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THE CONTROL OF WHEEL/RAIL NOISE AND FORCES THROUGH 

FRICTION MODIFICATION 
 

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

Rail Infrastructure Corporation 
 
SUMMARY: 
The growing public awareness of environmental issues has placed considerable demands on railway 
authorities to reduce any excessive noise levels associated with the operations of the rolling stock. 
The current study, which has been conducted in the Hunter Valley Region of the Rail Infrastructure 
Corporation, has examined two main causes of the considerable noise that can be generated by the 
wheel/rail interaction, namely: 

• Flanging of the wheels on the rails that occurs in sharp radius curves. 
• Wheel “squeal”, which can arise from the slip/stick action of wheel sets engaging sharp radius 

curves.    
The results obtained have shown that the appropriate application of lubricants and friction modifiers can 
lead to marked reductions in the wheel/rail noise levels. 
The work has also shown that the lateral wheel loads produced during curve negotiation are also 
reduced substantially by the application of friction modifiers to the running surface of the rails.

1. INTRODUCTION 

For trains operating at speeds below 150 kph, it 
has been established that the main source of 
airborne noise generally is associated with the 
interaction between wheels and rails [1, 2].  

In turn, the wheel/rail interaction noise may arise 
from one or more of the following main factors: 
Rail Corrugations and/or Surface Roughness  
Published information indicates that the presence 
of rail corrugations may increase the noise level 
by as much as 5-15 dBA [3-6].  
The noise that develops from corrugations is 
generally of a lower pitch nature, with the main 
frequencies corresponding to the corrugation 
pitches (generally below 1 kHz), and sometimes 
has been described as “roaring” rails.  
However, in the current study it will be assumed 
that appropriate measures have been taken to 
control the development of rail corrugations.  
Consequently, this aspect will not be discussed 
further. 
 
Localised Rail and Wheel Vertical Irregularities 
Localised rail irregularities, such as dipped welds 
and joints, and wheel irregularities, such as wheel 
flats, can lead to considerable increases in the 
generated noise levels associated with wheel/rail 
impacts. 
 

 
Severe wheel flats can increase the noise level 
measured at a distance of 5.5 m from the track by 
15-18 dBA, relative to wheels with no wheel flats. 
The main procedures that may be adopted to 
reduce such noise entail: 
• The grinding of the rail surface to 

minimise/eliminate the localised dipping. 
• The machining of the wheel tread to 

minimise/eliminate the wheel flats.  
This aspect has also not been examined in the 
current study. 
Wheel Flanging 
Wheel flanging noise generally is associated with 
the high lateral forces, and lateral/longitudinal 
creepages obtained in the sharp radius curves. 
Such high forces also can lead to accelerated 
wear of the wheels and rails, which is often 
evident by the wear debris (flakes) that forms on 
the gauge side of the high rails in the curves and 
the associated very rough rail gauge face. 
Severe wheel flanging can lead to increases in the 
noise levels of over 20 dBA, at a distance of about 
5m from the track, relative to non-flanging wheels. 
The flanging noise generally is very broad band in 
nature, with continuous dominant frequencies 
ranging from less than 1 kHz to well above 5 kHz, 
similar to metal grinding. 
It should be noted that usually, as would be 
expected, wheel flanging noise generates from 
wheel flange contact on the gauge face of the 
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high rails in the sharper curves. However, under 
adverse combinations of very tight curves and 
relatively small wheel flange/rail gauge face 
clearances (that may occur with relatively tight 
track gauge together with a large wheelset back to 
back distance), some wheel flanging may also 
occur on the low rails, and generate high noise 
levels. 
A number of procedures may be adopted to 
reduce/eliminate wheel flanging noise, including: 
• Improved lubrication practice, which is 

particularly critical in the sharper curves, where 
the lubricant may either be squeezed out or 
may not be able to support the high wheel/rail 
contact pressures and creep forces applied [7-
9]. 

• Improved bogie steering characteristics, 
through modified bogie types and improved 
bogie maintenance procedures [10]. 

• Improved wheel/rail interaction characteristics, 
by the implementation of appropriate wheel 
and rail profiles, to provide improved wheelset 
steering and wheel/rail contact conditions [11, 
12]. Of particular relevance is the adoption of 
profiles that lead to a relatively conformal 
contact in the rail gauge corner/wheel throat 
region, rather than having a two point or 
undercut contact which not only increases the 
flange energy (and hence wear/noise) in the 
sharper curves but also increases the curve 
radius at which flanging occurs. 

• Increasing the wheel flange/rail gauge face 
clearances, by increasing the track gauge 
and/or reducing the wheelset back to back 
and/or reducing the flange thickness of the 
wheels, to allow greater control over the 
wheel/rail interaction characteristics and to 
reduce the potential flange contact on the low 
rails.  

 
 
Wheel “Squeal” 
The problem of wheel “squeal”, is thought to be 
associated with the stick/slip phenomenon that 
develops in solid wheelsets negotiating the 
sharper curves, because of the difference in 
rolling radii between the wheels and the 
misorientation (angle of attack) between wheels 
and rails [14-19]. Such differences and 
misorientations, relative to a pure rolling 
condition, cause high longitudinal and lateral 
creep forces at the wheel/rail interface, which lead 
to a combination of traction and microslip within 
the contact patch. As the creep forces increase 
the level of microslip also increases until 
saturation occurs. At this point the wheels slip on 
the rail, restoring the wheelset to an equilibrium 
orientation. The process is illustrated in Figure 1. 

 

Adhesion 

Adhesion 

Adhesion 

Microslip 

Microslip 

Microslip 

Slip 

Traction

CreepDirection of Travel 

 

Figure 1 The Relationship Between Traction, 
Creep and Slip [13] 

 
The energy released during the stick/slip or 
correction events is sufficiently high to cause 
vibrations at the wheel/rail interface. Such 
vibrations are transmitted to the wheels and in 
turn cause the wheel plates to resonate and 
hence emit sound at their natural frequencies. 
The “squeal” noise has a very pure tonal 
character, with strong harmonics of resonance at 
approximately 1kHz, 2 kHz, 3 kHz, 4 kHz and 5 
kHz, although the actual values would depend on 
the wheel design characteristics, and usually only 
the higher frequency harmonics are readily 
detectable. 
Severe wheel “squeal” can lead to increases in 
the noise levels of over 30 dBA, at a distance of 
about 5m from the track, relative to non-squealing 
wheels, ie even more than wheel flanging noise. 
Therefore, it is not surprising that the generation 
of wheel “squeal” can be of major concern, 
particularly in residential areas. 
A number of procedures may be adopted to 
reduce wheel “squeal” noise, including: 
• Improved bogie steering characteristics, 

through modified bogie types and improved 
bogie maintenance procedures, in particular 
ensuring that the centreplate/bowl region of the 
bogies is well lubricated so that the axles can 
realign during curve negotiation. 

• Improved wheel/rail interaction characteristics, 
through modified profiles, to provide improved 
the steering of the wheelsets. 

• Application of wheel dampening systems, to 
alter the natural frequencies of wheel vibration. 

• Application of friction modifiers to the running 
surface of the rails, to control the 
friction/traction/creepage characteristics at the 
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wheel/rail contact region.  In this regard, it 
should noted that the stick/slip phenomenon 
that  leads to wheel “squeal” occurs only if 
upon reaching creepage saturation the friction 
at the wheel/rail interface reduces as slipping 
starts to occur, as illustrated in Figure 2. This 
condition is known as negative friction, and is 
obtained with a wide range of surface 
conditions, including dry rails and with most 
materials that may contaminate the wheel/rail 
interface (including sand, water and grease). 
On the other hand, the addition of high positive 
friction (HPF) modifiers can increase the 
friction/traction after the initial creepage 
saturation, and consequently prevent, or at 
least minimise, the occurrence of the stick/slip 
phenomenon and the associated wheel 

“squeal”.  
Figure 2 Traction/Creepage Relationship [13] 

It should be noted that in the current study the 
main emphasis has been placed on the wheel 
flanging and “squeal” noise. 

2.  SUMMARY OF ACTIVITIES 
The field work described herein was conducted in 
the coal lines of the Hunter Valley, and consisted 
of the following three main activities: 
2.1 Assessment of Noise 
The main test site was at Scholey Street, at about 
the 165 km location on the Up Coal Track. This is 
a very sharp curve (191m-199m radius), with 
concrete sleepers and 60 kg/m head hardened 
rails. 
The continuous noise (sound pressure level) 
measurements were taken at various distances 
from the track centre, ranging from about 1m to 
35m, at time intervals of 50 milliseconds.  
The wheel/rail friction conditions examined were 
as follows: 
• With standard rail gauge face/wheel flange 

lubrication procedure, with the lubricator being 
located at the approach end of the curve. 

• With a modified lubrication procedure which, 
as described previously [7-9] consisted of an 
improved lubricant type and the placement of 
the lubricator in a previous shallower curve at 
the 166.1 km location. 

• With the modified lubrication procedure and 
the application of a high positive friction 
modifier (leading to surface friction values of 
about 0.35) on the running surface of only the 
low rails and to both high and low rails, noting 
that for the purpose of these tests the friction 
modifier was applied manually before each 
train, over a distance of about 50m, at the start 
of the curve. 

Figure 3 General View of the Scholey Street 
Test Site 

2.2 Assessment of Loads 
The measurement of the applied vertical and 
lateral wheels loads was also conducted at the 
Scholey Street test site (Figure 3). This was 
achieved using strain gauge bridge circuits 
mounted on the web and foot of each of the high 
and low rails. 
The wheel/rail friction conditions examined with 
the load measurements were as follows: 
• With the modified rail gauge face/wheel flange 

lubrication procedure, as described above. 
• With the modified lubrication procedure and 

the application of a high positive friction 
modifier on the running surface of only the low 
rails and to both high and low rails, noting that 
for the purpose of these tests the friction 
modifier was applied during the passage of 
trains using commercial applicators mounted 
at the start of the curve. 

2.3 Assessment of Deflections 
The measurement of deflections was conducted at 
Kooragang Island, in a 1:12 tangential turnout with 
swing nose frog (Figure 4). This was achieved 
using displacement transducers mounted on the 
turnout road as follows: 
• On the side of rail head on both high and low 

rails, to measure lateral deflections. 
• On the side of both high and low base plates, to 

measure lateral deflections. 
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• At the ends of both high and low base plates, to 
measure longitudinal deflections. 

The wheel/rail friction conditions examined with 
the load measurements were as follows: 
• Before the application of any friction modifier. 
• After the application of a friction modifier, 

which was spread manually on the running 
surface of both rails using a small paint roller 
over a distance of about 20m leading into the 
turnout and finishing about 10m from the start 
of the turnout. The friction modifier was applied 
before each train. 

 
Figure 4 General View of the Kooragang Island 

Test Site 

3.  RESULTS AND DISCUSSION 
3.1 Noise 
Figures 5-8 illustrate some examples of the noise 
traces obtained at a distance of 5.5m from the 
track under the different lubrication and friction 
regimes. The figures include the maximum limit 
specified in the EPA guidelines (87 dBA at a 
distance of 15m from the track or 95 dBA at a 
distance of 5.5 m from the track, as determined 
from the noise/distance relationships obtained in 
the current study). 
The overall results obtained indicate the following 
main trends: 
• With the standard rail gauge face lubrication 

practice, the wheel flanging noise in some 
bogies/vehicles reached values over 100 dBA, 
exceeding the allowable limit (refer to Figure 
5). 

Figure 5 Noise Profile (Flanging) with Standard 
Lubrication, at 5.5m from the Track 

• With the standard rail gauge face lubrication 
practice, even higher noise levels (over 110 
dBA) were obtained in the presence of wheel 
“squeal” noise (refer to Figure 6). 

Figure 6 Noise Profile (Flanging and Squeal) 
with Standard Lubrication, at 5.5m from the 

Track 
 
• Different bogies exhibited very different noise 

characteristics, indicating the marked effects 
that bogie condition/ characteristics can have 
on the resultant noise generation. 

• Modification of the rail gauge face lubrication 
practice led to marked reductions in the 
maximum flanging noise levels (to less than 
85 dBA), such that the allowable limit may no 
longer be exceeded (refer to Figure 7). 
However, the gauge face lubrication did not 
have a noticeable influence on the “squeal” 
noise. 

Figure 7 Noise Profile with Modified 
Lubrication, at 5.5m from the Track  

 
• The addition of a suitable friction modifier to 

the running surface, particularly of both rails, 
led to further reductions in the maximum noise 
levels (to less than 81 dBA), associated with 
wheel “squeal”, together with a reduction in 
the overall rolling noise of the bogies/vehicles 
(refer to Figure 8).   

 
 

50

60

70

80

90

100

110

120

0 20 40 60 80 100 120 140 160 180 200 220 240 260

Time (seconds)

So
un

d 
Pr

es
su

re
 L

ev
el

 (d
B

A
)

Locomotives

95 dBA limit at 5.5 m from the track

50

60

70

80

90

100

110

120

0 20 40 60 80 100 120 140

Time (seconds)

So
un

d 
Pr

es
su

re
 L

ev
el

 (d
B

A
)

Locomotives

95 dBA limit at 5.5 m from the track

50

60

70

80

90

100

110

120

0 20 40 60 80 100 120

Time (seconds)

So
un

d 
Pr

es
su

re
 L

ev
el

 (d
B

A
)

Locomotives

95 dBA limit at 5.5 m from the track



S Marich and S Mackie   The Control of Wheel/Rail Noise and Forces Through Friction Modification   
Rail Infrastructure Corporation 
   

Conference on Railway Engineering 
Darwin, 20-23 June 2004 

 01.5  

 

Figure 8 Noise Profile with Modified 
Lubrication and Friction, at 5.5m from the 

Track 
 

3.2 Lateral Loads 
Figures 9 and 10 illustrate the lateral load 
distributions measured under the various friction 
modification regimes, while Table 1 summarises 
the lateral load data.  
The results obtained indicated the following main 
trends: 
• The lateral load distributions for both the high 

and low rails were similar and highly bilinear, 
displaying a significant leading/trailing 
wheelset effect. 

• The application of the running surface friction 
modifier only to the low rail led to considerable 
reductions in the lateral loads as follows: 

 About 30% in the maximum values and 
31% in the +2 sigma values for the high 
rails. 

 About 33% in the maximum values and 
29% in the +2 sigma values for the low 
rails. 

• The application of the running surface friction 
modifier to both the high and low rails led to 
further reductions in the lateral loads as 
follows: 

 About 45% overall in the maximum values 
and 40% overall in the +2 sigma values for 
the high rails. 

 About 42% overall in the maximum values 
and 35% in the +2 sigma values for the low 
rails. 

It should be noted that similar reductions (30-
40%) in the lateral load levels also have been 
reported in recent studies conducted in Canada 
and USA [20, 21].  
 
 
 

 

Table 1 Summary of Lateral Wheel Loads 
Condition Parameter High Rail Low Rail
No Friction Modification 

 Maximum 84 74 
 +2 Sigma 58 52 
 Mean 17 23 
 -2 Sigma -12 -2 
 Minimum -18 -16 

Friction Modification on Low Rail 
 Maximum 59 57 
 +2 Sigma 40 42 
 Mean 6 12 
 -2 Sigma -19 -4 
 Minimum -43 -12 

Friction Modification on Low and High Rails 
 Maximum 46 43 
 +2 Sigma 35 34 
 Mean 8 16 
 -2 Sigma -14 1 

 Minimum -19 -9 

 
Figure 9 Lateral Load Distributions for High 

Rail, Under Various Friction Modification 
Regimes 

 
Figure 10 Lateral Load Distributions for Low 

Rail, Under Various Friction Modification 
Regimes 
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3.3 Lateral Deflections (Turnout)  
Figures 11 and 12 illustrate examples of the 
lateral deflections measured on the high rails 
before and after the application of the friction 
modifier to both rails. 

Figure 11 Rail Lateral Displacements Before 
Friction Modification  

Figure 12 Rail Lateral Displacements After 
Friction Modification 

 
The results obtained indicated the following main 
trends: 
• With the procedure adopted, the main 

deflections observed were associated with the 
action of individual bogies, which could be 
identified clearly. 

• As would be expected, noticeably greater 
deflections were obtained in the lateral rails, 
and then the lateral plate, and then the 
longitudinal plate. 

• As also would be expected, noticeably greater 
lateral deflection were obtained on the high 
(switch) side than on the low side. 

• The application of the friction modifier led to 
noticeable reductions particularly in the lateral 
deflections of both rails and plates, after the 
first train. For example:  

 Under normal conditions, the proportion of 
bogies that led to lateral deflections in the 
high rail above 5mm ranged from 21% to 
42%, whereas after friction modification the 
proportion was reduced to less than 6%. 

 Under normal conditions, the proportion of 
bogies that led to lateral deflections in the 
low rail above 1.75mm ranged from 7% to 
25%, whereas after friction modification the 
proportion was reduced to less than 5%. 

 Under normal conditions, the proportion of 
bogies that led to lateral deflections in the 
high plate above 1.75mm ranged from 5% 
to 28%, whereas after friction modification 
the proportion was reduced to less than 
2%. 

 Under normal conditions, the proportion of 
bogies that led to lateral deflections in the 
low plate above 0.75mm ranged from 4% to 
24%, whereas after friction modification the 
proportion was reduced to less than 3%. 

The results therefore support the work conducted 
on the mainline track at Scholey Street, which also 
showed considerable reductions in the lateral 
loads, and hence deflections, obtained from 
application of the friction modifier. 

4.  CONCLUSIONS 
The various field activities on wheel/rail friction 
modification conducted in the Hunter Valley 
Region of Rail Infrastructure Corporation has led 
to the following main conclusions: 
• The modification of the rail gauge face/wheel 

flange lubrication procedures can lead to 
marked reductions in the noise levels 
generated by wheel flanging. However, such 
lubrication has a negligible effect on the noise 
generated by wheel “squeal” and the lateral 
load levels. 

• The application of an appropriate friction 
modifier to the low rails only of sharp curves 
leads to considerable reductions 

 in the lateral loads experienced by both 
high and low rails, and 

 in the noise levels generated by wheel 
“squeal”.   

• The application of an appropriate friction 
modifier to both the high and the low rails of 
sharp curves leads to further reductions 

 in the lateral loads experienced by both 
high and low rails, and 
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 in the noise levels generated by wheel 
“squeal” and by the overall rolling noise of 
the bogies/vehicles.    

• The application of an appropriate friction 
modifier to both rails on the approach to 
turnouts leads to considerable reductions in 
the lateral displacement (and hence load 
levels) of the turnout components.   

5.  CLOSING REMARKS 
The work described herein has shown clearly that 
the appropriate control of friction at the wheel/rail 
interface can lead to major benefits in terms of 
noise generation and applied loadings, and 
consequently component deterioration. 
However, it should be emphasised that friction 
modification should not be regarded as a general 
panacea, but as just one of a range of practices 
that need to be applied to both vehicles and track 
in the management of noise and applied loadings.   
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SUMMARY: Singapore MRT Ltd (SMRT) is a mass transit railway system which operates in the South East Asian 
region. It provides an efficient and reliable railway system to its daily patronage of around 1.1 million users on its 
89km long urban network. Its North-South and East-West Urban Lines with a spur line to the Changi airport are part 
of an integrated public transport system. Although SMRT has been operating since 1987, the 16 km long 
Woodlands line was opened only in February 1996, and the 4km spur line to Changi Airport was opened in January 
2001. 

SMRT faced several rail defect issues including rail surface cracking and the development of corrugations in its 
urban railway network. Following a technology scan SMRT identified and sought assistance from the Institute of 
Railway Technology to minimise and/or eliminate the rail deterioration. 

The Institute of Railway Technology (IRT) conducted a rail defect study and recommended refined wheel/rail 
interface characteristics and customized profiles to suit the operating conditions in Singapore. Recently completed 
evaluation trials which compared the performances of the modified rail profiles with the standard UIC60 rail profiles 
on test curves at Singapore MRT have shown significant improvements in the performance of the rails and an 
encouraging reduction in the rail deterioration rates. 

This paper describes the above case study in detail and discusses some factors that were critical to achieve 
successfully the improved wheel-rail interface conditions at Singapore MRT.  
 
Index Terms: wheel-rail interface, modified profiles, rail defect, rail deterioration 

 
1.0 INTRODUCTION 

Singapore MRT Ltd (SMRT) is an incorporated mass 
transit railway company which operates efficiently 
and plays an integral part of Singapore’s dynamic 
economy. It provides an efficient and reliable railway 
system to its daily patronage of around 1.1 million 
users [1]. Although SMRT functions in its own right, 
as part of the public transport charter of Singapore, it 
has a requirement to report to the Land Transport 
Authority (LTA) on any major modifications to the 
system. 

The SMRT system comprises a total route length of 
89.4 km, as double track over each of two lines 
(East-West and North-South) and 51 stations (refer 
to Figure 1). Total track length, including the three 
main depots, sidings and crossovers, is 238 km. 

The track was constructed in three main stages; 
original construction (Phases 1 and 2) included the 

East-West line (Boon Lay to Pasir Ris), and the 
North-South line from Jurong East to Choa Chu 
Kang, and Marina Bay to Yishun. The Woodlands 
extension (1996) completed the North-South line 
between Choa Chu Kang and Yishun. The third stage 
to Changi Airport was completed in 2001. It is an 
extension to the East-West Line from Tanah Merah 
(TNM) station. 

Track construction details are summarised in 
Table 1. Approximately 50% of the total route length 
is curved track; with a minimum radius of 261 m. 
Figure 2 shows the overall distribution of curved 
track. The majority of sharper curves are within the 
tunnel sections. Other track details are summarised 
in Table 2.  
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2.0 RAIL DEFECTS 

Permanent Way (P/Way) Patrolmen conduct regular 
out of traffic hours visual inspection (2 day cycle) to 
detect rail defects. In addition rail flaw detection is 
also carried out on a yearly basis by a Multi Function 
Vehicle (MFV); a Pandrol Jackson ultrasonic testing 
machine combined with track geometry check. These 
defects are classified according to the probability of 
disruption to train operations in the event of rail 
failure (i.e. Severity 1, which require remedial action 
within 24 hrs, and Severity 2, 3 or 4).  

Table 1: SMRT track construction details 
Type Total length 

(km) 
Track construction 

Viaduct and 
ground level 

66.1 Conventional timber sleepers, stone 
ballast; Pandrol baseplates with 
resilient fasteners 

Tunnels 23.3 Concrete sleepers set in continuous 
concrete slab; Pandrol baseplates 
with resilient fasteners or Pandrol 
double clip fastening arrangements 

  Floating slab track set in concrete 
units resting on resilient pads; 
Pandrol fasteners (vibration-sensitive 
sections only) 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: SMRT System 

 

 

 

 

 

 

 

 

Figure 2: Distribution of curves by radius 

Figure 3 shows the distribution of defects that can be 
attributed to wheel-rail interaction (HAZ cracks, flake, 
pitting, shelling, and gauge corner cracks), based on 

inspection data for December 1998. HAZ cracks 
comprise almost half of the total defects, and the 
various forms of rolling contact fatigue (RCF) in plain 
rail (i.e. not associated with welds) comprise a further 
35%. 

Table 3 and Figure 4 show a more detailed 
breakdown of rail defects according to track type, 
normalised against the total track distance (i.e. 
defects per km of track). Further analysis of the 
defect data against location within the section 
indicated that the majority of defects were associated 
with either curved track, or the transitions into or out 
of individual curves. In general, HAZ cracks and 
gauge corner cracks in plain rail occurred on the high 
rail (primarily in viaduct track); less severe forms of 
rail RCF, such as fine cracks and flaking, occurred in 
both high and low rails. The location of corrugations 
varied between tunnel and viaduct track, occurring 
predominantly on the low rail in tunnel track, and high 
rail on the viaduct track.  

Table 2: Track details 
Rail section UIC60 Continuously welded 
Track gauge 1435 mm  

Electricity 
supply 

to Rolling 
Stock 

750 V DC via a third rail system 

Cant (super 
elevation) 

Curves Variable dependent on track speed 
and curve radius, as summarised in 

Appendix A 
 Transitions Preferred rate of cant change 

specified by LTA 
Rail 

inclination 
1 in 40  

Rail grade UIC 860 
Grade 900A

Tangent and curves > 500 m radius 

 UIC 860 
Grade 1100 

(1% 
Chromium) 

Curves <500  radius 

Rail welds Original 
construction

Aluminothermic welded, Thermit 
(UK) process 

 Woodlands 
extension 

Flashbutt welded (open rail) 
Aluminothermic welded, Boutet 

process (turnouts and crossings) 
 Defect 

replacement
Aluminothermic welded, Thermit 
(Aust) SkV-F process, Z90 and 
Z110 portions (Grade 900 and 
Grade 1100 rail respectively) 

Rail grinding Speno 16 
stone 

machine  
(2 off) 

Control profile to UIC 60 section (± 
0.5 mm) 

Profiles checked prior to and after 
grinding using “Lazerail” 

 Frequency ≤ 800 m radius: twice yearly 
> 800 m radius: yearly 

 Metal removal 
rates 

0.25 mm achievable in 8 passes 

Corrugation wavelengths typically observed in the 
SMRT system are given in Table 4. Figure 5 shows 
typical longitudinal profiles at corrugated sections, 
measured on the running surface using the “Weld Dip 
Gauge” which was designed and manufactured by 
Institute of Railway Technology. Included in the 
profile graph is the hardness values measured at 
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peaks and troughs of the corrugations with an 
“Equotip”` portable hardness tester. 

The original track construction included the use of 
(standard gap) aluminothermic welds, with 
consumables sourced from Thermit (UK). Such 
consumables included different portion chemistries 
(hardnesses) for the M90 and Grade 1100 rails used 
in tangent/shallow curved track, and sharp curves 
respectively. In the Woodlands extension, all welds, 
with the exception of those at crossings, were 
flashbutt welds. 

 

 

 

 

 

 

 

 

Figure 3: Distribution of rail defects by type 

 

 

 

 

 

 

 

 

Figure 4: Distribution of rail defects by type 

Table 3: Distribution of rail defects by track type 
(defects/km of track) 

 Viaduct Tunnel 
 Phase 1 & 

2 
Woodlands 
extension 

Phase 1 & 2

HAZ Cracks 6.8112 0.0005 0.0018 
Rolling contact 

fatigue (plain rail) 
3.5555 0.0061 0.0046 

Corrugations 0.5676 0.0011 0.0012 

Table 4: Corrugation details 
Wavelength (mm) Location 

25-30 Viaduct (78924 SB right) 
30-40 Tunnels 
50-60 Tunnels and viaduct 

110-150 Tunnels 

By far the greatest proportion of rail defects occurred 
as HAZ cracking in aluminothermic welds in the 
Phase 1 and 2 viaduct track sections. Inspection also 
indicated the development of HAZ cracks in flashbutt 
welds in Grade 900 rail, although the extent of 
cracking appeared less severe than in the 
aluminothermic welds. Crack initiation typically 
occurs towards the gauge corner, on the trailing end 
of the weld. Similarities therefore existed in the crack 
initiation process between the HAZ cracking and the 
gauge corner cracking in plain rail; in fact a 
significant number of cracked welds were located in 
sections where gauge corner cracking of the adjacent 
plain rail was evident also.  

 

 

 

 

 

 

 

 

 

Figure 5: Longitudinal profile and hardness 
variation in corrugated rail 

3.0 LUBRICATION PRACTICES 

Existing wheel-rail lubrication practices are based on 
the use of vehicle-mounted Fuji flange lubricators, 
fitted to the leading and trailing wheelset of 
approximately two-thirds of the vehicle fleet. During 
normal operations, only the lubricator fitted to the 
leading wheelset is active. No curve-sensing 
equipment is fitted, such that the lubricator is active 
in both curved and tangent track. 

Adhesion limits on both high and low rails in curved 
track were measured at tunnel and viaduct track 
using the Tribometer [2]. It indicated that the 
adhesion levels in the tunnel were relatively 
consistent, whereas on the viaduct section a liberal 
application of water to the running surface reduced 
the adhesion level from a mean of 0.45 down to 0.22; 
this suggests that the occurrence of heavy rainfall 
may result in variable friction behaviour on the 
exposed viaduct track.  

4.0 WHEEL-RAIL INTERACTION ISSUES 

Wheel-rail interaction characteristics in the SMRT 
system vary between the tunnel and viaduct track 
sections, and this in turn influences the rail defect 
characteristics. However the defects present in both 
types of track can be grouped into the following two 
main types: 
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• corrugations, present at several wavelengths, 
which in turn are determined by the wheel-rail 
interaction characteristics and the resonant 
frequencies of track and vehicle components; and 

• rolling contact fatigue, present as head checking 
(running surface and gauge corner) in the tunnels 
sections, and gauge corner cracking in plain rail, 
and HAZ cracks in welds, in the viaduct sections. 

For corrugations, the various wavelengths observed 
in the tunnel and viaduct track sections were 
associated with resonance in track components (e.g. 
slab or floating slab track), or vehicle components 
such as torsional resonance of axles (shorter 
wavelength corrugations). The dominant damage 
mode is expected to be cyclic wear, rather than 
plastic deformation such as obtained at higher axle 
loads. The high adhesion levels measured in the 
tunnel sections may exacerbate corrugation 
development, through the promotion of unstable 
“stick-slip” behaviour. 

The morphology of rolling contact fatigue damage 
also varied between tunnel and viaduct track 
sections. In the former, the presence of relatively 
high adhesion limits (typically 0.5-0.55) on the 
running surface of both rails, in combination with the 
steering forces during bogie curving, result in the 
initiation of surface-induced rolling contact fatigue. 
Under the continued influence of these wheel-rail 
interaction conditions, and the absence of any 
lubricant or water which may enhance sub-surface 
crack growth, crack propagation may be restricted to 
near-surface layers. The dominant damage mode 
was checking of the running surface, with some 
associated gauge corner cracking. The orientation of 
any surface cracks provided an indication of the 
direction of major creepage or tractive forces, 
typically occurring perpendicular to the direction of 
applied traction. Routine rail grinding is expected to 
control or remove the contact fatigue damage prior to 
the development of any significant spalling. 

In the viaduct track sections, similar wheel-rail 
interaction behaviour was expected to occur in the 
absence of rainfall, although the rail support 
conditions (timber sleepers on ballast) differ from 
those present in the tunnel sections. Curve radii in 
the viaduct track were also generally less severe 
than in the tunnels, such that steering or tractive 
forces during vehicle curving may be lower. Under 
these conditions, there was less tendency for rail 
deflection (dynamic gauge widening) or rail rotation, 
and hence slightly different wheel-rail contact 
conditions. The dominant mode of rolling contact 
fatigue damage was therefore gauge corner cracking, 
also present in the welds and HAZ cracks, arising 
from unacceptable contact stress levels. 

Friction behaviour and adhesion limits in the viaduct 
track sections were influenced by the high rainfall 

levels which occur in Singapore. The measurements 
taken indicated the adhesion limits can be reduced 
markedly under high rainfall conditions; this was 
expected to have two major effects: 
• variable bogie steering behaviour, and 
• an increased tendency for wheel slip and/or slide 

under heavy traction or braking conditions. 

Wheel slide protection (WSP) equipment fitted to the 
trainsets was expected to minimise the latter, 
although the presence of tread damage in some 
wheels examined as part of the study, as well as 
wheel burns in several viaduct track locations, 
indicated that wheel slip does occur. 

In addition, the presence of free moisture from rainfall 
will have a major effect on the propagation behaviour 
of surface-initiated rolling contact fatigue damage 
such as the gauge corner cracks [3]. 

It should also be noted that rolling contact fatigue 
damage was observed on the treads of motor (M) car 
wheels, indicating that these vehicles, rather than the 
DT cars, may be the primary contributor to rail 
damage. 

Rail welds, in particular the aluminothermic welds 
used for all rail welding requirements during initial 
construction, and for defect replacement, appear to 
contribute to the development of rail defects in 
several ways including, 
• the variation in material properties (hardness) 

across the weld results in localised dipping at the 
HAZ (aluminothermic welds), or high spots in the 
fusion zone of flashbutt welds; this in turn 
contributed to increased dynamic loads and 
possibly incipient wheel slip under unloading 
conditions, particularly under variable adhesion 
conditions; 

• the lower hardness (strength) regions in the HAZ 
were more prone to the development of rolling 
contact fatigue. 

In addition, the fatigue crack propagation behaviour 
of aluminothermic weld metal is inferior to that of 
parent rail [4,5], such that once initiated, rolling 
contact fatigue cracks propagate at a higher rate. 
Fatigue crack propagation in HAZ cracks on viaduct 
track will also be exacerbated by the presence of free 
moisture, as discussed above. 

The fact that HAZ cracking was observed in both 
aluminothermic welds and flashbutt welds therefore 
indicates that the defects are related to the presence 
of lower hardness (and hence lower yield strength) 
regions in the welds, combined with the high contact 
stress levels developed at the gauge corner. The 
softer HAZ region in both weld types fell well below 
the equivalent values for the parent rail material, and 
hence this region represented the limiting condition 
for design of wheel-rail profiles under SMRT 
conditions. 
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The following steps were taken to address the wheel-
rail interaction issues faced within the SMRT system: 
a) eliminate or minimise the tendency for rolling 

contact fatigue and corrugations in rails;  
b) optimise wheel-rail lubrication practices; and 
c) modelling and detailed analysis of wheel-rail 

interaction behaviour, including the effects of: 
• modifying wheel and rail profiles, or other 

aspects of the wheel-rail interface such as rail 
inclination or the extent of dynamic gauge 
widening; 

• altering adhesion limits (e.g. as may be 
obtained using alternative lubrication 
practices); and 

• altering material characteristics (noting that the 
HAZ in rail welds may still present the limiting 
condition). 

5.0 MATERAIL CHARACTERISTICS 

Detailed examination of new and worn/damaged 
samples of rail and weld materials from both tunnel 
and viaduct track showed that the Grade 1100 rail 
material, and the aluminothermic welds produced 
using the Thermit SkV-F process, in conjunction with 
a Z110 portion (for the Grade1100 rails) exhibited 
mechanical properties which were within 
specification. 

In the case of the Grade 1100 rail material, 
differences of approximately 30 HV in gauge corner 
hardness were evident between the two sides of the 
rail head in new rail. 

The more severe rail defect category was rolling 
contact fatigue, present as gauge corner cracks, HAZ 
cracks, and spalling or flaking.  Detailed hardness 
testing on worn rail and weld samples from curved 
track indicated that a narrow region of the gauge 
corner is heavily loaded, contributing to the initiation 
of rolling contact fatigue cracks at the rail surface. In 
welds, the lower hardness present in the HAZ 
provided a preferential site for initiation of these 
cracks. 

Sub-surface crack propagation behaviour was 
influenced by ambient conditions, in particular the 
presence of free moisture (rainfall), which enhanced 
the fatigue crack propagation process in viaduct 
track. The fatigue cracks in these locations 
propagated to a depth of 4-5 mm, approximately 
parallel to the running surface, under the influence of 
shear stresses developed from wheel-rail contact. In 
tunnel track, rolling contact fatigue damage was less 
severe, manifesting itself as surface checking, and if 
not controlled by rail grinding, in spalling and flaking. 

The use of a higher strength rail steel (such as Mill 
Heat Treated grade, or equivalent), in sharp curves 
would provide an improvement in both rolling contact 
fatigue and corrugation behaviour of the rail. 
However the minimum hardness present in the HAZ 

of rail welds was considered the limiting condition in 
terms of both rail (weld) materials and wheel-rail 
contact conditions.  

A comparison of typical hardness data for currently-
available rail welding procedures (flashbutt, 
aluminothermic and gas pressure) had indicated that 
a minimum HAZ hardness of 250-270 HV was typical 
of all procedures, unless a post-weld heat treatment 
procedure is applied. The width of the HAZ will vary 
with the welding procedure used, and the rail grade. 
While some advantage may therefore be gained in 
using a rail material and welding procedure (such as 
flashbutt welding) which provides the narrowest HAZ, 
the fact that HAZ cracks were observed also in 
flashbutt welds in the Woodlands extension indicated 
that this option would not eliminate the defects. 
Hence optimization of wheel-rail contact conditions 
was attempted to solve the wheel-rail interaction 
issues. 

6.0 WHEEL-RAIL CONTACT CONDITION 

The wheel-rail interaction process leads to a mixture 
of wear and rolling contact fatigue. Lubrication of the 
wheel-rail interface reduces wear damage. The 
existing lubrication system at SMRT provides 
reasonable cover on both wheel flanges and the rail 
gauge face in curved track, and is effective in 
controlling rail side wear.  Hence rolling contact 
fatigue issues dictate maintenance requirements. 
Key factors controlling the interaction process are 
normal and shear forces, the contact geometry 
translating these forces into stresses and the energy 
dissipation which determines the severity of the 
deformation or wear process. 

As part of detailed review of profiles, new and worn 
wheel and rail conditions were examined to identify 
aspects or significant changes which indicate the 
suitability of the wheel-rail profile combinations used. 
The modelling of SMRT vehicles in curves was used 
to estimate wheel-rail forces and energy dissipation.  

SMRT uses the UIC60 rail section at 1:40 cant in 
combination with the S1002 wheel profile. This is a 
wear-adapted combination developed by European 
railways. The primary problem experienced by SMRT 
was high rail gauge corner fatigue in sharper curves 
accentuated in transitions of viaduct track.  

6.1 Wheel Profiles 

Typical worn wheel profile superimposed against a 
S1002 template is shown in Figure 6.Relatively little 
flange wear observed in number of worn wheel 
profiles confirmed adequate lubrication. The tread 
wear rate was typically 0.5 mm per 100,000 km for 
motor and trailer cars. Tread hollowing was 
noticeable as wheels approached the wear limits and 
hence may contribute to field side crushing of low 
rails. The maximum extent of tread hollowing evident 
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was approximately 2.5 mm after approximately 2 
years service. 
 

 

 

 

 

 

 

Figure 6: Typical worn wheel profile (25 months) 

Within individual trainsets, however, the wheels on M 
cars showed some evidence of fine cracking in the 
throat and outer edge of the tread, similar to RCF 
damage in rails. Some M car wheels also showed 
evidence of localised wheel skid damage. 

In general there was no significant change in the 
tread profile with time in service. This suggested that 
contact conditions for the greater part of the 
operating system were satisfactory. Hence the rolling 
contact fatigue issues in sharper curves were 
addressed by adjustments to the rail profiles in the 
affected areas.  

6.2 Rail Profiles 

Representative rail profile superimposed against a 
new UIC60 rail section template is shown in Figure 7. 

 

 

 

 

 

 

 

 

Figure 7: Typical worn high rail profile 

The contact conditions between new UIC60 rail and 
new as well as worn wheels generally were 
satisfactory. Contact stresses in the gauge corner 
region tend to be acceptable or moderate with 
preferential wear. However, this stable condition gets 
disturbed as rail flexure increases and the gauge 
corner contact becomes pronounced as illustrated in 
Figure 8. In this case the rail rotation was 0.5 degree 
which is typical of sharper curves as indicated by rail 
foot deflections measured in 300m radius curve at 
SMRT. 

Rail head rotation occurs in response to lateral (L) 
and vertical (V) forces as well as being sensitive to 
boundary conditions such as the eccentricity of 

forces and fit between wheel and rail profiles. At low 
L/V ratios the rail head rotation is linked to flexure 
within the rail section. As the L/V ratio increases the 
rail foot begins to lift to increase the rail head 
rotation. Rail rollover of the unrestrained section 
tends to occur at L/V of ~0.7 requiring the clip to 
restrain the rail section. 

In practice ~40% of the vertical force is transmitted 
into the immediate rail foot support whilst a 
significantly higher proportion (~75%) of lateral load 
is reacted locally. Consequently, an L/V ratio of 
0.3-0.4 corresponds to an effective ratio of ~0.7 as 
seen by the immediate rail support [6].  Hence, clip 
restraint comes into play and rail rotations increase 
more significantly in sharper curves as the L/V ratio 
exceeds 0.3. 

SMRT has been grinding rails to restore the new 
UIC60 section detail. A number of worn tangent rail 
profiles were compared against the new UIC60 rail 
profile. Gauge corner details varied from a close fit to 
poor fit or deformed due to systematic near flange 
contact given the longer period since grinding. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 8: UIC60 rail - new & worn wheel 

A selection of rail profiles from curved track, covering 
sharp to shallow curves was assessed. There is 
some indication of mild top-of-gauge corner crushing 
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in sharper curves. In other cases there were larger 
discrepancies between the gauge corner detail and 
the reference profile suggesting gauge corner 
undercutting. The rail profile implementation process 
should account for the orientation of the rail to ensure 
both profile shape and alignment are satisfied. 

The ‘tread’ contact shown in Figure 9 is highly 
conformal requiring more pronounced gauge corner 
contact to derive additional steering. The latter 
overcorrection introduces the higher creepages/slip 
which promotes rolling contact fatigue. 

6.3 Modified Rail Profiles  

The UIC60 rail profile section was reviewed to 
develop modified rail profile to suit SMRT operating 
conditions which would alleviate the higher gauge 
corner stresses resulting from rail flexure in sharper 
curves. The modified high rail profile in combination 
with new and worn wheels is shown in Figure 10. 
This includes the static 1:40 installed rail cant 
applicable in shallow curves with little rail flexure and 
the rail flex case representing 0.5 degree outward 
rotation.  

Contact conditions in the gauge corner region tend to 
be favourable targeting a stabilised contact stress of 
900 MPa. In practice, the bedding in process would 
be influenced by profile control/faceting as an 
approximation to the target profile. In general a 
tolerance of 0.2mm deviation from the reference 
profile would be aimed for and this controls the facet 
width and required coverage within the primary 
contact zones. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 9: High rail -new & worn wheels 

The modified low rail profile shown in Figure 11 
examines the leading wheelset case which 
experiences more severe rail loading and creepage. 
This also achieves suitable contact conditions with 
field side relief to cater for the worn hollow wheels. 

It is important that, during the implementation, 
modified profiles are referenced in absolute terms to 
ensure correct orientation. The high rail requires an 
undercut of the gauge corner with added field side 
relief. The low rail requires better definition of the 
contact zone with some gauge and field side relief.  
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 10: Modified high rail - new & worn wheel 

7.0 CURVING SIMULATIONS 

As part of the study curving simulations were 
conducted to examine a range of operating 
parameters to identify those which contribute to or 
highlight the rolling contact fatigue process.  

The curving model for primary sprung bogies 
developed by Institute of Railway Technology 
(formerly BHP Research – Melbourne Laboratory) 
was used to examine the curving behaviour of SMRT 
vehicles.  

The model incorporates the relationships between 
the displacement parameters, primary suspension 
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(horizontal) stiffness and the forces/moments acting 
on the bogie and its components. Inputs include non-
linear wheel/rail interaction characteristics derived by 
an auxiliary program. These describe the variation in 
rolling radius and contact angle at each wheel as a 
function of wheelset lateral displacement. A non-
linear adhesion characteristic has been incorporated 
in the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

Figure 11: Modified low rail - new & worn wheel 

7.1 Simulation Results 

Model outputs of interest include the leading 
wheelset L/V ratios linked to rail loading/flexure and 
wheel-rail energy dissipation associated with wear 
and fatigue damage. The lubricated results in Figure 
12 indicate L/V ratios of ~0.3 on the low rail side in 
curves below 500m radius, whilst considerably higher 
values are generated at the high rail. Hence rail 
rotations and fatigue damage increase in the sharper 
curves. The higher energy dissipation at the low rail 
suggests that if conditions are appropriate for 
initiating fatigue damage then the deterioration 
process will proceed at a higher rate. 

The dry rail conditions in Figure 13 represent 
lubrication failure or the immediate post grinding 

period as grinding facets disturb the lubrication 
effectiveness. In this case the energy levels at the 
high and low rails are similar. The high rail L/V ratio is 
reduced and the low rail L/V ratio falls below 0.3. The 
implications are that the rail wears more rapidly 
taking on the S1002/UIC60 profile shape. However, 
as lubrication takes effect rail rotations increase 
leading to the higher contact stresses and gauge 
corner fatigue.  

7.2 Rolling Contact Fatigue 

The wear and rolling contact fatigue performance of 
wheels and rails is influenced by the contact 
geometry, wheel loads and bogie tracking 
characteristics affecting the steering–creep forces. 
These factors combine to control the stress state and 
tendency of the material to deform progressively or 
work-harden and stabilise.  

The rolling contact fatigue tendency is represented 
by the shakedown ratio which combines the normal 
and shear forces into an effective stress. This stress 
is ranked against stress limits defining the transition 
between controlled and uncontrolled deformation or 
unity shakedown ratio. 

Operating conditions giving rise to a shakedown ratio 
above 1 indicate an increasing tendency for material 
deformation under steady state conditions. Values 
below 1 indicate a reserve for increased loading, with 
0.92 representing ~28% dynamic load capacity or an 
allowable impact factor of 1.28. 

Shakedown ratios under current operating conditions 
are shown in Figure 14. Three bands are shown 
corresponding to the heat affected zone in welds at 
550MPa yield strength, whilst the 640MPa and 
790MPa limits represent the 900 and 1100 grade rail 
materials. Indications are that the heat affected zone 
is overloaded with the new wheel-rail combination. 
Likewise the 900 grade rail is not expected to 
perform satisfactorily in the high rail of sharper 
curves with the shakedown ratio remaining above 1. 
The 1100 grade rail has the ability to stabilise 
although dynamic loading at the high rail needs to be 
contained within ~25%.  

The situation at the high rail side is somewhat less 
favourable if lubrication fails or is less effective and 
contact stresses remain high, assuming new wheel-
rail combinations with some rail flexure. The typical 
deterioration process, especially in the case of 
corrugations, involves some dynamic load 
component. Namely the softer heat affected zones 
deteriorate locally under steady state operating 
conditions and provide the dynamic loading that 
propagates in the direction of travel. Consequently 
the steady state shakedown ratios need to fall below 
unity to provide some dynamic load capacity to 
minimise fatigue initiation/deterioration. 

1 624_ 307 8. 2b

s mrt . new

10
°

5 °

15 °

•

•

•

•

smr t 5- 5.

-3

1 0 °

5 °

15 °

•

•

•

•

smrt 5- 5.

-3

162 4_3 078 .2b

smr t .n ew

10 °

5 °

15 °

•

•

•

•

s mrt 5- 5.

-3

.5

10 °

5 °

15 °

•

•

•

•

smr t 5- 5.

-3

.5

static

static

rail flex

rail flex

worn

worn

new

new



Lee Seng Kee*, K J Epp† and S S S Ravitharan† 
*Singapore MRT Ltd, Singapore 
†Institute of Railway Technology, Monash University 

Improved Wheel/Rail Interface 
Singapore Experience 

 

02.9         Conference on Railway Engineering  
Darwin 20-23 June 2004 

Simulation results for the modified rail profiles 
indicate a similar wear performance to the UIC60 
rails. The primary change is the lower contact 
stresses in sharp curves which lowers the 
shakedown ratios and with the capacity for ~50% 
dynamic loading. Shakedown ratios for the modified 
rail profile, in combination with the existing S1002 
wheel profile under SMRT operating conditions, are 
shown in Figure 15. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 12: Leading wheelset specific energy & 
L/V ratio (Lubricated) 

8.0 CONCLUSION 

Detailed review of wheel and rail profiles indicated 
that there was no significant benefit to rolling contact 
fatigue damage by modifying the S1002 wheel 
profile. The primary factor leading to rolling contact 
fatigue was higher L/V ratios and rail flexure in 
sharper curves.  

The L/V ratio increases under lubricated conditions, 
when powering and in curve entry/transitions. Below 
500m radius the L/V ratios tend to be above 0.3 
leading to effective L/V ratios greater than 0.7 at the 
rail fastening. This leads to the larger rail rotations 
and higher contact stresses given the gauge corner 
detail of the UIC60 rail.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 13: Leading wheelset specific energy & 
L/V ratio (Dry) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Leading wheelset shakedown ratio 
(UIC60 Rail Profile) 
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Figure 15: Leading wheelset shakedown ratio 
(Modified Rail Profile) 

Maintaining the UIC60 rail section in sharp curves via 
rail grinding was not considered to be desirable. 
Modified high and low rail profiles were designed to 
improve contact conditions and to reduce the effect 
of rail flexure on wheel-rail contact stresses. These 
have the ability to reduce progressively and hence 
minimise rolling contact fatigue. Some improvement 
in corrugation development also can be expected 
through implementation of modified rail profiles.  

The existing wheel-rail lubrication strategy was 
considered adequate, in that rail gauge face/wheel 
flange wear was controlled effectively. Trials were 
conducted to evaluate and compare the 
performances of the modified rail profiles with the 
standard UIC60 rail profiles on selected test curves 
at Singapore MRT. These trials showed significant 
improvement in wheel-rail interface conditions and 
indicated the suitability of the modified profiles under 
SMRT conditions. 

The improved wheel-rail interface conditions through 
retaining the S1002 wheel profile and implementing 
  
 
 
 
 
 
 
 
 
 

 
customised modified rail profiles in sharp curves 
have minimized, in some instances, eliminated the 
rail defects including surface cracking and 
corrugations. 

Singapore MRT Ltd is now in the process of 
implementing modified rail profiles in all sharp curves 
as part of the routine rail maintenance/grinding 
program with minimal additional cost. 

9.0 ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the considerable 
support and contributions of the following 
organisations and the permission to publish this 
paper: 
• Singapore MRT Ltd; and 
• Institute of Railway Technology (IRT), Monash 

University. 

10.0 REFERENCES 

1. Ravitharan S S S, Adi Lau and Lee Sing Kee 
(2001), A strategy to achieve greater throughput 
in railway research and technology development, 
13th International Rail Track Conference, 
Canberra, November. 

2. Reiff R (1987), Field evaluation of lubricant 
performance at FAST, Proc. AAR/AREA Rail and 
Wheel Lubrication Symposium, Memphis. 

3. Bower A F (1988), The influence of crack face 
friction and trapped fluid on surface-initiated 
rolling contact fatigue cracks, J Tribology, Trans 
ASME, Vol 110 p.704. 

4. Bulloch J H (1986), Fatigue crack growth studies 
in rail steels and associated weld metal, 
Theoretical and Applied Fracture Mechanics, Vol 
6 pp.75-84. 

5. Mutton P J and Moller R H (1994), Improved 
aluminothermic rail welding technology, Proc 
10th Int Rail Track Conf (Brisbane), Rail Track 
Association, pp.145-151. 

6. Sims J and Tew G (1998), Steel sleeper 
performance, Conference on Railway 
Engineering (Core 98), IEAust, pp.127-131, 
September.  

 

Shakedown Ratio - High Rail

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

0 500 1000 1500 2000 2500 3000
Radius (m)

Sh
ak

ed
ow

n 
ra

tio

550 MPa

640 MPa

790 MPa

Shakedown Ratio - Low Rail

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

0 500 1000 1500 2000 2500 3000
Radius (m)

Sh
ak

ed
ow

n 
ra

tio

550 MPa

640 MPa

790 MPa



 

 03.1 Conference on Railway Engineering 
  Darwin 20-23 June 2004 
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SUMMARY 
With a view to examining the wheel-rail impact forces due to track geometry irregularities, the simulations of 
wagon-track system dynamics have been carried out and are presented in this paper.  Two types of Pacific 
National (PNL) wagons (120-ton coal and 79-ton container) containing new and worn wheels, and measured 
track geometry irregularities supplied by The Australian Rail Track Corporation (ARTC) have been used in 
the simulations.  It is shown that the alignment irregularity contributes the most to the lateral impact whilst 
the vertical surface profile irregularity contributes the most to the vertical impact for these specific measured 
track irregularities.  It is shown that the wagons with severely worn wheels could lead to wagon derailment.  
It is also shown that the increase of wagon speed generally increases the impact, and the lighter wagon is 
more sensitive to the increase of wagon speed. 
 

