be written into a defect database.  
This simplifies the tools for generating reports 
and for comparison with previous defects.  
Repeat defects are automatically flagged. 

 
8.7 Internet Distribution 

 
After the data is processed and merged into 
the appropriate databases, the updated 
databases are posted to a secure web site for 
access by the end user.  Web applications 
allow display of the geometry data along with 
historical data and the defect database.  It is 
not necessary to download the complete 
geometry file to view a particular area of 
interest.  Alternatively, data may be 



Roger H. Tracy 
ImageMap 

Unattended Track Geometry Measurement: A 
Safety and Management Tool 

 

Conference on Railway Engineering 
Wollongong, 10-13 November 2002 

542

downloaded for local viewing or printing. Data 
presented on the web site will always 
represent the most recent data.  The geometry 
databases are updated as data becomes 
available rather than waiting for a complete 
line to be tested. 

 
8.8 Alternative Data Distribution 

 
As an alternative to the Internet, the geometry 
databases may be periodically uploaded to the 
railroad’s internal network or sent to a 
distribution list on CD-ROM.  Applications for 
viewing, printing and exporting the data to 
other applications can be provided to the 
railroad if this distribution method is selected. 

 
9. MAINTENANCE BENEFITS 
 
In the past railways have had geometry 
information available to them only when the 
dedicated geometry measurement vehicle is 
scheduled to run, which could be once a 
quarter.  With UGMS the railroad can choose 
how frequently to acquire geometry data 
without having to try and schedule a car into 
the flow of traffic. This provides a powerful tool 
for scheduling maintenance. Some of the 
benefits include: 

 
• Constant identification of evolving defects 

in track 

• Lower data collection costs 

• Planning the right maintenance in the right 
place at the right time 

• Longer rail and track component life 

• Reduced maintenance costs 

• Improved safety 

• Assessing effectiveness of maintenance 
work performed 

With the tight budgets and cutbacks facing our 
railway industry, it is more important to use 
available maintenance dollars wisely.  With 
UGMS as a planning tool, railways can plan 
maintenance in the most critical locations with 
greater assurance that the money is being well 
spent.  In addition the effects of the 
maintenance can be immediately seen, if 
desired.  Most importantly – safety 
assessment can now be a scientific and on-
going continual activity. 
 

10. CONCLUSIONS 
 
Unattended Track Geometry Measurement 
Systems (UGMS) have to following benefits to 
our ever-changing rail industry: 
• Track geometry parameters accurately 

measured by locomotives and passenger 
service trains. 

• Lightweight inertial system (24lbs / 11kg) 
attaches to the truck/bogie – no dynamic 
effect on hi-speed vehicle performance. 

• UGMS Control Unit installed in locomotive 
or passenger coach. 

• Data capture and transmission fully 
automated – Accurate position locator 
included. 

• Automatic data download at fuelling 
location or terminus station. Quality 
audited data supplied to railway customer 
via private web site. 

• Measure track frequently at normal train 
operating speeds (up to 320km/h – 
200mph) and conditions. 

• Safety alarms transmitted throughout the 
network to the each responsible 
department. 

• Defect thresholds defined by the railway. 
• Reduced track occupancy by track 

recording cars – reduction in specialised 
labor costs. 

• Reduction in speed restrictions due to 
progressive level-loading track 
maintenance. 

• Frequent track measurement – daily or 
weekly – defects and trends reported 
immediately. 

• Track maintenance is planned in a weekly 
window – with continual maintenance 
performance monitoring.  

• Low capital investment – data service can 
be provided. 
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