1 INTRODUCTION 

Currently, track maintenance plans and train 
speed setting are based on the measured track 
geometry irregularity data without any 
consideration to the dynamic responses at the 
interface of the wagon and track systems due to 
these track geometry irregularities, and the wheel 
and rail defects.  As the safety, economy and 
passenger comfort are largely dictated by the 
system dynamics, it is prudent to develop decision 
support systems (DSS) for track maintenance 
planning and train speed setting based on the 
combined consideration of the track geometry 
irregularity inspection and the dynamic responses 
of the wagon and track systems.  This paper 
reports some preliminary results of an ongoing 
research funded by the Rail CRC and carried out 
at the Centre for Railway Engineering (CRE).  This 
project aims at using reasonable and reliable 
mathematical models to describe the interaction of 
wagon and track, and to predict the system 
dynamic behaviour due to wheel and track profile 
characteristics.  There are numerous studies 
reported in the literature on the wheel-rail 
interaction ([1] ~ [4]) including the model of 
dynamics of wagon and track interaction 
developed by the first author ([3] ~ [4]).  
 
This paper presents both the lateral and the 
vertical dynamic responses of wheel and rail 
interaction due to practical measured track 
geometry irregularities in The Australian Rail Track 
Corporation (ARTC) network.  The effects of 
wagon condition (two types of wagon), wheel 

profile (new wheel profile and severely worn wheel 
profile) and wagon speed (60 km/h, 80 km/h and 
100 km/h) are considered in the simulations 
reported in this paper. 

2 TRACK GEOMETRY  

The main purpose of track geometry inspection is 
to detect the track geometry irregularities that 
could endanger the safety and reliability of railway 
traffic and to assist the track engineers to plan 
track maintenance in the most efficient way.  The 
track geometry measurements using a track 
recording car that runs at regular time intervals are 
essential to a successful track condition-based 
management process, which could allow condition 
forecasting and consequent maintenance 
planning. 
 
Track geometry is mainly defined in terms of four 
irregularities, namely, cross level, vertical surface 
profile, gauge variation and alignment variation. 
Railway industry regards this track geometry 
irregularity data as suitable for track condition 
inspection and maintenance scheduling.  
 
A section of concrete sleeper ballasted tangent 
track of standard gauge in ARTC network is 
considered for the simulation.  Data measured at 
0.5 m intervals provides the cross level, the left 
and right rail vertical surface profiles, the gauge 
variation, and the left and right rail alignment 
variations as shown in Fig. 1.  The large 
irregularity variations are around the location 
between 700 m ~ 750 m.  

mailto:y.q.sun@cqu.edu.au
mailto:d.roach@cqu.edu.au
mailto:m.Dhanasekar@cqu.edu.au
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Figure 1 – Measured Track Geometry 

Irregularities 
 

3 WAGON SYSTEMS  

Two types of wagons are considered, namely, a 
120-ton hopper coal wagon and a 79-ton container 
wagon.  The 120-ton wagon contains self-steering 
bogies, secondary suspensions, and elastic pads 
between sideframes and axle boxes as the primary 
suspensions.  The 79-ton wagon contains 
traditional three-piece bogies without primary 
suspensions.  

4 SIMULATIONS  

Two models, namely, the three-dimensional wagon 
and track system dynamics (3DWTSD) model 
developed by the first author, and the VAMPIRE 
package were used. In the absence of any 
measured data, it was required to examine the 
appropriateness of the results predicted.  Hence, 
the choice of two independent programs was 
appropriate.  

The simulations were carried out as follows: 

• Effect of each individual irregularity on wheel-
rail impact forces—cross level, vertical 
surface profile, gauge variation and alignment 
variation. 

• Effect of the combined irregularities on wheel-
rail impact forces. 

• Effect of wagon condition on wheel-rail impact 
forces – 120-ton coal wagon and 79-ton 
container wagon containing new and severely 
worn wheel profiles. 

• Effect of wagon speeds on wheel-rail impact 
forces – 60 km/h, 80 km/h and 100 km/h. 

A total of 36 analyses were carried out.  The 
outputs are presented as wheel-rail lateral and 
vertical impact factors (wheel-rail contact force 
divided by static wheel load) and L/V ratios. 

For all cases of the simulation runs, two types of 
wheel profiles, namely new and severely (severe 
tread hollowing) worn wheels were selected as 
shown in Fig. 2 (a) and (b) respectively, and 
wheel-rail contact parameters were determined 
and provided as “look-up” tables. Graphical 
representation of the contact parameters—in 
particular the radius of curvature and contact angle 

of wheel profile at the contact point are shown in 
Figs. 3 and 4 for the new and worn wheels 
respectively.  In all simulations, the rail profile was 
kept in the as after-grinding condition, and wheels 
were considered to be perfectly circular. 

 
(a) New Wheel-Rail (After-Grinding) Profile 
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(b) Worn Wheel-Rail (After-Grinding) Profile 

 
Figure 2 – New Wheel and Worn Wheel-Rail 

(After-Grinding) Profiles    
 

   (a) Radius of Curvature of Wheel Profile at Contact Point 
 

 
(b) Contact Angle 

Figure 3 – New Wheel Contact Parameters 
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(a) Radius of Curvature of Wheel Profile at Contact 

Point 
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(b) Contact Angle 

 
Figure 4 – Worn Wheel Contact Parameters 

5 TRACK GEOMETRY EFFECTS ON WHEEL-
RAIL IMPACT FORCES 

Figs. 5–9 show the wheel-rail lateral and vertical 
impact factors and L/V ratio due to various specific 
track geometry irregularities for the 120-ton wagon 
running with the new wheel profile at a speed of 
80 km/h.   

5.1 Cross Level 

The lateral and vertical impact factors due to cross 
level irregularity are shown in Fig. 5 (a) and (b) 
respectively. 

 
 
 

 
(a) Lateral Impact Factor 
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Figure 5 – Impact Factors Due to Cross Level 

Irregularity 
 

Although there is a large deviation of cross level 
from perfect track status as shown in Fig. 1, it can 
be seen from Fig. 5 (a) and (b) that the lateral 
impact factor changes only slightly around 0.05 
whilst the vertical impact factor changes within the 
range of 0.8 to 1.2, and the impact factors on the 
right and left wheels vary in anti-phase due to 
cross level irregularity. 

5.2 Vertical Surface Profile 

Fig. 6 (a) and (b) show the lateral and vertical 
impact factors due to vertical surface profile 
irregularity. 
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(a) Lateral Impact Factor 
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(b) Vertical Impact Factor 

Figure 6 – Impact Factors Due to Vertical 
Surface Profile Irregularity 

 
Because both rails are assumed to possess the 
same average vertical surface profile irregularity, 
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the lateral impact factors for the right and left 
wheels shown in Fig. 6 (a) and the vertical impact 
factors for the right and left wheels shown in Fig. 6 
(b) are exactly the same. Due to the large 
deviation of vertical surface profile as shown in 
Fig. 1, some large vertical impact factors are 
produced closer to the 750m section, with the 
maximum of about 1.36.   

5.3 Gauge Variation 

Fig. 7 (a) and (b) show the lateral and vertical 
impact factors due to gauge variation irregularity. 
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(a) Lateral Impact Factor 
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(b) Vertical Impact Factor 

Figure 7 – Impact Factors Due to Gauge 
Variation Irregularity 

 
 
Although the minimum gauge variation below 
standard from Fig.1 is –9.4mm, the clearance 
between the wheel flange and the rail gauge face 
is about 8.5 mm, and the flange contact generates 
only very small lateral impact forces in this 
situation as shown in Fig. 7 (a). Also, the vertical 
impact factors as shown in Fig. 7 (b) do not 
change significantly.   

5.4 Alignment Variation 

The lateral and vertical impact factors due to the 
alignment variation irregularity are shown in Fig. 8 
(a) and (b) respectively. 
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(a) Lateral Impact Factor 
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(b) Vertical Impact Factor 

Figure 8 – Impact Factors Due to Alignment 
Variation Irregularity 

It can be seen from Fig. 8 (a) that the alignment 
variation causes large lateral impact forces. The 
large deviations in alignment have led to several 
heavy flange contacts, resulting in large lateral 
impact factors with the absolute maximum of 0.81. 
These flange contacts also produce large vertical 
impact factors as shown in Fig. 8 (b).  

5.5 Combined Irregularities 

Fig. 9 (a), (b) and (c) show the lateral and vertical 
impact factors and the L/V ratio due to the 
combined irregularities for the 120-ton wagon 
running with the new wheel profile and at a speed 
of 80 km/h. 
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(b) Vertical Impact Factor 
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(c) L/V Ratio 

Figure 9 – Impact Factors and L/V Ratio Due to 
Combined Irregularities for 120-ton Wagon 

 
It can be seen from Fig. 9 (a) and (b) that for these 
specific track geometry irregularities the alignment 
variation mainly contributes to the lateral wheel-rail 
impact forces whilst the vertical surface profile 
mainly contributes to the vertical impact forces. 
The combined track geometry irregularities cause 
absolute maximum values of lateral and vertical 
impact factors and L/V ratio of 0.66, 1.58 and 0.72 
respectively.  

6 WAGON CONDITION EFFECTS ON WHEEL-
RAIL IMPACT FORCES 

Fig. 10 (a), (b) and (c) show the lateral and vertical 
impact factors and the L/V ratio due to the 
combined irregularities for the 79-ton wagon 
running with the new wheel profile and at a speed 
of 80 km/h. 
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(a) Lateral Impact Factor 
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(b) Vertical Impact Factor 
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(c) L/V Ratio 

Figure 10 – Impact Factors and L/V Ratio Due 
to Combined Irregularities for 79-ton Wagon 

 
It can be seen from Fig. 10 (a), (b) and (c) that the 
absolute maximum values of lateral and vertical 
impact factors and L/V ratio with 1.04, 1.70 and 
0.80 produced by the 79-ton wagon are higher 
than those by the 120-ton wagon, with 57% 
increase for the lateral impact factor, 8% increase 
for the vertical impact factor and 12% increase for 
the L/V ratio.  The higher values associated with 
the 79-ton wagon are also indicative of the higher 
lateral dynamics associated with 3-piece bogies 
relative to the primary sprung bogies in the 120-ton 
wagon, particularly at a speed of 80 km/h, which is 
within the hunting regime for the 3-piece bogies.  
The main reason for this may be due to the fact 
that the coal wagon design minimises the impacts 
between the wheel and the rail, as the primary 
suspensions in the 120-ton wagon can effectively 
reduce the unsprung mass that contributes to large 
impact forces. 
 
 
Fig. 11 (a), (b) and (c) show the lateral and vertical 
impact factors and the L/V ratio due to the 
combined irregularities for the 120-ton wagon 
running with the worn wheel profile and at a speed 
of 80 km/h. 
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(a) Lateral Impact Factor 
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(b) Vertical Impact Factor 

 

-1.5

-1

-0.5

0

0.5

1

600 650 700 750 800 850 900 950 1000

Distance (m)

L/
V 

R
at

io

Right Wheel

Left Wheel

 
(c) L/V Ratio 

 
Figure 11 – Impact Factors and L/V Ratio Due 
to Combined Irregularities for 120-ton Wagon 

with Severely Worn Wheels 
 
It can be seen from Fig. 11 (a) that the severely 
worn wheel increases the lateral impact factors 
significantly whilst the vertical impact factors are 
affected much less as shown in Fig. 11 (b).  In this 
situation, the absolute maximum values of lateral 
and vertical impact factors and L/V ratio increase 
by 27%, 3% and 61% compared with the wagon 
running with the new wheel profile.  It can be also 
seen that the L/V ratio on the left wheel shown in 
Fig. 11 (c) is over 1.0, which would increase the 
wagon derailment potential.  

7 WAGON SPEED EFFECTS ON WHEEL-
RAIL IMPACT FORCES 

It is well known that the wagon operation speed 
significantly influences the dynamic interaction of 

the wagon and track systems.  In order to examine 
the effects of wagon speed on the wheel-rail 
impact forces, simulations were carried out for 
both 120-ton and 79-ton wagons running with the 
new wheel profile and at the speeds of 60 km/h, 80 
km/h and 100 km/h.  Table 1 lists the lateral and 
vertical impact factors and the L/V ratios for these 
three speeds. 
 

Wagon Speed 
(km/h)

Lateral 
Impact 
Factor 

Vertical 
Impact 
Factor 

L/V 
Ratio 

60 0.57 1.36 0.67 

80 0.66 1.58 0.72 120 
ton 

100 0.67 1.74 0.73 

60 0.73 1.53 0.68 
80 1.04 1.70 0.80 79 ton 

100 1.09 2.24 0.83 
 

Table 1 – Lateral and Vertical Impact Factors 
and L/V ratios for New Wheel-Rail (after-

Grinding) Profile 

From Table 1, when the speed increases from 60 
km/h to 100 km/h, the lateral and vertical impact 
factors and L/V ratios increase by 17%, 28% and 
9% for the 120-ton wagon and by 49%, 47% and 
23% for the 79-ton wagon. It can be seen that the 
lighter wagon is more sensitive to the speed 
increase.  

8 CONCLUSIONS 

From the simulations it could be concluded that the 
track geometry irregularities cause significant 
dynamic interaction between the wagon and track 
systems. In the specific cases dealt with in this 
paper, the alignment variation mainly contributes 
to the lateral dynamic interaction, leading to large 
lateral impact factors with the absolute maximum 
of 0.81 whilst the vertical surface profile 
contributes most to the vertical dynamic 
interaction, resulting in large vertical impact factors 
with the absolute maximum of about 1.36.  
 
Wagon condition also significantly affects the 
dynamic interaction.  The primary suspensions of 
the heavier wagon effectively restrain and reduce 
the dynamic impact.  The absolute maximum 
values of lateral and vertical impact factors and 
L/V ratio produced by the 79-ton wagon increase 
by 57%, 8%, and 12% respectively, comparing 
with those by the 120-ton wagon.  
 
The wagons with severely worn wheels increase 
the lateral dynamic impact significantly.  The 
absolute maximum values of lateral impact factor 
and L/V ratio generated by the wagons with 
severely worn wheels increase by 27% and 61% 
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compared with the wagons running with the new 
wheel profile.  
 
The higher the wagon operation speed, the larger 
the dynamic impacts both laterally and vertically. 
For example, when the speed increases from 
60 km/h to 100 km/h, the lateral and vertical 
impact factors and L/V ratios increase by 17%, 
28% and 9% for the 120-ton wagon. However, the 
lighter wagon would be more sensitive to the 
increase in speed, for example, the corresponding 
values are 49%, 47% and 23% for the 79-ton 
wagon. 
 
The work has also clearly shown that the 
procedures can provide a very useful tool for 
determining the track geometry and wheel/rail 
condition standards that need to be adopted to 
reduce the dynamic lateral and vertical forces to 
acceptable levels, for different types of wagons 
operating at different speeds.  
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SIGNALLING THE ALICE SPRINGS-DARWIN RAILWAY PROJECT

Wayne McDonald
BE (Elec), FIRSE

Westinghouse Signals Australia
SUMMARY

The Alice Springs-Darwin Railway is the longest Australian rail construction undertaken in over 100 years.
Trains travelling over its 1,420 km will join with the existing railway at Alice Springs to provide a land bridge
between the port of Darwin and the southern capital cities.

This paper describes the peculiar requirements for the signalling system to control the new (Alice Springs-
Darwin) and existing (Tarcoola-Alice Springs) railways that both transverse long, sparse distances. These
requirements are being implemented in a computer assisted train order system compliant with the [Australian]
Code of Practice of the Defined Interstate Rail Network and utilising electronic equivalents of the existing
paper forms all linked to track overview display.  Trains pass and cross at autonomous, train-operated
passing loops fitted with self restoring points interlocked over a vital end to end radio telemetry link.

The design of this signalling system is predicated on an expanding traffic volume from an initial low base and
so the system has to both fulfil prime cost targets and provide expansion and automation capabilities to
support the growing traffic without increasing Signaller and Driver loading.  Foreshadowed enhancements are
described.  The owner requires minimal trackside equipment that must operate ultra reliably in a harsh and
remote environment where maintenance can be many hours away.  Trackside communications infrastructure
is almost non existent and trains must utilise satellite communications with the control centre or short range
local radio.
1. INTRODUCTION

Australia has dreamt of a major north-south railway
linking Darwin with the Southern states since 1858.
The studies, the plans and the proposals came and
went but still the railway was no more than a
dream. The federal government finally announced
a decision to proceed in June 1999 and an official
starting ceremony was held in July 2001. The
contrast between the gestation and progress is
remarkable with construction of the 1420 km track
through harsh and inaccessible country completed
in October 2003.
Rarely do we see the opportunity to install and
signal an new railway, let alone one of this scale.
This green fields site, with its low initial traffic flow,
cost sensitive specifications and very constrained
timescale has demanded very cost effective
innovative design and installation.
This is quite an unusual railway.  It is very long,
runs through remote and often inhospitable country
and yet is signalled with just four autonomous
passing loops.  Remoteness demands high
reliability.  The environment demands quality
products.
04.0
This paper describes the challenges and outcome
of signalling of the Alice Springs-Darwin Railway

2. NOTATION

Acronyms, abreviations and names used in this
paper are:
ADrail:  The joint venture design and construction
contractor for the New Railway (Alice Springs-
Darwin)
ARG:  Australian Railroad Group. ARG has  a long
term contract to be the rail operator for FreightLink.
ARTC:  Australian Rail Track Coporation,
infrastructure owner and lessee of much of
Australia’s interstate rail network, including the
connecting railway at Tarcoola
CDMA:  Code Division Multiple Access mobile
telephone system particularly used ouside major
cities to provide a greater coverage area from its
base stations.
DTMF:  Dual Tone Multi Frequency tone set used
in telephone dialling or in this case to access
specific passing loops.
FreightLink:  The operator for the Alice Springs-
Darwin and Tarcoola to Alice Springs railways.
1 Conference On Railway Engineering
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GCP:  Grade Crossing Predictor, train detection
equipment for level crossings.
HD/Link:  A vital telemetry and timer system that
can operate over a linear communications network
(including spread spectrum radios as used in this
project).
insolation:  Solar radiation falling (usually falling
on a collector or photovoltaic device).  Typically
measured in kJoule/m2.
ISM [band]:  Industrial, Scientific and Medical.  A
set of frequency spectra reserved for unlicensed
use by these groups. 
LED:  Light Emitting Diode—(multiple LEDs are
integrated with secondary optics and a power
supply for a LED signal).
Safetran:  Safetran Systems Coroporation,
supplier of HD/Link and GCPs used in this project.

3. SIGNALLING REQUIREMENTS

ADrail, the joint venture composed of KBR, John
Holland Pty Ltd, Barclay Mowlem Construction Ltd
and Macmahon Contractors Pty Ltd was
resopnsible for the design and construction for the
New Railway for Asia Pacific Transport.  ADrail
finalised its scope for a train control system with
• verbal issue of train authorities
• computer generated forms
• overview screen derived from train authorities
• long range LED point indicators
• no additional communications infrastructure
The final scope has the railway uses signalling
based on
• a computer assisted train order control centre

based on existing manual practices
• closed channel verbal communications over

(existing) satellite telephone between the control
centre and trains, principally for issue and
fulfilment of train orders

• self restoring point control at passing loops with
remote reverse call from nearby train cabs

• autonomous level crossings controlled by grade
crossing predictors

Trains will be controlled from FreightLink’s Dry
Creek Control Centre using Train Order working
carried over satellite telephone.  Dry Creek will not
control any trackside equipment—it must operate
autonomously without unnecessarily delaying train
movements.  FreightLink will operate most of the
trains on the line, starting with 5 up and 5 down
services a week.  The train control will also
manage the Tarcoola to Alice Springs line section
leased to FreightLink.

ADrail commenced line construction at both
Katherine and Tennant Creek, extending both north
and south from each location. The construction
south from Tennant Creek joind the existing railway
at Alice Springs.  The construction north from
Katherine terminated at Darwin.  Construction in
the opposite direction from each location met about
midway to join the two sections.
Work trains carried sleepers, rails and ballast from
Katherine and Tennant Creek and  some signalling
had to be progressively installed to support them.
Westinghouse Signals Australia won a competitive
tender to design, supply and install all the signalling
and as the railway construction proceeded.  The
scope of works incorporated the complete train
order system (including uninteruptable power
supply, train order system, communications
equipment, voice recorder, etc), safety case,
proposed updates to operating rules, and all point
control systems and solar power supply.  
ADrail let a separate contract to Westinghouse to
design, supply and install the active level crossing
systems.

4. CONTROL CENTRE

4.1 Requirements

Design and development of an appropriate control
centre for this railway was a particular challenge.
The long thin nature of the line, minimal passing
loops, absence of remote controlled signalling and
initial low traffic all combined to mandate a simple
cost effective system.
FreightLink projects significant traffic increases that
will demand greater operational flexibility and
efficiency in future and so the train control must be
upgradeable for both the Signallers and Drivers.
The Operator elected to follow the Code of Practice
for the  Defined Interstate Rail Network [1] as an
already proven and approved system that was also
used on, and directly compatible with, the
interfaced ARTC network.
The control centre and train crew therefore had to
use the ARTC implementation of the safeworking
forms defined in the Code of Practice.
The Operator needed more productivity than
totally manual procedures and this is provided by a
computer assisted train order control system,
supported by a mimic diagram.
The Operator did not require any train carried
equipment beyond existing satellite and UHF
communications for initial installation.  This
mandated verbal train order but it also excluded the
use of the existing train order systems requiring
data communications.  Other systems that did not
explictly follow the Code of Practice were similarly
excluded. 
04.02 Conference On Railway Engineering
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In fact, there were no current systems that met all
the requirements.

4.2 Controlled Railway

FreightLink, through its contract with ARG, manage
all train control between the Berrimah yard access
at Darwin  and the  Northgate interface with the
ARTC track at Tarcoola.
There are only 4 passing loops between Alice
Springs and Darwin. There are a further 11 passing
loops between Tarcoola and Alice Springs, three
(from Australian National days) with self restoring
switch control without any remote control and the
remainder manually operated.  New passing loops
between Alice Springs and Darwin use the remote
controlled self restoring point system described in
section 5.  Alice Springs and Berimah yard
(Darwin) are  controlled locally.
The track is divided into 50 km sections between
Northgate and Alice Springs and 100 km sections
for the remainder.  These divisions provide arbitary
sections (these can be reduced as traffic increases
to reduce headway) between passing loops to
allow for following trains in the one block section.
The sections are defined by trackside notice
boards.  FreightLink  requires exclusive occupancy
of each track section (except for certain defined
restricted operation) and generally use a further
section as overlap.

4.3 The Solution

Westinghouse offered the WestCAD WestORDER
train control system (refer figure 1), adapted from
the proven WestCAD CTC control system [2] using
proven PC based systems and experience.

Figure 1:  WestCAD WestORDER

Most train order control systems place the
responsibility for safe working of train moves on the
Signaller who manages these moves using a paper
train graph.  Train order systems cannot be
produced within existing computer based
interlocking systems because the management of
train moves goes beyond Boolean expressions and

must associate variable length authorities with
specific trains.  A specialist Safety Integrity Level 4
system was considered but it would have to carry
non recoverable engineering costs for
development, validation and safety approval
similar to a standard interlocking requirements—of
the order of 100’s of person years.  Such a costly
development would be risky with the short
timescale of this project and only viable where
many systems were required.  WestORDER  relies
on the Signaller and a paper train graph as the
ultimate safe working for managing authorities. It
non-vitally limits the Signaller’s opportunity to
request conflicting moves and specifically prompts
the Signaller to check or update the train graph
before releasing any changes to authorities.

Figure 2:  WestCAD WestORDER Welcome 
Screen and Menu

WestORDER gives productivity improvement by
adding-on computer assistance to the manual
process mandated for achieving regulatory
compliance while providing an additional level of
checking proposed moves.
Bolting a computer assisted process on the a
manual system, rather than taking a green fields
approach, is never an easy a matter as it might first
seem.  The manual processes do not always lend
themselves to computerisation, especially where it
remains necessary to verbally transmit commands
to and from the cab. In particular, the layout of
some of the standard safeworking forms do not
easily adapt for computer assisted use. 
WestORDER uses a commercial PC with mirrored
hard drives and two high resolution LCD screens.
One screen displays the main menu and the form
in use (figure 2) and the second screen a mimic
diagram of the whole of the track (figure 3).  The
Signaller uses a single mouse and keyboard to
access both screens.  Large scale displays of each
station are not necessary because of the simplicity
of the railway and train moves, although they could
be added if required for other railways.
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Figure 3:  WestORDER Mimic
Train Order Working is a communications based
system that issues textual authorities for a train to
move between specified track locations.  The
present implementation verbally transfers the
content of these forms to the train crew.  The train
crew must comply with the instructions in the order
and any additional point indicator displays.  This
verbal order issue is the slowest part of the
operation.

4.4 Safeworking Forms

Safeworking forms as defined in Code of Practice
are used by WestORDER.  Train crew can use the
identical paper forms that they currently use on the
ARTC network with no changes to procedures.
The Signaller generates all forms required at the
control centre on WestORDER and retains printed
copies of all issued forms.  The Signaller
subsequently annotates the forms to confirm
actions after printing, such as Complete and
Fulfilled.  The forms are a record of the authorities
while the manual train graph is both a planning tool
and a record of the actual train moves.
All train orders and track authorities are
timestamped and logged whenever they are
• saved
• printed
• completed or issued
• report updated
• fulfilled
• cancelled
• cleared.
They can be reviewed and are archived weekly to
CD.  Authorised persons can review archived
authorities via a maintenance menu.

4.5 Non vital Authority Checking

WestORDER implements (non-vital) interlocking to
ensure exclusive use of a track section (except
where specifically allowed for Conditional Proceed,
Proceed Restricted and Shunt Authorities).
Typically, this prevents any attempt to issue
overlapping authorities and authorities into a work
occupation.
WestORDER is unable to issue multiple (normal)
authorities for any track section and maintains one
clear track section overlap between the limits of
authority issued.  (A proceed restricted authority
can be used to bring a second train up to the block
reporting board behind a stationary train.)
Simultaneous Entry is permitted into passing loops
for crossing moves where procedures require close
verbal communication between both train drivers
(using the local radio) who jointly control the order
of entry and exit of the loop.  Refer to section 5. for
further details of the new loop operation.

4.6 Train Control Operation

WestORDER uses ARTC’s SW2 safeworking form
(figure 4) to manage normal train movements.
The Signaller will
• enter a train into the system (or handover from

the yard or ARTC)
• commence a train order for the train.  Typically,

the order would be entered by selection of the
train (thus defining the start location) and an end
location (figure 4).  Train locations that conflict
with other orders or track occupation are
excluded (greyed out) on a standard train order.

• check the mimic display that will automatically
update to show the proposed train order.

Figure 4:  WestORDER Basic SW2 Train 
Authority Form

• enter reporting locations were the train driver is
required to report so that part of an authority may
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be released behind the train (using the proceed
to subform in figure 5)

• enter any temporary speed limits and other
restrictions using a subform

• enter any other special provisions or constraints
using a subform

• print a copy of the train order
• check the train order against the train graph and

accept it
• verbally issue the train order via satellite

telephone to the train driver using specified voice
protocols

• verbally confirm the train order with the driver

Figure 5:  Proceed To Form
Variations of the standard train order can be used
to
• extend an existing train order
• set up a train passing or crossing move
• permit restricted access to a section of track

under work occupation or a section of track
occupied by another train for rescue purposes

• shunting
Train drivers are required to report when their train
has passed the nominated reporting positions.  The
Signaller checks these locations on a report form
associated with the SW2 train order form.
WestORDER releases that section of track behind
the train to permit use by a following train.
The Signaller will annotate a train order as Fulfilled
when completed.
The Signaller must Cancel a train order before it
can be amended or changed.  The mimic diagram
will retain the existing track occupancy or
reservation until the order is updated.

4.7 Proceed Restricted and Shunt Authority

Proceed Restricted Authorities and Shunt
Authorities permit train movements into an

occupied track section in accordance with the
safeworking procedures.
The Proceed Restricted Authority uses a variant of
the SW2 form to select pre-defined text or enter
free form text that applies additional restrictions to
the train driver.  Proceed Restricted Authorities are
the only Authorities that can be issued into a
blocked or occupied (trackwork) section.
Shunt Authorities also use a variant of the SW2
form and permit the train driver to control all
operations within the defined area.

4.8 Track Work

WestORDER also integrates track occupancy and
Work Authority for track works within the control
system.  Both of these will place restriction on train
movement within the nominated track sections.
The existing (ARTC) safe working forms SW4 for
track work and SW6 for track working can be called
up from the Signaller’s computer.  The Track
Working Authority (SW6) is usually generated the
day before required and defines the location, type
and limitations associated with any track work.  A
typical form is shown in figure 6.  The overview
screen is automatically updated to show the
section covered by this authority to remind the
Signaller to issue advice to train crews using the
SW4 Track Work Advice form.  The Signaller must
close SW6 on WestORDER when the track work is
complete.
The Signaller must issue a SW4 Track Work
Authority Advice form to any train crew prior to
issuing a train authority into  the affected areas.
The form advises the location of the track work and
any applicable speed limits.  This form does not
have to be closed or fulfilled.  

Figure 6:  Track Occupancy Authority
WestORDER uses the Track Occupancy Authority
Form (SW5) to authorise full track occupancy to a
work gang.  Track occupancy must be removed
before any train (other than one operating on a
restricted authority) can be authorised into the
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section and the form is designed so that the
authority can be applied, removed and re-applied
for subsequent train moves.
The Track Occupancy Authority form is presented
in two parts—the initial or prior notice part and one
or more secondary parts for each period the
authority is granted.
The track occupancy is clearly shown on the
diagram and no train moved (other than restricted
authority) can be planned through it.  This
WestORDER form must be cleared by the Signaller
after the track gang confirm that they are clear of
the worksite.

5. PASSING LOOPS

Each of the four passing loops between Alice
Springs and Darwin is fitted with stand-alone self
restoring point systems similar to that successfully
operating on ARTC’s Trans Australian Railway
(TAR) [3,4] but with the ability to call either set of
points reverse using the train’s UHF local radio.
Figure 7 depicts the operation and figure 8 and
figure 9 show installed equipment including the hut,
point indicator, mast (that also supports the radio
aerials) solar panels and control equipment.  The
system uses HD/Link vital telemetry over Spread
Spectrum Radio in the 920 MHz, licence free, ISM
band,  between the ends of the loop, and a short
high frequency track circuit to detect the presence
and passage of a train.  It controls operation of a
M23A dual control point machine and indicates the
point status to drivers with long range LED signals
called point indicators.

Figure 7:  Typical Track Layout
Trains will normally pass through the main line at
full line speed when not passing or crossing
another train—that is without any speed reduction
or delay.

Figure 8:  Crossing Loop Hut
Crossing and passing moves, authorised under
train orders (refer section 4.), are managed with
local verbal radio communications between the two
train crews. The first train (in position A, after the
2.5 km marker from the main loop) will remotely
call the facing points to reverse by entering its
specific 4 digit code on the DTMF handset of the
local radio.  It will then proceed towards the loop,
monitoring the point indicator and enter the loop to
wait at position B.  The points will automatically self
normalise when the train is clear of the fouling point
as determined by the track circuit. The second train
proceeds into the main and may exit once the
trailing points are restored to normal. Once the
second train is clear of the loop, the first train can
call the trailing points reverse and proceed into the
block with appropriate authority and the points will
self normalise when it is clear of the points track. 
Time locking on every point operation and a track
circuit over the points prevent point move under a
train. (Every reverse call on the points, whether
locally or via the radio, will set the LED point
indication to red to give ample time for any train to
stop before the turnout.)
The installation vitally provides safe information on
the point indicators at all times.  It relies on the HD/
Link vital telemery that incorporates 8 vital timers
and some simple vital logic in addition to its
telemtry functions
• a vital timer sets the point indicators to Stop for a

time in excess of the stopping time before any
points can be moved—there is always time for a
train to either stop or drop the points track before
the points will be called

• vital, high frequency overlay track circuits lock
the points whenever the train occupies the points
track (the same track circuits are also used to
initate restoring the points to normal

IPITC

Yard LimitOuter Yard Limit

A

B

Control
Hut

Control
Hut

Point Indicator

Point Indicator

Vital Telemetry
between ends of loop
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• vital telemetry between the ends of the loop,
combined with vital logic (using a combination of
the HD/Link and signalling relays), ensure that
the point indicators display correct information

• vital timers prevent the points from self restoring
until well after a train has exited the points track

Figure 9:  Inside the Crossing Hut
Long range (>2 km) LED point indicators at each
end of the crossing loop advise the driver of the
state of both sets of points.
• green: both sets of points locked and detected

normal
• yellow: facing locked and detected normal;

trailing points not detected normal
• flashing yellow: facing points locked and

detected reverse, trailing points not specified
• red: facing points not locked
A short range red and yellow LED indicator is also
installed for trains waiting to exit the loop.

6. LEVEL CROSSINGS

6.1 Control Equipment

There are 182 road crossings between Alice
Springs and Darwin.  Five of these use grade
separation where the Stuart Highway and Victoria
Highway crosses the line.  Eight, on reasonably
heavily used roads, use half arm barriers.
Eighteen are protected by flashing lights.  The

remainder are passive, protected only with
signage.
The railway is not track circuited and the rail is
normally not insulated from the sleepers.  There is
no cable route and there is often no reticulated
power.  Train speed can vary from slow work trains
up to a maximum line speed of 115 km/h.
Total level crossing cost was kept low consistent
with an effective and efficient crossing.  Block joints
were not acceptable on the main line and so  ac
track circuits without joints were required.  Most
track circuits require a physical installation and
power at the feed end (remote from the crossing)
and this would have required either a cable route or
additional solar installations.
A better solution was to use Grade Crossing
Predictors.  These have been extensively used in
North America and are becoming more widely
accepted in Australia.
Grade Crossing Predictors
• do not require any block joints
• place all equipment adjacent to the crossing

(other than a termination shunt at the extent of
the approach

• give a constant warning time for constant speed
trains

• can overlap approaches for crossings sited near
to each other (as they are around Darwin)

• support simple to extensive data logging
• are easy to install, configure, commission and

maintain

Figure 10:  Typical Barrier Crossing

6.2 Trackside Equipment

All crossing control and power equipment is pre-
wired in relocatable, polystyrene insulated, huts
that are installed on pillars above a concrete pad
and the high water level.
We used a standardised design for crossing huts
that minimised our design time and construct time
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and allowed us to provide extremely competitive
installations for ADrail.
Each hut includes
• 12 Vdc Solar power supply (collectors, regulator

and battery)
• Safetran Model 3000 Grade Crossing Predictor
• Lighting arrester panels
• Terminals 
Crossing control relay (or multiple relays for barrier
crossings).
All crossings are equipped with 300 mm LED front
and back flashing lights on conventional masts and
cross arms. The lights are clearly visible at 1 km in
bright sun.
)

Figure 11:  Inside of typical crossing hut
Crossings are equipped with electronic warning
bells to comply with Australian Standards but these
will only be of any value near Darwin where
pedestrians may also use the crossings.
Safetran model S40 half arm barriers are used on
crossings. The barriers are powered from the same
battery as the rest of the crossing. In practice, the
barriers consume very little energy although their
high operate current requires heavy cable.
LED barrier arm lights are used on the barrier
arms.
Each location is fitted with a simple strobe light that
normally operates at the same time as the
crossing—so long as all is well. A failure of the
crossing equipment, battery capacity fallen below

30%  and the light won’t flash and the fault will be
be reported by the next passing train driver.
Drivers are only required to check the strobe when
passing the crossings since 
• any substantial failure of the GCP or barriers will

result in the cossing operating
• any minor failure (eg lamp failure) is protected

with redundant equipment
• the low battery capacity warning gives ample

time for maintenence
GCPs record the last 20 train moves—warning
time, approach speed, average speed and speed
at the crossing and can optionally be fitted with one
of two extended recorders for time stamped
logging.

7. SOLAR POWER

Much of the trackside installation is remote from
reticulated electrical supply.  The cost of extending
reticulated supply even a few hundred metres
(several thousand dollars) far outweighs the cost of
provision of a reliable solar power supply.  We
chose to make all sites the same and to use solar
power for all level crossing and self restoring points
installation.
The Bureau of Meteorology publishes measured
daily global and diffuse radiation data for 14
stations across Australia. They also published
estimated global daily radiation data for all
locations in Australia (refer Figure 12 ) based on
observations from the Geostationary
meteorological Satellite (GMS-5) of the Japan
Meteorological Agency. All data is available for at
least 5 years so we were able to confirm adequate
power even during bad years. 

Figure 12:  Example of Satellite derived global 
radiation

We used the global satellite observations to
interpolate the accurate measured data to selected
sites on the railway. We first compute daily
averages for each month by integrating at hourly
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intervals and take account of the time the sun can
be behind the solar panels. We then calculate
month by month average daily insolation
perpendicular to our solar panels. We reduced this
by a factor (one standard deviation) based on the
daily variation to take account of poor seasonal
conditions and further safety factor (90%).  We did
a final check by selecting the  worst consecutive
week on record and verify adequate capacity.
These computations showed that areas around
Darwin actually had lower insolation during the
summer months, and our investigations showed
that this was related to the monsoonal activity.
Consequently, solar arrays are unusually angled to
maximise collection during summer. We were able
to adopt the same tilt on all array and that was
advantageous in maintaining a common design.
Passing loops use a 12 Vdc supply for the control
equipment and a separate 24 Vdc supply for the
point motors.
Crossings use a nominal 360 W solar collector and
passing loops a 360 W 12 V collector and 60 W 24
V collector. We could reduced this for some
locations but chose to use a standard configuration
based on the worst (Darwin) solar insolation.
We sized the sealed deep cycle gel batteries based
on
• capacity to operate crossing flashing lights at

level crossings for at least 48 hours until
maintenance can be provided

• capacity to support the installation over the worst
solar insolation on record

• minimum 7 days (typically 10 days) no sun
storage.

We used 512 Ah batteries for 12 V at both crossing
and passing loops and 100 Ah batteries for 24 V.
The 24 V battery was sized for discharge rate
rather than capacity.
We used an intelligent switching charging regulator
to maintain the optimal charge into the battery. This
is particularly important in this remote environment,
but it also offered other features, including
• a record of charge and discharge amphours,

minimum and maximum voltages and state of
charge for the last thirty days

• automatic boost and equalisation charge
• low battery capacity warning (connected to the

crossing healthy indicator strobe.)
• remote monitoring if required

.

Figure 13:  Solar remote monitoring
We have temporarily fitted remote monitoring to the
first of type installations for our own confirmation of
the design. We gain access via the CDMA mobile
telephone network and have regularly monitored
these installations to confirm our computations and
the health of the system. Examples of the displays
available are shown in Figure 13 .
The first level crossing was commissioned in June
2002 and we have monitored it since. Although we
cannot see the prospective charging energy (the
regulator only lets through energy that can be
accepted by the battery without overcharging it),
we have reliably maintained a high state of charge
with excess available on most days. The historical
graphs in figure 13 also show increased charge
after cloudy days.
Unfortunately the Japan Meteorological Agency
has decommissioned the GMS-5 satellite and
temporarily replaced it with GOES-9 satellite and
the Australian Bureau of Meteorology has been
unable to supply estimated global radiation data
until the new MTSAT-1R  satellite is commissioned
in early 2004.  It has therefore been difficult to
correlate the observations with actual insolation.

8. INSTALLATION

8.1 Level Crossings

Level crossings are mostly installed on existing
railways—these crossing are being installed on a
railway under construction. This construction uses
work trains to ferry sleepers, ballast and rail to the
construction site and so the crossings are required
to be operational almost as soon as the rail is laid. 
The logistics of installing crossings on a new
railway that carries work trains immediately the
track is laid is extremely difficult.  The roadworks,
the rail and the crossing control ideally need to be
installed simulataneously—something very difficult
in a remote site.
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Figure 14:  Road Crossing
We used a coordinated installation program where
ADrail would pre-install the line over the roadway
(figure 14) and the road crossings followed by our
installation of the crossing equipment. We set up
the predictor with a dummy track (there was
insufficient track for it to operate), checked out the
operation, installed road signs and bagged the
lights. ADrail removed the bags and then manually
operated the crossing using the test switch for
interim operation after the track was completed
until we returned and fully commissioned the
crossing.
Final commissioning required connection of the
track leads, shunts and setting and calibrating the
predictor.

8.2 Passing Loops

Installation of passing loops has been relatively
straight forward.  Dual control point machines were
pre-installed and have initially been operated in
hand mode or the points have been clipped to one
position.  These installatons again use pre-
fabricated and pre-wired huts that are placed in
position and connected to the points and track as
required before commissioning.

8.3 Control Centre

The Control Centre has not been installed at the
time this paper was prepared and we do not expect
any problems with such a simple interface.

9. COMMISSIONING & MAINTENANCE

9.1 Commissioning

Commissioning of crossings was straight forward
and conventional. We executed all normal bell,
megger and wire count procedures. Some sites on
rock proved difficult to obtain a low earth
resistance.
We temporarily fitted data logger modules to the
GCP at commissioning to give extended monitoring

and, at the first sites, connected these via CDMA
modems for remote monitoring.
We also monitor the solar power supply during
commissioning using the intelligent regulator. This
automatically records all pertinent power supply
parameters. Again, we linked the initial systems via
CDMA modems for remote monitoring.

9.2 Maintenance

ADrail, as a new railway, did not have any existing
rail-specific maintenance structure. We adapted
standard equipment based training programs to
suit ADrail’s internal maintainers and external
maintenance contractors by covering total
installation and additional issues such as: 
• railway circuits
• equipment layout (disconnect pins, fusing,

terminal layout
• earthing and surge protection
• solar power supplies
• operational requirements for flashing lights and

barrier
• regular testing of crossings.
We have supplied event logger and recorders to
installations on other railways that monitor and
report each flashing light, each output, each input
and each voltage. They can monitor levels and
raise alarms for logical combinations of out of
tolerance voltages and currents and other inputs.
Further, they can automatically initiate tests on the
equipment at certain times each day. Any fault
found can be automatically reported to
maintenance staff for immediate response. We
have recommended a future enhancement of fitting
remote monitoring and reporting of all locations.
This could test every thing except light alignment
and road signs.
The passing loop equipment incorporates its own
logging and this could also be accessed remotely if
required.

Figure 15:  Event Recorder Analyser proposed 
for future enhancement
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Locations within CDMA network coverage (and
with high gain directional antennas we can operate
well outside hand-held coverage areas) are well
served over this network with access speeds up to
19,200 b/s possible. Other locations might have a
simple one or two bit health and perhaps test
complete information returned via a low capital and
operational cost satellite interface.
We believe that a good automated monitoring and
testing event recorder would effect immediate
savings at all level crossing and, to a lesser extent,
at passing loop sites.

10. TRAIN CARRIED EQUIPMENT

The train carried equipment was designed to meet
installation cost targets—only a combined DTMF
keypad and microphone needs to be added to the
local radio.
Train control is via voice train order over existing
(generally satellite) closed voice channels. All
trains are already fitted with Aussat and Globalstar
satellite telephones.  No new equipment is
required.
Remote setting of points reverse uses separate 4
digit DTMF tones in sequence for each loop end
over the existing local radio. Again, no new
equipment is required.

11. PROBLEMS AND SOLUTIONS

11.1 Remoteness

Most of the trackside equipment is installed in
remote locations.  It has been designed to be
highly reliable but an appropriate maintenance
regime, ideally supported by remote monitoring
and fault reporting, will be very important to the
reliable operation of the railway.  This is now being
set in place with a signalling maintainer already
appointed.
Some people have expressed concern about
vandalism and theft.  This has been minimal to
date and should stay that way as people come to
see and rely on the safety protection provided.

11.2 Project Scale

We have been able to benefit from the scale of this
project by re-using standardised designs between
locations.  Generally, a single design can be used
throughout the project.
This compares with the low volume and specific
requirements of typical signalling installations.  The
costs benefits of using a standard design might
well be applied wider in the industry.

12. POTENTIAL ENHANCEMENTS

12.1 On the Train

The train driver could be assisted with a cab
display connected to the Aussat satellite phone
and a GPS antenna.  This unit could
• be integrated with the WestORDER control

system
• display current train orders
• warn the driver of approach to a reporting point

or limit of authority
• warn the driver of approach to a level crossing
• automatically report the train position (at

designated points and designated time intervals)
• raise an alarm (and even apply the train brake) if

the train exceeded its limit of authority.
This is a very remote railway with long stretches of
similar country and some additional driver assist
functions could enhance the operational safety of
the railway.

12.2 Train Control

The Control Centre would require corresponding
enhancements to WestORDER to support data
communication with the train.
Automatic Route Setting and Dynamic
Rescheduling systems such as WestGraph could
help to free the Signaller from routine tasks to
manage the exceptions—mainly the work gangs,
initially.  These automatic systems are usually more
effective than full manual control.
The section lengths in the train control system can
be shortened to support additional fleeting traffic
and additional passing loops can be inserted.

12.3 Remote Monitoring of Trackside
equipment

This has been discussed in section 9.2

13. CONCLUSION

Appropriate signalling is being installed on the
Alice Springs-Darwin (and Tarcoola to Alice
Springs) railway.  It is simple, low costs and will
effectively facilitate safe train movement without
any unnecessary delays.  
The system is upgradeable with future automation
possible for automatic route setting in response to
changed timetables or performance and for
transfer of authorities.  In cab, the automation can
provide an additional level of checking and
warnings for drivers on this remote railway.
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SUMMARY 

In recent years, initiatives have been undertaken in response to the need for improved levels of rail service.  
These new developments are leveraging off developments in the electronics and communications sectors 
and have the potential to dramatically improve the efficiency of rail transportation.  Nearly every railway 
signalling manufacturer now includes some form of radio frequency based train control in its product lineup.  
A number of systems are under development to address the need for increased rail line capacity through the 
application of Radio Frequency Communication Based Train Control (RF-CBTC).  This paper examines the 
theory of operation of two such systems and provides a brief discussion of how these developments might 
benefit a rail line such as the new Alice Springs to Darwin Railway. 

1 INTRODUCTION 

The railway industry is highly competitive.  Not 
only are rail operators competing against one 
another, but they must also compete against other 
modes of transportation.  To remain competitive, 
the railway must provide a level of service as 
good, or better than its competitors.  
The capacity of any rail line is determined primarily 
by how many trains can safely occupy the route at 
any one time.  This is typically achieved by 
assigning exclusive authority to a single train to 
occupy a certain section of the track.  Permissions, 
in the form of verbal orders, wayside signals or 
some other form of control system are required 
before a train moves from one section of track to 
the next.  Before this permission can be granted, 
the control system must be able to determine the 
locations of all the trains as well as the state of 
infrastructure elements on the route ahead.  The 
more accurately that the train’s location can be 
determined, the greater the number of trains that 
can safely occupy a given section of track. 
Communication Based Train Control (CBTC) 
appears to offer a means of dramatically improving 
the resolution of train location and thereby 
reducing headways and optimising train 
movements. 
The current train control strategy on the Alice 
Springs to Darwin Railway could best be described 
as computer assisted Manual Block Working.  
While this approach works well for low volume 
applications, how appropriate is it over the long 
term?  If the Alice Springs to Darwin Railway 
becomes the success that we are all hoping for, it 
may not be that long before a more sophisticated 
method of train control is warranted.  
 

 
Traditional methods of locating trains through the 
use of track circuits forms a fixed block system of 
train control.  The effectiveness of this approach is 
clearly restricted by the length of the track circuits. 
The longer the track circuit, the greater the 
position uncertainty of the train.  A tradeoff is 
generally made between whole-of-life equipment 
cost and the need to precisely locate a train.  As 
shown in Figure 1 below, the fixed block system is 
unable to determine where, in occupied track 3 the 
train actually begins and where, in occupied track 
2 it ends so the system must presume that the 
train occupies all of track 2 and 3 

Figure 1 
These traditional systems require the installation 
and maintenance of wayside equipment for 
detecting train occupancy and communicating 
route availability to the train. 
Both of the systems discussed in this paper are 
currently undergoing testing in the United States.  
They were selected because they represent two 
dissimilar approaches to train control.  
The first of these systems, the Advanced 
Automated Train Control (AATC) system employs 
a wayside station computer to vitally locate each 
train and generate speed commands to maintain a 
safe separation between the train and any 
obstacles in its path.  The train simply obeys 
commands and reports its status. 
The second system is the Illinois Department of 
Transportation (IDOT) Positive Train Control (PTC) 
system.  Under this system, the train vitally 
determines its own location and then transmits that 
information to the central computer.  The central 
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Track  4
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computer collates all train location information, 
combines it with signalling and other wayside 
information and transmits it back to the train.  
These two systems are not the only Radio 
Frequency CBTC systems by any means.  Europe 
is phasing in the European Train Control System 
(ERTCS) and other systems in North America 
such as Advanced Civil Speed Enforcement 
System (ACSES), Incremental Train Control 
System (ITCS) are just a few of those trying to 
address the need for improved train control. 

2 ADVANCED AUTOMATIC TRAIN CONTROL 

2.1 Background 
Several years ago, the Bay Area Rapid Transit 
(BART) in San Francisco recognised an 
approaching crisis.  Population growth in the 
region and increasing ridership demand was 
driving a change to the system.  To meet this 
need, BART set a system capacity daily ridership 
goal of 500,000 passengers by 2025.   
The train control system during peak hours was 
rapidly approaching maximum capacity and it 
became apparent that it would not be possible to 
decrease headway while simultaneously 
maintaining rail safety.  
A limitation had been imposed by the use of the 
fixed block track circuit system.  Even if track 
circuit lengths were decreased through the 
addition of more track circuits, it was evident that it 
would not be possible to meet projected needs.   
The conventional approach to this type of problem 
would be to simply add an additional line to 
provide the needed capacity.   
The BART system shown in Figure 2 below, is 
166 km long and services five routes.  One of the 
critical sections of the BART system is a 6 km 
tunnel beneath the San Francisco Bay and 
connecting the cities of Oakland and San 
Francisco.  The tube has only two sets of tracks 
and is easily identified as a limiting factor in 
increasing throughput.  
When originally constructed in 1972, the tunnel 
cost $180 million.  Estimates for twinning of the 
Transbay Tube today are in the neighbourhood of 
$4 billion1.  Clearly another option was needed.  
BART embarked upon a program to find a method 
by which train service could be increased without 
the addition of new lines and at the same time 
control the movement of trains more precisely.   
BART initiated the Advanced Automated Train 
Control (AATC) system in conjunction with 
Hughes-Raytheon to convert the military 
Enhanced Position Location Reporting System 
(EPLRS) into a wireless Train Control System.  
The project was later taken up by Harmon 
Industries. 
                                                      
1 U.S. Department of Transportation “Advanced Automatic 
Train Control” 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 
The EPLRS system offered two unique features 
that made it particularly desirable for a train control 
application: 
• the ability to securely and reliabily transmit 

information in a noisy environment 
• the capacity for accurate radio ranging 

measurements 
The EPLRS system employs spread spectrum 
radios.  Spread spectrum radio transmission is 
commonly used for secure digital communications. 
Spread Spectrum transmissions resist jamming 
because the signals are distributed over a wide 
range of frequencies.  The military often refers to 
the Low Probability of Intercept (LPI) and Anti-Jam 
(AJ) properties as the rationale for their use in 
secure communications.  One characteristic of 
spread spectrum is that it uses a much greater 
signal bandwidth than the base signal’s 
information bandwidth.  
The train location ability of the AATC system is 
based on the principle of radio ranging.  In its 
simplest form, a message originating from a first 
radio is time stamped t1 and when the message is 
received by a second radio, that time stamp is 
then compared to the current time t2.  The time 
delay t2 - t1 is then directly related to the distance d 
between the first and second radios. 
For example, by measuring the time for a radio 
transmission to travel from a carborne radio to a 
wayside radio, the distance between the radios 
can be calculated.   
Utilising multiple wayside radios results not only in 
improved accuracy, but also provides diversity and 
system reliability. 
Since the position of the trains can now be 
identified more accurately, it becomes possible to 
dramatically reduce the headway while 
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maintaining system safety.  Energy savings can 
also be realised through smoother acceleration 
and coordinating train acceleration with the 
regenerative braking of other trains. 
BART, in a test on their Fruitvale to Lake Merrit 
route, reported a time savings of 37 seconds on a 
229 second run (16%).  Similarly, by employing 
smaller acceleration increments and coordinating 
the departure of trains, their peak power 
consumption was reduced substantially.  
2.2 System Architecture 
The AATC railway environment is divided into a 
series of discrete control zones with each control 
zone under the control of a wayside Station 
Computer as shown in figure 3.  An overlap zone 
is provided at the extreme limits of each control 
zone to seamlessly pass off control of trains to the 
adjacent control zone. 
 
 
 
 
 
 
Figure 3 
The AATC system is comprised of both wayside 
and carborne equipment. A number of AATC 
Station Interface Controllers (ASIC’s) may be 
interfaced to the Station Computer.  These ASICs 
provide the links to wayside equipment such as 
points and signals.  For BART, the ASIC is a 
VHLC interlocking controller.  The Station 
Computer receives the indications from the ASIC 
and generates controls to the various points and 
signals within the control zone.   
Distributed along the wayside are Station and 
Wayside Radio Sets (SRS and WRS, 
respectively).  These provide the communications 
backbone between the Station Computer and the 
Vehicle Radio Sets (VRSs).  This radio structure is 
illustrated in Figure 4 below. 
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commands to the train, which control its operation.  
The Station Computer receives the train data and 
computes a number of parameters including train 
location and a worst case stopping distance.  The 
Station Computer then checks its database for any 
obstacles ahead of the train and within this worst 
case stopping distance.  The Station Computer 
then calculates and generates the appropriate 
speed command to each train.  
2.3 Station Computer 
The Station Computer is the central processing 
element of the AATC system.  It is responsible for 
determining the location of each train within its 
control zone, computing speed commands for 
each train, managing the radio network, 
coordinating train handoffs between control zones, 
interfacing with the ASIC, Station ATO and Central 
Control.  It also performs system health monitoring 
and data logging.  
The Station computer, shown in figure 5 below, is 
comprised of a disk drive array, tape backup, 
Video Display Unit, keyboard and pointing device 
and, most importantly, two identical computer 
systems called Triads.  Under normal conditions, 
Triad A is the master and Triad B is a hot backup 
that is capable of taking control upon detection of 
any failure of Triad A. 
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rom a maintenance standpoint it is important to 
ote that all the radios, SRS’s, WRS’s and VRS’s 
re identical except for a plug-in identification 
odule which provides a unique identifier for each 

adio.  
adio transmissions from the train contain 
formation about the train and its status.  This 

tatus includes information such as the number of 
ars, number of brake cutouts, trainline integrity 
tc.  Radio transmissions from the wayside contain 
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ach of the Triads is comprised of a Network 
anagement Services (NMS) computer, a Non-
ital Station Computer (NVSC) and two Vital 
tation Computers (VSCA, VSCB).  Both Triads 
are the same peripheral devices and receive 
d process the same input information from the 
ternal system elements.  Only the Master Triad 
nerates outputs to those external system 

ements. 
ach of the processors in the Triad monitors its 
ternal health and the health of its external 
terfaces.  Health indicators of all the modules in 
e Triad are evaluated by the NVSC where they 
e logged and assessed to determine if a 
utdown/switchover response is appropriate. 
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2.4 Non-Vital Station Computer 
The NVSC processor, as its name implies, only 
performs non-vital functions such as interfacing to 
other non-vital subsystems, non-vital train control, 
data logging and the VDU user interface.  
The NVSC’s of the two Triads exchange health 
status information to permit each Triad to monitor 
the other. Upon detection of a critical failure of the 
master Triad, the hot standby will take over as 
master.  Similarly, upon detection of a critical 
failure in the hot standby, and event will be 
generated by the master. 
2.5 Network Management Services 
The NMS processor manages the AATC radio 
network by setting up the configuration of the 
network, managing reporting assignments for each 
radio and communicating with adjacent Station 
Computers. 
2.6 Vital Station Computer 
The VSC performs all vital functions of the AATC 
system.  This includes locating and tracking of 
trains in the control zone and the calculation of 
speed commands. 
The VSC’s perform periodic checks on the results 
of its vital calculations.  Intermediate calculation 
results are swapped between the VSCA and 
VSCB to ensure the results are valid before being 
transmitted to the SRS’s. 
The VSC operates on a number of databases 
describing the track. A static database contains 
information regarding the track such as chainage 
values, grade and the location of switches and 
other parameters which do not normally change.  
A dynamic database contains information such as 
switch positions and train locations. 
2.7 Vehicle Radio Set 
Each VRS on the train communicates with the RF 
network via an antenna, receiving speed 
commands from the Station Computer and 
sending status message back. Speed commands 
received from the Station Computer are forwarded 
to the ATIC for action and status reports received 
from the ATIC are forwarded to the Station 
Computer for processing2.  
Each train is equipped with two (2) Vehicle Radio 
Sets (VRSs), one on each control car (lead and tail 
end of the train).  Each VRS can receive ATP 
commands addressed to this train and forward 
these commands, via the ATIC, to the ATP.  This 
dual VRS configuration ensures that data 
communications will not be lost in the event of a 
single VRS failure. 
Each control vehicle is equipped with a vehicle 
radio set (VRS), a pair of AATC Train Interface 
                                                      
2 Dupont, Jean-Luc, “BART’s AATC Project Status Update” 
5th International Conference on Communications Based Train 
Control, Washington DC, May 8., 2003.  
 

Controllers (ATIC), and a vehicle ATC (VATC).  
The VRS provides a means for the train to 
communicate via the RF network to the Station 
Computer.  The ATIC provides an interface 
between the VRS and the VATC, as well as to the 
ATICs located at the opposite end of the train.  
The ATIC subsystem is essentially a message 
router that provides a reliable communications link 
between the VRS and the vehicle ATC even when 
the lead or tail train VRS fails. 
2.8 AATC Train Interface Controller 
The AATC Train Interface Controller (ATIC) is the 
interface between the VRS and the Vehicle ATC.  
It sends train data messages to the Station 
Computer and forwards commands from the 
Station Computer to the vehicle ATC system.  
Each train is equipped with an ATIC in the lead 
and tail cars which communicate over the existing 
trainlines in Echelon protocol. 
2.9 Vehicle ATC 
The Vehicle ATC (VATC) subsystem is 
responsible for accepting and validating ATP 
commands.  The VATC controls the train’s 
propulsion and braking system according to the 
speed command received from the Station 
Computer.   
2.10 IDOT PTC 
The IDOT PTC system was developed in response 
to new regulations in the United States regarding 
Positive Train Control for speeds above 80 mph 
and Positive Train Separation at speeds above 
150 mph.  In order to ensure positive separation of 
trains it is first necessary to accurately locate those 
trains.  The IDOT PTC system uses movement 
authority commands radioed to each train from 
train control. It is currently installed on a UP line in 
Illinois between Chicago and St. Louis. 
Train location is accomplished through the use of 
the Location Determination System (LDS).  An on-
board computer calculates the current location of 
the train and relays that information to the control 
centre through a digital radio network.  The on-
board computer also monitors train parameters to 
support speed enforcement functions.  The 
computer contains a database of track information 
that is updated and displayed on a Human-
Machine Interface (HMI) to display the route ahead 
including movement authorities and upcoming 
obstacles and speed restrictions. 
Movement authorities, route information, train 
characteristics, and approaching obstacles are 
transmitted over the communications network to 
the locomotives.  
A system block diagram is shown in Figure 6. 
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counterpart, the FOG has no moving parts and 
therefore highly resistant to shock.  
Based on the Sagnac interferometer effect and Central Office
05.5 Conference on Railway Engineering 
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igure 6 
 Central Office server issues movement 
uthorities over the data radio network based on 
he location of each train, planned movements and 
ther factors.  The system tracks the trains through 
heir routes, monitors the state of field equipment 
uch as points and transmits movement authority 
nd speed restrictions. 
.11 Location Determination System 
he Location Determination System was 
eveloped by Lockheed-Martin as a means of 
etermining train location and track occupancy 
ithout the use of track circuits.  Utilising 
ifferential GPS, and a fibreoptic gyroscope, 
ositional accuracy to within 3m can be achieved. 
.12 Global Positioning System 
he Global Positioning System is a worldwide 

adio-navigation system formed from a network of 
atellites and their groundstations.  GPS uses the 
lements of this network as reference points to 
alculate positions accurate to meters or better.  
his is achieved by triangulating the distances 

rom three or more satellites. These distances are 
alculated by measuring the time it takes for a 
adio signal from each of the satellites to reach the 
arget point. 
ince the location of each geostationary GPS 
atellite is known, it then becomes possible to 
ompute the precise location of the receiver. 
lobal positioning does not perform well when the 

atellites are obstructed.  This can be particularly 
othersome in tunnels or in mountainous terrain. 
o overcome this drawback, gyroscopic inputs are 
sed to determine changes in direction of the train 
hich, when compared with a track database held 

n the on-board computer, allows the system to 
pdate the location of the train.  
.13 Fibre Optic Gyro 
he Fibre Optic Gyro (FOG) is truly a fascinating 
evice.  Similar to a conventional mechanical 
yroscope it is capable of detecting changes in 
ttitude and heading.  Unlike its mechanical 

derived from the Ring Laser Gyroscope, the FOG 
represents a substantial improvement for 
measuring angular rotation.  The principle behind 
FOG is similar to the Doppler effect.  
An incident light beam is split into two beams of 
equal energy.  Each beam enters a fibre optic coil 
from opposite ends.  The light beams traverse the 
coil, are recombined and arrive at a detector.  
When the coil is stationary, the recombined beams 
will be in phase at the detector.  Rotation of the 
coil will result in a measurable phase shift between 
the two beams detectable as changes in intensity 
at the detector.  This phase shift change rate is 
proportional to the rotation rate of the device and, 
when mounted in a locomotive, is used to 
determine when and to what degree the train has 
changed direction.  FOG systems can typically 
measure rates of up to 100°/S with a resolution of 
0.001°/S.  

3 CONCLUSION 

At some point, it will become necessary to 
increase the capacity of the Alice Springs to 
Darwin Railway.  Hopefully this increased demand 
will come sooner rather than later.  The decision 
as to how increased capacity will be achieved will 
need to be made before the present system 
begins to impact service levels. 
The decision to use conventional track circuits, 
CBTC or some other system will undoubtedly be 
determined, as always, on the relative costs and 
benefits of committing to one system over the 
other.   
Conventional, track circuited systems offer the 
advantages of proven, mature technologies that 
are widely available and accepted.  They are 
however, costly to install and maintain and can 
offer only limited improvements in headway 
reduction.  Performance can be subject to 
changing environmental conditions such as ballast 
resistance, rail contamination and rolling stock 
characteristics.  
CBTC systems, however, are relatively unproven 
technologies with minimal, though growing 
acceptance.  While they have been subjected to 
rigorous risks assessments and reliability has 
been demonstrated in principle some history of 
use is needed.  Most, however, believe that 
problems of acceptance and implementation of 
CBTC are related more to difficulties in project 
management and implementation rather than any 
actual technological problems3.  
Development of any new system is costly.  The 
extensive testing and validation of vital systems 
                                                      
3 Railway Age June 1999 “CBTC: A maturing 
technology” 
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required by regulatory agencies easily exceed the 
actual design costs.  Implementation schedules 
are seldom achieved and costs can easily spiral 
out of control.  New developments, however, may 
further reduce the cost and complexity of 
implementing a system.  As competition and 
economies of scale begin to influence CBTC, the 
costs of these systems can be expected to drop. 
In order to achieve the full benefits of a CBTC 
system all vehicles must be equipped.  While 
mixed mode operation is possible, performance 
can be severely degraded since precise location of 
these “silent” trains is not possible.  Mixed mode 
operation is generally more complex. 
CBTC systems themselves do not provide any 
form of broken rail detection.  This is an issue 
which has not yet been adequately addressed by 
the proponents of these systems.  Both the AATC 
and IDOT PTC systems still rely upon track circuits 
to provide this capability.  If track circuits are to be 
eliminated then some form of broken rail capability 
must be implemented and reporting integrated into 
the radio network. 
Among the advantages of CBTC is that the system 
can be installed and operated in shadow mode 
with minimal disruption to existing schedules.  
Once commissioned, the system can operate as 
an overlay to whatever train control system is 
currently in use.   This means that the system can  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

be debugged and optimised without impacting 
system operation.  CBTC offers enhanced 
operational safety and operational efficiency over 
conventional train control systems.  
One of the greatest advantages of CBTC lies in 
the use of radios rather than landlines for relaying 
information to and from the central control.  
Elimination of trackside wiring will realise 
significant cost savings in both installation and 
maintenance costs.  
The Alice Springs to Darwin Railway is particularly 
well placed to take advantage of current 
developments in RF-CBTC.  Investment in 
wayside infrastructure has been minimised and no 
commitment has been made to one approach over 
another.  
Progress by others in the field of train control 
technology will no doubt be closely monitored for 
applications to the Alice Springs to Darwin 
Railway.  
Other systems under development such as 
ERTCS, the Incremental Train Control System 
(ITCS) in Michigan, Advanced Civil Speed 
Enforcement System (ACSES) being installed in 
the Northeast Corridor, and the Norfolk 
Southern/CSX/Conrail PTC system may prove to 
have some potential applications on the Alice 
Springs to Darwin Railway.  
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SUMMARY 

The Cologne-Frankfurt Line has the distinction of being the first high speed railway line in Europe to use 
GSM-R in revenue service.  A new high-speed line with a new radio system; meticulously planned and 
carefully implemented.  What were the special tasks to meet the enormous requirements? 

This paper describes the techniques used, the planning, the implementation strategies and the specification 
followed.  The outcome was a great success but was not achieved without difficulties.  Testing a complex 
system with a number of complex sub-systems supplied by different manufacturers posed various 
challenges.  A complete change in operations from the existing railway procedures and practices introduced 
further complexity, as many of the concepts in the new communication system were new to the railway 
operating culture. The gaps between the various specifications were revealed as problems and 
inconsistencies surfaced. These gaps had to be resolved by standards committees and the manufacturers, 
during the commissioning phase. 

Despite all these challenges the project was completed in time and with great success.  In the process, we 
learned valuable lessons, which we feel do not need to be learned by others.   

1.0 INTRODUCTION 

Similar to airlines nowadays, railways have long 
been the subject of national pride. For a great part 
of the last century, railways were of high strategic 
importance. It is not difficult therefore, to imagine 
that over time each country independently 
developed its own proprietary system for railway 
communications. By the 1980’s this had resulted in 
14 different security systems throughout Europe, 
making cross border traffic of freight and 
passenger trains a difficult and time-consuming 
exercise. Trains often had to change drivers at 
border crossings, while also having to carry 
various different radio systems on board. 
 
To resolve these communication issues, the 
decision was taken in 1993 to introduce ERTMS, 
the European Rail Traffic Management System. 
The system should be based on a common 
communication platform for all European railways. 
The platform in question would be an adaptation of 
public GSM including railway specific functions to 
support applications such as: 

- Train Radio 
- Shunting Radio 
- A radio system for track maintenance-

crews, and 
- ETCS European Train Control System, a 

common signalling system. 

 
This Railway adapted version of GSM became to 
be known as GSM-Railway, or GSM-R 
 
In 1996 the European Union issued directive 
96/48/EC describing the interoperability of 
European high speed traffic, which subsequently 
became law in the various member countries. 
 
In 1997, 32 railways committed to a set of 
specifications to achieve full interoperability. This 
set is known as EIRENE, European Integrated 
Railway Radio Enhanced network. 
   
In 2000, 18 different railway companies committed 
to start by 2003 with the implementation of their 
GSM-R network. 
 
Deutsche Bahn started the GSM-R implementation 
in 1999. This article intends to share some of the 
experiences made as early implementers of this 
technology. 

The key benefits Deutsche Bahn wants to achieve 
with the introduction of GSM-R are: 

- An increase of security by additional 
performance features. For instance higher 
availability of radio coverage as well as 
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functional and location based addressing and 
priority handling of messaging traffic 

- Interoperability of European railway traffic by 
standardising the voice and data 
communication on a European level more 
efficiently  

- Cost effectiveness: Although the new 
communication system requires a substantial 
investment, it lowers operational and 
maintenance costs 

- One platform for the optimisation of railway 
operations that overcomes deficiencies in the 
analogue radio supply 

- Complete technology changeover of the 
analogue radio system. The old system does 
not guarantee a compatible, innovative and 
secure business future anymore 
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Figure 1 
 

2.0 GSM-R AN OVERVIEW 
 
What exactly does the R in GSM-R signify? The 
acronym stands for Global System for Mobile 
Communications – Railway. It is a derivate of the 
common commercial GSM standard with added 
Rail functionality. The rail functionality includes 
functions that are crucial for railway operations, 
such as; functional addressing, emergency calls, 
group calls and location based addressing.  

Functional addressing for instance enables the 
contacting of a train driver by train number instead 

of phone number (See figure 2 & 3). The train 
driver or dispatcher composes the number on the 
basis of the type of call, the number of the train to 
be addressed and the person to be contacted on 
the specific train. The intelligent network in the 
GSM-R network automatically links this number to 
the MSISDN of the current driver’s cab radio and 
the call is routed correctly. 

An enhanced multi level precedence and pre-
emption service allows the prioritisation of calls. In 
case of emergency calls, for example when the 
dispatcher wants to urgently reach drivers, this 
service provides for a fast call set-up. Any call in 
progress will be disconnected. 

Group calls allow the addressing of a group of 
subscribers such as all drivers on a certain track. 
An emergency call is a special group call. The 
intelligent network of the mobile communication 
network is continuously updated with the location 
of the individual drivers, allowing for this type of 
call. 

Functional based 
addressing 
enables operators 
to contact a train 
driver by calling a 
train number or a 
group (instead of 
a personal phone 
number)

Allows the train 
driver to address 
the controller 
responsible for 
line segment of 
the current 
location of the 
train 

Priority treatment 
and repression of 
calls allows 
emergency calls 
to automatically 
free-up a slot on 
the network

A certain group of 
recipients, e.g. all 
train drivers on a 
specific train can 
be addressed at 
the same time

Functional 
addressing

Location 
based

addressing

Emergency 
call with priority 

handling
Group call

+ + + +

The additional features on GSM-R are critical for railway specific 
functions and safety

Figure 2 
 

2 00666 01

Dispatcher calls a 
functional identity (e.g. 
train driver) without 
knowing the person

GSM-RGSM-R

2 00666 01 complies to +49 1835 8000323 

... FN:                        2 00666 01

... MSISDN:   +49 1835 8000323

Train driver is 
functionally registered 
and can be contacted 
with  ...

The dispatcher receives 
precedence with an 
emergency message

Intelligent 
network

Functional addressing allows direct contact between dispatcher 
and train driver through functional identity

 
Figure 3 

 

Deutsche Bahn group is Europe’s largest railway 
companies, employing some 250,000 people. It’s regional, 
long distance and freight divisions run almost 30,000 trains, 
transporting 4,5 million passengers and 5,500 Cargo trains 
on a daily basis.  
 
DB Netz, the network infrastructure manager, manages the 
almost 36,000 km of tracks of Deutsche Bahn and the 
telecommunication infrastructure that goes along with that 
network. The GSM-R project resorts under the 
responsibility of this business unit 
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3.0 GSM-R SCOPE 

 
The complex GSM-R system consists of several 
sub-systems; 
- Mobile network 
- Fixed network 
- Terminals  
- Trains with fitted terminals 
  
A popular belief is that GSM-R is just an 
adaptation of public GSM, and therefore similarly 
easy to implement. In reality, the several sub-
systems have their own particularities and 
challenges that have to be overcome for the 
installation. 
 
Besides the correct functioning of all subsystems, 
one of the ultimate objectives is the correct 
operation of the train radio application i.e. to 
provide communication between all train drivers of 
the fleet to their dispatcher in charge of controlling 
the use of the line infrastructure and vice versa.  
 
3.1 GSM-R Mobile Communication Network 

The GSM-R network is very similar to a public 
GSM network. The main differences are the type 
of coverage (area vs. line coverage), extended rail 
features, integration into railway operation (see 
figure 4).  
 

 
Figure 4 

 
The architecture of the GSM-R system consists of 
Mobile Switching Centres (MSC) controlling via 
Base Station Controllers (BSC) the Base 
Transceiver Stations (BTS) installed along the 
track (see figure 5). 
 

Architecture of GSM-R

The GSM-R architecture is based on Mobile Switching centers, 
Base Station Controller and Base Transceiver Stations

Intelligent 
network

MSC

IP-Backbone

BTS PSTN/ ISDN

BSC

 
Figure 5 

 
The MSC is connected to other networks, for 
example to the network connecting the dispatcher/ 
controller locations. The MSC subcomponents 
include the intelligent network used to hold the line 
specific data necessary to link a train driver call to 
the dispatcher in charge of the line. Operational 
Centres as well as subscriber administration tools 
are additional subsystems of the architecture. 
 
3.2 Fixed network connection to GSM-R 

A new fixed network is being built to allow the 
dispatcher to use the Rail features of the GSM-R 
network. Their fixed terminals need to be 
connected to the GSM-R network. At Deutsche 
Bahn, a separate project was set up to do just this 
and to identify and solve all the dispatcher’s 
requirements. The project is called ART (Access 
Rail radio dispatch Team).  
After meticulously detailing the requirements and 
testing different off-the-shelf products, it became 
obvious that no product was available on the 
market to fulfil all EIRENE specifications. It was 
decided to use as many off-the-shelf products, but 
to adapt some of these to GSM-R specific 
features. The fixed network is connected via the 
ART-Interface to the GSM-R Mobile Switching 
Centre (MSC) using a Umux de-multiplexer over a 
normal 2 Mbit/s connection (see figure 6a and 6b) 
 

Deutsche Bahn AG

Cable network

Connecting
MSC

GSM-R mobile network

MSC

GSM-R

Mobile user

Fixed network ART

De/Multiplexer
Dispatcher 
with ART 
terminal

UMUX

2Mbit

Dispatcher 
with ART 
terminal

Connection
unit

Connection of the Fixed network to the GSM-R Mobile network

 
Figure 6a 

Connecting Fixed and Mobile networks 

► Public GSM versus GSM - Rail 

Public GSM GSM-R 

Wide area Coverage Line Coverage 

Antenna angle 65° - 360° Antenna angle 20° - 65° 

Max. speed in network 
up to 300 km/h 

Max. speed in network 
up to 500 km/h 

58 Frequencies 19 Frequencies 

Extended voice services 
Group, emergency calls  

Functional, location  
based Addressing 

Priority calls possible 
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Figure 6b 
Dispatcher Terminals (ART) 

 
 
3.3 GSM-R terminals 

GSM-R terminals fall into three categories. Mobile 
terminals, train terminals and fixed dispatcher 
terminals.  
 
The mobile devices can be 
divided into three sub-
categories. The basic phone 
or GPH (see figure 7), similar 
to the GSM handsets we all 
know, it is capable of using 
the public GSM channels, has 
a hands-free function and 
data transfer capabilities. 
Additionally it supports the 
specific GSM-R functionalities.  

Figure 7 
GPH Handset 

 
The operations terminal, OPH, (See figure 8) is a 
robust version of the basic GSM-R handset. It 
features a separate speak- and emergency button 
and is mostly used by the maintenance crews.  
 

Figure 8 
OPH (Left) and OPS (right) 

 
There is an additional operations version, OPS, 
mounted on a harness, (See figure 8) specifically 
designed for use by the shunting operator. It 
allows the operator to use both hands while 
working and also features a dead-man function, 

allowing the operator to automatically signal for 
help. 
 
The train terminals are built up in a modular way to 
allow for maximum build-in flexibility in various 
trains. (See figure 9) 
 
 

 
Figure 9 

GSM-R Train terminals 
 
3.4 Fitting of the rolling stock 

The fitting of the terminals on the locomotives is 
one of the greater challenges of the GSM-R 
project. Taking vehicles out of circulation is costly 
and difficult in an operating system; therefore 
fitting of the terminals is planned around the 
scheduled maintenance of the vehicles. Long lead 
terms for delivery of terminals and a great variety 
of materials needed for the different engines make 
the planning a very demanding exercise. Planning 
has to be made up until 6 months before the actual 
work, but the operational reality often interferes 
with the scheduled maintenance.  
 
Two major different types of train terminals exist: 
single and dual-mode terminals: 
 
- Single mode terminals can only communicate 

in digital transmission mode. If there is 
sufficient space in a locomotive and the 
operations department allows it, a digital train 
radio can be fitted besides the existing 
analogue model. 
 

- Dual mode terminals allow for both analogue 
and digital communication with the same 
terminal. This allows for locomotives to be 
adapted over a larger period of time and to 
use both digital and analogue tracks 
alternately or switch to GSM-R when it is 
available. 
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4.0 NO PRIOR EXPERIENCE 
 
While GSM technology itself has been tested and 
tried in commercial environments, no operational 
experience existed using GSM technology with 
Rail features in a Railway system. Deutsche Bahn 
as an early implementer started the project without 
any benefit of prior experience. The 
implementation showed that while some solutions 
would work perfectly on the design table or without 
any problems as a stand-alone system, real-life 
use in a railway system proved more complicated. 
 
4.1 Cologne – Frankfurt 
 
The first experience with GSM-R in a “real” 
operational environment started with the 
inauguration of the Cologne - Frankfurt high speed 
line. The track has a total length of 219 Km and 
112 high speed trains run on it, the maximum 
speed is 300 km/h.  
 

DB Netz AG / NXSC Seite 010.12.2003

Cologne – Frankfurt line
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Figure 10 Cologne – Rhine/Main 

 
Multiple challenges had to be faced during the 
building and the taking into operation of the line: 
 
 Complexity – Many rail specific particularities 
 Coordination - High complexity because of 

large number of stakeholders 
 Experience - No prior experience results in 

increased project lead times 
 Technical realisation - Integration problems as 

the individual technologies had never been 
tested as an entire system 

 Railway functionality - No prior experience 
meant trial and error approach 

 Testing & Approval - Underestimated high time 
consumption of this process 

 
The track was taken into commercial use in August 
2002 and is the first implementation of GSM-R on 
a high speed track in Europe. The challenge that 
Deutsche Bahn faced, was to implement a new 
technology, without a fall-back option to analogue 
radio. 
 
 
 

5.0 IMPLEMENTATION AND TESTING 
 
The approach taken was to test the subsystems 
individually, before testing the system as a whole. 
The complexity of the GSM-R system calls for a 
dedicated test-approach to validate the functioning 
of the system. Taking the train radio application as 
an example (see figure 11) it becomes clear that 
there is a set of subsystems and components that 
have to work individually, but also have to work as 
a system together. The individual pieces of 
equipment, the network, but also the fitting of the 
trains and the overall procedures need to work and 
work together as a system, before the application 
can be taken into use.  
 

Deutsche Bahn AG

Application 
Train Radio

Construction of mobile and fix network

Mobile and fix terminals

Fitting of trains

The overall GSM-R system consists of a set of subsystems and components 
necessary to support the application train radio

A dedicated test 
approach is needed to 
verify correct 
functioning of the 
application train radio

  
Figure 11 Testing Train radio 

 
A complex set of systems and applications have to 
be tested against various specifications. Network, 
terminals as well as trains have to work on the 
system and application level. Most of these 
specifications have been laid out in the European 
Union’s 96/48 directive, section of the TSI 
(Technical Specifications Interoperability) in the 
EIRENE specifications.  
 
The responsibilities for these tests were laid at 
various different participants in the project. The 
technical solutions for the GSM-R equipment were 
tested by the suppliers, the network by DB 
Telematik, an internal branch of Deutsche Bahn 
Group and the operational solution, or the 
integration of the whole GSM-R solution in the 
railway operations was the ultimate responsibility 
of the GSM-R project team at DB Netz. 
 
The approach taken by Deutsche Bahn was to test 
each individual technology in its own right in a 
“laboratory” environment, followed by the full 
system test, still in a laboratory/ theoretic 
environment. Taking it from there, the first real field 
tests were conducted before taking the system into 
full operation. The important difference between 
the two is the difference between the technical 
evaluation and the operational evaluation including 
processes and operational staff. The key lesson 
that was learned is that although everything might 
look fine on paper, this is by no means a 
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guarantee that it will work in the operational reality 
of a complex railway system. The final approval 
can only be given, after the system conforms to 
both functional and operational specifications. 
 

Figure 12 
 

 
6.0 LESSONS LEARNED 
 
Our experience shows that there are several 
additional challenges when doing a real-life 
implementation instead of running a test track. 
 

 The level of complexity is far greater. 
This is because we are talking about end-
to-end functionality, not just testing the 
radio part, the connection, but putting it 
into full railway operation. 

 
 Advanced coordination mechanisms are 

needed. The number of different parties 
involved in the realisation of a GSM-R 
network is very high and requires 
additional attention. The complexity of the 
operational reality and the variety and 
number of stakeholders adds a very high 
complexity and the need for advanced 
coordination mechanisms to the project 

 
 Lack of experience with the rail features is 

an additional difficulty. Although similar to 
a GSM network implementation in some 
aspects, many facets of the GSM-R 
implementation are different, and most of 
all, never done before. Resulting in longer 
lead times from all parties involved.  

 
 Technical realisation is a challenge, 

although all the technical aspects of the 
implementation can be specified and 
approved beforehand, this does not mean 
that it will work as an end-to-end system in 
the operational environment of a railway 
organisation.  

 
 The Railway functionality had to be tested 

by all parties involved to make sure that it 
was working in the operational 
environment. This was the only way to 
identify all possible sources of failure. 

Railway functionalities have been 
underestimated from all parties involved 
(Standardisation groups, MORANE, etc.) 

 
 All parties involved had to test all GSM-R 

functionalities in a real operational 
environment to identify sources of failure 

 
 Testing and approval processes require a 

large amount of time. This was 
underestimated, and we are grateful for 
the cooperation of the German railway 
authority in this. Time exposure for 
development and approval has been 
underestimated (Terminals, network 
functions, …) 

 
 The National railway authority is being 

cooperative as long as safe operational 
procedures are found 

 
 
7.0 FUTURE PROSPECTS WITH GSM-R 
 
Ranging from train control and monitoring at 
national and international level to passenger 
information and remote train diagnostics, GSM-R, 
as already mentioned, for the first time offers 
operational communications based on “any-to-any“ 
connectivity, and thus creates enormous potential 
for a variety of new applications. This is also 
demonstrated in practice, as the system is 
constantly faced with new challenges that are 
appropriately examined and assessed by the 
project team and, according to their level of 
priority, included in future plans. Of course, with 
every new GSM-R application the benefits of the 
system increase. 
 
When one thinks about new applications in the 
future based on GSM-R, it has proven helpful for 
the subsequent decision-making process to break 
down the potential services into three categories 
(examples of possible new applications for rail 
operations): 
 
• Operational services  

ETCS (European Train Control System): trains 
are assigned a speed and braking profile 
based on their reported position. This allows 
train movements in a virtual or moving block 
with the elimination of trackside signals. It also 
makes automatic train operation possible. 

 
• Operational support services  
- Traveller safety: movement detectors outside 

the station platform area trigger 
announcements when trains are approaching 

- Facility management: wire-based systems 
such as ticket vending machines, escalators, 
luggage lockers, fire alarms, and clocks will be 
operated and monitored by radio 

Deutsche Bahn AG
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- Location information (tracking) / freight 
information systems 
 

• Customer-oriented services 
- Traveller information services (on train, in 

station) 
- On-board ticket purchase / reservation service 
- Individually downloadable information on 

routes, cities and events 
 
8.0 CONCLUSION 
 
On January 1 2005 around 2,300 km of track in 
south-western Germany will be put in operation 
with GSM-R. Till the end of 2005 a total of about 
24.000 km of tracks will be converted to GSM-R. 
 
Approximately 3,000 dispatchers will have been 
switched to digital operations and 9,500 units of 
the rolling stock of DB and other railway operators 
will have been equipped with GSM-R cab radios. 
 
Deutsche Bahn is on track to reach this objective 
thanks to a dedicated GSM-R organisation and the 
cooperation of many suppliers and government 
agencies in- and outside Germany. 
 
Acknowledging the aspects of technical 
complexity, the biggest challenge is implementing 
GSM-R in an operational environment. 
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SUMMARY 

The State Rail Authority awarded a contract for seven two-car diesel powered train sets to United Goninan 
in December 2002.  The first set is due for completion in December 2004.  The contract includes two 
options, one for a further five rail cars, and another for one three-car train set modified for long distance 
travel.  The contract provides United Goninan with an opportunity to develop a vehicle platform that will be 
suitable for applications in other markets. 

This paper describes the technical features of these rail cars as well as the challenges involved in 
developing a design for a relatively small number of highly sophisticated vehicles.  The specification includes 
requirements for very high levels of crashworthiness, passenger comfort, accessibility, a sophisticated train 
operating system, and a structured systematic approach to the engineering management of the project.  The 
paper provides details of how these requirements are addressed, as well as the way in which stakeholder 
requirements are identified and managed through user-centred design. 

The design draws heavily on experience gained from the design and manufacture of the Prospector high-
speed diesel train sets supplied to WAGRC.  The cars will be equipped with Cummins QSK-19 diesel 
engines, Voith T312 transmissions and United Goninan-designed bogies. 

1 INTRODUCTION 
The State Rail Authority of New South Wales 
(SRA) awarded a contract to United Goninan in 
December 2002 for the design and construction of 
14 new Hunter Rail Cars, to be delivered as 7 two-
car sets (Sets 1 - 7).  The contract includes two 
further options.  Stage 2, an option to build 7 rail 
cars to be delivered in 3 two-car sets (Sets 8–10) 
plus one spare car; and Stage 3, an option to build 
three new Broken Hill Cars comprising two 
powered driving cars and one powered 
intermediate car configured as a three-car set (Set 
11). 
The rail cars will be operated and maintained by 
the SRA, and all seven two-car sets will be based 

at the Endeavour Maintenance Centre located at 
Broadmeadow, Newcastle. 
The contract value for Stage 1 is estimated at 
$90 million.  Delivery of the first rail car set is 
required 24 months after contract award.  After a 
three month testing and commissioning period the 
first set is scheduled to enter service in March/April 
2005.  Delivery of the last rail car set is scheduled 
for July 2005. 
 
This project has provided United Goninan with the 
opportunity to develop a design for a diesel rail car 
platform that can be adapted for most conventional 
diesel rail car applications.  The design builds on 
lessons learned from the Prospector high speed 
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diesel rail cars developed for the Perth-Kalgoorlie 
line. 

2 NOTATION 

ARL Above Rail Level 
CASE Computer Aided Systems Engineering
DOORS® Requirements Management Software 
EMC Endeavour Maintenance Centre 
EP Electro-Pneumatic 
HRC Hunter Rail Car 
MDBF Mean Distance Between Failures 
OSC Outer Suburban Car 
PIDS Passenger Information Display System
SOW Statement Of Work 
SRA State Rail Authority 
TOS Train Operating System 
WAGRC Western Australian Government 

Railway Commission 

3 ENGINEERING MANAGEMENT 

The ultimate success of the project largely 
depends on the relationship between the 
Customer and Contractor and the manner in which 
the engineering process is managed.  In this 
regard the key elements of the project are 
partnering, stakeholder management, execution of 
the design to the technical specification, and 
addressing the contract management 
requirements. 

3.1 Partnering 

At the start of the project the SRA arranged for a 
facilitated workshop aimed at establishing a 
constructive relationship between customer and 
contractor to ensure efficient project delivery.  
Relationship workshops have since been held at 
regular intervals to address various issues as the 
project has evolved.  A project charter was 
established at an early stage with the key 
elements being establishing mutual trust, 
constructive dialogue, and above all no surprises.  
The project teams of both parties have worked 
hard to establish and maintain the relationship. 

3.2 Stakeholder Management 

The SRA has invested considerable effort in 
stakeholder management to ensure that key 
stakeholders in the project have been identified 
and consulted during the design process.  
Stakeholder reviews of the full-scale mock-up 
have been carried out by representatives of 
various disability interest groups, cycle lobby 
groups, operating, maintenance and cleaning staff, 
and train crew review teams.  Their feedback has 
been used to improve various design aspects of 
the vehicles. 

3.3 Engineering Design Management 

In addition to a challenging technical specification 
there is a detailed set of contract management 
requirements in the accompanying Statement of 

Work (SOW).  The SOW establishes requirements 
for processes and services to be implemented and 
delivered by the United Goninan as part of the 
work under the Contract.  These processes are 
based on well-proven systems engineering and 
project management principles and are intended to 
ensure that operating performance, safety, 
reliability, dependability and maintainability 
requirements are met.  Key elements that are 
addressed include: 
• Contract and project management; 
• Systems assurance; 
• Integrated support; 
• Quality assurance; 
• Design and engineering support in service. 
United Goninan’s Engineering Management 
Quality System is well-suited to addressing these 
requirements and has been tailored to adapt to the 
specific requirements of the contract.  DOORS® 
software is used as the main Computer-Aided 
Systems Engineering (CASE) tool. 

3.4 Design for ease of maintenance 

The Endeavour Maintenance Centre (EMC) in 
Broadmeadow is a short distance from the United 
Goninan design office located in the same 
Newcastle suburb.  This situation provides both 
parties with a unique opportunity to address 
maintainability design issues in a participative 
manner.  Engineers and designers are actively 
encouraged to visit the EMC as often as 
necessary and discuss maintenance issues with 
the maintenance team.  Similarly, EMC personnel 
are regular contributors to design reviews and 
provide a valuable insight into support issues 
relating to the emerging design. 

3.5 Issues relating to small order quantities 

Small order quantities of highly complex cars pose 
some interesting challenges, not the least of which 
is that the design cost must be amortised over a 
small number of cars.  The unit cost of 
components can be relatively high for small order 
quantities.  Some of these costs have been 
reduced by bundling orders with one supplier for 
both the HRC and OSC projects.  In some cases it 
has been possible to use identical or similar 
equipment, and in some cases it has been 
necessary to adapt the design of the Hunter Rail 
Cars to use components similar to those used on 
the OSC project.  Some crashworthiness 
development costs have been shared across 
projects. 

4 TECHNICAL DETAILS 

4.1 Train set and car configuration 

The two-car set is made up of cars designated as 
“HM” and “HMT”, with the HMT car being equipped 
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with an accessible toilet.  The car body structure 
and running gear on both cars are identical, as are 
the front two-thirds of each saloon.  General 
arrangements of both cars are shown in Figure 1. 
The internal configuration of the cars was 
confirmed by means of an extensive trade-off 
study.  Each car has two wide double leaf sliding 
plug doors per side.  The crew cab has single leaf 
sliding plug doors on either side.  The cars are 
designed to comply with the Disability Standards 
for Accessible Transport.  Each car has two 
wheelchair spaces, and the No.1 end saloon of the 
HM car is arranged as a general purpose area that 
can accommodate large mobility aids, 
wheelchairs, surf boards and bicycles.  There are 
four luggage racks located adjacent to the 
entrance vestibules in each car.  The main saloons 
have 2+2 fixed seats at the ends of the saloon that 
are designated seats and 3+2 reversible seats in 
the remainder of the saloon.  Both wheelchair 
accessible areas have tip-up seating arranged 
longitudinally along the side walls of the cars. 
The auxiliary power supply module, diesel engine, 
transmission, compressed air supply unit and 
equipment raft are mounted below the underframe 
on rafts designed for quick maintenance turn 
around times.  The radiators, air conditioner and 
water tank are roof mounted.  A service duct on 
one side of the car provides a pathway for the 
exhaust system and coolant pipes. 
The cars are fitted with driver’s deadman and 
vigilance systems and safety trip gear. 

4.2 General Vehicle Data 

Overall Length over couplers 
– 2 cars 

50500 mm

Overall Width 2930mm
Overall Height 4240mm
Track Gauge 1435mm
Floor Height 1270mm ARL
Door Opening Width 1460mm
Maximum Operating Speed 145km/k
Average Acceleration to 
80km/h 

0.5m/s2

Emergency Retardation 1.10 –
1.30m/s2

Seated Passengers 146
Specified Standing 
Passengers 

90

Nominal Gross Mass 68t
Maximum Permissible Wheel 
Load 

9.0t

Traction Engine Power 560 kW
Auxiliary Power (Continuous) 131.5 kW
Fuel Tank Capacity 2000 l
MDBF 100,000km
Fleet Availability - Peak 100%
Fleet Availability – Off Peak 90%
Car Body Material Stainless Steel
Toilet Vacuum

 

 
HM Car 

 

 
HMT Car 

Figure 1: General Arrangements of the Hunter Rail Cars

4.3 Car body structure 

The car body structure is manufactured from high 
strength carbon and stainless steel profiled 
members that provide: 
• High corrosion resistance, strength and 

energy absorption 

• High strength to weight ratio 
• Low life cycle cost  
• Easy cleaning and removal of graffiti 
• Repairability 
The head stocks are constructed from carbon steel 
while the rest of the body shell is made of 
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structural stainless steel.  Extensive use of spot 
welding is made to avoid distortion and shrinkage.  
The body frame sill beams, pillars, transoms, 
intermediate beams, members and other joints 
have different sections, welded together using a 
combination of top-hat and zed sections. 
The joints between the vertical and horizontal 
members are stiffened with gussets and shear 
plates. 
The roof features a flat well along the entire length 
of the car.  The well is formed by heavy zed-
sections that contribute to the overall stiffness of 
the car and provide a solid base for roof mounted 
equipment. 
This construction method ensures a lightweight 
structure, which takes full advantage of the 
material properties offered by stainless steel. 
The specified requirement for a smooth seamless 
exterior has been addressed by using composite 
panels with stainless steel exterior surfaces. 
Advanced FEA has been used to optimise the 
structure for maximum material utilization.  The 
same model will be used for a vibration frequency 
analysis.  Verification of the predicted stresses 
with strain gauge testing will indicate the 
correlation between calculated and measured 
stresses. 

4.4 Crashworthiness Capability 

The Hunter Rail Cars are designed to provide a 
high level of protection to both passengers and 
crew in the event of a collision.  The couplers 
incorporate hydraulic energy absorbing elements 
that allow coupling at up to 10km/h without 
damage to the couplers or vehicles.  At speeds 
above 10 and up to 15 km/h damage is confined to 
sacrificial components within the impacting coupler 
assembly.  At speeds above 15 and up to 25 km/h 
the damage is confined to the impacting coupler 
and sacrificial components of the coupler 
assemblies throughout the Set. 
The carbody structure incorporates energy 
absorbing structures at the driving and non-driving 
ends of each car.  At collision speeds above 25 
and up to 50 km/h, in addition to energy absorption 
by the sacrificial components and coupling 
systems throughout the cars energy is absorbed 
by the crumple zone of the impacting car end.  For 
collision speeds above 50 km/h and up to 70 km/h 
the additional energy is dissipated by controlled 
and progressive deformation of the crumple zones 
of the ends of the other cars.  Anti-climbers are 
fitted to both ends of each car to ensure positive 
vehicle engagement in the event of a collision.  For 
collision speeds above 70 km/h, further additional 
energy is dissipated by controlled, progressive 
deformation within the overall body structure of the 
cars.  In order to minimise the forces experienced 
by passengers, the collapse force for the higher 
magnitude crumple zones should not exceed 3MN. 

The primary crumple zone on the leading end of 
each cab car is designed to absorb a minimum of 
0.5MJ when the leading end of the car impacts 
with an object 150 mm above the top of the floor 
structure.  In this instance the maximum crumple 
distance must not exceed 1 m. 
The design of the energy absorbing crumple zones 
was developed using a staged approach 
incorporating the following stages: 
• Macro energy level calculations for the 

various collision scenarios 
• Conceptual design of the crumple zones 

incorporating energy absorbing tubes 
• Initial modelling and crash simulation of the 

concept design 
• Physical testing of individual energy 

absorbing tubes to identify suitable materials, 
tube sizes and crumple initiators 

• Physical testing of single bay multi-tube 
stacks 

• Physical testing of multi-bay multi-tube stacks 
(Figure 2 and Figure 3) 

• Updating the crash simulation models using 
as-tested data 

• Verification of the design through simulation. 
 

 
Figure 2 – Three-bay energy-absorbing 
tube stack 
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Figure 3: Three-bay tube stack in fully 
crushed state after testing 

4.5 Bogies 

The fabricated bogies are designed and 
manufactured by United Goninan (Figure 4).  The 
powered and non-powered bogies are based on 
the same frame design.  The bogie frame has two-
box section side frame members joined by a box 
transom.  Body mass is transferred to the bogie 
via air springs and a spreader beam.  The 
spreader beam has inclined rubber load pads to 
transfer the vertical load of the rail car to the bogie 
frame, and is connected to the bogie frame 
through a single traction link for traction force 
transmission.  The spreader beam also functions 
as an auxiliary air reservoir for the air springs. 
The axle boxes are wing-type steel castings with 
conical rubber primary springs on each side of the 
journal bearing. 
Secondary suspension comprises two secondary 
air springs with built-in rubber emergency springs.  
Hydraulic dampers provide the required damping 
to control car body oscillations.  An anti-roll bar is 
used to control car body sway. 
Wheel cheek disc brakes are fitted to both motor 
and trailer bogies.  Four compact brake actuators 
with automatic slack adjusters are fitted to each 
bogie (one per wheel); one actuator on each axle 
is fitted with spring applied parking brakes 
featuring both pneumatic and manual release. 
Each axle of the motor bogie is driven through 
Voith axle mounted gear drives.  The two gear 
drives are inter-connected by a cardan shaft.  
Another cardan shaft connects one of the gear 
drives to the transmission. 

Traction, braking and other longitudinal forces are 
transmitted from the bogie to the car through 
traction rods that connect the spreader beam to 
the car body. 
AAR M-107 Grade ‘B’ wheels and AAR Class ‘L’ 
(short ‘E’) non-field lubrication package tapered 
roller bearing units are used.  The axles are 
manufactured to AAR M-101 or an equivalent 
specification. 
Temperature sensors are mounted at each axle 
box cover to measure the air temperature inside 
the axle boxes.  Any over-temperature condition is 
displayed on the TOS screen.  This system is 
similar to the one fitted to the Cairns Tilt Train 
Power Cars.  Oversize journal bearings have been 
incorporated into the design to reduce the risk of 
axle box bearings overheating. 
The non-powered bogie frames can be fitted with 
electromagnetic track brakes should this be 
required. 
The first bogie frame was shipped to Skoda in 
Czechoslovakia at the end of February for fatigue 
life testing. 
 

 
Figure 4: Pictorial view of motor bogie 

4.6 Compatibility with endeavour 

The Hunter Rail Cars are designed to operate in 
multiple with the existing Endeavour fleet.  This 
capability provides significant operational flexibility.  
This requirement has proven to be a challenging 
design exercise to marry a modern rail car with 
older vehicles without compromising the 
performance of the more complex systems on the 
Hunter Rail Cars.   
Conventional trainline control with Endeavours is 
achieved through side-mounted connection boxes 
on the automatic couplers.  Inter-set functionality 
of the advanced features unique to the Hunter Rail 
Cars is achieved through a third connection box 
mounted on the top of the coupler. 

4.7 Intercar connections 

Dellner automatic couplers are fitted to each end 
of the two-car set; these couplers are fitted with 
hydraulic energy-absorbing units, deformation 
tubes and tear-off bolts.  A semi-permanent bar 
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coupler with hydraulic elements, deformation tubes 
and tear-off bolts joins the two cars. 
A Woodville supplied wheelchair-accessible 
gangway connects the two cars. 

4.8 Access 

The crew and passenger sliding plug door systems 
are supplied by IFE-Tebel.   
The aluminium honeycomb passenger doors have 
pressure-sensitive leading edges for passenger 
protection.  Door control is hardwired from the 
crew cab to individual door control units.  Door 
status and fault data are displayed via the TOS 
displays.  Each door is fitted with an additional 
locking device that engages with the trailing edges 
of the doors when they are in the closed position.  
These devices are also used to provide safe 
isolation of defective doors. 

4.9 Brake system and air supply 

The brake system is a micro-processor based 
system supplied by SAB WABCO using proven 
Gemini microprocessor brake control equipment.  
The system is similar in principle to the EBC/5 
system used on the V/line Sprinter railcars and 
SRA Xplorer/Endeavour railcars, and includes: 

• EP and Automatic brake systems. 
• Microprocessor controlled wheelslide 

protection (WSP) system. 
• Load proportional braking 
• Blending Control, maximising the use of 

hydrodynamic braking under varying 
conditions. 

• Diagnostics and system condition 
monitoring. 

One rail car set will be equipped with Magnetic 
Track Brakes (MTB’s) for evaluation purposes, and 
all rail cars will be configured for easy retro-fitting 
of MTB’s if required. 
Air supply is provided by an Atlas Copco GAR 7 
rotary screw compressor mounted in a module to 
facilitate fast change-out.  Included in the module 
are a pre-filter, coalescing filter, vapour filter and 
one membrane type dryer that ensure that clean 
dry air is supplied to the brake system.  All oil and 
water condensates are collected in a holding tank. 

4.10 Climate control 

Each car is fitted with two 25kW roof-mounted air 
conditioning units supplied by Noske-Kaeser.  The 
units supply conditioned air to the crew cab and 
feed the passenger saloon through two main ducts 
that are interconnected by a plenum chamber.  
The temperature of the saloon and cab are 
independently controlled.   
System redundancy is achieved by separating the 
air supply fan circuits from the air conditioning 
circuits.  In the event of an air conditioning system 

failure, the air supply fan will continue to operate 
and draw air from the other air conditioner. 
Fresh air is introduced to the cars through intakes 
situated on the sides of the car and stale air is 
exhausted through an outlet on the roof.  A 
negative pressure is maintained in the toilet to 
prevent odours from entering the saloon of the 
HMT-car. 

4.11 Diesel engine 

Propulsion is provided by one Cummins QSK19-R 
diesel engine in each car.  This new generation 
diesel engine is Euro II emission compliant and is 
expected to reduce engine operating costs by 20–
30% over the K19 engine fitted to the 
Endeavour/Xplorer fleets. 
The engine is mounted in a United Goninan 
designed raft.  The raft provides two levels of 
noise and vibration isolation through carefully 
selected vibration damping mounts, and facilitates 
easy engine replacement. 
 

 
Figure 5 – Traction engine raft 

4.12 Auxiliary power supply 

The auxiliary power supply is similar in 
configuration to the units fitted to the Endeavour 
fleet but features several significant improvements.  
A Cummins 6ISBe–G1 diesel engine and a Power 
Command Control-2100 genset controller are 
arranged in a fully enclosed raft (Figure 6).  This 
arrangement minimises noise levels and facilitates 
easy removal for maintenance.  The 6ISBe-G1 
Engine is some 400 kg lighter than the L10-RG 
used on Endeavours.  This new power supply unit 
features optimal genset matching ensuring 
reduced fuel consumption during normal 
operation, and reduced maintenance requirements 
and emissions (Euro III emission compliant). 
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Figure 6 – Auxiliary power supply raft 

4.13 Transmission 

Each car is equipped with a well-proven 2-speed 
Voith T 311 bre turbo transmission (Figure 7), with 
one hydrodynamic torque converter, one fluid 
coupling, and an integrated hydrodynamic 
retarder.  Speed changes occur automatically 
without interruption of tractive effort.  Changing the 
direction of travel is undertaken at standstill by 
means of an integrated mechanical reversing gear 
with hydraulically operated reversing cylinders.  
The retarder allows nearly wear-free hydrodynamic 
braking.  The brake power generated is dissipated 
as heat to the diesel engine cooling water via a 
heat exchanger. 
The transmission has electronic control with 
monitoring, diagnostics and an operating data 
logging system. 
The transmission and control unit are mounted on 
a separate raft along with the traction engine 
charge air cooler.  The transmission is double 
isolated from the car body.  A cardan shaft 
connects the diesel engine to the input side of the 
transmission.  Another cardan shaft connects the 
transmission to the first of two Voith final drive 
units in the bogie. 

  
Figure 7 – Voith Transmission 

 

5 COMMUNICATION AND SURVEILLANCE 
SYSTEM 

5.1 Communication 

An Innovonics Passenger Information Display 
System (PIDS) provides automatically displayed 
passenger information and digital voice 
announcements based on vehicle position and 
route number.  Visual information is displayed on 
internal and external destination indicators. 
Vehicle position is typically determined on a hybrid 
of GPS location and dead-reckoning from a 
vehicle speed or axle pulse sensor.  This 
arrangement provides redundancy and self 
checking.  It allows operation in GPS shadows 
such as tunnels and stations and automatically 
corrects for the intrinsic errors and unanticipated 
field events that can confuse a dead-reckoning 
only system.  The system is based on field-proven 
software modules that provide PIDS function, 
digital announcements. 
The communications system provides crew-to-
crew, crew-to-passenger and passenger-to-crew 
communication.  Announcements can be made on 
both the internal and external public address 
systems.  Hearing loops are installed in the priority 
seating areas of the saloon. 

5.2 Surveillance 

The CCTV surveillance system monitors the 
saloon areas and records images in digital format 
onto an 80GB hard drive.  Date/time/car location 
information is recorded along with the camera 
images. 

5.3 Train Radio 

The train will be fitted with several radio systems. 
MetroNet radio–provides communication between 
the train crew and the train controller/signal man 
during operation on the rail network in the 
metropolitan area.  This is a dedicated UHF band 
radio system operating in full duplex (telephone 
style) mode. 
CountryNet radio–provides communication 
between the train crew and the train 
controller/signal man during operation on the rail 
network outside the metropolitan area.  This 
system comprises a satellite based communication 
system plus a UHF radio system.  The UHF 
component allows point to point communication in 
localised areas as well as a capability to 
communicate via handheld radio with the train 
controller/signal man by ‘repeating’ through the 
train based satellite system. 
For the Hunter Rail Cars, switching between 
MetroNet and CountryNet is achieved by using 
GPS receivers. 
Mobile telephone system–provides an alternate 
communication link via the public infrastructure. 
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Data radio system–provides a communication 
link between the train and fixed infrastructure to 
enable the automatic transfer of train and on-board 
systems status, alarm and fault log data as well as 
operational data for maintenance records and 
analysis. This technology utilises the GPRS data 
network which is part of the public infrastructure 
and is based on existing mobile phone technology. 

5.4 Train Operating System and Event 
Recorder 

The Train Operating System (TOS) and Event 
Recorder are supplied by Finnish company EKE.  
The SRA, EKE and United Goninan have worked 
cooperatively to determine a suitable configuration 
for the TOS to minimise mission criticality. 
The TOS provides train operation data to the train 
crew.  Data is presented to the crew visually via 
Graphical Display Units (touch sensitive screens) 
and audibly using a tone generator. 
The TOS gathers data from the following onboard 
systems: 
• Traction Engine 
• Auxiliary Power Supply 
• Door Controls 
• Brake System 
• Air Conditioner 
• ATP (when fitted) 
• Crew Controls 
• Passenger Emergency System. 
Data displayed can be categorised into two basic 
groups: 
• Operational Data – e.g. Cabin temperature, 

Door Status, Engine Speed. 
• Alarm Data – e.g. Engine over temperature, 

Aux Power supply Fault. 

In general operational data can be selectively 
viewed by the crew at any time.  
Alarm events will normally initiate an audible tone 
combined with a clear indication on the display 
screen, a message prompting appropriate action 
to be taken may be included in the alarm display. 
The TOS can be used to control non-critical 
equipment, giving the crew the ability to remotely 
operate this equipment. Examples are air 
conditioner settings and saloon light levels. 
A secondary function of the TOS is to record 
operational data from the train systems. This data 
can be analysed using computer based tools and 
used for maintenance programming and fault 
finding. 

5.5 Event Recorder 

The event recorder records critical data and 
events that occur during train operation. This data 
is maintained within a secure memory module in 
the recorder.  Data from the event recorder can be 
displayed by the TOS if required.  It is normal 
practice for data to be extracted from the recorder 
by the use of portable computer equipment for 
analysis. 

6 CONCLUSION 

Design and manufacture of the new Hunter Rail 
Cars has reached an advanced stage, and testing 
of the car body structure and bogie frame will have 
been completed by mid-2004.  The Customer – 
Contractor relationship is functioning efficiently 
and facilitating resolution of project related issues.  
The progress achieved to date on some of the 
more challenging aspects of the project has been 
encouraging, and there is every reason for the 
project team to look forward to producing a 
modern reliable train set. 
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ASSET MANAGEMENT OF AGEING ROLLING STOCK 
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SUMMARY 

The MTR Corporation Limited (MTRCL) operates one of the busiest urban metro systems in the world which 
carries over 2.2 million passengers each day.  The MTR railway system consists of five urban metro lines and 
one airport express line as shown in Figure 1.  There are totally 1050 railcars of different series in the fleet to 
provide quality and efficient services for people of Hong Kong as well as visitors to Hong Kong. 

This paper describes the process of the Asset Management as applied to the ageing rolling stock, typically to 
the Urban Line train fleet.  Some of the vehicles have been in service for some 25 years.  The process includes 
asset introduction, monitoring during service life cycle, life extension and planning for replacement. 

The experience on the Asset Management gained by MTRCL revealed that through proper preventive 
maintenance, continuous improvement of the equipment reliability, overhaul periodicity of train and some of 
the important equipment can be much extended. This can help in saving manpower and material consumption. 
It also concluded that the extension of asset life by a systematic and pragmatic approach is one of the 
important means of effective cost control.  Extension of the asset service life will not only reduce the 
depreciation, but also provide better long-term financial planning for replacement of the aged rolling stock. 

 

 
Figure 1 
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1 INTRODUCTION 

Rolling Stock is one of the important revenue 
earning and expensive assets in any railway. 
MTRCL has a fleet of electric multiple unit (EMU) 
passenger trains comprising of 866 Urban Line 
railcars, 184 Lantau & Airport railcars. The present 
book value of this passenger train fleet is about 
HK$6 billion.  If we procure them now, it would 
amount to about HK$9 billion. 
The first batch of passenger vehicles arrived in 1978 
with revenue service commencing in late 1979.  
Subsequently, additional rail vehicles were 
purchased to meet the demands of growing 
patronage, new lines and extensions, and express 
airport/in-town services.  Some of the earlier 
vehicles have reached an age of 25 years, while the 
latest ones are the stock for new Tseng Kwan O 
Extension which was completed and started 
revenue service in August 2002. 
The service life profile of the Urban Line train (URL) 
fleet is shown in Figure 2 

2 PROPER MANAGEMENT OF AGEING 
ASSETS 

The main objectives of managing the assets are: 
• To ensure that the assets perform their intended 

functions with high standard of reliability 
throughout their service life. 

• To more accurately predict their service life. 
 

• To monitor closely their conditions and improve 
their performance as and when required. 

• To explore means of extending the service life 
of assets. 

• To evaluate when the replacement should take 
place, in a cost-effective manner, in view of the 
asset conditions, performance, availability of 
suitable alternatives. 

• To prepare a long term asset replacement 
forecast for better financial planning. 

3 CRITICAL ISSUES IN MANAGING AGEING 
ASSETS 

In managing the assets, we need to answer the 
following critical questions: 
• What is the expected service life of the assets? 

In this context, the service life means the 
equipment can perform its intended functions 
without involving risk of unreliability or incurring 
substantial maintenance effort and costs.  

• What are the conditions of the assets and how 
efficiently do they perform? 

• How can we monitor their condition and 
maintain their performance? 

• Should we extend their service life or replace 
them before the end of their service life? 

• What are the implications if the service life of 
some of the major equipment is not aligned?  
How can we fully utilize the service life of most 
of the major equipment? 

 
 

 

Figure 2 
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4 ASSET MANAGEMENT PROCESS 

In order to address the above critical issues, 
MTRCL have established an asset management 
process model (Figure 3) with the following phases: 
• Asset Introduction Phase 
• Monitoring and improvement during Service Life 

Cycle 
• Planning for Replacement or Life Extension 
• Replacement and Disposal 

5 ASSET INTRODUCTION PHASE 

Typically, after a train (the asset) has been 
satisfactorily tested and commissioned, it will be 

handed over from supplier to MTRCL.  The asset 
will become the property of MTRCL.  After a proper 
capitalization registration, it will then become an 
asset under the custody of MTRCL Rolling Stock 
Maintenance Department (RSMD) for revenue 
service.  To track its performance, system 
performance standards (SPSs) for the complete 
train fleet and their sub-systems are developed after 
a teething problem period.  These standards are 
reviewed annually to take into account the latest 
operational conditions, the impact of reliability 
improvement modifications, maintenance regime, 
etc.  (An illustration of the SPS’s is shown in Figure 
4 below.) 
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Figure 3 

 
System Performance Standard 2003 Target 
Equipment Type >2 min. 

delays 
>5 min. 
delays 

Auto Train Control 115 23 
Telecommunication 2 0 
Train Information System 0 0 
Traction Chopper and Traction Control 67 18 
Auxiliary Converter / Inverter 5 0 
Traction Motor 7 3 
MA Set and Auxiliary Control 9 0 
Battery 0 0 
Door 70 24 
Pneumatic 17 4 
Pantograph 2 2 
Coupler and Gangway 2 1 
Bogie 4 1 
Wheelset 2 0 
Carbody and Structure 1 0 
Air Conditioning 2 1 
Incidents with no equipment fault 49 9 

Total 239 63 

Figure 4 
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6 MONITORING AND IMPROVEMENTS 
DURING SERVICE LIFE CYCLE 

During this period, the equipment performance and 
conditions are closely monitored.  At the heart of this 
phase are the 10 EMU Equipment Performance 
Monitoring Working Groups (EEPM, Figure 5), each 
being responsible for one/two major equipment or 
systems.  The results of any associated studies or 
conclusions from these working groups will be 
consolidated in a joint EEPM committee for follow up. 
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Figure 5 

These working groups closely monitor the SPSs for 
these sub-systems and report their performance 
monthly.  In case of any unexpected significant 
deterioration of equipment from the SPSs, an 
analysis can be immediately carried out to identify 
the root cause and initiate improvement proposal. 
Proposals of safety nature or service critical will be 
implemented with a higher priority with funding from 
the overall budget provision for contingency.  The 
other improvement proposals on reliability or 
customer service will be budgeted for 
implementation in next or coming years.  Some of 
them could be implemented during currently 
planned train overhauls to avoid unnecessary 
downtime and equipment removal/reassembly.  The 
diagram (Figure 6) depicts the relationship between 
the asset management process and the equipment 
reliability framework.  With the accumulated data 
and experience, and after review, studies on the 
prevailing maintenance regime, the overhaul period 
of many sub assemblies equipment can be 
extended without compromising safety or reliability. 

 
 
 
 

Figure 6 
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With the availability of such information and studies, 
the service life of some major equipment can be 
realistically established as shown in Figure 7. 
 

Equipment Magor Item/Category Estimated Service
Life

Major
Overhaul
Period

Battery Battery 15 years N/A

Traction Motor 40 years + 6.5 years

MA Set 40 years + 6.5 years

Coupler Coupler Head, Muff Coupling,
Draftgear, Suspension Unit and
Articulation Bearing

40 years + 6.5 years

Devices that consist of consumable
parts for replacement during routine
maintenance

40 years + 3.5 - 14
years

Devices that requires no maintenance
except visual inspection

On condition basis N/A

Air Compressor 50 years 3.25 years
Air Dryer 40 years + 3.25 years
Valve 40 years + 3.25 - 6.5

years
Bogie &
Suspension

Bogie Frame, Suspenison and
Bearing & Hush

40 years + 6.5 years

Door Door Leaf, Actuator and Manifold
Assemblies

40 years + 6.5 years

Wheel 8 - 10 years
Axle & Traction Motor Suspension
Tube

40 years +

Refrigerant Compressor 40 years + 2.5 years
Fan Motor On condition basis 5 years
Evaporator / Condenser Coil 15 years 2.5 years

GEC GTO
Control
Equipment

Contactor Case, Electonic & High
Voltage Auxiliary Case, Chopper
Case, HBC Contactor Case,
Capacitor Frame, Main Resistor
Frame, and Line Filter Inductor Frame

40 years + 6.5 years

Air Conditioning
Unit

Wheelset

Service Life of the Major Equipment in Rolling Stock

Traction Motor
& MA Set

Switching
Device

Pneumatic
Equipment

6.5 years

 
Figure 7 

7 PLANNING FOR REPLACEMENT OR LIFE 
EXTENSION 

With the introduction of modifications, enhancement 
of maintenance and overhaul, improvement of the 
operating conditions and repair of the parts, design 
lives of the equipment can be extended.  The 
extension of asset life is one of the important means 
of effective cost control. For instance, extending the 
service life of Urban Line EMUs from 30 to 40 years 
can reduce the depreciation HK$122 million per 
annum! 
In conjunction with material management working 
groups, EEPMs evaluate the cost and benefits of 
the substitution of more reliable and cost effective 
alternative equipment or components on both 
engineering and business considerations. 
There are cases that due to the availability of the 
new technologies or the significant reduction in cost 
of some products available in the market, early 
replacement of such equipment may be beneficial, 
bringing about greater energy efficiency, less 
maintenance and replacing the obsolete spares for 
the existing equipment, etc.  A notable case was the 
Chopper Conversion Project for energy saving 7 
years ago, which was realistically justified for its IRR 
of 12%. 
To formulate a systematic approach in determining 
between the options of extending the service life 
and replacing the asset, the Joint EEPM Committee 
co-ordinates inputs from individual EEPM 
sub-groups and various working teams to 

consolidate a study plan to identify such 
opportunities. 
In addition, in collaboration with Maintenance 
Planning and Design Support groups within the 
company, MTRCL have established a long-term 
replacement forecast, which is reviewed annually to 
ensure the timely incorporation of any changes.  
The forecast plan enables our Finance Division to 
provide the necessary long-term financial plan for 
asset replacement and to facilitate advanced 
planning of capital asset replacement projects 
workload. 

8 REPLACEMENT AND DISPOSAL 

After approval of each asset replacement proposal 
by the company’s Operations Executive 
Management Committee or the Budget Vetting 
Group, a budget will be allocated for the work and 
the procurement cycle will start. To facilitate a 
smooth transition, a progressive phasing out 
approach is usually adopted to align with the vehicle 
overhaul programme.  This helps minimize 
duplication of maintenance work and avoid 
unnecessary down time of the vehicles. 

9 SUCCESS STORIES IN ASSET 
MANAGEMENT 

The following are the notable success stories in the 
implementation of the asset management for Rolling 
Stock: 

• Chopper Conversion 

Introduced in 1995 – with achievement of 12% 
IRR – Energy measurements on Initial modified 
trains were conducted and the energy saving of 
some 30% as compared with the pre-modified 
camshaft control train was achieved. This 
proved the replacement being well justified 
even though the remaining service life of the 
camshaft units still had some 25 years. 

• Urban Line EMU life Extension  

The design life of the car body structure and 
some major equipment were designed for 30 
years.  The EEPM working group on car body 
structure, found that except for minor problems 
due to sub-quality workmanship during 
production, there was no major structural 
problem reported for the last 20 years.  With a 
further detailed study, including analysing the 
structure by finite element modeling analysis 
technique, and conducting field measurements, 
a number of weak spots were identified.  These 
weak spots were subsequently reinforced as 
shown in Figure 8, Figure 9, and Figure 10. 
Further measurements confirmed such 
reinforcements can increase the service life of 
the car body and bogie structure to at least 40 
years from its introduction to revenue service. 
This provides a substantial saving of 
HK$122 million/year from depreciation to the 
company. 
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Example of Reinforcement of Bogie Structure: 
 

 
Figure 8  

Photo of the Bogie Frame 

 

 
Figure 9  

Close up at the Antenna Mounting Bracket on 
Bogie Frame with reinforcement 

 

 
Figure 10 

Close up at the reinforcement at the Transom of 
Bogie Frame 

 

 

 

• Air-conditioning Units 

In the original design, it was anticipated that the 
service life would be 15–20 years.  After the 
mid-life overhaul, and proper maintenance and 
replacement of some unreliable parts, it is 
being considered to extend to a service life of at 
least 40 or 45 years after another interim 
overhaul as 30th year.  This means the A/C 
units will survive until the rolling stock 
replacement. 

 

 
Figure 11 

Saloon Air Conditioning Unit 

• Extension of Overhaul Cycles 

This have been achieved from 2.5 yearly 
progressively to presently 3.5 yearly as a result 
of a number of reliability improvements having 
been introduced and the experience gained in 
the last 20 years.  This leads to a saving of 
HK$260 million over 20 years. 

• First Generation Door gears Service Life 
Extension 

The original recommendation from the OEM 
suggested the service life of the door gears 
would be 15 years.  After the modification the 
pneumatic door operating actuators it is 
forecast that the main part of the door gears 
can perform reliably to match the car body and 
bogie structure life subject to them being 
properly maintained. 

 

 
Figure 12 

Pneumatic Sliding Door Gear 

Newly welded support plate 

Newly welded part 



Wah Hi Yuen  Asset Management of Ageing Rolling Stock 
Mass Tranist Railway Corporation Limited 

 

 08.7 Conference on Railway Engineering 
Darwin 20-23 June 2004 

• Replacement of Motor Alternators with 
Static Inverter 

In the early delivered vehicles, motor 
alternators (MA) were introduced to convert the 
1500 volt DC to AC 440/240V supply for the 
air-conditioning units, train saloon lighting, etc. 
The MAs are not only bulky, but the efficiency is 
relatively low, when comparing with power 
electronic inverter nowadays.  After a detailed 
study, and followed by in-field service trials of 
static inverters (SIVs) from different prominent 
suppliers, it was confirmed that fleet 
replacement of MAs by the SIV of latest 
technology was technically and financially 
viable.  The project was started two years ago 
and today about 40% of all MAs have been 
replaced. The project also enables the 
maintenance of the MAs progressively 
diminishing.  The SIVs are almost maintenance 
free. 

 
Figure 13  

Existing Motor Alternator Used in Urban Line 
Train 

 

 
Figure 14 

New Static Inverter for replacement of Motor 
Alternator 

10 FORECAST OF MAJOR ASSETS IN THE 
NEXT 20 YEARS 

A realistic prudent asset replacement forecast will 
help us to better plan our financial commitments in 
the coming years, prevent the ageing system from 
becoming unreliable due to insufficient funding for 
replacements.  In addition asset management 

enables the MTRCL to take the benefits of the 
developments in technology. Figure 15 illustrates 
the MTRCL asset replacement plan from which 
long-term financial planning can be made. The 
replacement plan is reviewed annually during 
budgeting process to reflect the latest situation, and 
any adjustments will be suitably made. 
 

Replacement Item Quantity
Expected

Service Life
(Year)

Estimated
Cost

(at 2001)

Replacement
Period

EMU (1st batch) 420 40 3,235 2017 - 2023

EMU (2nd batch) 251 40 2,071 2023 - 2031

EMU (3rd batch) 91 40 822 2032 - 2037

Flashing System Map 7,620 10 53 2008 - 2010

Electronic Information
Display System

3,048 10 92 2008 - 2010

Batteries 287 15 25 2008 - 2010

Linear Fans 4,572 15 27.4 2013 - 2016

Train Information System 96 15 133 2013 - 2016

A/C Compressors & Coils 1,244 15 237 2009 - 2013

Relays: 37 ER 3,140 30 22 2009 - 2013

Relays: 47ER/NR28 6,834 30 34 2009 - 2013

 
Figure 15 

11 CONCLUSIONS 

With years of experience in implementing asset 
management, MTRCL have established a 
comprehensive and pragmatic Asset Management 
Process for its Rolling Stock to address the many 
objectives of asset management. In a nutshell, the 
following conclusions can be drawn on asset 
management: 
• Asset Management is a dynamic and 

continuous process. 
• EEPMs provide important forum for condition 

monitoring, reliability improvement and 
prediction of equipment service lives. 

• A number of achievements have been 
accomplished. This will be extended to more 
and newly introduced equipment. 

• Success depends on harmonized and 
collaborative team effort from the various 
parties; design, maintenance, planning, and 
procurement teams. 
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SUMMARY 

The Hong Kong MTR is one of the finest metro systems in the world which carries over 2.3 million 
passengers daily.  It is very critical for MTR to provide a reliable passenger train service at all times.  The 
maintenance of the rolling stock has been carried out by in-house resources since the opening of the railway 
in 1979.   MTR opened the new Tseung Kwan O Line in August 2002.  The maintenance service of the 15 
passenger trains stabled at the new Tseung Kwan O Depot (TKD) was outsourced to A. Goninan & Co. Ltd 
in January 2002 with the maintenance service commenced in August 2002.  This is the first rolling stock 
maintenance service outsourcing contact awarded by MTR.   

In order to ensure that the potential service and safety risks that may arise from outsourcing of the 
passenger train maintenance are properly managed, MTR had commissioned a detailed study on the scope 
and format of the outsourcing.  It was also essential that the outsourcing had a cost saving when compared 
with the in-house option.  Furthermore, it was targeted to define the performance regime and monitoring 
mechanism in a simple way such that the contractor can focus on delivering the key results, ie a safe and 
reliable train service.  The real success of the outsourcing can only be achieved when the contractor shares 
the same goal.   

From the outset of the contract, MTR and Goninan are committed in the partnering approach.  The ultimate 
goal is to attain a seamless operation between the outsourced TKD with all relevant activities of MTR.  In 
this joint paper from MTR and Goninan, the experience of both the client and the contractor in the process of 
pursuing the seamless operation for the TKD Rolling Stock Maintenance Service Contract are elaborated. 

 

1 INTRODUCTION 

1.1 Hong Kong MTR  

Since its operation in 1979, the MTR has become 
one of the most important operators of Hong 
Kong's transportation network.  With a daily 
patronage of about 2.3 million passengers, MTR is 
also one of the most intensively utilized mass 
transit railway systems in the world.  Through 
effective and efficient management in planning, 
design, operations, maintenance and continuous 
improvement of its railway services, MTR has 
been confirmed by recent benchmarking studies 
as one of the world's finest railways for reliability, 
customer service and cost-efficiency1.   

MTR currently operates 87.7 km of railway, 
comprising 6 railway lines with 49 stations, of 
which 12 are interchanges to provide convenient 
transfer between the lines.  The Airport Express 
Line which commenced operation in mid 1998 
concurrently with the opening of the new 

                                                      
1 MTR Corporation Sustainability Report 2001, MTR 
Corporation, April 2002. 

international airport at Chek Lap Kok provides the 
fastest and the most convenient means of 
transport from the new airport to the commercial 
districts in Kowloon and Hong Kong Central.   

 

Figure 1 –  MTR System Route Map 
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To meet the customer demands, MTR has a fleet 
of passenger trains with 1,050 numbers of cars of 
which the ages range from less than 2 to 25 years 
old.  The MTR network operates on a 1,500 volt 
direct current overhead line catenary system.  The 
Urban Line passenger trains are with eight cars, 
design capacity of 2,500 passengers and operate 
at a maximum speed of 80 km/hr. 

1.2 United Goninan 
Established in 1899, United Goninan is Australia's 
market leader designer in the Australian rail 
transportation industry and utilises modern 
technology and International Best Practices in the 
design, manufacture and maintenance of railway 
rolling stock.  The business philosophy of United 
Goninan is to draw on the world's best sources of 
technology and to internationally network its own 
designs, technology, products and services.  
The business has an annual turnover in excess of 
$500 million, employs 1,700 people and has 
manufacturing, maintenance, refurbishment and 
design facilities throughout Australia and Asia.  
United Goninan's head office in Newcastle (New 
South Wales) is the administrative and 
technological centre of the organisation, providing 
group management, finance, marketing and 
engineering expertise to the business' operations.  
The business has a depth of design and 
manufacturing expertise which has gained 
international recognition. 
United Goninan is the largest capacity designer of 
railway rolling stock in Southern Asia, and has 
designed and manufactured state-of-the-art heavy 
haul locomotives, stylish and comfortable 
passenger trains and light rail vehicles, aluminium 
and steel freight wagons and bogies.  The 
business is also Australia's largest provider of 
maintenance services to public and private railway 
operators, covering passenger cars, locomotives, 
light rail vehicles and freight vehicles.  
United Goninan's products and services cover: 
 Locomotives 
 Passenger cars Light rail vehicles 
 Freight vehicles 
 Bogies 
 Maintenance and service 
 Refurbishment 
 Rebuilds 
 Project management 

2 THE TSEUNG KWAN O DEPOT ROLLING 
STOCK MAINTENANCE SERVICE 
CONTRACT 

2.1 Tseung Kwan O Depot 

The Tseung Kwan O Line is the latest extension 
constructed by MTR Corporation.  The design 
started in December 1996 and the Line was 
opened for passenger service in August 2002.  
The Line has the following key features: 

 Trains operating at the same speed (80 km/hr) 
and frequency as the other urban lines; 

 Stations at Yau Tong, Tiu Keng Leng, Tseung 
Kwan O, Hang Hau and Po Lam; 

 Interchange facilities with the Kwun Tong Line 
at Yau Tong and Tiu Keng Leng, and with the 
Island Line at Quarry Bay and North Point; 

 Service by 15 trains used on the current 
urban lines. 

The Tseung Kwan O Depot (TKD) is the 
running maintenance depot for trains operating 
in Tseung Kwan O Line. 

 
Figure 2: Tseung Kwan O Line Route Map 

2.2 MTR’s Maintenance Outsourcing Strategy 

The objective of outsourcing is to achieve the 
optimum mix of in-house and external resources to 
support the maintenance and operation of the 
Railway at the required level of performance.  Not 
all work will be outsourced, e.g. maintenance 
activities such as first line fault recovery that 
require immediate attendance and involve multiple 
interfaces may be more effectively provided in-
house. 
Outsourcing is implemented in an incremental 
manner.  Starting from a manageable number of 
maintenance service contracts, the scope of 
outsourced work expanded gradually as the 
management system matures and more 
experience is gained. 
A long-term partnership will be established with the 
contractor to ensure on-going business 
commitment in a win-win arrangement. 
A minimum workforce with all core expertise 
necessary to maintain and operate the Railway is 
retained. 
There is a stringent procedure on outsourcing 
study.  This begins at an initial cost and benefit 
analysis and the technical analysis on scope of 
works and risk.  The competency of contractors is 
assessed and only those with adequate and 
proven capabilities and performance will be 
qualified. 
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The risk associated with outsourcing that may 
have impact on safety and quality of customer 
service if the contractor fails to perform 
satisfactorily will be identified.  An integrated 
system assurance procedure defines 8 generic risk 
areas, including safety, service interruption, costs, 
project delay, political aspects and customer 
expectation.  In depth risk assessments are carried 
out on all risk areas during detailed feasibility 
studies and suitable control measures are 
identified. 
The outsourcing contract is on performance based 
with standard same as the work done by in-house.  
A comprehensive contractor safety management 
system is in place.  The elements of the system 
include regular inspection and audit, information 
system and reporting channel, fault analysis and 
performance review. 
Continuous improvement is supported by benefit 
sharing between MTR and the contractor. 

2.3 Scope of the TKD Rolling Stock 
Maintenance Service 

The maintenance service contract includes the first 
line maintenance of 15 urban line trains stabled in 
TKD.  Both the scheduled preventive maintenance 
and corrective maintenance of these trains are 
carried out by the contractor.  The second and 
third line maintenance of the trains and the 
handling of incident in running line are excluded.  
The second and third line maintenance of the 
trains are carried out by the MTR rolling stock 
workshop at Kowloon Bay Depot.  The handling of 
incident in Tseung Kwan O Line is supported by 
the MTR staff from Kowloon Bay Depot. 
The contractor operates the depot control centre 
for managing the day to day operations of the 
depot and carry out shunting movement of the 
trains.  The contractor also operates and maintains 
the depot plant equipment, namely, train wash 
plant, mechanical handling equipment, underfloor 
wheel lathe and compressed air system.  The 
contractor is also responsible for the security of the 
depot.  
The contract duration is seven years with an option 
to extend another seven years.  The contract was 
awarded to United Goninan in January 2002 and 
the maintenance service commenced from August 
2002. 

2.4 Performance Management 

The maintenance service contract is governed by 
a specification that is mainly performance based.  
The contractor is required to make available 
sufficient number of trains to meet the passenger 
service time table and ensure that all trains offered 
for passenger service meet the minimum 
acceptable train conditions standard. 
The train reliability requirements are specified in 
the contract in terms of numbers of two minutes 

and five minutes delay per million car kilometres. 
For instance, the reliability targets for the first year 
of the contract are 5.90 and 1.52 for two minutes 
and five minutes delay respectively.  The reliability 
targets have incorporated improvements year on 
year with benchmarking with the actual reliability 
performance of other trains maintained by MTR. 
The contractor has to establish and document a 
closed-loop failure reporting and corrective action 
system (FRACAS) to continuously improve the 
safety and reliability of the trains. 
MTR provides the contractor access to the in-
house Maintenance Information Management 
System so that a single database is used for the 
storage of the asset information and job planning. 
The train reliability is reviewed weekly in the 
Weekly Train Service Performance Review 
Meeting together with other depots.  The Monthly 
Contract Performance Meeting discusses and 
reviews the Monthly Performance Report and the 
overall performance of the contractor. 
The safety performance is assessed by the risk 
index of individual hazards that is identified from 
the MTR Risk Assessment Matrix.  The hazards 
are commonly stored under the MTR Hazard 
Registration System to which the contractor can 
access. 
The contractor has to provide 100 % train 
availability for the passenger service time table. 
All personnel in execution of the works have to 
satisfy the skill and qualification profiles for 
different grades.  These qualifications include 
education, experience and MTR training and 
qualifications such as competent person and 
shunter.  
MTR carry out regular audits on the contractor’s 
performance on the activities under the contract.  
A safety and quality assurance audit is carried out 
to assess the audit and degree of conformity, 
implementation and effectiveness of the quality 
and safety systems. 

2.5 Payment Adjustment—Demerit Point 
System 

The monthly payment is adjusted according to the 
actual train services performance achieved and 
the contractor performance during the relevant 
evaluation period.  The calculation of the 
performance payment adjustment is defined by a 
Demerit Point System which consists of the 
following attributes. 
• Safety of work 
• Availability performance 
• Corrective maintenance 
• Compliance of preventive maintenance and 

cleaning 
• Train service delay affected or caused by the 

trains exceeding reliability targets 
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Under each of the above attributes there are 
specified performance targets that will trigger 
demerit points when these targets are not met.  
When the total demerit points in a month exceeds 
a pre-defined level, a portion of monthly payment 
of the maintenance contract will be detained.  The 
monthly payment detained will be released the 
next month during which period the maintenance 
performance has achieved the specified 
requirement with total demerit points below the 
threshold value.  If the demerit point target is not 
met for 5 consecutive months, the 5 monthly 
payment detained will be forfeited. 

3 PRE-CONTRACT AWARD PHASE 

3.1 MTR’s Perspective 

In order to successfully outsource the maintenance 
service of the passenger trains stabled at TKD, it is 
identified at the outset that the contract strategy 
must address the requirements on safety and 
operation performance, financial return and human 
resources issues, if any.  Before the preparation of 
the specification for the maintenance service, it 
was decided that, instead of open tender, only 
contractors with proven experience on train 
maintenance and MTR’s working environment 
would be invited to bid.  It was further decided that 
the qualified contractors should be involved during 
the specification preparation process so that the 
best possible scope of works in terms of financial 
viability and risk mitigation would be identified. 
The TKD outsourcing contract was developed in 
the following steps. 
 MTR laid down the initial scope and areas to 

be explored with the contractors 
 Contractors studied the initial scope and 

proposed what they wished to be in the 
contract 

 A consultant was employed to review the 
initial draft plus the comments from the 
contractors and recommend the final content 
of the contract. 

The output of the consultant was: 
 To provide an independent review on the 

maintenance outsourcing specification  
 To review and recommend the performance, 

targets, monitoring and control mechanism on 
contractor performance 

 To review and recommend the interface 
control and segregation of responsibility 
between MTR and contractor 

 To assess the operational and commercial 
risk and recommend improvements 

 To review and recommend the contracting 
and financial terms. 

At the review of the initial draft scope and 
specification, the contractors expressed major 

concerns on the seven year fixed price, no 
payment for mobilisation, unlimited liability in the 
Condition of Contract, and reliability improvement 
requirements defined but they have limited control 
on the reliability performance. 
The consultant reviewed MTR’s initial draft and the 
comments from the contractors and raised 
concerns on the following areas. 
 Specification too prescriptive and instructional 
 The demerit point system has penalty only 

and additional of a bonus element is 
suggested 

 Provision to adopt partnership arrangement 
was not seen in the specification. 

 The first year reliability target is reasonable 
using the average of the actual numbers 
achieved.  The straight line improvement 
would put considerable pressure on the 
contractor especially in the first 2 years. 

 The availability target of 100% including 
service spare train will put considerable 
pressure on the contractor. 

The specification of the rolling stock maintenance 
service was finally concluded with consideration on 
the views of the contractors and the consultant,  

3.2 Goninan’s Perspective 

All the issues raised at the pre-contract award 
phase by the contractor and the consultant were 
considered and discussed with MTR to establish 
an understanding of the concerns of both parties.  
Changes were made to the document accordingly, 
providing a document that was more workable by 
both parties.  Some of the issues discussed and 
the outcomes are described below. 
Providing a seven year fixed price is difficult due to 
the many unknowns in the economic future and 
uncertainty increases the tender pricing.  As a 
result, MTR included a formula for price 
adjustment, which would take into consideration 
any major changes to the conditions of the 
contract.  A result that gave us more confidence in 
providing fixed pricing whilst minimising MTR costs. 
No payment for mobilisation was disappointing for 
the contractor since it represented significant 
dollars that could not be immediately redeemed.  
This approach was amended to include a separate 
amount for mobilisation, which could at least be 
acknowledged separately. 
Unlimited liability was undesirable to the contract 
because of the potential risk to a business.  The 
agreement was to settle at a figure, albeit large, 
but at least the risk was reduced to a known 
amount. 
Reliability requirements were defined but the 
amount of control achievable on highly technical 
components, especially components that have 
interface with other systems such as track 
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provided an unknown amount of risk for the 
contractor.  It was explained that the other depots 
faced the same scenario and if we were to be 
benchmarked against the other depots, we were 
required to be measured on the same basis.  At 
least we understood that the risk in terms of 
reliability was equal to both parties. 
The demerit point system only provided penalties 
and not bonuses which was not seen as a fair 
incentive scheme.  Accordingly, MTR introduced a 
scheme whereby the contractor could at least 
redeem themself by offsetting demerits points from 
good months in bad months smoothing out the 
effect of having a disastrous month with large 
financial implication.  Whilst the contractor could 
not get ahead from outstanding performance, at 
least the risk was minimised once again allowing 
us to minimise the cost to MTR. 
Reliability improvement rate was changed from a 
straight line rate of improvement to a curved line 
that provided for learning curve in the first twelve 
months which was a more realistic situation. 
Availability target of 100 was changed to a more 
achievable arrangement. 
The use of the partnering process during the pre-
contract award phase was a useful process to 
reduce the risk to the contractor and reflect more 
real life situations.  The process minimised cost to 
MTR and reduced the potential for conflict and 
variations during the execution of the contract. 

4 FROM PARTNERING APPROACH TO 
SEAMLESS WORKING 

4.1 MTR’s Perspective 

The partnering approach on the implementation of 
the maintenance service contract is not defined as 
a contractual requirement.  However, partnering is 
the philosophy that MTR had adopted for the 
Tseung Kwan O Line construction project in which 
a substantial cost saving was achieved.  The 
partnering approach has been used for the TKD 
rolling stock maintenance service contract since 
the contract was awarded.  Partnering workshops 
had been held between the key personnel of MTR 
and Goninan involving in the contract.  The 
Partnering Charter was signed by the Project 
Manager of Goninan and the Depot Manager of 
MTR in February 2002 signifying the commitment 
of both parties on striving for an excellent result on 
the train performance through partnering. 
Taking a further step from the partnering approach 
to actual implementation on seamless working, the 
seamless working mode was developed and 
formulated.   
 
 
 
 

The vision of seamless working mode is: 
 Contractors’ staff should have same degree 

of safety awareness, training, competency 
and job qualification as MTR staff. 

 There should be joint activities for contractor 
and MTR staff, such as Work Improvement 
Team and Quality Leader for continuous 
improvement. 

 There should be shared accommodation for 
contractor and MTR staff, i.e. both parties 
worked in the same office, to enhance 
communication between the two parties.  The 
MTR facilities should be shared with 
contractors’ staff in the event there is mutual 
benefit to both parties. 

 There should not be two standards in treating 
MTR staff and contractor staff.  The concept 
of “They-and-Us” should no longer exist. 

 The contractor and MTR staff should have 
mutual trust, open communication, 
cooperation and teamwork that make 
everyone to win by achieving the mutual 
agreed goals and objectives. 

 The contractor and MTR staff should have 
information and experience exchanges to 
ensure the work are done in an effective and 
efficiency manner. 

The attributes and tasks for enhancing seamless 
working are established so that the achievements 
made by MTR and contractor can be gauged.  The 
attributes defined are: 
 Safety, statutory & security 
 Quality 
 Performance and management meeting 
 Work process 
 Support and procurement 
 Human resource 
 Continuous improvement—team driven 

activities 
 Audit 
 MTR events & activities 
 MTR facilities 

Management of both companies provides full 
support on the implementation of seamless 
working.  TKD is consistently treated in the same 
manner as one of the depots managed by MTR.  
The seamless working mode is successfully 
implemented in the contract. 
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Figure 3 – Tseung Kwan O Depot 

4.2 Goninan’s Perspective 

Safety, Statutory and Security 
MTR have a very good safety record that is 
continuously improving and we very much wanted 
to be part of that success as well as meeting the 
contract requirements.  The minimal contract 
requirement was for all United Goninan employees 
to attend extensive training courses for safety and 
competency.  In addition, we introduced some 
tools to our approach on safety that were new to 
MTR which they are also learning from. 
Quality 
Our Quality Plan was significantly thinner than the 
typical MTR document and there was concern 
about our ability to meet their style of quality 
documentation.  We met extensively with the 
quality department whom worked as a consultant 
to understand our approach and provide a better 
understanding of MTR requirements in more detail 
than can be written in a contract.  This saved both 
parties a lot of time in not writing a lot of 
documentation that was not needed. 
Performance and Management Meeting 
We were integrated into the weekly performance 
meetings.  As much as I would like to think that it 
was a smooth transition and I was accepted 
without being noticed, this was not the case.  The 
meetings were originally conducted in Cantonese 
for many years until my attendance forced the 
medium to change to English.  Not only did I have 
to adapt to a new culture, but MTR were also 
making concessions. 
Work Process 
We adopted MTR procedures where possible to 
ensure consistency throughout the fleet. Where 
MTR already had existing procedures that satisfied 
our requirements, they were provided to us 
reducing the need for extra work where not 
required and ensuring consistency in maintenance 
practices.  This considerably reduced time by both 
parties. 
 

Human Resource 
Although we had a 6 month mobilisation period to 
recruit, mobilise and train our people, it is difficult 
to get hands on experience without carrying out 
real maintenance work.  As a solution, MTR 
provided experienced technical personal to stand 
next to our people for a short period.  Although this 
was at a cost to us, it helps demonstrate the 
strength of commitment between both parties in 
achieving success.  MTR also had to take these 
people away from their normal jobs and the 
employees did it on a voluntary basis.  This 
provided further evidence that the mutual 
commitment to succeed was working. 
Further, the mobilisation was completed three 
months earlier than the original contract date at a 
cheaper cost to MTR which allowed MTR to open 
the new line earlier and start collecting revenue. 
Audit 
The contract provides for an intensive auditing 
system and the results of the audits have a huge 
potential to impact our demerit point system.  The 
benefits of intensive auditing are that; it keeps us 
focused, provides good feedback and is a great 
benchmarking tool against the other depots.  The 
approach from MTR is not to find as many 
problems as possible, but to help us improve. 
MTR Events and Activities 
In order to be seamless in MTR means to be a part 
of the culture.  This culture is much different from 
any rail culture I have been involved with in 
Australia.  They focus very much on positive 
reinforcement of success and celebrating that 
success with gusto.  In the first 6 months I 
attended numerous events such as; Performance 
Breakthrough Ceremonies, Work Improvement 
Team presentations, Safety Awards, Telematch 
competitions and many more. 
Whilst these events helped to understand the MTR 
culture, they also sent a very positive message to 
the MTR employees, that the MTR management 
team accepted me.  Always the most senior MTR 
manager or his representative would speak about 
the need for Goninan to success to help MTR 
succeed.  The events provided a very powerful 
means of sending messages, demonstrating 
commitment to partnering as well as 
understanding the culture. 
As the contract matured, our employees were 
invited to be part of MTR work improvement teams, 
safety committees to work on specific technical 
issues or safety improvement schemes, further 
integrating the two companies. 
Overall Remark 
When you sit back and add up the effect of all 
these initiatives, you start to understand that the 
message is being communicated, regularly and 
clearly.  We are partners in this business together 
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and if we work together our chances of success 
are increased. 
The only variations to the contract to date have 
been improvements where both parties shared the 
cost benefit mutually.  There have been no lawyers 
involved and no issues that could not be resolved 
by the two people presenting this paper.  
It was also a relief to know that I could ask for help 
from MTR without the fear of being seen as 
incompetent.  Further, instead of “Paul you’ve got 
a problem – how are you going to fix it”, it was 
“Paul, you may have a problem there, can we help 
you?” 
While the concept of partnering is not new – the 
extent to which both parties embraced the 
philosophy of partnering was taken to a new level 
and the results are evidence of the success of the 
project. 

5 CONCLUSION 

As outlined in the Summary, the ultimate goal is to 
attain a seamless operation between the 
outsourced TKD with all the relevant activities of 
MTR.  Whilst it is easy to measure success in 
terms of performance in the areas of reliability and 
availability from the Key Performance Indicators, 
and to measure that performance against other 
aspects of MTR operation, it is not as easy to 
quantify the effect partnering had on the seamless 
operation and the amount of an effect the 
partnering had on the overall performance. 
Did we achieve a seamless operation? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Comments from MTR executives such as ”now 
that you are part of us” provide a sense of 
achievement that the inclusion of a contractor into 
the MTR framework has been seamless.  Being 
invited to do a joint presentation on a paper titled 
“Partnering for Success” indicates that we have 
been successful in achieving the goal of seamless 
operation. 
Have we achieved the expected level of 
performance? 
We have been able to deliver a level of service 
equal to, and in some cases better than, the other 
MTR depots for less cost.  We have introduced 
efficiencies with cost savings to both parties.  We 
have met the contract requirements and been 
successful at not accruing lots of demerit points.  
The TKO line is exceeding expectations. 
How much did partnering contribute? 
From the pre-contract negotiations to the 
performance break through celebrations, from the 
quality audit results to the safety achievement, the 
project was definitely successful.  Although the 
entire success cannot be wholly attributable to 
partnering, partnering certainly provides the 
lubrication to ensure that the project will be 
completed with the minimal amount of hassle, in 
the best possible timeframe and at the lowest cost 
to both parties. 
Partnering encourages a positive working 
relationship, which is enjoyable and successful.  If 
given the choice to carry out a project with a 
partnering arrangement and one without, the 
choice is obvious. 
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SUMMARY 

The economics of the Alice Springs – Darwin railway project dictated the need to reduce the construction 
cost of the project.  This, and the large quantities involved, stimulated comprehensive re-examination of the 
issues influencing track performance and hence design.  In particular, the interactions between the railway 
track and the formation earthworks were extensively studied.  This enabled the quantification of the track 
modulus.  Combined with trial embankments it also enabled the derivation of construction methods to 
achieve the design modulus, and the specification of these methods.  A number of conclusions were drawn 
that provide a better understanding of the interactive behaviour of rail, sleepers, ballast, embankment and 
subgrade, allowing cost savings whilst maintaining performance. 

 

1 INTRODUCTION 

For the Alice Springs – Darwin railway project, the 
1420 kilometres of track work represented about 
60% of the cost and was also the critical path item 
in the programme.  The economics of the project 
therefore demanded that the cost of track work 
elements and laying be minimised, and 
construction time savings also meant savings in 
the logistics and other indirect costs.  The term 
'track work' covers only the rails, sleepers, fixings 
and ballast, but the performance and hence design 
of these elements is influenced by their interaction 
with the underlying formation. 
The design codes, existing literature and manuals 
recognise this, but still focus on the individual 
elements.  This paper describes how the 
interactive aspects of track performance were 
addressed for the Alice Springs – Darwin railway 
project, enabling the factors having most influence 
on cost to be identified.  The final track work 
elements were as follows: 
• gauge – standard gauge (1435 mm); 
• rail – 50 kg, to AS 1085.1; 

• sleepers – pre-stressed concrete, 2.4 m long, 
to AS 1085.14; 

• sleeper spacing – 720 mm on straights and 
curves of 1200 m radius and over, 700 mm on 
tighter curves; 

• fixings – Pandrol ‘fast clips’; 
• ballast thickness – 150 mm minimum. 

2 LOADING AND DESIGN SPEED 

The axle loading is the parameter which has the 
biggest effect on the design of all the elements.  
This was a fundamental criterion of the railway and 
was set at 23 tonnes which provides for the latest 
types of locomotive currently being built in 
Australia, with wagon axles to be limited to this 
figure.  The critical loading condition on all track 
elements was found to be the combined effect of 
four axles, these being the two trailing axles of one 
wagon and the two leading axles of the following 
wagon (Figure 1). 
The ‘design speed’ of 115 km/h influences the 
impact loading in rail design, but not the design 
loading for sleepers (as discussed later). 

 



Dawson, Underhill & Niall  Track and Formation Design for the 
KBR  Alice Springs – Darwin Railway Project 

 10.2 Conference on Railway Engineering 
  Darwin 20–23 June 2004 

 
Figure 1.  Typical deflections and vertical stress contours as predicted by a two-dimensional finite 
element analysis. 
 

3 OVERALL DESIGN APPROACH 

The track work interacts with the formation, usually 
an earth embankment.  The longitudinal bending 
stresses in the rail and distribution of wheel loads 
carried by sleepers are partly a function of the 
formation stiffness, expressed by railway 
designers as ‘track modulus’. 
An assessment of the rail seat loads, i.e. the 
distribution of the wheel loads between sleepers, 
can be made using a design chart in the concrete 
sleeper code AS 1085.14 [1].  This gives loads 
versus sleeper spacing based on an assumed 
track modulus of 15  MPa. 
However, a gap in the logic then became evident.  
Specialist rail or sleeper designers made their 
selections based on chosen values of track 
modulus which are considered to be desirable or 
minimal, but nowhere could we find how one was 
to determine what embankment characteristics or 
construction methods were needed to achieve the 
selected track modulus.  The issue is further 
complicated by the fact that this modulus includes 
the stiffening effect of the rail. 

4 TRACK MODULUS 

The track modulus is often confusingly quoted in 
megapascals.  It is in fact the inverse of the 
deflection per unit linear loading along the rail.  In 
‘pure’ terms it is the number of meganewtons per 
linear metre to cause a deflection of one metre, 

which is much more easily visualised as the 
number of kilonewtons per metre to cause 1 mm of 
deflection.  Thus with a track modulus of 10 MPa, 
a loading of 80 kN per metre causes 8 mm of 
absolute deflection. 
There is clearly no obvious connection between 
this parameter and the usually specified 
earthworks characteristics of density and California 
Bearing Ratio (CBR).  Some approaches attempt 
to model the situation by representing the 
formation as a series of vertical columns of earth 
acting as springs, each at the sleeper spacing.  
Apart from the problem of assigning a stiffness to 
each spring, this ignores the shear linkage and 
horizontal beam effect of the soil and inevitably 
leads to the conclusion that track modulus is 
inversely proportional to sleeper spacing. 
To better model the formation behaviour, the 
techniques now used for road and airfield 
pavements were utilised.  A software program 
called CIRCLY [2] uses layered elastic analysis 
methods.  This enables the formation to be 
modelled as a series of layers, these being the 
ballast, the capping layer (select material well 
compacted), the general embankment fill and the 
natural subgrade.  Whereas finite element or finite 
difference methods require the introduction of 
artificial boundaries to limit the size of the models, 
CIRCLY's equations allow unlimited extent to the 
soil.  The downside of this method is that it cannot 
directly include the rail:  an iterative approach is 
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required.  The CIRCLY model was loaded at each 
sleeper location using an assumed loading 
distribution, and deflections were calculated at 
each sleeper.  These provided an initial estimate of 
the stiffness, which was input to a beam on elastic 
foundation model.  Revised reactions were put 
back into the CIRCLY model and the process was 
iterated until a good match was achieved between 
the two models. 
The CIRCLY model required the elastic modulus 
(Young’s modulus) to be selected for each layer.  
This enabled us firstly to determine the variation in 
track support stiffness with variation in stiffness of 
the embankment layers and then to specify the 
stiffness that needed to be achieved in 
construction to meet the design requirement for 
the track work. 
The most interesting results were as follows. 
• For modest embankment heights of one to 

two metres, such as those on this project, the 
largest influence came from the subgrade, 
which caused 60% or more of the deflection.  
Therefore higher embankment stiffness would 
not be very cost-effective. 

• Largely in consequence of the above, the 
deflection bowl tended to be very long, 
resulting in a generous spreading of load to 
sleepers.  Also, a stiffer track modulus results 
in higher reactions being carried by the 
sleepers under the load (which is recognized 
by AS 1085.14).  The size of the deflection 
bowl also throws into question previous 
deflection observations or research in which 
the measurement datum could well have 
been within the deflection bowl (i.e. absolute 
deflection would be greater than reported). 

• The track modulus is only partly dependent 
on the sleeper spacing. 

The results of the CIRCLY analysis are not given 
graphically, and are difficult to represent on a 
simple diagram as they are three-dimensional.  In 
Figure 1 we have therefore presented the 
deflection profile shown by a two-dimensional finite 
element analysis.  It is similar in form and scale, 
but not identical to the three-dimensional result.  
What should be noted are the large overall 
deflections from the combined effects of the four 
axle loading groups as well as the localised 
deflections under and between each sleeper. 
The specification, selection of materials, and 
achievement of the formation stiffness in 
construction are discussed in a later section. 

5 THE RAIL 

The initial selection of the rail resulted from 
analysis by a specialist subconsultant and, 
although all other stresses were considered, the 
rail size was in fact primarily determined by the 
stresses in the rail foot in longitudinal bending.  
This analysis investigated a range of track moduli, 

and the result was consistent with the beam on 
elastic foundation (BEF) formula in which the 
overall rail design moment is inversely proportional 
to the fourth root of the track modulus.  In other 
words, if the track modulus is halved the rail 
bending moment increases by 16%.  This moment 
is due to the sagging induced by the overall 
deflection bowl under a multiple axle group. 
There was some lack of clarity about the 
contribution of local moments immediately under 
the wheels, and some opinions were expressed 
that this local moment (and deflection) would be 
proportional to sleeper spacing.  This comes from 
viewing the rail as a continuous beam spanning 
between sleepers with a point wheel load applied.  
BEF analysis showed this not to be the case, at 
least until the sleeper spacing was increased to an 
impractical extent.  The simplified explanation is 
shown in Figure 2.  One can view the rail as an 
inverted beam, spanning between the wheels with 
the sleeper reactions seen as upwards loads.  It is 
evident that, if the effective ‘span’ of the rail is then 
say 1.8 m, for any sleeper spacing between 
600 mm and 800 mm, there are still only two loads 
per span and a simple analysis shows that the 
local bending moment at the wheels hardly 
changes with varying sleeper spacing.  However, 
the axle spacing does have an effect. 

Figure 2.  Influence of sleeper spacing on rail 
moments. 

The conclusion is that when designing rails the 
axle configuration is more important than the 

Actual arrangement 

Structural idealisation with increased sleeper spacing

Structural idealisation - inverted 
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sleeper spacing, whereas conventionally more 
importance is given to the latter. 
A 50 kg, AS 1085.1 standard carbon rail without 
head hardening was selected.  It was 
manufactured by OneSteel at Whyalla, nominally 
in 27.5 m lengths.  These were railed to Alice 
Springs and transported by road to the work 
depots at Tennant Creek and Katherine on 
specially built road trains capable of transporting 
100 tonnes per load.  Here they were flash-butt 
welded into 357.5 m continuous lengths for track 
laying.  Alignment tolerances and evenness of 
welds were based on the guidelines in the 
consultative draft of the Department of Transport 
and Regional Services' document "Code of 
practice for the defined interstate rail network:  
Track, civil and electrical infrastructure", modified 
to match the rail manufacturing tolerances which 
were in accordance with AS 1085.1. 
The initial selection of rail was made during the 
tender period.  During the detail design period the 
trail was re-analysed for all stresses by the BHP 
Institute of Railway Technology at Monash 
University, Melbourne.  The selection was 
confirmed on the basis of life determined by wear 
(head loss in excess of 40% causing the stresses 
to go above the fatigue limit assessed as 323 MPa 
after 500 million gross tonnes of traffic). 

6 SLEEPERS 

Prestressed concrete sleepers were chosen.  
Timber was rejected on the basis of life (in addition 
to normal environmental degradation, the Northern 
Territory termites are extraordinarily voracious), 
availability and environmental sustainability. 
The use of steel sleepers was investigated, but 
found to be more expensive than prestressed 
concrete sleepers of the same capacity.  In 
addition, it was considered that the heavier 
concrete sleepers buried deep in ballast would 
provide better restraint against temperature 
induced buckling of the continuous rail tracks.  It is 
interesting to note that steel sleepers were used 
for the North Australia Railway from Darwin to Pine 
Creek as early as 1885 (before the development of 
high strength concrete). 
The major issue in the sleeper design was the 
spacing.  Based on the interactive track analysis 
previously described, tempered by some caution, 
the sleeper spacing used on the Tarcoola to Alice 
Springs line (670 mm) was increased to 720 mm 
on straight track and curves of 1200 m radius and 
over, and 700 m on tighter curves.  The logic is 
explained below. 
The sleeper code, AS 1085.14, provides a design 
chart which gives the maximum load on a single 
sleeper as a percentage of the wheel load.  The 
chart is stated to be applicable to rail sizes above 
47 kg, and is thought to be based on a track 
modulus of 15 kN/m/mm.  (Whatever its source, 
the result is the same as charts in the ARESMA 

manual.)  This peak loading percentage was found 
to be close to that predicted by our overall analysis 
model and was therefore adopted. 
The real problem is the selection of a load 
magnification factor to apply to the static wheel 
load.  The code is unclear in this respect.  It 
discusses the ‘quasi-static’ load due to curves and 
other dynamic effects, including impact, and then 
states a minimum ‘load factor’ of 2.5 which the 
industry interprets as a factor by which the static 
load is to be multiplied.  Appendix F of the code 
goes on to mention high frequency dynamic 
response as possibly causing even higher 
stresses, but without any useful guidance. 
The code does not relate impact factors to speed, 
curve radius or cant, or to track maintenance 
quality, or to whether rigid or soft rail pads are 
used.  Improvement in this clause is needed. 
Various railway authorities in Australia accept the 
2.5 multiplier as the design criterion, and it was 
adopted for the project.  In adopting this value, we 
were conscious of the following: 
• design speed criterion is not high at 115 km/h; 
• 97% of the railway is on straight track or very 

large radius curves (except for the old NAR 
alignment where design speed is lower); 

• design was based on maintaining a track 
standard equivalent to an Eisenmann track 
condition factor of 0.2; 

• the chosen sleeper had a base of 280 mm 
wide, so the bearing area was increased and 
the clear space between sleepers was 
440 mm, the same as with a 230 mm wide 
sleeper at 670 mm. 

Nevertheless, some stakeholders in the 
contractual process recommended that some 
instrumented testing of sleepers be carried out in 
the field.  Limited strain gauge testing was carried 
out with a notch ground into a rail.  This notch was 
much more severe than construction or 
maintenance standards would permit.  The tests 
showed the following: 
• Without the notch, the stresses in the 

sleepers induced by speeds up to normal 
operating speed hardly varied from those due 
to static wheel load.  In other words, there 
was no magnification due to ‘suddenly applied 
load’.  This is consistent with the theoretical 
conclusion that the speed of application of the 
load (the train speed) is low compared with 
the relatively high natural frequency of the 
track (the relevant time being one quarter of 
the period).  The low magnification (about 
10%) was also confirmed in a later dynamic 
analysis of the embankment performance by 
the finite difference program FLAC [3]. 

• The severe notch caused an impact shock 
wave which initially produced stresses in the 
order of 2.5 times static, but significantly 
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affected only the nearest sleeper, and 
therefore sleeper spacing is not relevant to 
this effect. 

• The oscillations due to the impact were in the 
nature of a damped forced vibration, and 
attenuated very quickly without any sign of 
resonant response. 

• The sleeper near the notch shed load on 
subsequent passes. 

The conclusions drawn were that it would require a 
severe rail head defect to produce stresses in 
excess of those designed for and, although 
maintenance should prevent this, were such a 
defect to occur its effect would be local. 
We were not able to test the effects of a possible 
wheel flat, which would of course be repetitive.  
The detection and immediate rectification of wheel 
defects is a matter which should be given more 
attention than rail surface defects, which are 
routinely measured as part of track maintenance. 

6.1 Sleeper design 

The rail seat bending moments were calculated in 
accordance with AS 1085.14. 
The length of the sleepers was chosen as 2.4 m.  
Compared with a sleeper length of 2.5 m this 
reduces the design value of the bending moment 
(and prestressing requirement) under the rail seat 
by 10%.  It also results in a material saving and the 
ability to produce a more sleepers each day from 
the same length of stressing bed. 
The detail design of sleepers is addressed in a 
separate paper at this conference [4]. 
The calculation of centre negative bending 
moment in accordance with AS 1085.14 gives a 
result which would be almost impossible to 
achieve in a prestressed concrete sleeper for 
standard gauge, being higher than the rail seat 
moment and of opposite sign.  It is clearly 
unrealistic compared with the performance of 
sleepers designed prior to this code (for example 
those on the Tarcoola to Alice Springs line and 
other lines) and when compared with the ARESMA 
manual.  This result is probably because the load 
is carried mostly by ballast tamped under the rail 
seat, not the centre.  The client accepted a centre 
moment which was proportional to the ARESMA 
requirements (scaled for the lower wheel loads) 
but higher than sleepers used on the Tarcoola to 
Alice Springs line. 

6.2 Rail seat pads and fixings 

The fixings are also addressed in a separate paper 
at this conference [4].  Pads are mentioned here in 
the context of the impact factor. 
Test data provided by Pandrol Australia Pty Ltd 
clearly indicated that resilient pads between the 
rail and the seating plates would significantly 
reduce the effect of shock impacts, e.g. from rail 

defects or wheel flats.  There would not of course 
be any reduction in quasi-static effects due to 
curves or rocking of wagons.  However, the 
sleeper code allows no advantage to be taken 
from this.  Furthermore, it was thought resilient 
pads might cause track laying problems when 
pulling the rail or tensioning for temperature 
correction prior to welding. Therefore they were 
not pursued, and HDPE pads were selected 
instead. 

7 BALLAST DEPTH AND ITS EFFECT ON 
THE FORMATION 

The depth of ballast has been traditionally 
determined by assessing the bearing capacity of 
the formation and distributing the sleeper load by 
the ‘pyramid model’ to establish the applied 
bearing pressure.  In this model it is assumed that 
the load spreads on an angle of one horizontal to 
two vertical.  However there does not appear to be 
an accepted rational way of assessing what the 
load to be spread should be (i.e. how the impact 
factor will attenuate with depth beneath the 
sleeper), how the bearing capacity even under 
static load should be assessed, and how the soil 
would respond to repetitive but very short-term 
loadings (a fraction of a second) or impacts 
(hundredths of a second).  This area has remained 
a craft (if not a 'black art') based on experience.  
Nevertheless, we set out to explore it to gain a 
better understanding of what is important. 

7.1 Bearing capacity 

If a sleeper was regarded as a single footing, one 
could use conventional theories developed by 
Terzhagi.  However these contain empirical 
coefficients which may not be correct; nor were 
they ever intended to be used at such a small 
scale or in a dynamic situation. 
The stability of a single sleeper could be assessed 
on the assumption of a wedge type failure 
(approximating a log-spiral tail).  When this 
assessment is performed it is found that the load 
from the adjacent sleepers would interfere with the 
assumed failure mechanism, rendering it invalid 
but certainly improving the capacity. 
It is still possible to carry out a shallow slip circle 
analysis, taking into account both (a) the 
restrictions to the failure mode caused by adjacent 
sleepers; and (b) the effect of pressures from the 
adjacent sleeper spreading out through the ballast 
and surcharging that part of the slip circle (or 
wedge) which is tending to move upwards.  A 
simplified analysis on this basis does not take into 
account the effect of the rail in preventing rotation 
of the sleeper in question.  In addition, if a sleeper 
starts to deflect downwards in excess of the 
predictions of elastic analysis on which the load 
distribution was assessed, the stiff rail will 
redistribute load to the adjacent sleepers.  
Furthermore, any such analysis requires the input 
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of estimated soil properties, which not only are 
very variable, but also are measured at slow 
loading rates on a one-off basis rather than over 
very short time scales and repetitively applied. 
Thus a theoretical determination of absolute 
bearing capacity for multiple sleepers in track is 
not realistic by simple means.  However analysis 
can still give very useful results as described 
below. 
Under the slip circle model, the high frictional 
characteristics of the ballast layer prevent a 
shallow slip circle occurring in that layer no matter 
how high the load, since the resistance to failure is 
also proportional to the load via the friction 
coefficient.  A slip circle through the capping layer 
can be postulated and examined.  The ‘driving’ 
moment, causing instability, is determined by the 
pressure at the surface of the capping on one half 
of the slip circle, i.e. the pressure as distributed 
through the ballast.  The resisting moment comes 
partly from friction (proportional to the applied 
load) or cohesion, depending on the type of 
material, and also from the surcharge pressure on 
the other half of the slip circle which comes from 
the adjacent sleeper via distribution through the 
ballast.  Apart from the material properties, the key 
is the differential between these two pressures.  As 
an increase in ballast depth reduces the driving 
pressure, it also increases the resisting surcharge 
pressure midway between the sleepers, thus 
providing a double benefit. 
These effects have been quantified by finite 
element analysis using the Strand7 [5] program, 
and by finite difference analysis using the FLAC 
program [3].  Assessments show that the benefit of 
increased ballast depth is great up to about 
300 mm, but by 400 mm ballast depth the 
pressures have evened out to an extent that 
makes this failure mode virtually impossible 
(unless the soil properties are abnormal).  A 
theoretical failure of the whole track with a large 
slip circle exiting the side of the embankment is 
then theoretically possible, but is very unlikely 
unless very poor materials are used in the 
embankment or underlying subgrade. 
If the capping were to be a cohesive material with 
no frictional characteristic, then the safety factor 
calculated by slip circle analysis would be the 
same as a load factor.  But if the capping has a 
significant friction angle, then the resisting forces 
are increased if the loads are increased and the 
safety factor is not diminished but remains 
dependant on the material properties.  The safety 
factor is reduced if the load on one sleeper is 
increased without increasing the load on its 
neighbours, a situation which is consistent with 
local impacts or dynamics in the wheel springs but 
not one which is caused by rocking of the wagons.  
Furthermore, the load spreading ability of the rail 
remains difficult to quantify. 

The conclusion drawn was that because of the 
ladder-like track structures underlain by ballast, the 
bearing capacity of a rail track is much higher than 
would be the bearing capacity of an individual 
sleeper. 
Attempts have been made to quantify the total 
system using the programs PLAXIS [6] and FLAC [3].  
These attempts are not yet successful because 
these complex methods require the models to be 
curtailed, and the boundary conditions and the 
great differences in stiffnesses between the soil 
and the concrete sleepers and rail seem to create 
mathematical instability.  Resolution of this is still a 
work in progress. 

8 EMBANKMENT EARTHWORKS 
CONSTRUCTION 

The construction period for the project was very 
short, and required earthworks construction at 
peak to proceed at up to 1.5 km/day at each of 
four fronts simultaneously. 
To meet this objective and to achieve the track 
modulus required, the construction was designed 
on the basis of achieving the stiffness (i.e. 
modulus) of each of the layers of general fill, 
capping and ballast indicated by the elastic 
analysis previously described.  A ‘method 
specification’ was adopted, as follows. 
The route was classified into a series of terrain 
units by geological and geotechnical inspection:  
65 units in total, varying from 0.4 km to 261 km in 
length.  A trial embankment was constructed for 
each terrain unit, varying the amount of water, the 
layer thickness, and the number of roller passes.  
Stiffness was measured using a new technology, 
the Humboldt Geogauge, and relative density was 
also measured.  Dynamic cone penetrometer 
(DCP) values were recorded. 
Stiffness and relative density were plotted against 
moisture content and number of passes of the 
compactor, enabling the ‘method’ to be specified 
for the soils relevant to each terrain unit based on 
these compaction trials.  The number of DCP 
blows corresponding to achievement of the target 
stiffness (and density) was also recorded.  This 
calibration was then used for the routine 
construction control.  The calibration of the very 
portable Humboldt Geogauge was checked 
against results from the cumbersome falling weight 
deflectometer, and found to be conservative. 
The specification was in terms of achieving target 
results, with some latitude in acceptance criteria in 
lieu of the usual black and white ‘fail/accept’ 
approach.  However, this latitude was in the 
context that the target stiffnesses (giving the track 
modulus) were double the minimum criterion for 
the rail design, and the required number of DCP 
blows was based on a conservative correlation 
with the target stiffness. 
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The suitabilities of different soil materials were also 
specified, including values of saturated CBR.  CBR 
tests were included in the compaction trials. 
This approach assisted the speed of construction.  
Borrow pits were selected based on geotechnical 
inspection and CBR tests to confirm the material 
as being consistent with the compaction trials.  
The construction staff were then able to implement 
the method specifications as and when the terrain 
categories changed. 
The QA process included daily recording of DCP 
results, supplemented by a more comprehensive 
range of audit testing. 
The amount of re-work required was less than that 
for other projects where traditional earthworks 
methods have been employed.  This allowed the 
programme's required rapid rate of construction to 
be achieved (and, in fact, to be exceeded). 
In summary, the construction methods and testing 
were more directly linked to the design 
requirements, which in turn were better understood 
than is usually the case. 

9 FACTORS AFFECTING COST 

The criterion which provided the greatest cost 
saving was limiting the axle loading to 23 tonnes.  
This decision was predetermined, and had been 
included in our tender. 
A higher axle loading would have required 60 kg 
rail, translating to 29,000 tonnes of additional steel 
and higher welding costs, as well as the obvious 
increases in costs of sleepers, ballast, culvert 
structures and bridges. 
Further savings for the economics of the project 
were gained by increasing the sleeper spacing 
from 670 mm to 720 mm, saving 150,000 sleepers, 
300,000 seating plates and 600,000 Pandrol clips, 
as well as the manufacturing time for these items 
since sleeper manufacture was a critical path item. 
Some savings were made in the length of the 
sleeper, in careful redesign of the seating plates 
and clips, and by omitting spacers at the side of 
each rail (8 million in all). 
Ballast was an expensive item, and was specified 
at 150 mm minimum depth, to be increased to 
200 mm during the operational phase. 
Other project cost savings in culverts, in bridges, 
and of course in construction logistics, are 
described in other papers. 

10 CONCLUSIONS 

The conclusions drawn from the theoretical 
investigations of track performance undertaken for 
the Alice Springs – Darwin railway project, 
supplemented by an instrumented sleeper test, are 
as follows. 
• A theoretical assessment of track modulus 

can be undertaken, enabling embankment 

construction to be specified in terms of 
stiffness. 

• The track modulus can only be partly 
changed by the embankment construction 
(except for high embankments) because the 
natural subgrade has a big influence. 

• The overall rail bending stresses, being 
dependent on the fourth root of the track 
modulus, are little influenced by the 
embankment construction. 

• The ‘local’ component for rail bending stress 
is primarily dependent on axle spacing rather 
than sleeper spacing. 

• The sleeper spacing has only a limited effect 
on track modulus.  A stiffer track modulus 
increases peak sleeper loads due to less 
distribution of load. 

• If sleeper purchasers specify only axle 
loading and axle spacing, then specification of 
a closer sleeper spacing will result in a lower 
strength sleeper being provided, with no 
assessable performance improvement of the 
sleeper itself. 

• The sleeper code clauses regarding load 
factors take no account of speed and cant, 
nor of the type of rail pad. 

• The sleeper code requirements for centre 
negative bending moment are impractical in 
the case of standard gauge track. 

• The sleeper spacing does have an effect on 
bearing pressure on the formation, but this 
can be compensated by increased ballast 
depth. 

• The bearing capacity of a railway formation is 
significantly improved by the ladder-like form 
of rail and sleepers, and additional ballast is 
very beneficial up to a point, after which it 
becomes less effective. 
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SUMMARY 

There is an increasing awareness of the environmental effects of noise and vibration and a commensurate 
demand that sources should be controlled to levels that make life tolerable.  Railways can be a significant 
source of noise and vibration, and so new rail projects are under increasing pressure to provide suitable 
means of reducing the nuisance of noise etc.  This is even more critical in new underground railways, where 
it is difficult to avoid bringing the railway into close proximity with residential, or sensitive, properties.  As a 
result the railway engineer has to consider how the rail infrastructure can be designed to deliver the required 
environmental outcomes.  

This paper discusses the statutory requirements limiting the allowable levels of ground borne vibration and 
regenerated noise for the Parramatta Rail Link, and how these have been addressed in the project design.  
It outlines the process of acoustic modelling to predict actual noise levels expected at surface receptors 
under normal train operation. It then compares the predicted noise levels with the required limits to give an 
indication of the degree of attenuation to be provided by the track structure.  The paper then discusses the 
typical track construction/treatment options that are available, and concludes with discussion on the 
trackforms finally selected for the project. 

1 INTRODUCTION 

The Parramatta Rail Link project is one of the 
largest new infrastructure projects in the New 
South Wales rail system since the construction of 
the East Hills line in the 1920’s.  The project has 
been developed and sponsored by the NSW 
Government.  At the time of writing, it is the largest 
publicly funded infrastructure project, and among 
the most significant works being progressed in 
Australia. 
The main design and construct contract for the 
works between Epping to Chatswood, was let to 
the Thiess Hochtief Joint Venture on 6 July 2002. 
The contract is valued at $871 million, and the new 
section of railway will be fully integrated with the 
Sydney metropolitan system on completion.  Site 
work commenced on the contract on 25th 
November 2002.  Work is to be completed to allow 
the commencement of revenue services by mid 
2008. 
This paper discusses one specific area of interest 
in the project, in which we believe there is 
innovation—the stringent noise and vibration 
criteria applied to the new railway, and how the 

trackforms have been developed to ensure 
compliance. 

2 TRACK REQUIREMENTS 

The Project Deed requires that all track forms be 
non-ballasted.  This is primarily to ensure the 
achievement of known and controlled levels of 
vibration at all points along the alignment.  The use 
of non-ballasted track form also provides 
maximum accessibility at track level in the event of 
an emergency. 
The achievement of specified limits for vibration 
and regenerated noise is a specific performance 
requirement of the Contract and is the biggest risk 
item for the Thiess Hochtief Joint Venture and all 
other stakeholders.  The construction of the track 
is a critical path activity and its design therefore 
represents a significant opportunity to complete 
the project ahead of the scheduled completion 
date. 

3 NOISE AND VIBRATION  

It is important to be clear about what we mean 
when we say noise and vibration. We are not 
discussing airborne noise, such as the wheel 
squeal or ‘flanging’ caused by the interaction of the 
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rail and wheel flanges—this is generally confined 
within the tunnel and does not cause a nuisance at 
the surface. The biggest environmental problem is 
ground borne vibration and regenerated noise. 
Vibration is generated by the rolling contact of the 
train’s wheels on the rails. The intensity of 
vibration is affected by train speed and the 
condition of both the rails and wheels – i.e. surface 
roughness, alignment and defects such as 
corrugations in rails and wheel ‘roundness’, wheel 
flats or other wheel defects. 
Vibration is transmitted through the track structure, 
tunnel structure, the general ground mass and into 
building structures.  Although the vibration in the 
building structure has the potential to be 
perceptible to people, it is usually manifested as 
the radiation of regenerated, or structure borne, 
noise.  This noise is created by the vibration of 
walls and floors in much the same way sound is 
generated by a loudspeaker.  Apart from 
specialised facilities (i.e. laboratories, recording 
studios and the like), which may be particularly 
sensitive to vibration, it is regenerated noise that is 
most likely to cause disturbance. It is this feature 
that must be controlled for PRL.  
4 REGENERATED NOISE AND VIBRATION 

CRITERIA 
4.1 Statutory Limits Set for Vibration and 

Regenerated Noise 

Figure 1 shows the stringent limits, set by Planning 
NSW and the EPA, for vibration and regenerated 
noise.  The project conditions of consent limit the 
levels of regenerated noise and vibration at 
surface receptors, such that at least 95% of all 
train pass-bys must fall below the limits shown in 
the figure. 
 

Receiver/ 
Receptor 

Type 

Mid Floor 
Vibration 

Lmax Fast 
Response (dB 
re 10-6 mm/s, 

except as 
noted). 

Regenerated 
noise LAmax 

Fast 
Response 

(dBA re 2x10-5 

or Noise 
Rating 

Number as 
noted. 

Residential 103 dB 35 dBA(1) 

Offices 112 dB 40 dBA 

Educational 112 dB 40 dBA 

Places of 
Worship 

 

103 dB 35 dBA 

Cinemas, 
Public Halls 
and Lecture 
Theatres 

103 dB 

 

35 dBA 

 

Receiver/ 
Receptor 

Type 

Mid Floor 
Vibration 

Lmax Fast 
Response (dB 
re 10-6 mm/s, 

except as 
noted). 

Regenerated 
noise LAmax 

Fast 
Response 

(dBA re 2x10-5 

or Noise 
Rating 

Number as 
noted. 

 

Film or 
Television 
Studios 

100 dB NR 15 

National 
Measurement 
Lab. 

26 dB 30 dBA 

CSIRO Lab. 
Delhi Road 
(Ground Floor) 

0.002 mm, 
Peak to Peak 

35 dBA 

CSIRO 
Acoustic Lab. 

103 dB NR 15 

Figure 1 Noise and Vibration Limits set by 
Planning NSW 

(1) Other regenerated noise limits have also been 
set for residences, relating to the limits and the 
treatments originally recommended during early 
studies included in the Environmental Impact 
Statement.  These additional limits resulted in the 
regenerated noise limits for residential premises 
being reduced to 32 dBA (as noted in fig 3). 
 
The tunnel is close to several sensitive sites such 
as the CSIRO laboratories and the Australian Film 
and Television School, as well as many residential 
properties along the project corridor and hence 
target goals are as low as 20 - 35 dBA. At the most 
sensitive sites normal track constructions are 
unlikely to meet these goals. Consequently, track 
forms that have a high degree of vibration 
attenuation will be the probable solution. 
 
4.2 Applicability of Standards 

The limits set are based on standards that have 
been developed across Australia and 
Internationally, and whilst they are demanding, 
they are possible to achieve.  Similar standards 
have been used on previous rail projects, for 
instance similar goals were set in 1995 for the 
Sydney Light Rail Project, and more recently very 
similar standards have been set for the Perth 
Urban Rail Development Project.  The standards 
represent realistic goals to ensure that reasonable 
levels of comfort and protection against noise 
pollution are maintained in buildings along the 
railway.  The standards and limits set are not 
specific to this project, though there have been 
some site-specific modifications for some specific 
sites (such as the CSIRO laboratories).   
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With greater regulation and an awareness of the 
environment, such requirements are likely to 
become the norm in projects for all transport 
modes. Consequently, in rail projects, we are likely 
to see a rise in the use of special track forms, not 
only in tunnel applications, but also for above 
ground formations where they are sited in close 
proximity to buildings etc.  
Noting that special trackforms may become more 
common, the rail industry will have to consider the 
cost implications:  
 

Track Type Relative Cost 
Conventional Ballasted Track 1.0 
Simple Slab Track with Resilient 
Fastenings 

1.3 – 1.4 

Floating Slab Track 2.8 – 4.0  
 
The typical costs range from $ 1,200/m for simple 
slab track to $ 3,600/m for FST compared with 
$900/m for ballasted track.  
Whilst there are cost issues to consider, there is a 
challenge for the industry to find cost effective, 
speedier construction techniques, that will assist in 
reducing the track construction costs and close the 
gap with the ballasted track costs.  It must be 
remembered that non-ballasted trackforms can 
offer good whole of life costs, with reduced 
maintenance and replacement costs.  In a recent 
assessment, the whole of life costs were 
compared for a variety of simple slab track options 
and conventional concrete sleepered track.  The 
assessment found that although capital costs were 
significantly higher for the non-ballasted forms, 
when examined over a 50-year project life, the 
overall costs were closer to conventional track (the 
approximate ratio is 1.08:1.0).  Added to this, there 
may be other non-cost benefits such as improved 
ride quality and track alignment control, which may 
make the use of slab track more attractive.  For 
instance, the assurance of location of slab track in 
a tunnel environment can help to reduce the size 
of the tunnel—a major cost benefit. 
For the Parramatta Rail Link, the Project Deed and 
Works Brief call for the mandatory use of non-
ballasted track forms throughout, a position that 
not only anticipates a good level of noise and 
vibration control, but also facilitates long-term 
maintenance and other whole of life 
considerations.  So, unable to use the benefits of a 
flexible ballasted track bed, or simple means of 
improving acoustic performance, such as the use 
of sub ballast mats, complex track structures have 
always been anticipated. 

5 DEVELOPMENT OF THE ACOUSTIC 
MODEL 

In the design of the track system, the key input is 
the degree of attenuation that the track must 
provide to ensure that actual levels of noise and 

vibration do not exceed the specified limits. This 
critical design input is derived through the 
development of an acoustic model.  The model is 
used predict the expected regenerated noise 
levels at the surface receptors along the route of 
the railway.  The predictions are based on the 
assumption that a basic non-resilient connection 
exists between the primary track system (the 
element that supports the rails) and tunnel invert. 
These values are compared with the target noise 
and vibration level (from the MUAP conditions).  In 
those instances where the predicted value 
exceeds the target limit, the difference is the 
attenuation to be provided in the track system, i.e. 
in a residential property, if the regenerated noise 
level predicted is 40 dBA and the limit is 32 dBA, 
the degree of attenuation required is 8 dBA. 
The acoustic model developed to predict 
anticipated levels of noise and vibration at the 
receptors, considers several variables as noted in 
figure 2. 
 

 

 

 

 

 

 

 

 

 

 

Figure 2 The Acoustic Model 

The following sections consider each of the 
variables and how they have been addressed and 
quantified: 
 
5.1 Location of Receptors—Position of 

Buildings Relative to the Tunnel 

A survey was conducted to identify all buildings 
within 50 m horizontally of track centrelines, or 
greater distances for particularly sensitive 
locations including studios and laboratories.  A 
total of 807 buildings were identified. Each has 
been classified according to: 
• building use (which determines the relevant 

criteria); 

• number of storeys; 

• height of lowest building level above or below 
ground; 

• flooring type for lowest building level 
(concrete or timber); and 
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• lowest building level which is habitable. 
MGA (Mapping Grid of Australia) co-ordinates for 
each building were taken from drawings, using the 
point on each building closest to the tunnel 
alignment.  Where necessary due to the size or 
layout of the building, two points were considered, 
representing the closest point in the building to the 
Up and Down lines respectively.  This gives a total 
of 899 separate receiver locations.  Vertical 
separations were determined using ground heights 
on a 25m grid, supplied by Land and Property 
Information NSW. 
The table at figure 3 summarises the number of 
buildings by receptor type: 

Type Criterion Number 
Residence 32 dBA 603 
Office 40 dBA 61 
Commercial 40 dBA 43 
Church 35 dBA 3 
Cinema 35 dBA 2 
Educational 40 dBA 2 
Lecture Theatre 35 dBA 23 
Film studio NR 15 6 
Sound Studio NR 15 1 
TV Studio NR 15 2 
Laboratory 35 dBA 3 
Light Industry N/A 19 
Heavy Industry N/A 1 

Figure 3 Number of Buildings by Type 

From this exercise a limit for both vibration and 
regenerated noise was determined for every 
building identified.   
 
5.2 Train Vibration Levels 

The vibration levels generated vary from train to 
train (due to train and rail condition etc) and also 
operational conditions, such as speed, track type 
and ground conditions.  Establishing the 
appropriate generation levels is relatively complex, 
and requires field measurements, which are 
considered essential to justify the model inputs 
and validate outputs.  This also allows a cost 
effective approach, avoiding over conservative 
designs, by providing a higher level of confidence 
in the performance of the solutions proposed.  
For the PRL model, fieldwork has been undertaken 
at a variety of sites on the existing rail network in 
the Sydney City underground network. Test sites 
were selected on the basis of their similarities with 
the PRL tunnels, or where track constructions 
contain some of the special attenuating features 
that may be proposed in the final design. 
Measurements have been taken on the rail web, 
rail supports, tunnel inverts, and in the basements 

of adjacent buildings. This has provided useful 
data on:  
• The noise and vibration generation levels 

(based on a variety of different rolling stock); 

• Vibration transmission characteristics of the 
surrounding ground – typically dense 
sandstone; and 

• The acoustic performance of typical 
components in the track systems. 

Figure 4 shows the vibration levels measured on 
the rail web at four separate sites adjusted to ‘a-
weighted’ to loosely represent relative regenerated 
noise levels that may be expected.  This graph 
clearly demonstrates the large spread of results 
from site to site. 

 

Figure 4 Rail vibration levels measured at four 
existing sites 

Figure 5 shows the measured vibration spectrum 
compared with the spectrum that was included in 
the Project Works Brief of the project, which had 
been based on substantially less measurements.  
In this case, the more recent measurements 
revealed that more rail treatment would be 
required than was expected from the Project 
Works Brief spectrum. 

 

Figure 5 Vibration Levels at 18 m from the 
Track (train speed 80 km/h) 
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As construction proceeds, further measurements will 
be taken within the newly constructed tunnel to gain 
an even greater understanding of the transmission of 
vibration through the ground.  This very site-specific 
data will allow the refinement of the reference 
spectrum and model, fine tuning the proposed extent 
of track treatments needed, before track construction 
begins.   
5.3 Ground Properties and Transmission 

Vibration —Distance Attenuation 

The vibration generated in the track is transmitted 
into the tunnel structure and surrounding 
groundmass, but becomes dissipated with 
distance travelled, usually referred to as ‘distance 
attenuation’. There are two forms of distance 
attenuation assumed in the model: 

• Geometric spreading of compression and 
shear waves radiated by the vibration of the 
tunnel floor and walls, in an unbounded 
medium, calculated using the expression:  

 
V = Vo – 10 log (L / 2 π d) 
 
Where ‘Vo’ is the input vibration level, ‘d’ is the 
distance from the track and ‘L’ is the effective 
length of tunnel perimeter that radiates the 
vibration.  The value for ‘d’ has been determined 
by survey. 
• In addition, vibrational energy is attenuated by 

absorption in the groundmass.  Experience 
suggests a rate of “excess attenuation” of 
approximately 8 dB per wavelength in the 
rock, if the assumed wave speed is 
3000 m/sec, a typical value for sandstone. 

The excess attenuation measured at three 
separate sites is shown in Figure 6.  Whilst there is 
a good correlation between two of the sites, the 
third site results in substantially different 
attenuation. 
 

 
 
Figure 6 Excess Vibration Attenuation Per 10 m 

Rock (for Sites Above Track Level) 
 
 

5.4 Vibration Transmission into Building 
Structures 

Ground borne vibration may be transmitted into 
building structures. In the process, there may be 
coupling loss (a damping of vibration) as the 
vibration is transmitted from the ground into the 
structure, but there may also be some subsequent 
amplification of the resulting vibration within 
building elements, particularly floors.  
If the floor of the lowest building level contacts the 
ground at all points, then for a single-storey 
building no coupling losses or amplification were 
assumed.  For a multiple-storey building, vibration 
was assumed to attenuate between floors, but 
potential amplification of vibration due to 
resonances in upper floors was also assumed.  
If the lowest floor level does not contact the ground 
at all points, a coupling loss was assumed, but 
amplification was also assumed for the lowest floor 
level.   
5.5 Conversion to a Sound Level 

Audible noise generated by walls and floors can 
be calculated using a relationship for the sound 
power level generated by vibration of plate, ‘Lw,’ is 
given by: 
 
Lw = Lv + 10 log (σ) + 10 log (A) – 34 
 
where ‘Lv’ is the vibration velocity re 10-9 m/sec 
(i.e. the residual vibration reaching the building), 
‘A’ is the area of the plate and ‘σ’ is the radiation 
efficiency of the plate.  This sound power level is 
related to the Sound Pressure Level (SPL) 
produced in the building space, with the 
relationship depending on the room volume and 
reverberation time. For most building spaces this 
reduces a simple relationship: 
 
SPL = Lv – 27 
 
The above expressions have been used to 
calculate the regenerated noise in each of the 
identified receptors and from this the level of 
attenuation required at all areas. 
 
6 OPTIONS AVAILABLE AND SELECTION 

OF SYSTEM 

Preliminary design identified that a wide range of 
treatments would be necessary to achieve the 
varying levels of attenuation indicated from the 
modelling exercise. For higher levels of 
attenuation, track structures will be complex 
constructions and will be new concepts for the 
Sydney network. To gain the levels of attenuation 
required, it was recognised that a range of up to 
five basic track types would be necessary: 
• Types 1 and 2—Simple Concrete Slab Track 

with resilient rail fastening systems (type 1 
low performance and type 2 high 



David Roberts, GHD Pty Ltd   Parramatta Rail Link – The Approach to 
Barry Murray, Wilkinson Murray Pty Ltd  Controlling Train Regenerated Noise and Vibration 

 11.6 Conference on Railway Engineering 
  Darwin 20–23 June 2004 

performance),  providing up to 8 dBA 
attenuation;  

• Types 3 and 4—Isolated Slab Track (IST) 
with track slabs supported on ballast mat, 
offering up to 13 dBA attenuation (type 3 
would be fitted with low performance rail 
fastening system and type 4 fitted with a high 
performance fastener); and, 

• Type 5—High performance Floating Slab 
Track (FST) supported on discrete bearings, 
providing attenuation for cases over 13 dBA. 

Types 1 and 2 offer control only through resilience 
in the rail fastening system, whilst types 3, 4 and 5 
are simple mass spring systems, which provide 
attenuation by virtue of the mass in the track slab 
and the spring stiffness in the supporting medium 
(rubber ballast mat or laminated bridge bearings). 
Systems with even higher levels of performance 
are available, but these are not warranted to meet 
the maximum level of attenuation anticipated. The 
relative performance of each type is shown in 
Figures 7 and 8. 

 Figure 7 Relative Acoustic Performance of the 
5 Track Types 

 

 

 

 

 

 

Figure 8 Typical Level of Attenuation Provided 

Each of the 5 track types would be provided with a 
resilient rail fastening system on top of the 
supporting structure.  Whilst the fasteners hold 
down the rails and transfer loads to the structure, 
they also provide a high level of acoustic 
attenuation. Three generic rail fastening/support 
systems have been considered:  

• Modular baseplates, where the baseplate 
components are ‘loose” and can be 
assembled or changed at will. These have a 
resilient pad to separate the rail seat from the 
sub plate—typically these are products similar 
to the Pandrol ‘Vipa’ system. 

• Bonded compression type baseplates—fixed 
to the slab with holding down bolts or screws. 
These have a bonded resilient layer (usually 
natural rubber) that separates the rail seat 
from the sub-plate that is fixed to the track 
slab – typically these are products similar to 
the ‘Cologne Egg’ type baseplate as 
illustrated in Figure 9: 

 

 

 

 

 
Figure 9 – Bonded Baseplates – the Cologne 

Egg 

• Booted block systems—a concrete block with 
a cast in rail housings, is placed in a 
preformed rubber box, which is cast into the 
track slab. A pad is inserted between the box 
and the block to provide the main resilient 
medium. The ‘Sonneville’ (as illustrated in 
Figure 10) and ‘Rheda’ systems are typical 
examples of such systems. 

 

 

 

 

 

Figure 10 – Booted Block System –The 
Sonneville LVT Block 

All of the systems proposed offer products that 
have similar ranges of acoustic performance and 
final selection has been made on other criteria. 

Track 
Type

Baseplate System Booted Block System

1 0 – 5 dBA 0 – 5 dBA

2 Up to 15 dBA Up to  13 dBA

3 Up to 17 dBA Up to 17 dBA

4 Up to  18 dBA Up to 18 dBA

5 Up to 24 dBA Up to 24 dBA

Anticipated Level of Attenuation Provided by Track Type

Track 
Type

Baseplate System Booted Block System

1 0 – 5 dBA 0 – 5 dBA

2 Up to 15 dBA Up to  13 dBA

3 Up to 17 dBA Up to 17 dBA

4 Up to  18 dBA Up to 18 dBA

5 Up to 24 dBA Up to 24 dBA

Track 
Type

Baseplate System Booted Block System

1 0 – 5 dBA 0 – 5 dBA

2 Up to 15 dBA Up to  13 dBA

3 Up to 17 dBA Up to 17 dBA

4 Up to  18 dBA Up to 18 dBA

5 Up to 24 dBA Up to 24 dBA

Track 
Type
Track 
Type

Baseplate SystemBaseplate System Booted Block SystemBooted Block System

11 0 – 5 dBA0 – 5 dBA 0 – 5 dBA0 – 5 dBA

22 Up to 15 dBAUp to 15 dBA Up to  13 dBAUp to  13 dBA

33 Up to 17 dBAUp to 17 dBA Up to 17 dBAUp to 17 dBA

44 Up to  18 dBAUp to  18 dBA Up to 18 dBAUp to 18 dBA

55 Up to 24 dBAUp to 24 dBA Up to 24 dBAUp to 24 dBA

Anticipated Level of Attenuation Provided by Track Type
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7 OTHER DESIGN AND SELECTION 

REQUIREMENTS 

As noted above, in addition to meeting the 
requirements for acoustic performance, there are a 
variety of other criteria that have influenced the 
final design and the selection of a suitable system: 

• Cost issues – the solution must offer the best-
cost profile, whilst delivering the required 
performance. This has also been balanced by 
the cost of slab construction – some fasteners 
are more expensive to install than others. In 
addition to capital cost considerations, whole of 
life costs must also be considered. Any solution 
must offer a guaranteed 50-year life on the track 
support system and rail fastenings. 

• Constructability – the system needs to be 
easily constructed within the confines of the 
tunnel, using techniques, which offer cost 
efficiency and speed of construction;   

• Maintainability – there is a need to ensure 
that individual components and the whole 
structures can be readily inspected, 
maintained and ultimately replaced within the 
availability of track possessions and without 
the need for major shutdown of the system;  

• Good electrical resistance is an important factor to 
ensure the integrity of track circuits for railway 
signalling, and offer good control of stray return 
traction current: and, 

• Preference is given to systems that have a 
successful and long service history and ideally 
where systems and components have been 
used in Australia previously, or have the 
approval of the Rail Infrastructure Corporation.  

8 OUTLINE OF A SUITABLE SYSTEM 

8.1 Types 1 and 2 Track 

Types 1 and 2 track represent the simplest track 
forms, where the resilience, and therefore 
attenuation, is provided in the rail fastener – either 
a bonded baseplate or a booted block as noted in 
Figure 11: 

 

 

 

 

 

 

 

 

 

Figure 11 Typical Arrangements for Types 1 
and 2 Trackforms 

It is envisaged that the track will be laid on a 
concrete slab cast onto the tunnel invert, which will 
be nominally reinforced for crack control. At the 
time of writing, the most likely construction 
technique will be slip forming of the slab with block 
outs to cast in the baseplate holding down bolts or 
place the booted block.  
Type 1 track will be fitted with a low performance 
resilient baseplate/booted block. A typical product 
could be the Delkor Alternative 1 resilient 
baseplate. 
Type 2 track will be fitted with a high performance 
baseplate/booted block. A typical product could be 
the Delkor Cologne Egg high performance 
baseplate.  
 

8.2 Types 3 and 4 Track 

Types 3 and 4 track forms provide a higher level of 
performance compared with systems where rail 
fasteners alone provide the prime means of 
attenuation.  In types 3 and 4 the resilience is 
provided a rubber / neoprene mat under the track 
slab, but above the tunnel invert - this is normally 
referred to Isolated Slab Track (IST).  The ballast 
mat provides the primary resilience in a simple 
mass spring system.  The rail fastener provides a 
limited degree of secondary resilience in the 
system.  This would be through either a bonded 
baseplate or a booted block.  The illustration in 
Figure 12 shows how the slab is isolated from the 
invert by the mat. 
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Figure 12 Typical Arrangements for Types 3 
and 4 Trackforms 

The addition of the resilient fastener is used to 
differentiate between the two levels of attenuation 
provided:  

• Type 3 fitted with low performance resilient 
baseplate/booted block; or 

• Type 4 fitted with high performance baseplate 
/booted block. 

8.3 Track Type 5 

This is the most sophisticated of the solutions 
proposed and comprises a reinforced concrete 
slab, supported above the tunnel invert on discrete 
laminated elastomeric bearings—this is normally 
referred to Floating Slab Track (FST). The result is 
a quasi-bridge structure and the slabs have to be 
designed as such. 
The primary resilience is provided by the bearings. 
This is a more complex mass spring system, and 
the mass of the slab starts to become an important 
issue in the design, and the final design may need 
to consider how the slab mass might be increased 
to enhance the performance of the slab.  
The length of slabs will be determined by the final 
construction methodology, but support bearings 
are expected to be located typically at 2.1 m 
centres (to suit the spacing of rail fastenings of 700 
mm), in a line below the rail seats. Lateral and 
longitudinal bearings are required to resist forces 
in these directions.  The typical arrangement is 
illustrated in Figure 13.  
An innovation in the GHD design is the use of a 
central ‘shear key’ as a means of providing both 
longitudinal and lateral restraint for the slab, rather 
than having the closed side forms more usually 
associated with FST structures.  This very open 
arrangement has focused on the need to have 
clear access for inspection and maintenance.  It 
also provides a simple means of jacking slabs in 

the future, thus facilitating inspection or renewal of 
bearings if this is found to be necessary.  Such a 
feature would offer the opportunity to upgrade the 
acoustic performance of the slab.   

 

 

 

 

 

 

 

Figure 13 Typical Arrangements for Type 5 
Trackform 

Again, the rail fastener provides only a limited 
degree of secondary resilience in the system.  This 
would be through either a basic bonded baseplate 
or a booted block.  Baseplates and holding down 
bolts could be cast in by partial top down method. 
At the time of writing the construction methodology 
has not been finalised, but the most likely 
construction technique will be a slab cast insitu by 
slip-forming on a collapsible former, which is 
removed after the concrete cures and the slab load 
is transferred to the bearings. 
 

9 THE SOLUTION SELECTED 

As the design progressed, it was decided that IST 
(trackforms type 3 and 4) should be discarded. 
This decision was made on the basis that neither 
track construction offers only a marginal 
improvement over the type 2 trackform (only an 
increase of up to 3 dBA).  Furthermore, the closed 
sides of the structure gave rise to concerns that 
there may be potential problems with future 
inspection, maintenance and renewal.  A re-run of 
the acoustic model revealed that the removal of 
these track types did not automatically lead to like 
for like increase in the need for Type 5 track. 
Whilst more type 5 was needed, it also allowed the 
extension of track type 2 into some of the areas 
where types 3 and 4 were removed.  As the length 
of types 3 and 4 were relatively small, the overall 
costs were not significantly increased, with the 
extra expenditure considered worthwhile for the 
potential benefits to be gained in the future 
maintenance of the track.  This reduced the 
number of trackform types to three—Types 1, 2 
and 5. 
A thorough review of the fastening systems was 
undertaken and costs compared for each of the 
three generic rail-fastening systems.  Taking all of 
the selection criteria into account (as discussed in 
section 7), it was found that a bonded baseplate 

Laminated bearingsLaminated bearings
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solution would offer compliant performance and 
lowest cost. As an extension of the cost analysis, it 
was further found that the unit cost of baseplates 
could be reduced through economies of scale, if 
the number of baseplate types were to be reduced, 
i.e. using only one pattern of baseplate. The 
Delkor range of products was selected on cost 
grounds and their good performance against all of 
the key selection criteria (see section 7).  It was 
decided that only the higher performing Cologne 
Egg would be used, as the resulting cost is lower 
than having a mix of both Alternative 1 and 
Cologne Egg patterns. Effectively this means that 
all Type 1 track is upgraded to Type 2 at no extra 
cost, and so even greater benefits are given.  
 

10 THE EXTENT OF TREATMENT 

The acoustic model was used to identify the 
locations where Types 1, 2 and 5 track treatments 
are required. The model identified the attenuation 
required for 25m lengths of track along the entire 
alignment and selected the appropriate treatment.  
Given that the vibration and regenerated noise 
levels at a particular receiver location result from a 
length of track equivalent to a length of a train, 
there is more than one combination of types that 
can result in compliance with the appropriate 
criterion.  The model therefore incorporated a 
process that optimised the treatment. 
Figure 10 shows the preliminary extents of 
treatment based on current modelling (which is still 
to be finalised in the immediate preconstruction 
phase).  
 

Extent of Treatment (% of tunnel length) 
Type 1  Type 2  Type 5 
40 % 50 % 10 % 

Figure 10 Initial Assessment of the Extent of 
Track Treatments 

Given that Type 1 is now an equivalent to Type 2, 
there will be only two forms in the finished works – 
plain track slabs with Cologne Egg rail fastenings 
in 90% of the track, with the remaining 10% being 
high performance FST (track Type 5). 
New data on the vibration transmission 
characteristics of the rock around the tunnel is 
expected to become available as a result of field 
tests carried out during the tunnel construction. 
This data will be used to refine the acoustic model 
 
 
 
 
 
 
 
 

and so further refine the extents of treatment – no 
changes in the track type will be necessary. 
 

11 POST CONSTRUCTION TESTING 

Before the new railway is allowed to open for 
normal service, the noise and vibration attenuation 
systems must be subjected to rigorous compliance 
testing to ensure that the design limits are not 
exceeded. This may entail measurement at 
receptors with trains passing in the new tunnel at 
normal speeds, though the testing methods and 
regime have yet to be developed, and are likely to 
be the subject of significant ‘discussion’ between 
the time of writing and the end of track 
construction. The limits that will be used in these 
tests will be reassessed after further measurement 
at the original fieldwork sites in the City 
Underground. Any deterioration or improvement in 
measured in the general noise levels (caused by 
changes in rolling stock or track maintenance 
practices) will be considered and the target limits 
for PRL will be adjusted accordingly.  
 

12 CONCLUSION  

It is hoped that this paper gives an insight into the 
methodology used to assess the level of 
attenuation that the track must achieve. The 
engineering process that followed is also a good 
example of sound value engineering principles that 
have led to an innovative design and the selection 
of a solution with optimum acoustic performance 
and good cost efficiency, whilst meeting the key 
criteria for inspectability, maintainability and 
replaceability. 
Parramatta Rail Link is an exciting project with a 
wide variety of complex engineering requirements 
in a wide variety of areas – not just the track. Only 
a very small part of the overall design has been 
discussed in this paper.  
There is much more work to undertake, both in 
design and in construction, before the first services 
run on the new line is 2008. It is hoped that this 
short paper gives the reader some insight into the 
effort and work that goes into designing what, at 
first inspection, seems a very straightforward piece 
of railway infrastructure. 
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SUMMARY 

The ‘Luas’ Light Rail project will introduce a new light rail system in Dublin, Ireland. Sinclair Knight Merz was 
appointed as principal designer for the track, civil, structural, and building components of the project. 

The aim of this paper is to present findings of a detailed noise and vibration investigation carried out on 
various track sections/rollingstock related to the Dublin Light Project. The paper will: 
• briefly describe the overall project scope and the role Sinclair Knight Merz played as detail designers 
• describe the various track sections which were actually measured for noise and vibration and others 

(eg: Floating Track Slabs) which were modelled. 
• briefly overview current practice related to noise and vibration mitigation measures 
• describe the noise and vibration investigations carried out and how they were reported in a manner 

which could be easily interpreted by designers 
• describe the noise and vibration mitigation measures which were adopted as a result of the 

investigation  
• discuss noise and vibration criteria which should be adopted for new urban light rail systems  
 

1 INTRODUCTION 

The ‘Luas’ Light Rail project will introduce a new 
light rail system in Dublin, Ireland. Phase 1 of the 
master plan is the construction of Lines A/C and 
Line B which are from Tallaght through the city 
centre to Connolly Station and Sandyford to St 
Stephens Green respectively. 
 
A summary of the Master Plan is shown 
diagrammatically in Figure 1 

 

  
Figure 1: Master Plan  
As part of Sinclair Knight Merz’s role as lead 
designer an assessment of noise and vibrational 

characteristics related to the track/rollingstock 
interface was carried out.  
 
1.1 Track 

A variety of track sections were ‘called for’ in the 
Environmental Impact Study, consisting of:  
   

• Traditional (Edilon Block) track - S49 flat 
bottomed rail (refer Figure 2) 

• Embedded track with paved, asphalt or grass 
finish - Ri50 grooved rail (refer Figure 3)  

• Ballasted track in depots and on sections of 
mainline (Line B) - S49 rail 

• Direct fixation track - bridges - S49 rail 
• Pedestal track - maintenance pits 
• Floating Track Slabs - Ri50 grooved rail 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Traditional (Edilon Block) track 
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Figure 3: Embedded Track (grooved rail) 
 
1.2 Rollingstock 

The Citadis 301 and 401 light rail vehicles 
(supplied by Alstom) form the fleet for the LUAS 
project.  
 
The Citadis is capable of a top speed of 70 km/hr 
and is electrically operated under a 750V DC 
system.  
 
The Dublin vehicle is very narrow when compared 
with other LRV’s around the world at only 2.4m 
wide.  Axle load is 10 tonne and as with 
practically all modern day ‘trams’ it adopts low 
floor technology—70% for the 301 and 80% for 
the 401. 
 
1.3 Employer’s Requirements (ER): Noise  

Under the ER the impact of the noise is related to 
the extent to which LAeq, 18 hours  is exceeded due to 
operation over pre existing ambient LAeq  level.  
This difference is presented as the following 
scale. 
 
Noise Level   Rating 

0 to +5dBA   slight 
+5 to +10dBA   moderate 
> +10 dBA   significant 
 
The ER indicated that where operational LAeq 
exceeds pre existing LAeq by more than 10dB, 
some form of noise mitigation (eg:acoustic 
screen) will be required. 
 
By inference, an operational LAeq which is less 
than or equal to LAeq pre existing +10dBA, is 
deemed compliant. 
 
1.4 Employer’s Requirements (ER): Vibration 

The ER specified that at St James’s Hospital and 
certain locations on Line B measures shall be 
taken to ensure that at a distance of 1 metre from 
the nearest rail, the 1/3 octave band of maximum 
vibration velocities (vertical) resulting from the 
operation of the LRT system shall not exceed 

65 dB (re 5e-8 m/s) for frequencies between 31.5 
Hz and 125 Hz. 
 
The ER also specified that vibration should meet 
the guidelines of ISO 2631-2, which uses a 
frequency versus vibration acceleration or velocity 
curve based on the threshold of perception of 
vibration.  
Because of the different frequency ranges and 
frequency weighting’s, the ISO 2631-2 
assessment and “65 dB re 5e-8 m/s” 
requirements are not directly comparable.  In 
some situations the 65 dB requirement is more 
stringent than the ISO, but in others it is the ISO 
that is more difficult to achieve. 
 

2 CURRENT PRACTICE 

2.1 Noise 

The most effective method of reducing noise is to 
control it at the source. For most ‘tramways’ there 
are three basic sources of noise: 
• Noise from the traction and auxiliary 

equipment  
• Noise from the rolling of the wheels on the 

track.  
• Wheel squeal as the wheels start to creep on 

the track as a result of the vehicle trying to 
negotiate tight curves.  

For rolling noise the most effective method of 
control is to reduce the excitation by ensuring that 
the wheels and rails are as smooth as possible. 
 
Once the vibrations that produce the noise have 
been generated then the next most effective 
method of control is to reduce the vibrational 
response by damping the rail.  It is important to 
understand the difference between damping and 
continuously supporting the rail.  With damping, 
vibrational energy is converted to heat while with 
a continuously supported rail the amount of 
vibration energy may remain unchanged.   
 
It is often incorrectly assumed that softer rail pads 
will reduce the amount of noise.  In practice, the 
reverse tends to be true, for instead of the energy 
flowing through the pad and into the rest of the 
massive track, it is retained in the rail and wheel 
system. 
 
Once the wheels radiate the noise, the most 
effective control is to use barriers.  These can be 
in the form of skirts mounted on the vehicles or 
alternatively the provision of trackside barriers.  
 
Barriers provide attenuation by increasing the 
distance the sound has to travel between the 
source and the receptor.  In practice, this is 
generally best done by placing the barriers close 
to the source.  A recent development is to use a 
combination of low trackside barriers and vehicle 
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mounted skirts.  Properly designed this can be 
very effective. 
 
Where barriers cannot be provided, or are 
ineffective, then another approach is to slow the 
trains down. 
 
Wheel squeal occurs when the wheel starts to 
creep rather than roll along the rail.  This usually 
occurs on tight curves and can be a problem with 
trams because the wheel and rail profiles do not 
result in a good curving performance.  
 
2.2 Bridge Noise 

The noise from bridges is a combination of 
directly radiated noise from the wheel and rail and 
re-radiated noise from the bridge.  The directly 
radiated noise can usually be controlled as 
discussed above.   
 
However, care needs to be taken when using 
noise barriers on bridges as these can also 
provide an increased surface area for the re-
radiated noise.  This can result in a bridge with 
noise barriers actually being noisier than one 
without. 
 
The methods used to control vibration can also be 
used to control re-radiated noise.  Increasing the 
local impedance of the bridge prevents the 
vibrations that produce re-radiated noise entering 
the bridge structure.  This involves making the 
bridge either locally massive (as with a concrete 
bridge) or very stiff. 
 
Once the vibrations have entered the structure, it 
is very difficult to stop them being radiated as 
noise.  This is because most basic bridge 
structures provide little vibration attenuation at the 
frequencies involved in producing bridge noise.   
 
Therefore, any parts of the structure that are 
efficient radiators of noise will be excited even if 
they are not particularly close to the track.  The 
parts of the structure that radiate noise efficiently 
are likely to be those that are relatively light, have 
a high stiffness and are lightly damped. 
 
2.3 Vibration 

The most effective method of vibration control is 
to reduce the level at source.  This involves using 
smooth, well-maintained track and well-
maintained vehicles with a low unsprung mass.   
 
Once the vibration has been produced, the 
normal method of control is to isolate the track 
through the use of resilient elements (springs). 
 
Isolating the track can lead to problems because 
it involves a mass-spring system with a low 
fundamental frequency.  If this frequency were 

incorrectly set, the situation could be made worse 
than it would be without the resilient elements.   
 
The aim of such a mounting system is generally 
to get the fundamental frequency very low.  This 
usually involves installing a high mass above the 
resilient element.  On soft grounds, the amount of 
vibration entering the ground can be reduced by 
making the sub-base of the track very stiff.  This 
means that the vibration remains in the track and 
is not transferred to the ground.  If all else fails 
then the only option might be to reduce the speed 
of the vehicles.   
 
In practice, vibration is not strongly speed 
dependent so this option usually involves a 
significant reduction in speed.  
 
In some situations, the only effective method of 
control is to increase the distance between the 
track and the buildings.  This is done by creating 
a zone near to the track in which only activities 
that are not affected by vibration are permitted. 

3 FIELD INVESTIGATIONS 

Noise and vibration measurements were taken of 
a running Citadis 301 Light Rail Vehicle (LRV) at 
three sections on the test track in Dublin being 
ballasted, traditional and embedded track 
sections. Measurements were also taken of the 
LRV operating at different speeds. 
 
In addition, measurements were made of the 
propagation through the ground at a number of 
sites. 
 
The Traditional Track (Edilon Block) was found to 
produce higher noise levels than the Ballasted 
Track and this is consistent with what has been 
found at other locations.  
 
The measurements for the Embedded Track 
(which incorporated ALH Series 6 Pre-coated 
rails) show that it was the quietest of the three 
types of track tested.  This was thought to be at 
least partially a result of the reduction in the 
radiating surface of the rail. 
 
Of all the standard track types analysed only the 
Traditional Track using the ‘booted’ Edilon blocks 
gave vibration predictions in excess of ISO2631-2 
for residential properties. 
 
In carrying out a detailed noise and vibration 
assessment it was imperative that the results 
were presented in a manner such that designers 
could provide practical solutions to a vast number 
of different scenarios. 
 
Hence a matrix presentation of noise and 
vibration investigations (Speed Versus Distance 
from Source for each track type) was developed 
enabling the designers to assess which sites 
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would require either noise and/or vibration 
mitigation. 
  
Presentation of results is indicated in Attachment 
1. 
 
4 FLOATING TRACK SLABS 

Six alternative floating slab track designs were 
examined and using the available parameters, the 
attenuation they should achieve was predicted.  
These predictions are relative to a slab track with 
no resilient elements and so represent the 
additional attenuation each design will achieve. 
 
In addition to these predicted attenuations 
knowledge of tram characteristics and ground 
response (measured during the site 
investigations) assisted in determining the 
optimum design for various sites.   
 
The measurements showed little variation in the 
attenuation provided by the ground at the different 
sites and hence an average ground attenuation 
was assumed. As there was no measured data 
for slab tracks an additional prediction was made 
for the Traditional Track: using this track form as 
a reference, it was possible to produce a 
standardised input level that could be used to 
predict the resultant level for the various track 
designs.  The vibration levels at 1 metre from the 
track have been calculated for a range of track 
designs and the results are given in Attachment 2, 
Table 2.1.  In addition the amount the vibration 
exceeds ISO 2631-2 (assuming a multiplication 
factor of 1 for Critical Work areas given in Table 2 
of Annex A of the ISO) were evaluated for 
comparison. 
 

5 CONCLUSION 

5.1 General 

Noise and vibration can cause significant adverse 
environmental impacts for local communities and 
as a result noise and vibration impact mitigation 
must be considered in track design. 
 
Effective mitigation must consider the vehicle and 
the track as a system rather than as separate, 
independent components. 
 
Consideration of Noise and Vibration Isolation 
must be considered as soon as realistically 
possible to enable sufficient material lead times 
and to implement design changes. 
 
The Dublin Light Project was in some ways 
unique in that noise and vibration field 
measurements were taken of the Light Rail 
Vehicle to be supplied on various test track 
sections and at various speeds prior to the 
majority of detailed deign being carried out. This 

gave the designers a degree of confidence in 
predicting both location and type of noise 
mitigation required. 
 
5.2 Compliance with Employer Requirements 

The investigation indicated that Traditional track 
would exceed the Employer Requirements at 
some locations for both noise and vibration.  
These locations tend to be those where the track 
is close to the buildings and where the tram 
speed is high.  In all cases the 15mm boots, 
compared to 30mm boots produced the lowest 
levels of vibration. 
 
For sites where Floating Track Slab (FTS) were 
specified the investigation indicated all FTS’s that 
were modelled would meet the employers 
requirements and hence the decision on which 
one to adopt became a commercial one. 
 
5.3 Noise and Vibration Mitigation 

Techniques 

Compliance with the noise requirements was 
achieved using either noise barriers or a 
combination of changing to either Embedded 
track or ballasted track and low noise barriers. In 
some instances where noise was only marginally 
exceeded a reduction in speed ensured 
compliance with the Employer’s Requirements. 
However in instances where noise mitigation of 
10dB or more is required tram speeds need to be 
reduced by nearly 70%, which is not practical in 
most cases.  
 
The performance of noise barriers will depend on 
the distance between the barrier and the source, 
the distance from the source to the receptor, the 
height of the barrier above the rail head and the 
height of the receptor above the rail head. (Eg: 
Noise mitigation required at one site for a 4m high 
receptor required a 4.1m barrier placed at 1.5m 
from the nearest rail or alternatively a 3.6m high 
barrier placed at 1m from the nearest rail.  
 
When barriers are close to the vehicle the profile 
of the vehicle may also be significant.   
 
Tests on ballasted track, on a train with shrouds 
around the bogies, indicated that a barrier around 
0.25 m high and 0.5 m from the rail produces a 
reduction of between 7dB and 10dB. 
 
Where the vibration levels exceeded the 
requirements, compliance was achieved by either: 
Replacing Traditional track with either Embedded 
or Ballasted track 
• Providing an vibration isolation mat under the 

traditional track 
• Reducing train speed 
• Applying a combination of the above 
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The option of placing vibration isolation mats 
under the track required careful design.  The 
problem with adding an additional resilient 
element is that under some conditions it actually 
increases the level of vibration being transmitted 
into the ground.   
 
The quantum reduction of vibration levels 
achieved by reducing train speeds were marginal 
(to achieve a 2dB reduction in vibration levels 
required a 37% reduction in speed and a 7.5dB 
reduction required an 82% reduction in speed) 
and hence only adopted when vibration levels 
were only marginally exceeded.  
 
Other methods include isolation of the building, 
normally only practical when the building is being 
constructed. The ‘do nothing’ alternative is 
sometimes appropriate when the required levels 
are exceeded by a small amount and the 
necessary management systems can be put into 
place to deal with any complaints 
 
5.4 Criteria 

The criteria set for noise (noise mitigation 
required when predicted LAeq, 18 hours exceeds pre 
existing ambient LAeq by more than 10dB) was one 
that enabled the designers to readily identify 
those sites where noise mitigation would be 
required and is recommended for future projects. 
 
Specifying different criteria for vibration at various 
sites is not recommended as in some instances 
certain track types would meet one criteria but not  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the other.  (eg: At one site where Floating Slab  
Track was specified as mandatory even the 
Traditional Track met the  criteria not to exceed 
65 dB (re 5e-8 m/s) for frequencies between 31.5 
Hz and 125 Hz).  
The recommended Vibration criteria is that of ISO 
2631-2, which uses a frequency versus vibration 
acceleration or velocity curve based on the 
threshold of perception of vibration.  
The ‘curves’ can be adjusted for different 
applications (eg: machine shop versus and 
operating theatre) and hence are considered to 
be appropriate. 
 

5.5 Conference Theme: ‘New Horizons in Rail’ 

The investigation provided the following ‘new 
horizons’: 
 
• The opportunity to carry out ‘on site’ field 

noise and vibration measurements of the 
proposed light rail vehicle on various test 
track sections prior to completion of detailed 
design 

• Results of the investigation being reported in 
a manner which enabled designers to readily 
identify which site/s would require noise and 
vibration mitigation and to what extent 

• A variety of Floating Track Slabs have been 
modelled and their Noise and Vibration 
characteristics presented.  

• Evaluation and Recommendations with 
respect to Noise and Vibration Criteria that 
should be adopted for future projects have 
been presented in this paper 
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Attachment 1 – Presentation of results 

The following noise predictions are 1 metre from a façade and assume: 
• The track is straight and parallel to the façade. 
• There are no noise barriers or other form of shielding. 
 
Table 1.1  Noise (LAeq predicted) – Traditional Track: Distance versus Speed 
 
Traditional 
Track Distance (m) 

1 3 5 7 10 15 20 30 40 50 Speed (kph) 
Predicted LAeq (dB) 

70 79.9 79.7 77.9 75.6 72.3 67.3 66.0 64.2 62.9 61.8 
60 78.5 78.4 76.6 74.3 70.9 65.9 64.7 62.9 61.5 60.5 
50 76.9 76.8 75.0 72.7 69.4 64.3 63.1 61.3 60.0 58.9 
40 75.0 74.8 73.0 70.8 67.4 62.4 61.2 59.3 58.0 57.0 
30 72.5 72.4 70.5 68.3 64.9 59.9 58.7 56.9 55.5 54.5 
20 69.0 68.8 67.0 64.7 61.4 56.4 55.1 53.3 52.0 51.0 
15 66.5 66.3 64.5 62.3 58.9 53.9 52.6 50.8 49.5 48.5 

 
 
Table 1.2 Noise (LAeq predicted) – Embedded Track: Distance versus Speed 
 
Embedded  
Track 

Distance (m) 

1 3 5 7 10 15 20 30 40 50 Speed (kph) 
Predicted LAeq (dB) 

70 69.3 69.2 67.3 65.1 61.7 56.7 55.5 53.7 52.3 51.3 
60 68.0 67.8 66.0 63.7 60.4 55.4 54.1 52.3 51.0 49.9 
50 66.4 66.2 64.4 62.1 58.8 53.8 52.5 50.7 49.4 48.3 
40 64.4 64.3 62.5 60.2 56.9 51.8 50.6 48.8 47.5 46.4 
30 61.9 61.8 60.0 57.7 54.4 49.3 48.1 46.3 45.0 43.9 
20 58.4 58.3 56.5 54.2 50.8 45.8 44.6 42.8 41.4 40.4 
15 55.9 55.8 54.0 51.7 48.3 43.3 42.1 40.3 38.9 37.9 

 
 
Table 1.3 Noise (LAeq predicted) – Ballasted Track: Distance versus Speed 
 
Ballasted  
Track 

Distance (m) 

1 3 5 7 10 15 20 30 40 50 Speed (kph) 
Predicted LAeq (dB) 

70 72.9 72.7 70.9 68.6 65.3 60.3 59.1 57.3 55.9 54.9 
60 71.5 71.4 69.6 67.3 63.9 59.0 57.7 55.9 54.6 53.6 
50 69.9 69.8 68.0 65.7 62.4 57.4 56.1 54.3 53.0 52.0 
40 68.0 67.8 66.0 63.8 60.4 55.5 54.2 52.4 51.1 50.0 
30 65.5 65.4 63.5 61.3 57.9 53.0 51.7 49.9 48.6 47.5 
20 62.0 61.8 60.0 57.7 54.4 49.4 48.2 46.4 45.1 44.0 
15 59.5 59.3 57.5 55.3 51.9 46.9 45.7 43.9 42.6 41.5 
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The following vibration predictions are for inside a residential building at night. 
 
 
Table 1.4 Vibration (dB>ISO2631) – Traditional Track: Distance versus Speed 
 
Traditional 
Track Distance (m) 

1 3 5 7 10 15 20 30 40 50 Speed (kph) 
Predicted Excess on ISO 2631 (dB) 

70 +9.0 +9.0 +7.5 +6.0 +4.5 +2.7 +1.5 -0.3 -1.6 -2.5 
60 +8.3 +8.3 +6.8 +5.3 +3.8 +2.0 +0.8 -1.0 -2.2 -3.2 
50 +7.5 +7.5 +6.0 +4.6 +3.0 +1.2 +0.0 -1.8 -3.0 -4.0 
40 +6.6 +6.6 +5.0 +3.6 +2.0 +0.3 -1.0 -2.7 -4.0 -5.0 
30 +5.3 +5.3 +3.8 +2.3 +0.8 -1.0 -2.2 -4.0 -5.2 -6.2 
20 +3.6 +3.6 +2.0 +0.6 -1.0 -2.7 -4.0 -5.7 -7.0 -8.0 
15 +2.3 +2.3 +0.8 -0.7 -2.2 -4.0 -5.2 -7.0 -8.2 -9.2 

 
 
Table 1.5  Vibration (dB>ISO2631) – Embedded Track: Distance versus Speed 
 
Embedded  
Track 

Distance (m) 

1 3 5 7 10 15 20 30 40 50 Speed (kph) 
Predicted Excess on ISO 2631 (dB) 

70 -6.1 -6.1 -7.6 -9.1 -10.7 -12.4 -13.7 -15.4 -16.7 -17.6 
60 -6.8 -6.8 -8.3 -9.8 -11.3 -13.1 -14.3 -16.1 -17.3 -18.3 
50 -7.6 -7.6 -9.1 -10.6 -12.1 -13.9 -15.1 -16.9 -18.1 -19.1 
40 -8.6 -8.6 -10.1 -11.5 -13.1 -14.8 -16.1 -17.9 -19.1 -20.1 
30 -9.8 -9.8 -11.3 -12.8 -14.3 -16.1 -17.3 -19.1 -20.4 -21.3 
20 -11.6 -11.6 -13.1 -14.5 -16.1 -17.9 -19.1 -20.9 -22.1 -23.1 
15 -12.8 -12.8 -14.3 -15.8 -17.3 -19.1 -20.4 -22.1 -23.4 -24.3 

 
 
 
Table 1.6 Vibration (dB>ISO2631) – Ballasted Track: Distance versus Speed 
 
Ballasted  
Track 

Distance (m) 

1 3 5 7 10 15 20 30 40 50 Speed (kph) 
Predicted Excess on ISO 2631 (dB) 

70 -0.2 -4.5 -6.0 -7.5 -9.0 -10.8 -12.0 -13.8 -15.0 -16.0 
60 -0.9 -5.2 -6.7 -8.1 -9.7 -11.4 -12.7 -14.5 -15.7 -16.7 
50 -1.7 -5.9 -7.5 -8.9 -10.5 -12.2 -13.5 -15.2 -16.5 -17.5 
40 -2.7 -6.9 -8.4 -9.9 -11.4 -13.2 -14.5 -16.2 -17.5 -18.4 
30 -3.9 -8.2 -9.7 -11.1 -12.7 -14.5 -15.7 -17.5 -18.7 -19.7 
20 -5.7 -9.9 -11.4 -12.9 -14.5 -16.2 -17.5 -19.2 -20.5 -21.4 
15 -6.9 -11.2 -12.7 -14.2 -15.7 -17.5 -18.7 -20.5 -21.7 -22.7 
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Attachment 2 – Floating Track Slab 
Presentation of results 

Table 2.1 The Predicted Maximum Vibration Velocity in the 1/3 Octave Bands between 31.5 Hz and 
125 Hz at 1 metre from the Track compared with The Predicted Maximum amount the Vibration 
Velocity Exceeds the Levels in ISO 2631-2 
  Predicted 

Vibration Velocity 
(dB re 5e-8 m/s) 

Predicted 
Vibration Level in 

Excess of ISO 
2631-2 

(dB) 
Soft Matting 50.4 -15.6 
Medium Matting 61.6 -4.3 

Type 1 – Floating Slab on Resilient 
Mat & SIKA rail embedment 

Hard Matting 59.6 -6.3 
Soft Supports 41.1 -18.8 
Medium Supports 57.7 -8.3 

Type 2 – Floating Slab on discrete 
bearing & embedded track 

Hard Supports 65.8 -0.2 
Soft Matting 52.4 -7.0 
Medium Matting 72.2 +6.2 

Type 3 – Sylomer Floating Slab & 
SIKA rail embedment 

Hard Matting 68.5 +4.1 
Track Type 4 – Gerb Springs with embedded rails 19.0 -15.2 
Track Type 5 – Gerb Springs with direct rails 20.9 -14.0 
Track Type 6 – Edilon with 15 mm boots 56.4 -9.6 
 



 

 13.1 Conference on Railway Engineering 
  Darwin 20-23 June 2004 

EARTHING AND BONDING ON RAILWAYS— 
THE BLACK ARTS OF INDUCTION 

Andrew Blakeley-Smith 
BSc(Hons) MIEAust MIRSE 

Andrew Blakeley-Smith & Associates 

SUMMARY 
Much valuable equipment is lost due to voltages induced from power lines and electric traction systems. In 
the worst case human life can also be put at risk when high potentials occur between adjacent items of 
equipment. Signalling equipment could malfunction or adopt erroneous and hazardous logic conditions if 
overall system design does not consider these external influences. 

The calculation of induced voltages and the design of earthing and bonding systems is well documented but 
frequently applied inappropriately as the origin of some of the practices and criteria often seems to have 
been lost in the mists of time, frequently subject to subjective philosophical decisions and much faith is often 
placed in highly accurate modelling derived from input data of dubious accuracy. 

This paper aims to demystify some aspects of this cross-disciplinary subject, reviewing past historical 
practices adopted by different rail authorities. Methods are given of estimating key design parameters such 
as induced voltages and equipment and personnel hazards resulting from induction and earth potential rise 
and installation pitfalls to be avoided by a top down approach to earthing and bonding. 

1 INTRODUCTION 

Hazardous voltages can appear through the 
actions of the three basic circuit elements, the 
resistor, the capacitor and the inductor. As with 
most circuits there are usually elements of more 
than one type.  For example, the earth wire of a 
power line may suffer a direct lightning strike, 
which can be considered a resistive transfer, the 
resulting current will find its way to earth at the 
first opportunity and cause local potential rise 
where the current enters the ground.  At the same 
time the current flowing in the earth wire will 
induce a voltage in the phase and neutral 
conductors and the resulting current can then 
circulate through the earth connections of the 
power line, one of which may be the neutral earth 
of the incoming power supply to a signalling 
equipment room.  If separate earths are made for 
equipment within this room, a practice still 
favoured by some railway administrations, the 
resulting voltage gradient within the soil 
surrounding the equipment room will cause 
voltage differences between the individual earth 
systems and thus within the equipment; for 
example between the AC power supply and the 
line connection of a telephone concentrator.  
There are many defence strategies against such 
hazardous voltages and they should be seen as 
complimentary.  Where the hazard is man made, 
for example a power line or railway traction 
supply, the hazard can be relatively easily be 
quantified and a strategy to deal with this 
particular hazard can be determined, both for 
normal operation and fault conditions. 
Defensive strategies can include: 

• limiting the extent of exposure to induction 
• screening to reduce induction 
• reducing potential gradients by permanently 

bonding equipment to form an equi-potential 
zone and,  

• effectively, temporarily bonding under fault 
only conditions, by means of voltage 
dependent surge arresting devices 

2 QUANTIFYING THE HAZARD 

Induction can occur from either the electric or the 
magnetic field surrounding a conductor. In 
practice, electrostatic induction is seldom a 
problem unless the two conductors are relatively 
close and/or there is a very high voltage.  
Examples are telecommunications cables hung 
on the same poles as HV power lines often 
installed in outer suburban areas or on some 
railways such as, until recently, by Hamersley Iron 
between Dampier and Paraburdoo.   
One example relevant to a modern railway is that 
of a radio system leaky feeder cable which is 
usually suspended from the roof of a tunnel and, 
in electrified territory, is thus close to the contact 
wire/catenary.  The outer conductor of this type of 
cable is normally earthed however there is a risk 
of capacitive leakage currents flowing through 
maintainer contact to earth should the outer be 
disconnected.  As an example, such a feeder 
installed at 2.6 m from a 25kV catenary would 
result in just over 1mA leakage current for a 500 
m exposure. Fortunately, this is well within the 
15mA limit allowed.  
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The defence is quite simple for paired cables, 
introduce a thin screen around the cable and 
earth it.  The solution for open-wire aerial lines 
(when they existed) was to connect centre tapped 
chokes to the pair of conductors forming the 
communications circuit at intervals along the line 
and then earth the centre tap via another choke 
referred to as a drain coil.  This earths the 
common mode voltage on the line but not the 
signal which exists between the pair of 
conductors forming the line.   

 
Figure 1– Drain Coil (from APO publication 

"Line Transmission - Equipment 
Applications") 

Magnetic induction is of considerably more 
interest and going back to basics, the voltage 
induced in a conductor is caused by the changing 
magnetic field in another conductor. Any 
conductor carrying a current must however be 
associated with another conductor carrying the 
return current back to the source and the varying 
magnetic field from this conductor will induce a 
voltage in opposition to the current flow and 
hence the magnetic fields from each conductor 
are in opposite directions.  
If the inbound conductor is close to the outbound 
conductor compared to the radial distance of both 
conductors to the conductor at risk, then very little 
overall induction will occur. If, for example, 
because of a fault, the current does not flow back 

through its allocated return path, but back through 
the earth at a distance determined by the soil 
resistivity, this return current compensation will 
not occur. 
The mutual impedance between a conductor with 
earth return and another conductor has been 
shown by Klewe [1] to be: 

)   f d  2 - 12.981  3fj(0.000628 + 0.000987f  = Z mutual
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(where f= frequency, ρ= soil resistivity in Ω, d= 
conductor separation in m): 
In the days of slide rules, the result was 
commonly expressed as a look-up table or 
nomogram. A simplified and considerably more 
user-friendly formula for mutual induction is given 
in paragraph 4.2.1 of the Standards Australia 
publication CJC 6 Application Guide to the LFI 
Code [2]. 

m 

T
w
in
c
th
s
s
s
s
 

 

 

w

 

 

 

 

 

 

 

 

 13.2 
  
M = loge (1 + 6 * 105 ρ/d2f) * 10-4 H/k
(2) 

his formula can be entered into an Excel 
orksheet. Induction only occurs if the conductor 
 question is not at right angles and if the 
onductor is parallel but at varying distances from 
e inducing conductor, the affected conductor 

hould be divided into equivalent straight line 
ections over which the rate-of-change of 
eparation is reasonably constant. The equivalent 
eparation of each section is then given by: 

  

    (3) 

here ds and  de  are the separations at the start 
and end of the section 

d = √ ds * de
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current - A 1000 Scr Factor >> SF 1.00
Induction - V 1.496 Total cct (km) 2.26 Mean sep (m) 452.00 Induction B Induction C

Phase corr B 0.5-0.866j [* -1] Sum Ind A Sum Ind B a +jb Sum Ind C a +jb

Phase corr C 0.5+0.866j [* -1]
268.46 268.65

-
134.324221493261+23

2.649551626327j 0.0406028035

-135.02030140175-
233.855162027832j

Soil resistivity - 
Ohm-m >> 300 Freq >> frequency 

- Hz >> 50
A>>B 

horizontal 
separation

0.00
A>>C 

horizontal 
separation

8.00

Power line 
height - m >> 20.00 Comms cable 

>> depth (m)

Cable 
depth - m 

>>
0.00

A>>B 
vertical 

separation
-5.12

A>>C 
vertical 

separation
-5.12

Separation start end length Induction A Induction B Induction C Induction A Induction B Induction B Induction C Induction C
m / section m V/A V/A V/A V V a +jb V a +jb

1 -600 -500 605 0.049 0.049 0.049 48.70 48.71

-
24.3544225497669+42

.1818598561962j 48.99

-24.4957917120289-
42.4267112452341j

2 -500 -400 535 0.049 0.049 0.050 49.43 49.44

-
24.7199527289556+42

.8149581265511j 49.76

-24.8805596997943-
43.0931294000438j

3 -400 -250 200 0.023 0.023 0.023 22.65 22.66

-
11.3290664243295+19

.6219430469388j 22.86

-11.4281017428673-
19.7934722186462j

4 -250 -100 471 0.073 0.073 0.075 73.27 73.40

-
36.6976200372828+63

.5602779045739j 74.59

-37.2956507838218-
64.5960671575794j

5 -100 180 449 0.074 0.074 0.074 74.41 74.45

-
37.2231597529257+64

.4705126920674j 73.84

-36.920197463238-
63.9457820063282j

Figure 2 – example of Excel Worksheet used to calculate induction from 3-phase power line 

The resulting induction is small for a 3-phase line 
with balanced loads where the return currents do 
not travel though the earth but it is sometimes 
necessary to check this and (after loading the 
Analysis ToolPak Add-in to allow complex number 
recognition), Excel can be used to calculate the 
induction from each phase using a complex 
function for 120o phase correction for the 
contribution from each phase and the IMSUM 
function to sum the result. 

Figure 2 shows an extract from an Excel 
Worksheet for a three phase line incorporating 
these formulae and with a 120o complex number 
transform to allow for the B and C phases. 

3 ALLOWABLE LIMITS 

The CCITT Directives [3] (now ITU) set out the 
following maximum levels of induced voltage: 
• 60V RMS under normal system operation for 

cables which are earth referred and to which 
members of the public may come into contact 

• 150V RMS under normal system operation for 
cables which are earth referred and to which 
technicians only would come into contact 
(110V has been used by the former British 
Rail, as described by Woodbridge [4,5] for 
signalling cables as this is compatible with the 
level of operating voltages commonly 
encountered on such cables—these circuits 
are not however earth referred) 

• 60% of the conductor to sheath RMS 
breakdown voltage for non earth referred 
circuits 

• 430V RMS under system electrical fault 
conditions 

• 15mA capacitive leakage current 
The 60V and 430V limits are also applied in 

Australia to touch potentials to rails and masts on 
A.C. electrified railways. The SNCF, in their 
document S2/66 [6] draw a distinction between 
allowable limits in areas in which the public have 
access (e.g. stations) and those which only 
railway staff are legitimately allowed. These “red 
and green zones” can cause great confusion 
when trying, for example, to apply earthing and 
bonding practice for French track circuits to the 
Australian environment where the higher voltage 
is permitted for cables but not for touch potentials. 
Australia does permit higher values of voltages if 
the probability of them occurring is rare and the 
voltage persists for only a short time. This 
situation exists with high security power lines and 
the following relaxations are allowed: 
• 1 000 Volts RMS—applies where the power 

line is classed as high reliability  and the 
protection equipment will normally clear the 
earth fault current in a time range of 0.35 to 
0.5 second 

• 1 500 Volts RMS—applies where the power 
line is classed as high reliability and the 
protection equipment will normally clear the 
earth fault current within 0.35 second 

High reliability is considered as less than 3.5 
faults/100 km of line per annum; 25kV traction 
supplies meet the clearance time but the fault 
rates are stated by Dudaniec [7] to be typically ten 
times greater.  The relaxation in maximum voltage 
is associated with the relationship between 
probability of heart fibrillation (Byass & Pimm [8]) 
and voltage duration and is described in 
considerable detail in AS 3859 “Effects of current 
passing through the human body” [9].  This useful 
reference (now superceded by IEC standard 
IEC60479-1:1994 as AS/NZS 60479.1:2002 
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"Effects of current on human beings and livestock 
Part 1: General aspects") also examines the path 
taken by the body current, and hence maximum 
hazardous voltage.  For example, a hand-to-hand 
current path is considered quantifiably less 
hazardous, by a factor of 0.4, than a left hand to 
legs current flow.  
It should be noted that for the induced voltage to 
represent a personnel hazard, the cable must be: 
• earthed at the far end only 
• be in contact with a person who is also 

earthed 
This is particularly true where the remote end of 
the circuit is far removed from the source of 
induction, for example, a public telephone 
exchange, where one leg of the telephone circuit 
is always earthed.  
For circuits wholly within the railway boundary 
there can be a compensating effect due to the 
local earth voltage rise caused by the fault. Short 
circuit tests carried out by the author in Malaysia 
[10] showed a significant reduction in the voltage 
measured on a cable with respect to an earth 
point within the railway boundary compared to 
that measured with respect to an earth 50 m away 
at right angles from the track.  Trackside metallic 
objects such as fences are generally well enough 
earthed throughout their length, if using steel 
fence posts or supports, such that the section 
parallel to the track cannot be considered as 
insulated but earthed only at the far end and thus 
do not generally present an accessible voltage 
rise hazard (from induction, however they could 
be subject to the unrelated hazard of a traction 
catenary falling on them). 

4 PROTECTING AGAINST THE HAZARD—
SCREENING 

Screening against electrostatic induction is 
relatively easy, screening against electro-
magnetic induction is more difficult. Induction from 
a power line or traction catenary into a cable is 
not however, the whole story. There are many 
other conductors in the railway environment, the 
most important of which are the rails.  Other 
conductors such as power line earth wires can 
also be significant. Induction in the rails 
themselves may be an actual or perceived 

problem, for example, in the case of a high 
voltage power line running alongside a non-
electrified railway. In the case of an electrified 
railway, this would be eclipsed by the traction 
return current.  Unlike a signalling or 
communications cable, the rails are continuously 
(but not necessarily well) earthed via the ballast 
and thus any induced voltage drives a current in 
the rails circulating through the earth.  This 
current will, in turn, also induce a voltage in any 
wayside cables. In this case, the voltage from the 
rails is in partial phase opposition to the voltage 
induced by the power line or, in the case of an 
A.C. electrified railway, the catenary 
Thus provided the current in the rails does not 
adversely affect any equipment connected to the 
rails i.e. track circuits, this induced current is 
beneficial and reduces or partially screens the 
signalling & communications cables from 
induction.  
The CCITT Directives [3] quotes screening factors 
for rails as varying from 0.61 for a single track 
railway with one continuous rail (i.e. single rail 
track circuits), 0.44 for a single track railway with 
two continuous rails (i.e. double rail jointless track 
circuits) or double track railway with one 
continuous rail for each track, down to 0.28 for 
double track with four continuous rails.  These are 
in fact mean values as the actual induced rail 
current is at a maximum at the mid point of the 
exposure and reduces exponentially towards the 
ends of the exposure and thus the screening 
factor varies with location along the rail with 
respect to the ends of the inducing conductor. 
In the case of an A.C. electrified railway, there is 
also traction return current, which decays 
exponentially away from the ends of the 
exposure. Figure 3 shows the induced 
component, solid line, the return current, chain 
dashed line and the total combined rail current, 
dashed line.  The return current improves the 
screening factor with respect to a cable lying 
wholly within the area where the traction current 
enters and leaves the rails. 
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Figure 3 – Typical distribution of rail currents (from CCITT Directives 

A similar effect occurs for the earthing conductor 
on overhead power lines, but in this case, the 
earths are discreet, at each tower. The LFI guide 
[4] quotes the following typical values for earth 
wire screening given in Figure 4. 

 
Figure 4 – Earth wire screening factors - SAA 

HB102 Application Guide to the LFI Guide 
These again are average values as the actual 
value of current, and hence screening, depends 
upon the number of towers and the tower footing 
resistance as well as the separation from the 
phase conductors and the distance from the fault.  
This last factor takes into account the fault return 
current, a proportion of which flows to earth 
through each tower.  The total screening effect 
can be calculated by treating the ladder network 
formed by the earthed towers in a similar manner 
to a rail with continuous earthing. 
A cable can also be screened by a high 
conductivity sheath (see Rosen [11]) or by an 
external conductor, but this must be close (within 
50 mm or so) to the cable and continuously 
earthed (if the sheath is bare) or earthed at 
intervals. In practice, bare sheaths would be 
subject to corrosion and discrete earthing is 
employed, typically at 500 m or 1000 m intervals 
with earth resistance values of the order of 4–10 
Ohms.  Cables with integral screening sheaths 
have always been made to special order but the 
cost penalty is high although this can be reduced 
by wrapping copper or aluminium wires using 
machinery for steel wire armouring in place of an 

extruded sheath. Although adjacent conductor 
screening is less effective than a cable sheath, for 
a given cross-sectional area, standard off-the-
shelf cables can be used with considerable cost 
savings, even allowing for more copper or 
aluminium in the screening cable. 

As screening requires a fairly high current in the 
sheath it is not possible, in practice, to screen a 
short cable as the effective resistance to earth 
cannot be made low enough to allow enough 
current to flow.  
In a long cable, and with an inducing circuit that is 
shorter than the cable, the screening current at 
the ends of the exposure sees a ladder network of 
cable earths that is significantly lower than the 
value of any one cable earthing point. In practice 
it is very difficult and expensive to achieve earth 
points of much less than 5 Ohms.  Little current 
flows in the earth points within the exposure, as 
the sheath current between sections is more or 
less constant. A bad earth point on a screened 
cable on 25kV railway can be located by the 
increased noise as a train passes by it. 
Screening can be made effective with lower 
values of sheath current by adding inductance to 
the sheath.  This alters the phase of the sheath 
current and hence swings the voltage induced by 
this current more nearly into anti-phase with the 
voltage induced by the power line or catenary.  
The minimum earth resistance can then be 
reduced. Steel tapes are generally used to 
increase the inductance and note that they do not 
work by causing the magnetic flux to be 
“bypassed” around the cable core and that tapes 
with a short lay length must be used. Steel wire 
armouring is ineffective because the 
circumferential flux encounters to many air gaps 
with round wires. 
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Cable screening, as a technique was widely used 
for railway communications cables in the days 
prior to optical fibres where long cable runs 
between exchanges or to wayside telephones 
were the normal practice. Signalling cables do not 
generally require screening as higher voltages are 
generally permitted however, where the lower 
voltage limits applicable to communications 

cables are required, as for example, in Malaysia, 
adjacent conductor screening has been used.  
Screening is normally required as a primary 
defensive measure for personnel protection as 
surge absorbing devices may fail [4] or may be 
effectively removed from circuit during cable 
maintenance operations. 
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Figure 5 – typical voltage gradient for fault current flowing away from HV mast 

5 EARTHING AND BONDING 

Earthing and bonding attempts to ensure that fault 
currents flow through a preferred and safe path 
such that local voltage gradients are kept within 
specified limits and sufficient current flows for 
protective devices to identify the fault situation 
and open the circuit.  This is of particular 
importance on electrified railways but incorrect 
bonding and inadequate earths will result in the 
destruction of equipment from power or lightning 
induced surges on any railway.  
The current density surrounding a mast or an 
earth electrode system decreases rapidly as does 
the corresponding voltage gradient.  A person 
standing on the ground or another earth electrode 
close to the mast will tap into this gradient and a 
dangerous potential difference to the mast can 
then exist.  The very high current density 
surrounding a mast can be reduced by increasing 
the effective size of the mast by use of a grading 
ring (Figure 5).  This is a circle of a conductor 
(commonly scrap contact wire) centred on, and 
connected to, the mast.  This creates an equi-
potential zone around the mast and effectively 
trades the touch potential for a lesser value of 
step potential. 
Step and touch potentials are of particular 

consequence in electrical substations and 
electrified railways, the former being well 
described by Swan and Macrae [12] and for more 
general cases in the IE Aust Symposium on 
Earthing [13].  These references also contain 
many formulae for estimating earth electrode 
resistance.  It is worth noting that voltage rise to 
remote earth under fault conditions cannot 
generally be contained within sub-stations and 
incoming circuits, such as telephones and 
telemetry, require to be galvanically isolated. This 
is now generally achieved with a short length of 
optical fibre cable with suitable interfaces. 
There used to be two schools of thought to 
overcome the differential voltage rise problem: 
• separate earth electrode systems are required 

for different functions e.g. power supply 
earthing, communications battery earthing, 
signalling lightning protection etc. —any 
metalwork connected to the different earthing 
systems then has to be kept touch distance 
apart (i.e. a person cannot simultaneously 
come into contact with both sets of metalwork) 

• use one earthing system or bond any pre-
existing separate earthing systems together—
this then forms an equi-potential zone in the 
equipment room area and although there will 
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be a global potential rise with respect to a 
remote earthing system  there are no local 
potential rises. 

Both the SAA and the ITU have now adopted the 
“bond everything” strategy in their specifications.  

It is interesting to consider some of the specific 
situations where hazardous potentials can occur 
and how impractical the separation of different 
earthing systems can be.  
  

 

 

 

 

 

 

 

 

 

Figure 6 – Exporting traction system voltage rise over MEN 

6.1 Utility power supply earthing 

This is in fact a rather special case for Australia 
which uses the Multiple Earth Neutral (MEN) 
system of earthing in which the neutral is bonded 
to the earth at each consumer’s premises.  This 
ensures an acceptable value of earth in areas 
with high soil resistivity (by European standards) 
even if the resistance of the earth electrode for 
each individual consumer is relatively high.  
In 25kV A.C. territory, the MEN cannot be 
extended beyond the railway, as any voltage rise 
under traction fault would be impressed upon the 
neutral and exported to surrounding consumers 
(In in Figure 6).  A traction fault would cause fault 
current to flow in the neutral away from the 
railway, progressively flowing to earth at each 
consumer’s premises.  
However, if the different earths are not bonded 
then a potential difference will exist.  A typical 
example would be a vending machine on a station 
platform, which would represent a remote earth 
(at the supply transformer star point neutral).  A 
traction fault to the rails will be transferred to a 
stationary train standing in the station and if the 
vending machine is within touch distance of the 
train, a hazard can result. In this case the MEN 
has to be isolated by means of a transformer and 
the neutral on the secondary of the transformer 
then bonded to the traction return.  For small 
sites, the incoming utility supply can be isolated 
via a circuit breaker that interrupts both phase 

and neutral controlled by a residual current 
device. 
As an example, for a 5 500A traction fault 
measured during short circuit testing in Malaysia 
[11], the voltage between traction earth and the 
remote earth at a local telephone exchange was 
250V but the voltage to the local station lightning 
protection earth was 211V and to the neutral 
earth of the utility supply transformer, within the 
station boundary, was also 211V.  Although within 
limits, these voltage differences would exist within 
the station area if the traction earth were not 
bonded to these other earths and the resulting 
electric shock, although not necessarily lethal in 
itself, could result in falls or other consequential 
injuries.  
Note that care needs to be exercised with the 
MEN philosophy within the railway alignment as 
local bonding between the neutral of a sub-
distribution circuit and traction return could result 
in an alternative path for traction currents if a 
section of rail is removed for maintenance.  A 
more mundane problem is that some traction 
current will always flow in the neutral as the 
neutral would form a parallel path for the rails 
and/or earth wire and this will cause false tripping 
of the RCD protecting GPOs in the installation. 
The MEN is also a wonderful path for induced 
lightning currents in non-electrified territory 
without MEN isolation.  The voltage differences 
arising from the use of separate earths for the 

Active 
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MEN and signalling and communications earths 
can be extraordinarily effective in destroying 
modems and data equipment using RS-232 links 

between signalling and communications 
equipment rooms. 

Figure 7 – Earth wire bypasses broken rail 

6.2 Bonding Jointless Track Circuits 

Masts in 25kV traction systems are traditionally 
individually bonded to the single traction return 
rail where A.C. immune D.C. track circuits are 
used (except in Perth WA, where masts are 
connected by an earth wire which is in turn 
bonded at 200 m or 300 m intervals to the traction 
return rail). This is not possible with most double 
rail track circuits as earthing one rail would 
unbalance the track circuit and both rails are 
earthed through an impedance bond, at intervals, 
to an earth wire which, in turn, bonds the masts.  
Traction return currents flow in each half of the 
impedance bond winding towards the centre tap 
and the resulting fluxes cancel. Thus traction 
currents see only the winding resistance but track 
circuit currents flow in the whole winding and see 
a high reactive impedance which prevents the 
impedance bond from shunting the track circuit. 
Jointless track circuits use audio frequencies and 
sufficient impedance to the track circuit voltage is 
obtained without use of an iron core by tuning to 
the specific track circuit frequency. These are 
frequently referred to as Air Cored Inductors 
(ACIs). 
The overall earthing of the traction system is 
provided both by rail to ballast contact and 
through the footing resistance of each mast, 
which is typically 15-20 Ohms.  If there is a 
traction fault to, for example a mast, there is now 
a ladder network formed by the earth wire and the 
mast footing resistances to earth before reaching 
the nodes formed by the impedance bonds to the 
parallel earth connection provided by the rails.  
The same logic applies to a traction fault to rail.  
This results in a significant potential difference 
between the rails and the masts, particularly half 
way between the ACIs.  This limits the distance 
between ACIs. 

Another factor now comes into play.  There are 
restrictions to the number of impedance bonds 
that can be used on a track circuit section. In the 
event of a broken rail, an alternate current path 
may exist via the centre point of the ACIs and the 
earth wire as a result of the ACIs acting as 
autotransformers.  This can inhibit broken rail 
detection and prevent train detection should a 
break occur. 
There is thus effectively a limit imposed on track 
circuit length arising from the ACI spacing, which 
is a consequence of limiting rail and mast touch 
potentials.  
To complicate matters further, some ACI locations 
are fixed by the traction system design, such as at 
feeder stations or at booster or auto transformer 
locations where traction current leaves the rails.  
The ACI location, in turn, with some types of 
jointless track circuit, determines the location of 
the electrical separation joint, whether the 
signalling system needs a block joint at that 
location or not. An electrical separation joint is a 
virtual block joint formed by a track circuit 
frequency filter from the rails and externally 
connected equipment, which may include the ACI.  

7 CONCLUSION 
Calculation of induced voltages can be relatively 
simple however there is little point using complex 
algorithms with many parameters if the accuracy 
of these input parameters does not justify the 
increased complexity of calculations.  Even if this 
is justified, it is well worth carrying out a check 
calculation for comparison purposes.  The more 
complex the calculation, the more chance of an 
otherwise undetected error. A lot of thought needs 
to be given to realistic worst cases.  This is 
particularly so in assessing normal loads on 25kV 
railways.  
The magnitude of the hazard arising from fault 

X

TC Tx 

ACI 

TC Rx 

 13.8 Conference on Railway Engineering 
  Darwin 20-23 June 2004 



Andrew Blakeley-Smith  Earthing and Bonding on Railways- 
Andrew Blakeley-Smith & Associates  the Black Arts of Induction 

currents on 25kV railways is not necessarily 
greater than that posed by a power line but the 
probability of it happening is considerably greater 
and there is much more exposed metalwork for 
maintainers, and even the public, to touch. 
There are various techniques to reduce the 
magnitude of induced voltages, generally a 
combination of techniques is the most cost-
effective and the most maintenance friendly. 
There are frequently conflicting requirements for 
measures to limit earth voltage rise, particularly in 
the signalling field and a top down approach 
considering all affected disciplines is essential at 
the project design stage. The traction system 
design and the signalling system design are, as 
noted by Anthon-14 and the author, from the 
earliest days of high voltage rail electrification in 
Australia, inseparably linked by earthing and 
bonding requirements.  
While there are universal standards there are 
subtly different interpretations between countries 
and even between different railway 
administrations and it is generally not possible to 
import solutions between railway administrations 
without knowing the whole picture against which 
the solution was developed.  There is much less 
chance of unexpected consequences from going 
back to first principles and if an imported solution 
still looks attractive, attempting to reverse 
engineer it. 
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SUMMARY 

“You can get lonely out there!” sighed the track inspector.  He had described working alone on some of the 
most remote rail track in Australia, travelling vast distances far from the highway.  Radio often is his only 
contact with others. 

Even when close to population centres railway lines can be remote or relatively inaccessible, with only train 
radio for communication.  It would seem reasonable to expect that train radio systems would provide a 
robust and reliable link for people working in such environments. 

Is this expectation realised?  To test this we review a number of incidents and the performance of train radio 
and communication systems in these incidents.  Some design decisions are discussed and their hidden 
features and risks are explored.  It is evident that to not make a design decision is in fact to make a decision, 
but with an unpredictable outcome. 

Incidents are usually the result of the failure of multiple defences against error: communication systems may 
be the last line of defence against disaster.  As the last defence, the non-vital communication system can 
become very important.  The communication system can be as important after the incident, for reporting and 
recovery.   

Since incidents are relatively rare, it is essential that the communication system designer have a very 
comprehensive understanding of the requirements for all modes of operation.  We advocate the adoption of 
international standards for railway communications.  These standards benefit from the experience of many 
railways and are continually tested on a much larger scale than could ever be achieved in Australia alone.  

  

1.0 INTRODUCTION 

Train radio systems in Australia are “bespoke” – 
made to a customer’s specifications.  Bespoke is a 
word commonly used to describe tailoring, bringing 
the image of a suit designed to fit just one wearer.  
An exact fit, taking into account the peculiarities of 
that person - definitely not designed to be used by 
another. 
There is no single standard for communications, 
no common thread of functionality and 
performance in Australia1.  (Queensland is the only 
state to claim to have a single train radio system 
for all their operations and that is a recent 
achievement.)  We commence with a discussion of 
the requirements for radio communication 
systems, discussing some of the considerations for 
a robust and reliable system.  There are obviously 
some significant differences between high traffic 
urban operations and remote lines with “one train 
in steam”.  
Australia has not had very many railway accidents 
where communications have been significant.  Of 
these, some have been investigated and reported 
in the public domain, however, most have been the 

subject of internal investigations with no publicly 
released findings.  Our assessment of the 
effectiveness of train radio therefore includes a 
review of accident investigation reports from New 
Zealand and Canada, as well as the available 
Australian documents. 

2.0 THE FUNDAMENTALS 
There are at least two parties interested in 
communicating by train radio.  The first is a person 
on the train, usually the driver.  The second is the 
person who has responsibility for authorising the 
movement of the train, usually a signaller or train 
controller.  If there is more than one train, the 
driver of the second train will have some interest in 
communicating with the first.  
All railways need maintenance and inspection so 
our track inspector will be there somewhere, 
needing to communicate with the train drivers and 
with the controller.  The track inspector or 
maintenance supervisor will need to speak directly 
with the train driver as the train passes through a 
work site or area of defective track. 
On suburban trains there may be a guard; on 
country passenger trains a conductor may be 
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responsible for the passengers.  Each of these 
people has a need to communicate, often in 
different ways; sometimes all must communicate 
at once, unambiguously. 
Of course, a railway that is running correctly has 
little need of radio communications.  There is a 
timetable, there are procedures and there are 
telephones.  It is only when something goes wrong 
that radio communication becomes important – 
though never “vital”. Will the system cope in these 
circumstances?  Or will those on the train and 
trackside be left feeling very lonely? 

3.0 RELIABILITY 

3.1 Importance 
Reliability is normally placed at the end of the list 
of requirements for a system.  It is a given, not 
something to worry about unduly.  We believe that 
reliability is the most critical aspect of train radio.  
Reliability has a special meaning to an engineer.  
The engineer discriminates between reliability and 
availability, takes into account the maintenance 
intervals, the mean time between failures and 
other parameters.  The user of a radio system 
does not make such distinctions.  To paraphrase 
the “Cocky’s Lament”2: 

I want a radio. 
I want a radio that works. 
I want a radio that works all the time. 

Users of a train radio or other communication 
system will have one of two views of the radio 
system.  They will either see it as one that works 
all the time; or as one that sometimes works.  The 
first view results in a confidence in the system that 
is sometimes misplaced.  The second results in a 
lack of confidence that can have tragic 
consequences.   
Of course, it is easy to dwell on the deficiencies 
and ignore the many occasions when systems 
work well.  Often there are further factors to 
consider, such as public address systems or 
contact from road vehicles.  There is a moral in 
each of the following examples. 

3.2 Well Placed Confidence 

A review of investigation reports shows some 
incidents where confidence in the communication 
system was well placed. 
Canada3 
A train crew used incorrect braking techniques on 
a steep incline, resulting in derailment and a 
runaway portion of the train.  The crew made an 
emergency call and no other trains were involved 
in the incident. 
Manitoba4 
Freight trains were passing each other when the 
crew of train 472 noticed that wagons of the other 
train were derailed and leaning toward their train.  

They made an emergency radio call to train 471 
and took cover on the floor of the cab.  After the 
collision, the locomotive radio on 472 did not work.  
The portable radio was used to re-establish 
communication. 
Conrad5 
A washout had undermined the track near Conrad.  
The CTC system displayed normal indications, as 
the track circuits were continuous.  A train passed 
onto the washout and was derailed with fatal 
consequences for the crew.  The train controller 
observed a CTC malfunction and tried 
unsuccessfully to contact the crew.  A nearby train 
confirmed that the crew had not passed and a 
search was launched.  
Pointe au Baril6 
The circumstances here were similar. The train 
derailed but the crew were able to exit the cab and 
contact the train controller with a portable radio to 
obtain assistance. 
Bowmanville7 
A freight train struck an abandoned tractor-trailer 
at a farm level crossing.  The freight train derailed 
and dragged the trainer approximately 700 metres 
along the track. An emergency radio call made by 
the crew of the freight train alerted the crew of a 
passenger train, approaching on an adjacent track.    
After hearing the radio call the crew of the 
passenger train reduced speed and thereby 
lessened the severity of impact.  The passenger 
train struck the debris and derailed, just before the 
freight train came to a halt. 
The truck driver had a Citizens’ Band radio and a 
cellular telephone.  He was under the impression 
that the cellular phone was only capable of 
contacting the dispatch office and did not know 
that the 911 emergency telephone number tied in 
with the railway emergency officers.  He did not 
make an emergency call on either system while he 
was stuck on the crossing or after the derailment.  
(A recommendation of the investigation was that 
signs be placed at level crossings detailing 
emergency communication numbers.) 
A similar incident has occurred in Australia but the 
details have not been released. 
Blue River8 
The second locomotive and all cars of a passenger 
train derailed.  The crew made an emergency 
broadcast call to alert other trains and then 
reported the situation to train control.  Protection 
and assistance was provided.  The extrication of 
passengers was made difficult as the public 
address system did not have external speakers 
and relied on the locomotive power source, which 
had been disconnected in the derailed locomotive. 
Ashburton9 
Train control cleared a signal that authorised a 
train to enter a section of track already occupied 
by a hi-rail vehicle.  The driver of the hi-rail 
overheard conversation between the train 
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controller and driver and interrupted to advise that 
he was still in the section. 

3.3 Misplaced Confidence 

Radio system designers work to some confidence 
level that any particular portion of the track will 
have coverage and to some other confidence level 
that the equipment serving that portion of the track 
will be working at any instant (availability).  The 
coverage criterion may be 95% or better (as found 
in NSW terrestrial coverage areas) or much less, 
as found in much of Victoria.    
The availability criterion is less clearly defined, 
usually because the radio portion is considered in 
isolation from the other components of the overall 
system.  An availability of at least 99% of the time 
is probably realistic.  However, there is no 
statement of when the other 1% of the time occurs.  
It may be as a period of nearly four consecutive 
days or it may be in ten-minute periods over the 
year.   

The radio engineer does not usually consider the 
user interface and human factors.  Such matters 
do not appear in the undergraduate courses and 
are often dismissed in somewhat caustic terms by 
equipment and system designers.  However, the 
human interface is a part of the overall system and 
must be counted in the calculation of reliability.   

Error tolerance is a part of system design10, either 
by omission or commission.  It is routinely included 
for data transmission calculations and is no less a 
part of the user interface performance. 

Of course, these issues do not trouble our track 
inspector, who is confident that the system works 
very well and will therefore work when required.  
Sometimes that confidence is misplaced. 
Hexham11 
At Hexham signal box in NSW the signallers were 
often said to ignore radio transmissions.  The 
problem was not that they were ignoring the 
transmissions.  The signallers simply did not hear 
certain radio broadcasts.  Nor did they hear the 
responses to their own transmissions.   The cause 
of these allegations was discovered in an accident 
investigation.  The radio system interface that the 
signallers were using was obtuse and 
misunderstood.  The signallers circumvented this 
by using a portable radio, inadvertently thereby 
reducing the coverage of the system.  In addition, 
the signallers were exposed to continuous 
irrelevant chatter on the system.  The radio was 
therefore turned down, so that the chatter would 
not be heard.  The signallers believed that they 
were operating the radio appropriately.  Their 
confidence was misplaced. 
Toronto12 
Commuter cars operating in Toronto were required 
to make a standard shunting move, driving out 
from one platform and then back to another.  The 
difference for the particular crew on the particular 

occasion was that they drove out of the first 
platform and then propelled back into the 
destination platform.  The driver and guard had not 
worked in this manner previously and did not have 
an established protocol.  The guard in the rear cab 
told the driver at the front of the train that the 
signal had changed after the forward move and 
the driver commenced propelling into the platform.  
The conductor observed a train standing at the 
platform and tried to tell the driver to stop, using 
the intercom.  (There was a lot of radio traffic in the 
station).  However, the intercom worked only 
through the handset earpiece, rather than the cab 
speakers and the guard forgot to alert the driver 
with the call button.  The handset was on hook and 
could not be heard.  The driver was unaware of the 
hazard and the trains collided. 
Armstrong13 
Two hi-rail vehicles collided head-on on a curve 
near Armstrong, Ontario.  The rules required that 
on territories where there are curves, every five 
miles and at every station, a broadcast 
announcement must be made on the engineering 
radio system and repeated, identifying the type of 
track unit, location and direction of travel.  The 
operators of each of the hi-rail vehicles made the 
required radio transmissions.  However, none of 
the operators heard these transmissions, although 
the radio equipment was operating as designed.  It 
was concluded that the rugged terrain blocked 
radio transmission, rendering it useless in 
locations where it could be most beneficial. 

3.4 Expectations of Failure 

An even more dangerous situation arises when the 
users expect that the system will fail.  Any 
aberration in operations or lack of response is then 
assumed to be a problem in the communications 
system. 
Ellerslie14 
Two diesel multiple unit trains collided head-on on 
the up main line between Penrose and Ellerslie.  
Prior to the accident, one had become disabled at 
Ellerslie and the series of miscommunications that 
followed the discovery of a mechanical fault in that 
train lead to the collision.  The train controller 
“unknowingly” authorised the trains to run on the 
same line, in opposite directions.   
Each of the trains was equipped with portable 
radios.  As they were portable, the train controller 
did not know which radio was on which train, 
unless told by the train driver.  The inquiry report 
found that “the collision occurred primarily due to 
poor communication; equally missing was the 
intent to communicate and the ability to do so”.  
“The ongoing poor performance of the portable 
radios was well known and the continued 
difficulties experienced by the train controller and 
crews probably discouraged communication 
between them. “ 
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Glenbrook15 
The Glenbrook collision involved the Indian Pacific 
loco hauled passenger train and an electric 
multiple unit commuter train.  The Indian Pacific 
was stationary at a failed signal when the 
commuter train that was following collided with it.   
There were many aspects to this accident.  One 
was the known incompatibility of the radio systems 
on the locomotive and the commuter train (they 
could not communicate).  A second aspect was a 
set of rules that prescribed that only certain 
methods of communication could be used, even if 
there were other methods available that were no 
less secure.  The third aspect was the known 
unreliability of the signal post telephones.  When 
stopped at the signal, the locomotive driver was 
unable to communicate with the telephone.  He 
assumed that the phone was not working and was 
unaware that the method of telephone operation 
had been changed. 
Three working and available communications 
systems were not used and the collision occurred. 
3.5 Interference 

Interference can take many forms.  The radio 
engineer would normally consider interference as 
a source of noise; calculate a signal to noise ratio, 
increase the signal as necessary to obtain the 
required ration and move on to the next problem.  
It can be subtler. 
Notch Hill16 
A freight train was operating in CTC territory where 
radio communication normally was not required.  
However, in this instance the crew were governed 
by a rule requiring them to continuously monitor 
the standby channel, in order to be aware of other 
trains in their vicinity.  The crew were required to 
call the signals to each other but the noise level in 
the cab was such that their words were 
unintelligible.  The train came around a bend and 
the crew saw another train 140 metres away.    
The trains collided.  The investigation revealed that 
the crews were commonly not calling the signals, 
as they knew they could not be heard. 
 
4.0 HUMAN FACTORS 

Human factors will be present in any 
communication system, whether allowed for in the 
design or not.  One defence against human error is 
the development and maintenance of 
communication protocols.   

4.1 Protocols 

Communication protocols are important in any 
railway.  A well thought out and disciplined 
protocol ensures consistent and effective 
communication.  The better systems successfully 
operate on these protocols and do so consistently.  
However, there must be provision for the 
unexpected.  The Glenbrook15 incident is a 
frequently cited example of flawed protocols and 

procedures.  In this case the problems preceded 
the incident.  They can follow. 
Biggar17 
A passenger train derailed after fracture of the lead 
axle on the trailing locomotive.  The train public 
address system continued to operate (from the 
carriage emergency supplies) after the derailment.  
The public address system provided one-way 
communication and was of limited value for co-
ordination of disaster recovery.  Both train and 
passenger services (OTS) crew had portable two-
way radios with the train-working and OTS 
channels.  The policy of the railway precluded the 
train and OTS crews from communicating with 
each other and the policy made no provision for an 
emergency.  Policy also required that the 
passenger service manager and other OTS 
employees remain on the OTS channel at all 
times.  The conductor maintained his radio on the 
train stand-by channel and did not use the OTS 
channel.  The crew had to walk to each other to 
communicate. 
Campbellville18 
A freight train struck two stationary track units (a 
small crane and lorry).  The track crew foreman 
had instructed the crew to proceed on the north 
track. The crew repeated “main track” instead of 
“north track” and the foreman did not detect the 
error and verified the repeat as correct.  The 
railway depends on strict adherence by employees 
to the procedures and rules as defences against 
communication errors.  Although the procedures 
were “roughly” followed, the necessary structured 
approach to the language used was not 
maintained.  There was no requirement for the 
train crew to apprise the foreman of the track on 
which they were approaching. 

4.2 Human Error 

Human error is evident in many forms.  Shock is 
significant and can result in actions that are 
unintended or the failure of intended actions. 
Dalhousie Mills19 
A freight train derailed and spilled 1900 litres of 
hydrogen peroxide.  The crew made an 
emergency call on the stand-by radio channel to 
alert other trains.  The crew were unable to contact 
train control on the radio call-in channel and then 
radioed a nearby track maintenance person.  The 
track person advised the driver by cellular phone 
that train control was attempting to contact the 
train.  Communication with train control was then 
effective.  No defects were found in the radio 
system and no emergency calls from the train 
were logged.  It was concluded that the crew 
members had become excited when they realised 
that both main lines were blocked and used 
incorrect radio procedures.  
Greely20 
Fatigue affected the crew of a train that failed to 
stop at signals and collided with an oncoming train.  
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The other crew misunderstood an emergency call 
from the fatigued crew.  The inquiry recommended 
fatigue management actions, including the 
installation of locomotive cab audio systems, using 
headsets for music and intercom. 
 
5.0 FLEXIBILITY AND COMPATIBILITY 

In the past, train radio and communication systems 
have been inflexible in their design.  This was not 
necessarily due to any lack of vision in the 
designers; it was simply a limitation of the 
available technology.  With a modern technology 
such as GSM-R, these limitations do not apply. 
Glenbrook, discussed above, is a prime example 
of incompatible and inflexible train radio and 
telephone systems.  The Hexham incident, also 
mentioned earlier, is another example of the 
confusion, lack of communication and error that 
can be introduced through inflexibility and 
incompatibility. 
Waterfall21 
At Waterfall the train derailed in a deep cutting, 
well away from population.  The only radio 
services in the area were the Metronet train radio, 
accessible only to train crews and a few others 
and the Government Radio Network.  Initial reports 
of the accident were made through cellular 
telephone calls to the emergency “000” number.  
As rescuers and others arrived, the Government 
Radio Network’s very limited capacity was quickly 
swamped.  There will be more detail on this in the 
final report of the Waterfall Special Commission of 
Inquiry. 
Chiltern22 
The report on this accident has yet to be released.  
A V/Line Passenger service from Albury to 
Melbourne collided with the wreckage of a Pacific 
National freight train that had derailed near 
Chiltern in Victoria.  The derailment occurred on 
the standard gauge track.  The passenger train 
was travelling on the parallel broad gauge track.  
The standard gauge track is controlled by ARTC, 
while the broad gauge track is controlled by 
Freight Australia. The tracks have different radio 
channels and the controllers are in different cities. 
Spencer Street23 
A train ran away from Broadmeadows station and 
stopped only when it crashed into another train at 
Spencer Street.    The inquiry report notes that 
there is no open channel radio system in the 
Melbourne suburban rail network.  Therefore, there 
was no way in which urgent ‘broadcast’ messages 
could be made over the rail network.   

6.0 RESCUE THE PERISHING 

Perhaps too blunt a caption but the issue is most 
important.  Our track inspector rolls his vehicle.  
The locomotive derails and overturns.  How do we 
know that it has happened or where it happened?  
There is inexpensive technology for tracking trains 

and some Australian systems incorporate GPS 
tracking (eg QR, Countrynet, AWARE).   
Some (and only some) of the locomotives and 
track vehicles operating in isolated areas carry 
Emergency Position Indicating Radio Beacons 
(EPIRBs) or Personal Locator Beacons.  A beacon 
transmitter should, in the author’s view, be fitted to 
each cab of each locomotive with an external 
antenna and tilt switch.  The more severe 
accidents that are most likely to disable the crew 
involve derailments and rolled locomotives.  With a 
tilt switch the emergency alarm would be initiated 
as the locomotive rolled, well before any fire or 
other damage.   There is a simple and well 
managed international response mechanism for 
location beacon alarms24. 
New Zealand25 
A freight train driver fell asleep on curved track in 
rugged terrain.  The train exceeded the design 
speed for the track, derailed and the locomotives 
rolled into the valley beside the track.  It was some 
hours before the train controller realised that the 
train was overdue.  Many hours passed before the 
search commenced and many more before the 
train was found.  During all this time the seriously 
injured second person was trapped in the cab of 
the locomotive with the deceased driver. One of 
the searching crews in a hi-rail vehicle collided 
with the rear of the train.  The radio system had 
provided vital clues about the location of the 
derailed train (through base station site names).  
However, the train controllers did not know the 
names of the sites and their position relative to the 
track.  The search period could have been 
significantly reduced had this information been 
usable. 
Waterfall21 
It took quite some time for the fact of the Waterfall 
accident to be realised and even longer for the 
rescue crews to determine the location of the train 
and means of access to it.  A tracking device 
would have given greater precision than the track 
circuits and would have been independent of their 
operation.  The Metronet system that was used 
provides a position indication only when the train 
passes a transponder.  There is no further 
indication of position until the next transponder is 
passed, usually at the boundary of the next 
signaller area. 
Hexham11 
This incident, mentioned earlier, is one where GPS 
tracking was available to accurately position the 
derailed freight train.  Unfortunately, the train 
controller did not take advantage of the information 
that was displayed on the Countrynet screen.  The 
passenger trains in the area only had portable 
radios and were therefore not tracked in the same 
manner.  The collision with the passenger train 
may have been averted had the train positions 
been positively identified. 
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7.0 DESIGNER’S DILEMMA 

Where does this leave the system designer?  How 
can such a vast scope be covered in any 
specification or solution?  There is no 
comprehensive communication system design 
manual for Australian railways.  Indeed, there is 
not even a defined approach to risk analysis or a 
checklist of considerations.  Each new system and 
each material change is assessed on the basis of 
the experience of a few individuals, usually on the 
basis of their experience in a single railway. 

7.1 EIRENE 

There is good news: Australian railway operations 
are really no different from those in other parts of 
the world.  All the requirements discussed in this 
paper appear in every railway (although they may 
not have been acknowledged).  There is no need 
for any railway or country to work alone, to attempt 
to develop individual standards.  An international 
approach offers the benefits of world-wide 
experience and a world-wide market. 
European railways have documented train radio 
and communication requirements very thoroughly 
when formulating their specifications for EIRENE26.  
This set of requirements specifications lead to a 
railway specific version of GSM cellular telephony.  
(The railway specific enhanced version of GSM is 
known as GSM-R.) 
EIRENE provides rapid call connection for 
emergency calls (a key consideration). It can 
operate as both an open channel system with 
press-to-talk and as a discrete telephone 
connection.  More powerfully, it can operate in 
both modes simultaneously in a given base station 
area.  The individual call connections are defined 
by the railway in an “access matrix” and in the SIM 
card for the user’s telephone.   
Position reporting is an inherent function in 
EIRENE and can be driven by GPS, transponders 
or other systems.   Since the GSM implementation 
of EIRENE is a superset of GSM features, the 
GSM-R EIERENE compliant mobiles can also 
work on standard GSM.  (There is a loss of 
EIRENE functionality but full GSM functionality).  
The ability for mobiles to “roam” onto other 
networks provides an independent alternative 
system should the GSM-R system fail or be 
damaged (subject to coverage and roaming 
agreements). 
Flexible re-configuration of the system is provided 
through the network access matrix.  Network 
operators can have dynamic or predetermined 
emergency configurations that reallocate the 
system resources to respond to any incident.  This 
level of flexibility is not available in existing train 
communication systems.   
Disaster recovery has often been impeded by the 
inability of emergency and rescue crews to 
communicate.  (Much time was lost at Waterfall 

due to lack of communication.)  The standalone, 
bespoke communication systems that have been 
used by railways have no capacity for expansion 
or adaptation in time of emergency and disaster 
recovery.   
If a system conforming to the EIRENE 
specifications is used, disaster recovery can be 
managed by reallocating access privileges for 
particular telephones.  The initial report of an 
incident can be made from any GSM telephone as 
the GSM-R system will accept an emergency call 
(dialled to 000) if there is no other GSM system in 
the area.   
During the recovery period sites can be expanded 
in capacity without reprogramming mobiles and 
without impact on the existing services.  One need 
only look at the paucity of communications at 
Cowan Bank27 when the interurban train collided 
with a steam-hauled train to see how limited 
communications can be, even very close to a 
major city.  Thirteen years later, the situation at 
Waterfall was similar. 

7.2 The Wide, Open Spaces 

While Australian railway operations are not unique, 
the wide, open spaces and low traffic density are 
rather different from the high-speed international 
routes envisaged by the EIRENE specification 
writers. 
GSM-R was introduced for high-speed railways in 
high population density areas.  Its deployment on 
the major freight routes (the Defined Interstate Rail 
Network) is appropriate and can be facilitated by 
suitable commercial models.  However, it is 
improbable that GSM-R would ever be utilised 
over the length of the Tarcoola to Darwin railway 
or on many of the seasonal grain lines.  Australia 
is therefore always likely to have a mix of radio 
communication systems; the blend being 
determined by traffic levels and location. 
We would argue that this situation is not a reason 
for ignoring the international standard.  Rather, it is 
a reason for working as closely as possible with 
the international standard, applying it without 
compromise over the DIRN and all metropolitan 
networks.   
An extension to the specification is needed for low 
traffic lines.  This is well understood by the 
developers of the EIRENE specification, as there 
are low traffic lines in many countries.  Work is in 
progress on a low cost, compatible specification 
for such areas.  This specification has its genesis 
in the UIC Locoprol28 project.  The Locoprol 
approach is particularly aimed at satellite location 
but has obvious connections to the communication 
network.  It would be more appropriate for 
Australia to join in the development of low traffic, 
low cost expansions of the international 
specification than to develop another set of 
bespoke solutions. 
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8.0 CONCLUSION 

Railway crews and operations need reliable radio 
and telephone communication.  A reliable system 
is not just one that does not break down. It is a 
system that is always available; has consistent 
coverage and provides clear, intelligible 
communication.  
The communication system will be used by 
humans and must be designed accordingly.  In 
moments of stress the users will make mistakes so 
the system must be designed to accommodate 
mistakes and to minimise their consequences. 
The incident experience of any single railway will 
not provide a comprehensive database and 
knowledge base for system design.  International 
standards are built on the experience and 
knowledge of many railways, with a wide variety of 
operation styles and needs.  These standards are 
consistently tested and are reviewed 
systematically.  They should be adopted and 
applied in Australia.  Both EIRENE and Locoprol 
should be considered. 
Flexibility is an essential characteristic as the 
railway’s requirements after an incident are vastly 
different from those for normal operations.  
Emergency configurations should be built into the 
system, ready for activation at a moment’s notice. 
Redundant layers of communication increase the 
reliability and robustness of the communication 
link.  Emergency beacons and tracking devices 
that operate independently provide a layer of 
protection.  In particular, an emergency beacon 
can operate after locomotives have derailed or 
rolled over, even if the crew of the train are 
incapacitated. 
Communication systems are often considered as 
optional components of a railway.  We would 
argue that they are essential to a safe, modern 
railway.  Unless there is robust, reliable 
communication system, our track inspector will, 
indeed, be lonely out there. 
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SUMMARY 

The aim of this paper is to stress the need for emergency response planning in the rail industry, 
emphasising the need for continuous review and testing. 

Nowadays most organisations have emergency plans but it is always beneficial to review your plan—to do a 
“health check” of it.  When was your plan last updated? 

All too often planning is put off at the expense of day to day operations and time constraints.  It is easy to be 
complacent with an attitude of “it will never happen to us”.  However, emergencies have an unfortunate habit 
of never occurring at the right or the expected time. 
 
Are the following issues included in your plan?   
 
1 EMERGENCY PROCEDURES 

How effective are your emergency procedures to 
ensure safe evacuation of the passengers.  Are 
crew and staff trained for emergency situations?  
Have they been instructed on how to safely 
evacuate passengers from a train and move them 
into a safe environment?  Have crew been trained 
to interact and work together—drivers and guards 
—do they communicate regularly and work as a 
team? 
 
What about access to the train from the outside 
by the emergency services.  Are areas of access 
to the train, in an emergency, clearly identified? 
 

1.1 Emergency Access 

Following an accident where injuries have 
occurred, time is vital.  The process of rescue and 
triage (the sorting and prioritising of the injured), 
and transportation to hospitals needs to occur as 
quickly as is safely possible to ensure lives are 
saved and injuries minimised.  According to 
ambulance rescue personnel, a delay of 30 
minutes can mean the difference between saving 
lives or not.  This means that access to the train is 
vital to permit a quick rescue. 
 
Are emergency access buttons or switches clearly 
identified?  Are rail staff trained in the use of such 
equipment so they know how to access a train in 
an emergency to allow entry by emergency 
service personnel or to allow passengers to 
escape? 
 

Are rail staff trained to attend an accident site and 
provide such information to assist attending 
emergency services personnel? 
 

1.2 Emergency Egress  

What information is provided to passengers 
regarding evacuation, are emergency exits clearly 
identified?  This is an issue that can be in conflict 
in an industry where vandalism is a major issue.   
 
There have been instances of fires on electric 
trains and entry of smoke into the passenger 
carriage.  Smoke can prove injurious to people 
even if fire does not enter the compartment, it can 
lead to death and will certainly cause panic.  
Panic in itself may lead to injury.  The Waterfall 
accident proves that, in an emergency, the train 
crew may become incapacitated and may be 
unable to unlock the doors and direct an 
evacuation.  In the situation of smoke and or fire, 
and an incapacitated crew, passengers would be 
trapped whilst awaiting rescue.  In a remote or 
inaccessible region this could be especially 
dangerous. 
 

2 IDENTIFICATION OF THE OCCURRENCE 
OF THE EMERGENCY 

2.1 Identification, Assessment, Notification, 
and Activation 

These are the key phrases that must be at the 
forefront of any emergency plan. 
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Crucial to any emergency response is quick and 
efficient identification and information gathering 
regarding the occurrence and notification of 
emergency services. 
Are there procedures to ensure your organisation 
is notified in the event of an emergency anywhere 
on your network?  Is there a clear procedure 
detailing how and who will assess incoming 
information, commence activation and 
notification? 
Critical to any emergency response is timely 
notification to the emergency services.  The 
quicker this occurs, the quicker the emergency 
services can activate and send personnel to the 
site.  If there is a delay, problems compound, 
media representatives and onlookers may start to 
converge on the site.  Traffic around an 
emergency site will become congested and this 
can affect the access and egress of the 
emergency vehicles.   
If police get on site quickly this helps them to 
establish control of the site.  The police can start 
to control traffic flow around the area to permit the 
entry of emergency vehicles and to restrict access 
to authorised personnel and vehicles only.  The 
quicker the medical teams arrive the sooner the 
injured can be assessed and removed to hospital.  
The process of Notification, Assessment, and 
Emergency Activation must be identified clearly in 
any emergency plan.  It must be clear who (what 
position) is responsible for handling the response.  
If too many people are involved things get 
confusing. 
It is essential that once developed, these 
procedures are tested through exercises to 
ensure they will work. 
There should be one line of communication 
between the rail organisation and the police to 
avoid confusion and the possibility of conflicting 
information. 

2.2 Collecting Information 

The emergency plan must allow for quick and 
effective capture and assessment of information.  
Information such as: 
 
1) Nature of the emergency 
2) Location of the emergency 
3) Type and size of train involved (passenger or 

freight train) 
4) Approximate number of people on board 
5) In what direction was the train travelling 
6) Identification of the train involved (it’s number 

and sector it was travelling) 
7) Any additional information (e.g. dangerous 

goods on board) 
 
The ambulance service needs to know how many 
people are involved so they can plan for the 
amount of resources to send to a site.  Hospitals 
also will need to plan for the emergency wards 

and adequate staffing.  Police and fire brigades 
need to know the magnitude of the emergency so 
they can assess how many vehicles and 
personnel will be needed. 
If this information is provided the emergency 
services can plan more effectively the magnitude 
of their response? 

2.3 Radio and Verbal Communications in an 
Emergency 

In an emergency situation communications should 
be brief and to the point.  
Train crew, signal staff and train control staff 
should have training and procedures for 
emergency communications.  It is recommended 
that there should be a key word or code phrase 
used that indicates to all call recipients that this is 
an emergency.  This has two advantages: 1) it 
alerts the recipient of the call to the urgent nature 
of the call and 2), even if the call drops out after 
the first word, the seriousness of the call will have 
been communicated. 

2.4 Communication Equipment 

Do train crew have suitable communication 
equipment that will permit them to alert the 
company to an emergency situation?  Have crew 
been trained and have they practiced for such 
situations? 

2.5 Emergency Procedures at Stations 

Are up to date procedures available at all stations 
around the network?  Have staff been trained in 
their role in an emergency and have they 
participated in exercises? 
Training and procedures for staff at stations must 
highlight the importance of obtaining the accurate 
location of the train and passing it to the 
emergency services as quickly as possible. 

2.6 Location of the emergency 

As has been established already, time is critical in 
responding to an accident.  To do this the 
responding emergency services must know where 
the accident is located and how to get there. 
Maps of the local area showing the train tracks, 
signals, access roads, dirt tracks and 4WD tracks 
as well as main roads should be produced and 
located at all train stations.  These maps also can 
be provided to the offices of the local emergency 
services. 

3 COORDINATION WITH POLICE AND 
OTHER EMERGENCY SERVICES 

Has the interface between your organisation and 
the emergency services been planned for and 
validated through exercises? 
Does your plan clearly identify who should 
proceed to the site, their roles and 
responsibilities?  Have people been trained for 
this role? 
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In a serious accident the police are in control of 
the multi-agency response; and the rail operator 
also must respond and fit into the emergency 
arrangements. 
Train expertise will be needed at the site.  The 
Site Controller or Forward Commander, a 
representative of the State or Territory Police, will 
need a liaison officer, from the rail industry at his 
or her side as well as liaison officers from the 
other key responding agencies.  A representative 
from the rail industry should be on site quickly to 
provide rail knowledge and to have the authority 
to provide resources as needed. 
This rail liaison officer is a key role.  He or she 
must possess a good overall understanding of the 
rail organisation, technical knowledge and 
operational rail experience.  He or she must be 
able to respond to requests from the site 
controller or forward commander by acquiring 
resources, by providing information or knowing 
where to get information if needed.   
The rail liaison officer needs to be invested with 
authority so as to be able to cut across normal 
reporting lines and be empowered to make 
decisions.  This is important, as there is no time to 
go back and forth to seek permission.   For this 
reason he or she should be a relatively senior 
operational staff member.  
The emergency plan should cover clearly the role 
and the need for the liaison officer to report to and 
stay with the site controller /forward commander, 
and the fact they have authority to make 
decisions. 
Once selected, liaison officers should be provided 
with training and ideally have the opportunity to 
participate in exercises.   

4 SENIOR RAIL MANAGEMENT  

What about the management role at Head Office, 
has a structure been established and people 
trained?  Often senior management are not 
involved in the emergency planning process. 
Is the role of senior management accurately 
described in the plan?  Have management 
participated in exercises and do they understand 
their role?  Too often senior management will 
respond to the accident site and as a result they 
become uncontactable.  This can leave a decision 
making vacuum at head office. 
Senior management must be located at head 
office, ensuring staff at the site are supported, 
ensuring decision making can be streamlined, 
obtaining information and resources as needed 
and providing briefings as necessary. 

5 EMERGENCY MANAGEMENT 
STRUCTURE  

Careful consideration should be given to the 
emergency management structure established in 
the head office of the rail organisation.  A Crisis 

Management Centre or equivalent is essential to 
coordinate and manage the company response to 
the emergency and to segregate normal 
procedures from the emergency response.   
The staffing of any type of crisis management 
centre needs careful consideration.  The people 
staffing the centre should be used to handling 
“incidents” and problems on a day to day basis.  
They will also need to be trained for their role in 
an emergency. 
The role of executive management should be that 
of making policy, speeding up the decision 
making process and keeping government or other 
relevant parties advised of the situation as 
necessary.  There should be a separation of 
policy makers from those staff handling the 
emergency. 
This should be planned for, staff trained and 
exercised. 

6 SITE SAFETY 

The site of a train accident can be dangerous for 
responding personnel.  Overhead power lines can 
be brought down and oncoming trains can be 
approaching.   
There needs to be a declaration of the site”being 
safe”, confirmation that the power is off and 
oncoming trains are all stopped and this has to 
come from the rail industry.   
There must be a clear message from the rail 
liaison officer to the emergency services advising 
that the site is now safe, the power is off and all 
oncoming trains are stopped, so emergency 
personnel know they can proceed. 
Company procedures must ensure that as soon 
as information is received regarding an 
emergency that power must be removed from the 
site and oncoming trains stopped as necessary. 

7 COMMUNICATIONS BETWEEN THE RAIL 
INDUSTRY AND POLICE/EMERGENCY 
SERVICES OFF SITE AT EMERGENCY 
OPERATIONS CENTRE LEVEL 

Does the plan cover the need for rail staff to 
interact with the authorities at centres such as the 
Emergency Operations Centre?  Are nominated 
staff prepared for this role? 

8 SECURITY OF THE SITE 

To ensure evidence is not removed or 
contaminated so as to assist the investigation, an 
accident site must be secured quickly to prevent 
the access of any unauthorised personnel. 
All rail staff should be briefed about the 
importance of not tampering with any wreckage or 
equipment on the train.  No rail personnel should 
touch the wreckage or remove or alter any piece 
of equipment unless requested to do so for the 
purpose of facilitating a rescue or making a site 
safe. 
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The crash site must be treated as a crime scene, 
although the conduct of the rescue must be 
paramount and it may be necessary to remove 
wreckage to free people trapped.   
Once the emergency has entered the recovery 
phase no wreckage or associated equipment or 
infrastructure should be moved without the 
permission of the accident investigation team or 
the “Investigator in Charge”.  
The lead investigator should be on site quickly to 
ensure that evidence is not destroyed 
unnecessarily during the rescue phase.  He or 
she must clearly identify themselves to the team 
leaders of those agencies involved in the 
restoration and recovery process and state clearly 
that no evidence should be removed until 
approval has been given.  This means the lead 
investigator must remain available at the site to 
give such approval; they must be able to be found 
and identified easily. 

8.1 Rail Staff on Site 

Rail staff with no specified role should not be on 
an accident site.  This is not appropriate for the 
following reasons: 
• It adds to the congestion at an accident site; 
• An accident site is a dangerous area to 

wander around in without protective clothing; 
• Extra people get in the way of the rescue 

personnel; 
• Evidence can be tampered with or destroyed. 
It is typical of any accident site that people will 
flock to it, some out of curiosity and some with a 
genuine need to assist.  Although they may have 
had the best of intentions this does lead to further 
congestion.  Only staff having a defined role 
should be on site.  Staff involved in the restoration 
and recovery operation should not be on site until 
completion of the rescue phase. 
The rail liaison officer must have the authority to 
remove or refuse entry to rail personnel not 
entitled to be on site. 

9 INFORMATION TO THE PUBLIC 

In most States and Territories the police will 
establish a toll free number, a Public Inquiry 
Information Centre to take telephone calls from 
the public who were concerned about family 
members or friends being onboard the affected 
train.  This must be set up quickly as relatives will 
be anxious. 
The information acquired through these telephone 
calls is most helpful in trying to establish the 
identity of those onboard the train. 
If this is not done successfully, pressure will be 
put on other areas for example hospitals, as 
relatives seek information.   
 

The rail emergency plan must be coordinated with 
the authorities.  To ensure coordination between 
the rail industry and the police as regards this 
aspect of the response it is essential that an 
appropriate rail representative should position 
themselves in the police Public Inquiry Information 
Centre.  They can provide an information link 
between the rail organisation and the families 
calling.   
What must be resolved is the sharing of the 
information gathered by the police and the rail 
operator.  The rail operator needs to know who 
was on-board the train as many services have no 
passenger list.  This is an issue that needs to be 
resolved and needs further work. 

10 INFORMATION TO THE MEDIA 

A brief and accurate media release is essential 
following an emergency.  This must be planned 
for and practiced.  For an effective response to 
occur, the rail media representative must position 
themselves and coordinate with the police media 
representative.   
It is vital that accurate information be provided to 
the public in the early stages to avoid 
unnecessary concern.  
Does your company have a media plan for an 
emergency?  Has it been practiced?  Do staff 
know what to say if approached by the media for 
comment and to where all enquiries should be 
directed?  What are the objectives of the media 
plan? 

11 HUMANITARIAN RESPONSE 

Nowadays the humanitarian response to any 
emergency is becoming extremely important and 
requires a lot of preplanning.  Again, the response 
should be coordinated with the police and the 
responsible welfare organisations.   
Consideration should be given to setting up a 
“Family Centre” to provide assistance to family 
members and passengers who were involved in 
the emergency.  Various welfare organisations 
and representatives from the rail industry involved 
could staff this centre.  This needs further 
consideration.  
There is a Code of Conduct promulgated by the 
Department of Transport and Regional Services 
that covers the humanitarian response to an 
aviation accident occurring in Australia.  Many of 
the requirements of this code would be applicable 
to a rail accident.  The requirements of this code 
should be considered in the planning process. 
The humanitarian response must be planned for, 
documented and exercised.  The response team 
members must be trained adequately for their role 
and they must have a clear understanding of their 
role.  It is there to provide practical humanitarian 
support and not to gather evidence for an 
investigation or to pretend to be a counselling 
service. 



Jocelyn Guy Emergency Response Planning in the Rail Industry 
University of NSW 

 15.5 Conference on Railway Engineering 
  Darwin 20–23 June 2004 

 
 The rail industry may build its own team or it may 
use an external organisation to assist them in this 
very difficult and specialised role. 
External organisations such as Kenyon 
International Emergency Services offer such a 
response and are now available in this country 
having already responded to many rail accidents, 
most notably in the UK. 

11.1 Relative Reception at the Site 

Part of the humanitarian response involves 
looking after any relatives or friends that travel to 
the accident site upon hearing the news.  The 
gathering of relatives at an accident site should 
be planned for as it is symptomatic of 
emergencies.  The establishment of a Relatives 
Reception Area to handle the people 
appropriately should be planned for.  
 

12 INVESTIGATION 

A successful investigation also must be planned.  
The investigation team will need an emergency 
plan and effective checklists and procedures.  
Again this must be exercised. 
 

13 THE RECOVERY AND RESTORATION 
PHASE 

In all the rail organisations, the emergency plans 
must cater for the recovery and restoration phase 
of the accident.   
Obviously the priority is the rescue, once this has 
occurred and the injured have been removed from 
the site, the recovery phase takes place.  The 
danger is that this can conflict with the 
commencement of the investigation. 
Whilst the operator will want to regain normal 
operations, the investigators will want evidence to 
be protected.  It is essential that coordination take 
place to ensure that conflict does not occur and 
evidence is destroyed in the haste to restart 
operations. 

14 EXERCISES 

Without exercises, plans are only pieces of paper 
kept on bookcases that nobody ever reads. 
To validate a plan it must be exercised.  There are 
several types of exercises ranging from the short 
and simple to the large multi agency exercises. 
 
 
 
 
 
 
 

Callout exercises should be conducted regularly 
to ensure all contact numbers are up to date.  
Table top exercises are a great way to simply test 
a plan.  This can be followed up by an activation 
exercise, i.e. actually despatching people to a 
“site” and setting up and running various centres 
and establishing communications. 
 
It is vital that some exercises are conducted with 
the emergency services to ensure the 
coordination of plans. 
However exercises are of value only if they are 
followed up and the lessons learnt are acted 
upon.  If this is not done they are a waste of time 
and money and merely a “tick in the box”. 

15 PLANS 

Must be simple and easy to read and 
unambiguous.  Clear simple directions and 
effective checklists are needed.  I stress 
SIMPLICITY is the key word.  A large manual with 
many pages does not an effective plan make (but 
it can be a good doorstop). 

16 CONCLUSION 

Once a new plan has been issued or your old 
plan updated, the relevant staff should be trained.  
The new plan should then be exercised to test the 
coordination of the rail industry and the 
emergency services. 
 
With rail, accidents can occur anywhere on the 
network throughout the state in metropolitan and 
remote areas, and a train can carry over one 
thousand passengers.  This will be a major strain 
on the responding emergency services.  Without 
exercises the rail industry and the emergency 
services do not get a chance to practice and to 
learn.    
 
“DOs”   

 Review your plan on a regular basis 
 Conduct exercises 
 Brief and train staff 
 Brief and train senior management 
 Practice 

 
“DON’Ts” Don’t believe it will never happen to 
you. 
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Rolling Stock for The Alice Springs To Darwin Railway Line 

Mark Baxter – Executive Engineering Manager, EDI Rail 

Tim Kajons – Manager, Structural Engineering, EDI Rail Granville. 

SUMMARY 

EDI Rail has played an integral part in the development and supply of rolling stock for the new Alice Springs 
to Darwin railway line.  This role included rolling stock used in the construction of the line and the majority of 
the new rolling stock to be used in the operation of the line. 

EDI Rail refurbished locomotives and wagons for the haulage of equipment and materials used in the 
construction of the railway.  We also designed and manufactured the multi purpose hopper wagons used to 
haul the track ballast.  In addition EDI Rail overhauled and maintained a number of other rail vehicles used 
in the railway line construction. This fleet of rollingstock has been provided as an overall package for the 
Australian Railroad Group (ARG) in construction of the railway line. 

This paper traces the development of the individual classes of rollingstock and how they have provided a 
competitive advantage for our customer Asia Pacific Transport (known as Freightlink). In particular a review 
is presented that details the development of the next generation Five Pack Articulated Wagons for operation 
on the Adelaide to Darwin rail corridor.  Articulated wagons offer the rollingstock operator some important 
economies of operation e.g. low tare mass, shorter train length.  The design of the articulated wagons was a 
challenging task, balancing the requirements of meeting the customer’s needs with the Australian operating 
conditions. 

The comparison of AAR design rules, ROA design rules, Queensland Rail design rules and the draft 
National Code of Practice (RCP), highlight some anomalies between the codes in regards to design rules 
and practices.  This will be illustrated through the comparison of the various wheel unloading design 
requirements specified by the different codes adopted by rail authorities in Australia. 

1.0 INTRODUCTION 

The historic decision to proceed with the Alice 
Springs to Darwin railway has fulfilled a vision that 
has major importance for Australia.  It has opened 
up numerous opportunities for both infrastructure 
developers and rolling stock providers in 
Australia.  As such, EDI Rail has played an 
integral part in the development and supply of 
rolling stock for the new Alice Springs to Darwin 
line.  This includes rolling stock used in the 
construction of the new line and the majority of 
the rolling stock to be used in the operation of the 
line. 

EDI Rail has refurbished locomotives and wagons 
for the haulage of construction equipment for the 
railway.  In addition EDI Rail have overhauled and 
maintained a number of other wagons used in the 
railway line construction. These being: - 

- 48 off AZCL conversion to 24 pairs for 
carrying rail. 

- Four (4) off 422 class locomotives. 
- Four (4) off “L” Class locomotives. 
- 40 off AOOX Conversion to Rail and Sleeper 

carrying wagons. 
- 65 off multi purpose hopper wagons for road 

ballast for the railway line. 

This rollingstock has been provided as an overall 
package for the operation of the Australian 
Railroad Group (ARG) in construction of the 
railway line. 

EDI Rail attributes the Key Elements to success 
as: - 

- Ability to offer a “one stop shop” for design, 
manufacture and maintenance of all types of 
vehicles provided simplicity and clarity of 
contractual responsibility in the mind of the 
customer. 

- Access to proven Rolling stock designs. 
- EDI Rail’s South Australian Manufacturing 

base provided a high level of local content 
and delivered on the commitment to maximise 
local industry participation. 

Proven delivery and performance of the Ballast 
Wagons and Overhauled wagons and 
locomotives for the construction phase of the 
Alice to Darwin Rail Link boded well for follow on 
work.  The operator Freightlink awarded two 
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further contracts to EDI Rail for new vehicles for 
use during the operation of the railway line: - 

- Four standard gauge locomotives based on 
Westrail Q Class, 

- Fifty-Five articulated 5 pack container 
platforms. 

Unique challenges faced by EDI Rail for these 
two contracts were:- 

- EDI Rail providing finance on the 
construction, 

- Simultaneous delivery of new rolling stock, 
- Dealing with a non-rail based consortium of 

bankers and financiers, 
- Tight time frame for delivery, 
- Locomotive construction for first time at Pt 

Augusta. 

2.0 VEHICLE DESCRIPTIONS 

The following section provides a brief summary of 
the work applied to the vehicles converted by EDI 
Rail. 

2.1 AOOX Conversion to Rail and Sleeper 
carrying wagons 

The AOOX wagons were originally open wagons.  
EDI Rail’s scope of work was: - 

- Remove sides from open wagons 
- Modify to carry rail on outriggers 
- Modify to carry track sleepers on main body 
- Add a track for gantry with removable 

sections between each wagon 
- Convert for use with AAR 70tonne bogies 

In total, forty AOOX wagons were converted in 
the period October 2001 to February 2002. 
 

2.2 AZCL conversion to 24 Pair for rail 
carrying 

The AZCL wagons were originally open wagons.  
EDI Rail’s scope of work was: - 

- Remove sides from open wagons 
- Modify side sills 
- Modify bulkhead 
- Add staunchens to side of wagons 
- Level each pair of wagons to suit long rail 

carrying 

Following successful completion of a prototype in 
December 2000, production of the wagons was 
completed in the period July 2001 to October 
2001.  In total, 48 wagons were converted into 24 
pairs. 

These vehicles were utilised in the construction of 
the railway to cart 27.5m lengths of rail from 
OneSteel (Whyalla) to Rowe Creek (Alice 
Springs) 

2.3 422 class locomotives 

 
Four 422 Class locomotives were overhauled by 
EDI Rail to provide upgraded performance and 
comfort during and after the construction period.  
The locomotives were re-badged as the 2200 
Class (2201 to 2204). 

This work was completed between September 
2000 and September 2001. 

2.4 “L” Class locomotives 

 
In addition to the 422 class, four “L” Class 
locomotives were overhauled by EDI Rail to 
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provide upgraded performance and comfort 
during and after the construction period.  The 
locomotives were re-badged as the 3100 Class 
(3101 to 3104). 

This work was completed between September 
2001 and March 2002. 

2.5 Multi purpose hopper ballast wagons 

 
In addition to the converted wagons and 
overhauled locomotives for use in the 
construction of the railway, EDI Rail were also 
contracted to design and build 65 ballast wagons 
to carry the road ballast for construction. 

The wagons are latest generation, high capacity 
ballast hopper type wagon with radio remote 
control hydraulic powered discharge gates.  The 
wagon classification is AHBY. 

The main wagon features are: - 

• Standard Gauge, ROA Outline B. 
• Payload: 70 tonne ballast. 
• Tare Mass: 22 tonne. 
• Coupling Length: 12.14m. 
• Height above rail: 3.37m at tare. 
• Hopper material: Carbon Steel 350 grade. 
• Bogies: Standard Gauge 23 tonne axle load 

3-piece freight bogies. 

The wagons were designed to meet the 
requirements of the specification by EDI Rail's 
engineering team based in Granville.  

Construction and commissioning testing was 
completed at EDI Rail's Pt Augusta manufacturing 
and maintenance facility. 

2.6 FQ Class Locomotives 

 

The FQ Class locomotives are based on the 
design of the Westrail Q Class standard gauge 
locomotives, designed and built by EDI Rail.  This 
contract was for four locomotives, and these were 
again built at the Pt Augusta manufacturing and 
maintenance facility.  This presented a challenge 
to EDI Rail in that we had not previously built new 
locomotives at the facility.  A further challenge 
was that the locomotive contract was to be run in 
parallel with a contract for the supply of the 
articulated 5 pack flat container cars. 

The locomotive can be seen above, painted in the 
indigenous motif specifically for the Alice to 
Darwin route. 

The locomotive main features are: - 

• EMD 16 Cylinder 710G3B Engine, rated at 
3,095 kW gross power (2,862 kW traction) 

• Super Series adhesion control 
• EDI Rail designed Radial Steering Bogie 
• Isolated Cab 
• 133.5 tonne Mass, fully provisioned 
• Maximum Permissible Track Speed – 115 

km/h 

2.7 Articulated 5 Pack Flat Container Cars. 

 
Perhaps the biggest challenge to EDI Rail was to 
design, manufacture, commission and the 
delivery of 55 five pack articulated flat container 
cars.  EDI Rail had an older existing design from 
which to develop the vehicle to meet the 
requirements set out in the Asia Pacific Transport 
specification.  It is believed that the delivered five 
pack incorporates design features not achieved 
on any conventional articulated container car in 
existence in Australia. 

The tight timeframe for delivery of all sets was 18 
months.  In this period EDI Rail successfully 
designed, manufactured, tested, commissioned 
and delivered these vehicles, including a 
prototype vehicle for early testing and validation 
of the design simulations. 

The five pack articulated flat container car main 
design features are: - 

• Low deck height (1,020mm) to allow 
transportation of the largest standard general-
purpose container without infringing the rail 
operator’s rolling stock outline gauge. 
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• Double stacking capability. 
• Offset coupler to maintain standard coupler 

height. 
• Fatigue design of weld details. 
• 25 tonne axle load. 
• Dynamic stability at speeds of 115 km/h. 
• Length : 79 m over couplers centres. 
• Low TARE Weight 

 
 

3.0 ARTICULATED 5 PACK FLAT CAR 
DESIGN DEVELOPMENT 

The contract specification for the articulated flat 
container cars stipulated a number of specific 
requirements that exceeded the requirements of 
existing five pack articulated vehicles available in 
Australia.  Accordingly, a unique design was 
required in order to meet the specifications. 

EDI Rail’s Structural Engineering team in 
Granville carried out the design of the articulated 
flat cars.  Extensive Finite Element Analysis 
(FEA) including impact analysis and Fatigue 
assessment using FEA results was conducted on 
the vehicle structural elements.  Coupled with the 
FEA was vehicle dynamic simulation using 
VAMPIRE software to understand, assess and 
optimise the vehicle performance. 

In addition to the extensive use of computer aided 
design and analysis, EDI Rail used direct digital 
data transfer for this project, whereby component 
drawings are not produced.  Instead of 
component drawings, 3D CAD files were issued 
directly to the steel supplier, subcontractors and 
manufacturing plants.  This reduced the costly 
detail design drafting and only assembly drawings 
were produced, allowing third parties to value add 
directly. 

The specification requirements presented 
challenges and tradeoffs requiring significant 
development and optimisation of parameters by 
the EDI Rail design team.  Significant elements of 
the specification that exceeded the requirements 
of existing vehicles include: - 

• Low deck height (1020mm ARL to top of IBC) 
to carry largest standard general-purpose 

container without infringing the rail operator’s 
rolling stock outline gauge. 

• Low deck height requires offset coupler to 
maintain standard coupler height. 

• Double stacking capability. 
• Increased maximum design axle load to 25 

tonne per axle. 
• Design speed 115km/h. 
• Maintain the inherent low TARE Weight 
• Slender Structure meeting impact and buff 

load requirements 

The following discussion touches on these areas 
of the design, describing the constraints and 
considerations of each area. 

Low Deck Height 

The articulated flat container cars were designed 
with a deck height of 1020mm including the IBC 
connector.  The low deck height enabled carrying 
any container complying with the relevant 
Australian and ISO standards, eg ISO R Series 
containers, and remain within the limits of the 
ROA Plate C rolling stock outline. 

Offset Coupler 

In providing the low deck height, the coupler 
height had to remain in the nominal interface 
range of 875mm - 900mm.  Therefore an offset 
coupler was used to bring the coupling face up to 
the nominal interface height.  This offset coupler 
introduced a number of significant additional end 
loading conditions on the headstock structure 
design. 

Articulated Connector Interface to structure 

The low deck height introduced another challenge 
to the design in that the articulated bogie interface 
height was set, as well as the height of the 
articulated connector. The connection into the 
structure (low deck) introduced an eccentricity at 
the connection and the structural transition detail 
in this area became significantly complicated. 

Double Stacking Capabilities 

The articulated flat container car design included 
consideration of the design loads resulting from 
operation using the double stacking of containers.  
The assessment of lateral load cases at the 
maximum allowable centre of gravity ARL (2.5m) 
was included in the design.   

25 tonne axle load 

The specification requirement was for a 25 tonne 
design axle load limit that required trade off 
between tare mass and the acceptable increased 
deflection in the platform structure.  This 
introduced challenges in the structure design, 
impacting on the design fatigue life of the vehicle. 

Design for 115 km/h 

Comprehensive dynamic modeling and 
simulations were performed at the design stage to 
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optimise the dynamic behavior of the vehicle.  
Significant challenges were faced in producing a 
design for high speed in the unloaded condition 
(tare).  Notable parameters affecting the dynamic 
performance of the vehicles were the constant 
contact side bearer preload, the friction assumed 
for the CCSB interface as well as the wheel 
profile.  Each of these parameters was tuned in 
the dynamic simulations to maximise stability 
while still remaining within the limits for wheel 
unloading. 

Low weight 

The tare mass of the vehicles had to be 
minimised to enable maximum payload and 
reduce operating costs.  Therefore extensive 
effort was made in considering mass in the design 
when reviewing the performance of the vehicle 
under the structural loads as well as the dynamic 
performance. 

Slender Structure 

The arrangement of the structural components in 
this type of vehicle is considered slender, and 
therefore consideration must be given to the 
performance under maximum buff load and 
impact load. 

To illustrate the extensive structural analysis 
performed during the design of the articulated 
wagons, a discussion of the impact analysis 
performed and wheel unloading considerations 
follows. 

4.0 AAR SINGLE ENDED IMPACT LOAD 
DESIGN METHODOLOGY 

The Association of American Railroads (AAR) 
specifies that wagons must sustain the reaction 
and inertia forces resulting from a coupler impact 
load applied to one end of the vehicle. 

The strength capability must be demonstrated by 
prototype test and/or numerically.  The impact 
load is applied by increasing speed in increments 
until the required force has been achieved in the 
coupler. 

Given the inherent high cost associated with 
performing such physical tests, the impact testing 
was simulated using finite element analysis.  In 
particular, the numerical evaluation of the single 
end impact is broken into two parts.  Initially, a 
one dimensional non-linear transient dynamic 
analysis of the test is performed to predict the 
impact characteristic induced at the struck end 
coupler.  The predicted force impulse as a 
function of time is then used as the input into a 
detailed three dimensional plate finite element 
model of the wagon that includes the inertia of the 
containers and other wagons. 

4.1 AAR requirements 

Railway rolling stock utilizing conventional 
draught gears conforming to the Association of 

American Railroads (AAR) specifications must be 
designed in accordance with AAR rules to sustain 
the reaction and inertia forces resulting from a 
single ended impact (refer to AAR, §4.1.10, 
“Impact Load”).  Rolling stock in this group must 
be shown to have the structural capacity of 
withstanding a coupler force of 5,560 kN 
(1,250,000 lbf) applied to one end of the wagon.  
When prototype wagon tests are made to 
demonstrate this capability, they must be 
conducted in accordance with AAR, §11.3.4.1, 
using appropriate instruments to record loads and 
strains. 

During impact tests, the test wagon will be the 
striking wagon and must be loaded to AAR 
maximum gross rail load for the number and size 
of axles of the vehicle.  (refer to AAR, §2.1.5.17). 

The single wagon impact consists of a single 
loaded wagon being impacted into a string of 
standing wagons consisting of three nominal 70-
ton capacity wagons, loaded to maximum gross 
weight on rails as described in AAR, §2.1.5.17, 
with sand or other granular material.  The 
standing wagons must be equipped with draught 
gears meeting the requirements of M-1001, 
except at the struck end where M-901E rubber 
friction draught gear must be used.  The hand 
brake on the last wagon on the non-strike end of 
the string must be tightly set.  Free slack between 
wagons is to be removed; however, draught gears 
are not to be compressed.  No restraint other than 
hand brake on the last wagon is to be used. 

A series of impacts must be made on tangent 
track by the striking wagon.  Successive impacts 
must be made at increments of 3.2 km/h (2 mph) 
starting at 9.7 km/h (6 mph) or less until the 
design coupler force of the wagon as specified in 
AAR, §4.1.10, or a speed of 22.5 km/h (14 mph) 
has been reached, whichever occurs first.  The 
coupler force must not exceed 5,560 kN during 
any impact with a speed of 9.7 km/h or less. 

A wagon consisting of two or more units must 
undergo impact testing as outlined above with the 
leading unit of the test wagon being empty for a 
two-unit wagon, or with the first two units being 
empty for a three (or more) unit wagon. 

4.2 One Dimensional Analysis 

Initially, a one dimensional non-linear transient 
dynamic analysis of the test was performed to 
predict the impact characteristic induced at the 
struck end coupler. 

The articulated flat cars were mathematically 
approximated using a discreet spring and mass 
system.  The various components of the energy 
absorbing coupling system were built-up using 
combinations of spring, damper, take-up 
mechanism and cut-off bar elements using the 
nominal deformation characteristics for the 
coupler elements and buffers.  The collision 
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simulation is then solved using the non-linear 
transient dynamic solver. 

Each platform was modelled using a spring and 
mass system.  The stiffness of each platform was 
found from the detailed three-dimensional finite 
element model of the wagon.  For the purpose of 
the analysis a viscous damping equivalent to a 
critical damping ratio of 1% was assumed in the 
collision simulations. 

 
Figure 1:   One-dimensional representation of 

platform.       
 

Container pictorial. 
In order for the numerical simulation to accurately 
predict the longitudinal vibration (shock wave) 
along the length of the platform structure, and 
hence response, the spring and mass system 
representing each platform structure was sub-
divided into a number of finite elements.  This is 
simply due to the inherent nature of the lumped 
mass matrix method used in the finite element 
method in general. 

Each platform in the moving and stationary five-
pack was discretised into a number of non-linear 
springs, viscous dampers and masses and the 
basic model of a typical wagon is shown in Figure 
1.  Spring elements with non-linear elastic 
material properties were used to model the 
draught gear and other deformable components.  
Nodal lumped masses were used to distribute the 
mass of each bogie. 

 

Three Dimensional Analysis 
The output from the one-dimensional analysis 
was a predicted force impulse as a function of 
time at the impacting coupler and is shown in 
Figure 2.  This is used as the load input into the 
three dimensional finite element analysis. 
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Figure 2:   Impact Force Impulse v Time 

The detailed finite element model of the P1 
(leading) platform was modelled using a 
combination of plate, brick and beam elements.  
The remainder of the wagons in the five pack 
consist were modelled using spring elements. In 
this manner their inertia influence was included in 
the analysis. 

The influence of container inertia, and in particular 
the overturning moment upon impact was 
incorporated in the analysis to include the loads 
induced at the twist lock locations on the 
outriggers.  The containers were modelled using a 
combination of pin elements and nodal masses 
with translational and rotation inertia attributes. 

The peak stresses induced by the impact are 
used to evaluate the structural integrity of the 
structure. 

The time step corresponding to the largest 
compressive state of stress is used to perform a 
buckling analysis. 

 
Figure 3. - Typical wagon representation in 3D FEA  
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5.0 ARTICULATED VEHICLE WHEEL        
UNLOADING - CODE COMPARISON 

5.1 What is wheel unloading? 

Wheel unloading is a measure of the vehicles 
ability to safely negotiate track variations.  A static 
twist test is performed to evaluate the capacity of 
a vehicle to accommodate variations in track 
cross-level or twist without unacceptable 
reductions in the wheel load at rail.  

Key parameters can be identified that directly 
effect wheel unloading: - 

• Vehicle suspension design 
• Vehicle Torsional Stiffness 
• Installed track geometry 
• Track irregularities 
• Operational restrictions - speed 

Not all of these parameters are within the control 
of the vehicle designer.  It is essentially only the 
first two that can be modified during the design 
stage of the vehicle. 

This is a challenge for this type of vehicle:- 

• The Articulated vehicles have minimal 
suspension components.  The AAR 2E bogie 
is a conventional AAR 3 piece bogie with no 
individual wheel primary suspension.  This 
therefore limits the ability to tune the 
suspension to achieve the specified wheel 
unloading limits.  

• The articulated container wagon is considered 
a slender vehicle with an open section centre 
sill.  This implies torsional flexibility, which will 
assist wheel unloading.  However the semi-
fixed end condition of the centre sill increases 
the torsional stiffness due to warping 
constraint. 

The common method of assessing wheel 
unloading performance of a vehicle centres on the 
installed track twist geometry parameter.  
However, wheel unloading test specification 
requirements vary between operator and state, 
which makes the job of a rolling stock designer 
extremely difficult. We need to standardise on 
requirements! 

In Australia there is currently 4 different standards 
for wheel unloading. The standards tend to 
specify a similar degree of track irregularity for 
general combined twist, however there are 
additional tests for articulated vehicles with regard 
to the arrangement of the platforms during testing 
and the degree of track twisting. 

The general wheel unloading test involves 
calculating packer heights for each wheel in order 
to apply a specified track twist to a vehicle.  The 
load at the wheel in question is measured in the 
flat condition and then the vehicle is jacked and 
packed to the calculated height.  The wheel load 
is measured again and the resulting percentage 

of wheel unloading determined.  Figure 4 
illustrates the calculation of wheel packing heights 
used in RSU00283. 

 
Figure 4. RSU00283 Packing 

Wheel packing is calculated according to the 
following equations: 
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The percentage wheel unloading is the common 
parameter used as the acceptance criteria by the 
various standards in Australia.  For each of the 
standards mentioned, the maximum wheel 
unloading allowed is 60%. 

Several different configurations are required for 
the testing of articulated vehicles.  As an 
example, Tables 1 to 4 in appendices, illustrate 
wheel-packing requirements for testing conducted 
in accordance with standards applicable to 
Australian operations.  These show that for similar 
tests, the vehicle can be subject to different 
degrees of twist.  eg. With reference to table 1, 
wheel 10 for the RSU test requires increased 
packing (twist) compared to RCP and ROA, with 
QR again different. 

The design process used by EDI Rail 
incorporated the use of simulation to accurately 
predict the wheel unloading for each situation to 
ensure the requirements were met. 

A summary of each of the standards for wheel 
unloading in Australia is provided below, and 
packing requirements particular to the EDI Rail 
articulated five packs are included in the 
appendix. 

National Code of Practice RCP-2201 (Draft) 

1 in 250 between bogie centres, with local dip of 1 
in 100 over 4m. 
Separate requirements for articulated vehicles. 

Railways of Australia, ROA Section 3 

1 in 250 between bogie centres, with local dip of 1 
in 100 over 4m. 
Separate requirements for articulated vehicles.  
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Rail Infrastructure Corporation, Common 
Interface Requirements - RSU283 

1 in 250 general twist, with local dip of 1 in 100 
over 4m. Second bogie horizontal. 
Separate requirements for articulated vehicles. 

Queensland Rail Standard SAF/STD/0026/RSK 

1 in 300,400,400 between bogie centres, with 
local dip of 1 in 100,92,80 over 4m. 
Separate requirements for articulated vehicles. 

6.0 CONCLUSION 

The projects undertaken by EDI Rail to supply the 
rolling stock for the new Alice Springs to Darwin 
railway line presented many unique logistical and 
technical challenges. 

The logistical challenges faced by EDI Rail were 
overcome by the ability to provide a “one stop 
shop” service, drawing on the vast resources of 
EDI Rail together with EDI Rail’s South Australian 
regional presence allowing significant local 
industry participation. 

The technical challenges faced for the new 
articulated five pack vehicle and ballast wagon 
design were overcome with extensive in-house 
experience in rolling stock design combined with 
comprehensive numerical computational 
simulations.  These simulations used very 
detailed high fidelity models, coupled with an 
extensive testing and validation regime, to enable 
accurate engineering decisions to be made. 

The development and adoption of the National 
Code of Practice for design of rolling stock 
(Volume 5) should be hastened in order to 
standardise national rail practices to reflect the 
needs of all Australian rail operators and eliminate 
the inconsistency in requirements between rail 
authorities.  As an example, the wheel unloading 
requirements defined by ROA, RIC and QR 
design rules highlight some anomalies between 
current national requirements. 
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APPENDIX 

Table 1 - General Combined Twist – End Platform 

Wheel No. RCP ROA RSU QR 
 1:100, 1:250 1:100, 1:250 1:100, 1:250 1:100, 1:300 1:92, 1:400 1:80, 1:400 
    Track 1 Track 2 Track 3 

1 83.0 83.0 83.3 105.0 105.0 105.0 
2 83.0 83.0 83.0 105.0 105.0 105.0 
3 83.0 83.0 83.0 105.0 105.0 105.0 
4 83.0 83.0 83.0 105.0 105.0 105.0 
5 83.0 83.0 83.0 105.0 105.0 105.0 
6 83.0 83.0 83.0 105.0 105.0 105.0 
7 83.0 83.0 83.0 105.0 99.2 104.2 
8 83.0 83.0 83.0 105.0 94.9 99.9 
9 83.0 83.0 83.0 72.1 64.1 69.1 
10 79.6 79.6 83.0 66.3 59.7 64.7 
11 17.3 17.3 17.3 17.3 18.7 21.6 
12 0.0 0.0 0.0 0.0 0.0 0.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Example Packing for General Combined Twist 

Local Dip 

General Twist 

First Bogie 
W12 & W11 

Second Bogie 
W12 & W9 
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Table 2 - Combined Intermediate Platform Vehicle Twist 

Wheel No. RCP ROA RSU QR 
 1:100, 1:250 1:100, 1:250 1:100, 1:250 1:100, 1:300 1:92, 1:400 1:80, 1:400 
    Track 1 Track 2 Track 3 

1 90.7 90.7 146.2 105.0 105.0 105.0 
2 90.7 90.7 146.2 105.0 105.0 105.0 
3 90.7 90.7 94.1 78.4 68.8 73.8 
4 90.7 87.2 87.2 72.7 64.5 69.5 
5 17.3 17.3 17.3 17.3 18.7 21.6 
6 0.0 0.0 0.0 0.0 0.0 0.0 
7 0.0 0.0 0.0 0.0 0.0 0.0 
8 0.0 0.0 0.0 0.0 0.0 0.0 
9 0.0 0.0 0.0 0.0 0.0 0.0 
10 0.0 0.0 0.0 0.0 0.0 0.0 
11 0.0 0.0 0.0 0.0 0.0 0.0 
12 0.0 0.0 0.0 0.0 0.0 0.0 

 

Figure 6. Example of Combined Intermediate Platform Vehicle Twist 

 

Table 3 - End Platform Vehicle Twist 

Wheel No. RCP ROA RSU QR 
 1:190 1:190 1:100, 1:300 1:92, 1:400 1:80, 1:400 
   

Not 
Specified Track 1 Track 2 Track 3 

1 82.2 82.2 - 72.1 64.1 69.1 
2 73.1 73.1 - 66.3 59.7 64.7 
3 9.1 9.1 - 17.3 18.7 21.6 
4 0.0 0.0 - 0.0 0.0 0.0 
5 0.0 0.0 - 0.0 0.0 0.0 
6 0.0 0.0 - 0.0 0.0 0.0 
7 0.0 0.0 - 0.0 0.0 0.0 
8 0.0 0.0 - 0.0 0.0 0.0 
9 0.0 0.0 - 0.0 0.0 0.0 
10 0.0 0.0 - 0.0 0.0 0.0 
11 0.0 0.0 - 0.0 0.0 0.0 
12 0.0 0.0 - 0.0 0.0 0.0 

 

 
Figure 7. Example End Platform Vehicle Twist  
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Table 4 - Combined End and Intermediate Platform Twist 

Wheel No. RCP ROA RSU QR 
 1:190 1:190 1:100, 1:250 1:190 
    As per ROA 

1 82.2 82.2 83.0 82.2 
2 73.1 73.1 83.0 73.1 
3 9.1 9.1 17.3 9.1 
4 0.0 0.0 0.0 0.0 
5 74.1 74.1 83.8 74.1 
6 83.2 83.2 83.8 83.2 
7 83.2 83.2 83.8 83.2 
8 83.2 83.2 83.8 83.2 
9 83.2 83.2 83.8 83.2 
10 83.2 83.2 83.8 83.2 
11 83.2 83.2 83.8 83.2 
12 83.2 83.2 83.8 83.2 

 

 

 

 

 

 

 

 

Figure 8. Example Combined End and Intermediate Platform Twist 

 



 



  

 
 

DRIVING COST EFFICIENCIES IN ROLLING STOCK MAINTENANCE 
 

Sergei Kasian PhD, CPEng IEAust, Shiva Rajagopalan BTech, 
Arnold Aranjo BEng, MBA, MIEAust 

      MainTrain 
 
SUMMARY 
 
MainTrain has been providing maintenance services for the CityRail Suburban Passenger fleet in Sydney, 
Australia since 1994.  Maintenance methodology applied at MainTrain has culminated in delivering 
successful outcomes for a number of projects.  This paper discusses a number of key technical features of 
the maintenance methodology applied at MainTrain, and three examples of successful cost initiatives. 
 
This methodology is applicable to older railway workshops elsewhere in Australia. 
 
1 INTRODUCTION 
A number of technical papers presented at 
previous conferences have outlined the 
maintenance philosophy utilised at MainTrain.  
This paper builds upon the previous papers, 
updates them with the use of some newer 
systems and technology, and shows the 
underpinning consistency in purpose of the 
proven MainTrain recipe for cost effective  
rollingstock maintenance. 
Having a captive fleet of 1450 EMU vehicles for 
maintenance purposes has many advantages in 
respect to data collection on component wear or 
failure and in the ability of predicting the life of 
components and/or vehicles. 
Usage of materials highlights areas where 
component repair costs are rising and in this 
regard MainTrain is able to recommend product 
improvements to the customer to increase 
reliability and reduce costs. 
When production commenced in the workshop, 
motor bogie wheelsets were treated differently to 
trailer bogie and freight wheelsets, separate 
production lines were used to handle the total 
volume. 
After some years it was realised that considerable 
savings could be realised by combining the two 
processes so integrating the wheel lines, and this 
has achieved production improvements and cost 
savings. 
In addition, to ensure quality improvements the 
six sigma methodology has been adopted and 
applied to various areas where problems were 
occurring, the main one being MB3303B traction 
motors. 
 
2 PRODUCT IMPROVEMENTS 

One of the core facets of our success at 
MainTrain is the ability to drive further 

improvements and achieve better reliability and 
availability for the fleet.  Over 5 years more than 
60 projects have been completed resulting in 
many millions dollars of savings to the Customer. 
MainTrain has made considerable improvements 
to existing designs of rollingstock components 
through the utilisation of a number of strategies: 

1. Design improvement to increase reliability 
and cater for changed operating 
environment;  

2. Development of refurbishment practices that 
capitalise on new technologies (eg. Laser 
welding to avoid heat distortion in repairing 
suspension tube or gear hubs); 

3. Development of refurbishment practices to 
salvage previously scrapped parts and 
reduce Customers operational cost (over 40 
projects in action). 

4. Improving safety, reducing the environmental 
impact via improved material choice and 
design (eg non-metallic bushes in brake 
levers);  

5. Design and fabrication of products to reduce 
operational costs and stimulate local 
industry.  

In addition, a number of specialised machines 
have been designed to improve the production 
process in terms of speed, accuracy, better 
handling, test data numerical transfer and other 
parameters.  

Some examples of the above projects are given 
below. 
2.1 Traction Motor Fan 

The Carbon Fibre Reinforced Plastic Cooling Fan 
for Traction Motor project relates to design 
improvements to increase reliability and cater for 
a changed operating environment.  For this 
particular project, an extensive research into 
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Vibration and Modal Measurements of the 
Traction Motor and Gear Drive was conducted. 

Site measurements consisted of simultaneously 
recording vibration, displacement, current (load) 
and optical pickup signals during a series of tests 
with parallel continuous recording of vibration 
signals on the tape.  

With a difference to all the previous 
investigations, a multichannel collection of data 
was employed. 9 independently recorded 
channels allowed us to simultaneously register 
vibration and displacement along with the field 
and armature current (which is proportional to 
load) and rotational speed. Using a tape recording 
device, any vibration episode of the trials could be 
rewound and precisely re-analysed in relation to 
speed and load.  
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Figure 3 – Summary of recording events: train 
speed at various locations vs tape time 
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o investigate the relation between the structure 
esonance and resiliently mounted gears, one of 
he two gears of the trial bogie was assembled 
ith steel bushes. The vibration signal of this was 
ompared to the one of standard configuration, 
e. rubber bushes. 
he instrumentation setup consisted of installing 
ibration sensors (4 accelerometers), 2 eddy 
urrent proximity probes, 2 current sensors and 
he speed sensor on the underside of the 
arriage. The output from each sensor, after 
onditioning the signal, was simultaneously 
ecorded on separate channels of an analog tape 
ecorder. These signals were also monitored on a 
otebook PC and selected channels were also 
onitored on a digital dynamic signal analyser. 
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Figure 4 – Example of RUN A vibration, speed 
and current summary 

 
The analysis of the vibration from the tests, Figure 
3, indicated a number of significant heightened 
vibration responses in the frequency range of 700 
hertz to 1000 hertz.  This is the same frequency 
range, within which, FEA analysis has predicted 
fan impeller resonances.  The analysis also 
revealed subtle differences between the vibration 
characteristics (within this frequency range) on 
the motors tested, see Figure 4 and this is most 
likely related to the method of mounting the 
gearwheel on the hub (i.e. resilient verses rigid). 
Thus there was good evidence that the measured 
vibrations discussed above were exciting the fan 
impeller resonances, ultimately leading to the 
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 Figure 2 – Instrumentation setup 

fatigue failure of the impeller.   
The source of the vibration problem has been 
proven to be associated with dynamic gear 
meshing forces.  The measurements on the motor 
casing indicate that this "gear meshing" vibration 
can change dramatically in severity depending on 
motor speed.   
Modal analysis techniques included investigation 
of “free” gear, mounted gear, armature fan, 
armature shaft, tests on armature shaft with and 
without pinion and tests on assembled motors. 

NOTEBOOK PC

SIGNAL ANALYSER
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Testing was performed using the two-channel 
frequency response technique. 
Fans made from aluminium will always exhibit a 
limited fatigue life, due to its low damping 
properties and no fatigue endurance limit.  The 
modal analysis has revealed a comprehensive 
range of vibration modes on the armature shaft, 
which are highly sensitive to the fan mass and 
natural frequency.  Considering the high cycle 
loading due to the gear mesh frequency, 
alternative motor fan materials were considered 
for long-term reliability.  Design efforts were 
concentrated on the introduction of Carbon Fibre 
Reinforced Plastic (CFRP) fans.  Greater airflow 
is achieved by improving the surface finish and to 
the larger volume of air trapped between the fins. 
The CFRP fan design incorporates the outer ring, 
which improves the airflow, similar to the original 
design aluminium fan.  The weight of CFRP fan is 
significantly less compared to the original 
aluminium fan, while the strength of CFRP is 
higher.  This superior weight/strength ratio 
significantly reduces working stresses in the fan 
ensuring long service life of the traction motor.  If 
the traction motor bearing failure causes damage 
to the fan, a replacement fan of consistent high 
quality will be available at little cost.  
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 – Machining of blades in the mould 
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addressed, were based on the Operating 
Environment: 

• Atmospheric Degradation – UV Light, Ozone 
and Water Resistance. 

• Flammability – Critical in Underground 
Subway Systems. 

• Physical Strength and ability to deform to 
Vehicle Rotational movement. 

A computer generated stereolithographic, one 
tenth, scale model was produced before 
proceeding with tooling manufacture. This 
enabled us to observe the behaviour patterns of 
this seal emulating tight curve negotiation. Any 
folding or high strain faults were rectified before 
proceeding with the final tool design. 
 

 
 
Figure 7 – Tangara neoprene diaphram 
17.3 Conference on Railway Engineering 
 Darwin 20–23 June 2004 

ure 6 – Finished product 

 Tangara Intercar Rubber Diaphrams 

case of Tangara rubber diaphragms (a large 
gle piece rubber moulding of complex shape 
 weather sealing of passage between the cars), 
ure 7, the design parameters, which we have 

Figure 8 – Manufacturing moulding tool for 
Tangara diaphragm 
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2.3 Traction Gear and Pinion Design 
The drawings of the gear and pinion, prepared by 
MainTrain in consultation with the leading gear 
designers, incorporated all the findings of the gear 
wear and vibration investigations and ensure the 
following benefits: 
1. Optimised pinion teeth tip and root relief 

providing better meshing, with the teeth 
profile being closer to an ideal involute. 

2. Being made of one piece the gear will be of a 
higher quality grade steel. During 
manufacture and reprofiling, the gear will not 
be affected by the unpredictable behaviour of 
the resilient bushes. 

3. Fully interchangeable with the existing helical 
gears and pinions, this design ensures less 
vibration and noise compared to traditional 
spur gears.  

4. High quality product manufactured to grade 6 
to BS235: 1987 (AGMA– 11).  

5. The detachable flanges extend service life of 
the gear and allow the gear to remain on the 
axle while replacing the worn flanges with 
new or repaired ones. At the same time the 
detachable flanges ensure smaller size 
forging and significantly less machining, 
resulting in lower price. 

 

 
Figures 9 – Drawings of the new design gear 
and pinion 

 
To adapt the gear to various designs such as high 
torque applications, limitations on transmission 
ratio, rigidity of mounting and others, gear 
designers apply teeth profile and longitudinal 
modifications such as tip and root relief and 

crowning.  When these modifications apply to the 
involute helicoid surface of the helical gears, the 
accurate replication of the tooth profile in a 3-D 
environment becomes a difficult task.  The 
majority of specialised software applications do 
not support gear teeth profile and longitudinal 
modifications since it overloads their math 
engines, not to mention involute helicoid surfaces 
on helix gears. Thus to accurately generate the 
required surfaces by means of CAD packages an 
expert knowledge in all adjacent fields is required. 
The gear gauges for the full range of gears was 
CAD generated in house, figure 10 and 
subsequently CAM processed on a head tilting 
wire cutter. 
 
Figure 10 – Computer generated Helicoid 
Surface of the Gear profile Gauge 

 
2.4 Specialised Machine Design 

In addition, a number of specialised machines 
were designed to improve the production process 
in terms of speed, accuracy, better handling, test 
data numerical transfer and other parameters.  

The Spring-testing machine, figure 11, is 
specifically designed for the testing of coil springs 
and compound rubber type springs (over 10 
different types of springs and spring nests).  The 
main press is designed for a 250 Kn maximum 
load.  The 12.7 cm diameter hydraulic cylinder is 
operated by a series of electric valves controlled 
by the PC based Data Acquisition System (DAS).  
A 7.5 kw hydraulic power unit capable of 
delivering 20 lpm up to 210 Bar supplies pressure 
for the cylinders. The machine is equipped with 
adaptors for testing the various types of springs. 
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Figure 11 –  Spring Press of the Spring 
Testing Machine  
 
The system, as designed, allows for the operation 
of the press only from the PC.  After loading the 
spring into the fixture, all test functions are 
controlled by the PC to a preset format.  As each 
spring can be different, there are a number of 
tests programmed into the operating system and 
DAS, which select the correct test for a specific 
spring.  

 

Figure 12 – Computer Controller of the Spring 
Testing Machine 

Upon spring type selection from a drop down 
menu, the most important spring data is displayed 
on the screen. 

For safety, all inputs/outputs are via signal 
isolators or via opto relays.  This is to ensure no 
unwanted voltage or noise is transmitted to the 
card. A pneumatically operated polycarbonate 
safety guard protects the operator from an 
accidentally released spring. The feeding of the 
spring into the test area is performed by a 
pneumatically operated sliding table. The flexible 
design permits future upgrades for automating 
some interfacing operations, such as loading of 
springs etc.  
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ure 13 – Variable Power Pack of the Spring 
ting Machine 

WHEEL LINE INTEGRATION PROJECT 

 Process in 1993 

 wheelset overhaul processes for the range of 
 Rail types were based on the most practical 
ipment and location at start up of MainTrain 
rations in late 1993. 
 equipment used was drawn from available 

 plant from railway workshops.  To meet the 
rt up program, the City Rail wheelset 
duction was set up to manually handle 
duction through every machine and assembly 
rkstation.  Hence the production flow was 
ed on machines and work stations adjacent to 

lding columns and some 14 wall mounted jib 
nes required for production process. 
er complexities included a variety of wheelset 
figurations. 
tor Wheelsets  
tor vehicles in the City Rail fleet have two 
es of traction motors, frame hung and nose 
pended.  The frame-hung type has wheelsets 
 a WN gearbox mounted on the axle, and the 
e suspended type has a suspension tube 
rounding the axle.  The wheelsets may be 
d with tread brakes that operate on the wheel 
 or disc brakes where the discs are mounted 
the Wheel web. 
h types of wheelsets required custom made 
tures to accommodate the gearbox or 
pension tube.  Equipment for lifting and 
sporting was complex to ensure safe 
dling. 
h half the wheelset production being various 
tor wheelsets, the existing processes were at 
t capable, but grossly inefficient by today’s 

ndards. 
iler Wheelsets  
iler cars have a variety of wheelsets in their 
ies.  Tangara has axle-mounted disc brakes 

ere the disc is pressed onto the axle. 
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Other trailer cars have wheelsets where larger 
diameter motor axles have been converted to 
trailer axles. 
 
The remainder of the wheelsets have plain axles.  
Owing to the variety of trailer wheelsets, non 
standard processing was required that precluded 
the use of the semi-automatic forward moving 
system used for progressing the wheelset from 
one workstation to the next. 
Motor and trailer wheelsets are fitted with 
axleboxes and in the case of Tangara cars, E 
type package units are used. 
The initial set-up capacity provided for overhaul 
quantities of 32 wheelsets per week on single 
time, and by 1998 the demand had reached 60 
wheelsets per week. 
Approaching the year 2000, the Sydney Olympic 
year, CityRail required that their fleet of EMU 
vehicles be brought up to a high standard of 
reliability and to this end large numbers of 
wheelsets were received for reprofiling, wheel 
disc change and gearbox attention. 
It was therefore imperative that the increased 
wheelset volumes could be handled efficiently 
and at a reasonable cost. 
The capacity constraints of the wheel 
management system at that time prevented the 
efficiency improvements necessary to reduce the 
overhaul costs per unit for CityRail. 
The reason for this was the critical time 
consuming inefficient manual operations and 
these were: 
• Pressing on and off of wheel discs 
• Machining of wheel seats 
• Profile machining of wheel treads 
• Manual material handling 
When MainTrain moved onto the old Clyde 
Wagon works site at Auburn in 1993, there 
existed quite an advanced wheel line progression 
system.  Relatively modern machines for pressing 
off wheeldiscs, boring and pressing on wheeldiscs 
using a Stacey press were already installed. 
Although these machines were in place, they 
were designed for freight wheelsets and were not 
suitable for CityRail wheelsets with gearboxes 
and disc brakes. 
As a result, the antiquated and labour intensive 
machines inherited from the old State Rail 
(Freight Rail and CityRail workshops) were still in 
use to overhaul CityRail wheelsets instead of 
using more reliable and technologically advanced 
machinery available on the then existing 
progression system.  Use of the more advanced 
and modern machines would help to achieve a 
step change improvement in efficiency, 
productivity and consistency. 

The machines then used for CityRail wheelsets 
overhaul included Denham Lathes that were over 
40 years old.  (Two machines were required to 
maintain continuity of production). 
The single ended Cummins demount press was 
20 years old.  The remount presses, consisting of 
two Archer machines, were both over 25 years. 
With the exception of the Cummins press, all 
items of equipment not suitable for major 
upgrades were removed as they could not be 
adapted for double side operations. 
As these major processes accounted for over 
50% of the proportion of the work of wheelset 
overhaul, they were a limiting factor on production 
output. 
Productivity was dependent on material handling 
also requiring high machine availability and 
response. 
This was logically more suited to a semi-
automated Wheel line production system.  At 
MainTrain all wheelsets are machined prior to 
new wheeldiscs being fitted, and the Denham 
axle lathes carrying out this function were 
unreliable, subject to frequent breakdown, and 
were manually loaded, setup and operated. 
The production costs for breakdowns and 
maintenance from the axle lathes could no longer 
be sustained.  The machines were worn out and 
replacement of these was essential. 
CityRail trailer wheelsets, with the exception of 
Tangara with axle mounted wheeldiscs, are 
subjected to similar overhaul processes as freight 
wheelsets for which the original wheel line was 
designed. 
Motor wheelsets and Tangara trailer wheelsets 
require additional work to the gearboxes, 
suspension tubes and brake discs, but even so it 
was estimated that on average 75% of the 
CityRail wheelset overhaul process was a 
duplication of the existing system which would 
handle the trailer wheelsets. 
Therefore there was a clear indication that a 
substantial amount of labour saving could be 
achieved by integration of the two wheel lines, 
one for trailer and the other for motor wheelsets. 
The following alternatives were considered in 
detail and it was decided to pick Option 3 as the 
most cost effective, for the following reasons: 
1) Do nothing 
2) Re-equip existing process 
3) Integrate process 
• Overhaul Cycle Times would be improved.  

The turn-around time on full overhaul of 
wheelsets would be improved by 40% to 3 
Days and on turns by 50%.  In this latter 
instance, a 24 hour turnaround service could 
then be offered to Maintenance Centres and 
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materially assist in ensuring greater train 
availability. 

• It would materially reduce the risk of personal 
accidents and injuries through the elimination 
of 50% of the manual material handling 
requirements intrinsic to the present process. 

 
3.2 Proposed Scope of Work for Option 3 
The wheel line integration project addressed the 
then current deficiencies of the process by 
completely moving over to the semi-automated 
process in stages.  The process of integration 
involved upgrading the existing facility to 
accommodate all the production processes and 
simultaneously to improve the progression line to 
take this to the next generation.  The final lay out 
was the result of continued effort by MainTrain to 
design an integrated wheel line by using the 
existing machinery where possible and buying 
new machines where required. Analysis was 
undertaken to integrate with minimal production 
disruption and also to keep the cost of the project 
as low as possible to enable City Rail to achieve a 
very satisfactory return on investment.  The major 
areas of work are identified in summary form 
below: 
 
• Installation of a new CNC Machining Centre, 

figure 14, to accept most of the wheelsets 
that are overhauled in MainTrain.  This 
machine is used to carry out machining of 
wheel seats, brake discs and other on-
condition machining activities. 

 

 
 
Figure 14 – Atlas CNC Machining Centre 
 
• Modification and purchase of additional 

equipment for the Stacey wheeldisc remount 
press to accommodate City Rail wheelsets 
where the gearbox and brakedisc are 
mounted on the axle. 

• Installation of an underslung crane system 
for handling City Rail motor wheelsets in the 
integrated Gearbox assembly area.  

• Provide a radio control for the overhead 
crane and removal of the redundant storage 
lines in front of Hegenscheidt lathe.  

 

 
 
Figure 15 – Hegenscheidt Wheel Reprofiling 
Lathe 
 
• Relocation of machines and equipment 

including the Fischer lathe, Cummins press, 
wash station, Denham lathe (till the arrival of 
new lathe). 

 

 
 
Figure 16 – Trailer Brake Disc Machining 
 
• Installation and commissioning of new 

services such as air, electrical and hydraulics 
for City Rail gearbox area. 

• Install a new wheel loading arrangement by 
removing existing storage lines and 
relocating to a new position. 

 

 
 
Figure 17 – Wheel Disc Boring Machine 
 
• Installation of a safer and more efficient 

materials handling system in axlebox/package 
units disassembly area. 

• Relocation of Stacey press storage line to run 
in line with the axlebox assembly line. 

 



 
 
S Kasian, S Rajagopalan, A Aranjo  Driving Cost Efficiencies in Rolling Stock Maintenance 
MainTrain 

 17.8 
  

For this Option 3 proposal the financial return 
would provide an IRR of over 19.3% over 4.3 
years. 
This proposal was agreed to by all parties and the 
wheel lines were integrated resulting in increased 
production, less manual handling and lower costs 
per wheelset overhaul. 
The integration was completed before the 
Olympic Games and allowed MainTrain to 
manage the increased demand for wheelsets 
quite comfortably. 
This was considered a successful project and the 
steps used are worthy of consideration for 
modernising workshops with older machinery and 
practices. 

4 SIX SIGMA METHODOLOGY 

The Six Sigma methodology is a highly disciplined 
process that helps focus on delivering near 
perfect products and services.  Six Sigma allows 
the measurement of the number of “defects” in a 
process, and systematically figure out how to 
eliminate them and get a closer to “zero defects” 
as possible. 

This methodology has been embraced by a 
growing number of engineering organisations 
worldwide such as General Electric, BHP Billiton, 
Cochlear, and Motorola, just to name a few.  The 
UnitedGoninan group has utilised this process to 
improve designs and overcome technical, quality 
and commercial problems. 
Six Sigma was used to find a solution to the 
problems with the MB3303B DC traction motors 
that were failing after overhaul. 
Following investigation the following issues were 
determined. 
• The number of motors being removed from 

service by the SRA was increasing rapidly 
over time. 

• 86% of motors required two or less services 
during the sample period, ie. Satisfactory 
performance.  14% of motors required three 
or more services. 

• Almost all MB3303B motors that are 
removed from service by CityRail are 
reported as “operating” by the subcontractor. 
The CityRail criteria for removal, and the 
subcontractor criteria for classification of 
operational status, required investigation in 
order to ensure consistency and relevance.  
It was estimated that a significant proportion 
of the motors may have remained in service 
and continued to return satisfactory 
performance. 

• The proportion of services that were 
Standard, (STD) overhauls was increasing.  
The incidence of Motor Fault Test (MFT) was 
also increasing, but not as quickly as STDs. 

• During the early phase of data collection, no 
particular failure mode was more prevalent in 
failed motors than in operating motors. 

• Both failure modes and repair codes were 
consistent across incident groups, ie poorly 
performing motors failed in the same way 
and have the same repairs, all in the same 
proportion, as satisfactorily performing 
motors.  Therefore, failure modes and repair 
codes were inconsistent predictors of 
performance. 

• External leads and commutator related 
failures were the most prevalent failure 
modes in all incident groups. 

• No apparent relationship existed between 
commutator eccentricity and service life. 

• A significant number of motors were 
receiving standard overhauls before their 
overhaul period had elapsed. 

• Coil related failures were not statistically 
significant. 

• The incidence of burned commutator failures 
increased ninefold in only six months from 
Jan 2002 to Jul 2002. 

The first step was to setup a Six Sigma team 
drawn from engineering, production and quality 
areas. 
Data was being collected in the field while an 
engineering group was conducting a separate 
study. 
When all the data was analysed, it was found that 
motor commutator problems were the main cause 
of failure. 
The report concluded (after data collection and 
detailed analysis) that the commutators were 
developing eccentricity and this was leading to 
brush bounce and resulting in burned and worn 
commutator problems. 
Figures 18 and 19 show some of the information 
delivered to the Six Sigma team for analysis. 
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Although the best performing motors are omitted 
from the above plot, it is clear that there is no 
relationship between service life and eccentricity 
at time of service. 
The incidence of Burned Commutator and Worn 
Commutator failures, together the most significant 
failure group reported for MB3303B motors, was 
plotted over the data period and is contained in 
Figure 19. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F gure 19 – Burned and Worn Commutators – 
M
 
T
i
p
r
h
M
t
m
T
w
r
c
c
i
b
r
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5 VISION FOR THE FUTURE 
The production improvements such as the use of 
multi purpose machines at MainTrain can be 
applied to many of the older railway workshops 
throughout the country with additional cost 
benefits and improved production. 
Workshops should be flexible and continuous 
improvements should be a way of life. 
With this policy MainTrain is presently engaged in 
the evaluation of a new underfloor wheel lathe 
which can be offered to our customers for 
maintaining their vehicles. 
This follows the recent commissioning of a 
Presentation Shop that has further enhanced the 
City Rail fleet giving it yellow fronts and doors. 
This, together with a complete rework of the 
inside of the cars as well as a thorough clean of 
the outside, has refreshed the CityRail fleet to an 
international standard. 
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B3303B Motors 

he incidence of worn commutator failures 
ncreased with time, but maintained the same 
roportion of the total number of motor failures 
eported for each period.  Burned commutators, 
owever, increased massively beginning Jan– 
ar 2002 and settled at approximately eight times 

he former incidence in July–Sep 2002, only six 
onths.  
he conclusion was that age of the commutator 
as a significant factor and if these were 

eworked or changed when eccentricity reached a 
ritical point, traction motor failures would be 
onsiderably reduced.  This information was 
ncorporated into the relevant specifications used 
y the subcontractor overhauling the motors, and 
eliability of motors after servicing improved. 

contribute to this paper. In particular thanks need 
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SUMMARY 

Structure Gauging is a critical part of railway operations, and in particular in the running of modern, 
containerised freight. In the UK, restrictions imposed by 100-200 year-old infrastructure are significant, 
particularly since there are many arched structures. Techniques to measure and analyse the infrastructure 
accurately have enabled the UK to provide train paths for modern ISO sized container trains without much of 
the renewal work that traditional gauge clearance works involve.  

This paper describes today’s demands on Structure Gauging, a method of measuring structures accurately 
at speed, the analytical tools developed to calculate available clearance and the management systems 
required to ensure that gauge capability is retained during normal railway operations such as maintenance. 

 

1.0 INTRODUCTION 

Structure gauging is an essential part of railway 
operations, making sure that trains pass safely 
through, and by, lineside obstructions. This has 
traditionally been a manual task; measuring 
structures with basic tools and comparing these 
with a structure gauge. Equally, it relies on vehicle 
builders working to a vehicle gauge, and 
authorities setting competent standards to ensure 
sufficient clearance between the two. 
Increasingly, the trend is for less manual route 
inspection, or at least making that which is done 
more cost efficient. Modern tools allow higher-
speed measuring, recording of data, and greater 
accuracy than the traditional manual methods. 
At the same time, network capacity demands are 
pushing for larger trains (both passenger and 
freight), increased speed, and increased comfort. 
Tilting trains are beginning to appear. All of these 
require a larger space envelope than has 
traditionally been provided, and unless traditionally 
calculated clearances are reduced, require costly 
enlargement of the infrastructure. 
In the UK, gauging has been radically overhauled 
over the last ten years. An extensive, restrictive 
infrastructure, much of which is between 100 and 
200 years old, has been determined to be capable 
of carrying modern rolling stock conveying large 
containers, at increased speed. The key to this has 
been a move towards technology solutions. 
Accurate measurement of the infrastructure, at 
speed, has been achieved using a hi-rail vehicle 
that uses novel technology. Scanner systems have 
seen widespread introduction to the field of 
structure measurement, but are fundamentally  

Figure 1: Typical UK Infrastructure 
limited by the rotational speed and the pitch of the 
helix that they describe, the ability to capture the 
rail reference accurately, and the volume of data 
produced. A system will be described which uses a 
slice of continuous laser light, monitored by an 
array of digital cameras and measures the 
infrastructure continuously. Track geometry is also 
recorded. This is referenced to the rail by an 
optical rail measuring system, and is 
complimented by data compression that produces 
a manageable amount of data. This system 
achieves sub 10mm accuracy at a measuring 
speed of 32km/h. 
Once measured, a national database is used as a 
repository for route data. This can be cross-
referenced with other data, and used to ensure 
that data is regularly re-measured to remain valid. 
It forms the basis of route assessment tools that 
allow clearances to rolling stock to be calculated. 
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The heart of the technology is the analytical 
processes and the resulting computer software that 
allows clearances to be calculated. At a simple level, 
measurements between the infrastructure and basic 
gauges can be performed quickly. Where clearances 
are restricted, or larger, softer, faster or novel 
vehicles are to be used, vehicle simulation systems 
are used to calculate the likely range of body 
movements and thus the actual clearances between 
vehicle and infrastructure that may be experienced. 
In the UK, these processes have become embedded 
in the management of the railway network. 
Standards reflect the increasing confidence of such 
simulations, and route clearance of new vehicles is 
often achieved before the vehicles have been built. 
These techniques and processes are gaining 
international acceptance in the new, cost-conscious 
railway environment.  

2.0 STRUCTURE GAUGING REQUIREMENTS 

Faced with mainly arched infrastructure built 200 
years ago to accommodate small passenger 
carriages and low-capacity freight wagons, and the 
prospect of carrying large ISO containers (2896mm 
high by 2600mm wide) on UIC wagons (1000mm 
deck height), the UK’s railway operators have been 
faced with a real challenge. Wholesale infrastructure 
replacement would be economically impossible; 
doing nothing would result in the eventual decline of 
the UK rail freight business at a time when market 
demands were increasing. An alternative is to 
understand exactly what the network was capable of 
and making best use of it, minimising replacement 
and upgrade works. 
The majority of the UK network does not pose a 
gauge restriction. However, there are many tunnels, 
bridges, platforms and similar structures along the 
routes, some of which are close to the tracks. These 
were built to one of the many structure gauges 
defined by the pre-nationalised railway companies. 
Only a few pose real problems to the operation of the 
enhanced-gauge traffic now being considered. 
The traditional approach to gauging is that structures 
are built down to a structure gauge, and vehicles are 
built up to a vehicle gauge. The structure must be at 
least as big as its gauge, and a vehicle no bigger 
than its gauge. Between the two, a clearance is 
provided, for safety. This provides a simple 
methodology, but does not make good use of the 
space. All vehicle suspension movements, for 
instance, must be included within the gauge 
constraints. On straight track there is very little 
suspension movement. Suspension displacement 
becomes a significant factor in the swept envelope 
on curves, where speed generates cant deficiency, 
or there is cant excess whilst stationary. Similarly, for 
the most part over-sizing of structures and using 
rudimentary tools to measure them provides a 
simple, but conservative confirmation that the 
structure gauge is not infringed. 

A process was developed to determine the actual 
capability of the UK network, as follows: 

• Measure each structure along the routes, to 
determine exactly how big they are, and 
their track geometry 

• Define all vehicles in terms of the swept 
envelope actually occupied under the full 
range of operating conditions that may occur 
locally 

• Minimise the “unknowns” included in 
clearance requirements, and provide “just 
enough” clearance to accommodate the 
vehicles safely, with sufficient contingency 
for credible failure modes. 

Implicit within the structure gauging process is a 
need to measure as accurately as possible to make 
best use of space. It was widely known that most 
measuring systems (such as structure gauges, poles 
and tapes) were relatively inaccurate, even if they 
were suitable for confirming compliance with 
structure gauge. However, accurate measurements 
are more expensive to make, and an important part 
of the measurement process is to deploy appropriate 
measuring techniques; where structures are well 
clear of the track, it is only necessary to make 
confirmation measurements. However, some 
vehicles in the UK are run to a virtual 1mm clearance 
(to all credible failure modes at tolerance extremes), 
and in this situation it is clearly necessary to measure 
accurately. 
Regulation requires the accuracy of a measuring 
system to be considered when calculating clearance. 
If a system is capable of measuring to ±50mm then 
there may be up to 50mm wasted space, based 
upon these measurements. Over many years, Laser 
Rail has measured structures using a variety of tools. 
The maximum precision that has been achieved, 
relating structure profile measurement to the rail 
position, is ±4mm to a 95% confidence limit. This is 
static measurement using a purpose built reference 
system, known as LaserSweep™.  
 

Figure 2: LaserSweep™ Profiler 
Such systems are expensive to use for large-scale 
measurements, being designed for highly 
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accurate, local measurement. Measurements 
taken by high-speed systems, which are in regular 
use to confirm continued compliance to structure 
gauge, provide an accuracy of around ±50mm. 
Research demonstrated that if this 50mm “lost 
asset” could be used, then this would make a 
significant reduction in the volume of works that 
would be required to accommodate predicted 
traffic requirements. It was also shown that the 
best realistic accuracy measurement that could be 
achieved would be ±10mm. 

3.0 STRUCTURE MEASUREMENT 

The specification for structure measurement 
required a system that would be able to measure 
to an accuracy of at least 10mm, with 95% 
confidence, at speed, and that no objects would be 
missed. Additionally, there was a clear need for 
compatibility with a database management system 
for the entire UK rail network, which required the 
measurement information to be concise and clean, 
with minimal editing necessary. 
A search of existing technology for high-speed 
measurement suggested that evolving scanner 
technology held promise; a number of systems 
were commercially available. However, closer 
examination revealed a number of reasons why 
the technology, whilst capable of delivering the 
basic data, was not best suited to the application. 
Scanner systems are generally freestanding units 
attached to rail vehicles. The technology works by 
measuring the time of flight of a pulse of laser light 
that is emitted and reflected by the surface to be 
measured. A rapid succession of pulses, guided by 
a rapidly rotating mirror, defines a helix of 
individual points as the device is moved through 
the structure to be measured; the pitch being a 
factor of the rotational speed of the laser (up to 
18,000 rpm) and the forward speed. Many 
thousands of measurements are taken on each 
revolution. 
An implicit problem identified was that whilst the 
measurement accuracy of the device may be 
within that required, the accuracy of the measuring 
system relates to the ability to relate the 
measurement of the laser system to that of the 
track. This relationship is affected by the track 
geometry and the positioning of the measuring 
device on the vehicle. It is normal to mount such a 
device on the end of a vehicle for best view, but 
this position is most affected by the end throw of 
the vehicle on a curve. It is also affected by track 
geometry irregularities, and the effects of vehicle 
motion on the suspension system. Various 
methods are used to identify rails from scanned 
data, or to use a variety of measuring transducers 
to theoretically calculate the position of the rails at 
the position where the structure is measured. It 
was considered that in order to achieve the 
accuracies required for the gauging system, rail 

position measurement must be an implicit part of 
the overall measuring vehicle design. 
Further observations from scanner systems related 
to the actual measurements. Any measuring 
system is susceptible to “noise”; rogue 
measurements that result from electronic 
interference, reflections from particles in the air, 
etc. It is normal practice for measuring systems to 
provide an average measurement from a large 
number of points, to increase the confidence of 
readings. If a scanner is stationary, or moving very 
slowly, it is possible to perform this averaging 
process, as the same points are measured many 
times. However, once the helix is “opened out” and 
not overlapping a previous measurement, it is only 
possible to sample points individually. High-speed 
accuracy is, therefore, not as good as static 
measurement. Additionally, the collection of many 
millions of individual points each second, together 
with even a minimal data inaccuracy rate, provides 
a dataset that requires substantial cleaning and 
consolidation before it is of practical value for 
clearance assessment work. 
A system developed in the 1980’s by British Rail 
Research at Derby, in the UK, used a different 
technology, based upon optical triangulation, and 
was developed into a measuring train which 
worked at up to 80km/h. A plane of white light was 
emitted from the vehicle, and observed by video 
cameras placed further along the vehicle. By 
triangulation, the images were converted into 
measurements of structure profile, which were 
accurate to around ±50mm in relation to the track 
position.  

 
Figure 3: British Rail Research SGT 

This vehicle continues to be the basic tool for 
mass structure profile measurement used in the 
UK. The technology is well founded, and by virtue 
of the scale of illumination (not being on a point-
by-point basis) is relatively immune to 
measurement noise, and it is implicit to the physics 
of the system that the data is already integrated 
over a determined longitudinal length, making the 
data more concise. 
Laser Rail embarked on the development of a 
purpose-built structure-measuring vehicle in 1998. 



David Johnson  Technology for Structure Gauging 
Laser Rail Ltd / TMG Pty Ltd   

 18.4 Conference On Railway Engineering 
  Darwin 20-23 June 2004   

The objectives of the project, having identified 
shortcomings of available technology, were to 
produce a hi-rail vehicle capable of demonstrating 
highly accurate structure measurement, at modest 
speed. It was decided that the base technology 
used on the British Rail Research Structure 
Gauging Train (SGT) was suitable, but of 
insufficient accuracy. By replacing the white light 
sources with lasers and the analogue video 
cameras with modern, digital cameras, 
improvement to the level required was possible, 
and confirmed by experimental tests. Laser power 
is limited by safety considerations, and the design 
of the laser system proved quite complex. It has to 
provide adequate illumination of the structure over 
a significant range (2.5m from running edge, and 
6m height). An array of low powered, line 
generating lasers was used, operating within the 
3R safety rating, being eye-safe at the exit point 
from the vehicle.  
The laser image is observed by 7 digital cameras 
placed around the vehicle, which cover the full field 
of view required. As the vehicle moves along the 
track, the lasers illuminate the structure, and the 
shape of the structure is monitored, recording only 
the tightest measurements in each of the sampled 
radial bands. The minimum composite shape of 
the structure over a longitudinal distance (usually 
5m) is recorded, and the sampling reset. 
 

Figure 4: LGV Laser Projection 
Considerable work was needed to environmentally 
protect the laser system and cameras from rain, 
dirt and condensation. 
Further work was needed to relate the 
measurements taken to the rail, and a system was 
developed, using the same principles, which 
measured the rail position at the point of 
measurement to a very high degree of accuracy. 
This took the form of two further cameras 
observing the actual rail positions illuminated by 
the laser array. 

 
Figure 5: Rail Image 

Software identifies the nominal gauge point of 
each rail to an accuracy of better than 1mm, and 
uses these positions to provide a reference for the 
measured structure profile. 
Additional systems within the vehicle are able to 
measure curvature, cross-level, and geographic 
position, these parameters being important for the 
calculation of swept envelopes. 
The Laser Gauging Vehicle (LGV) is capable of 
operating at 32km/h. Beyond demonstrating the 
technology the vehicle is now in regular use on the 
UK rail network in areas where it is operationally 
unsound to program measuring train runs, where 
accuracy is required (tight structures), or where 
manual measurement is uneconomic. 

 
Figure 6: Laser Gauging Vehicle 

A significant factor in the accuracy of the system is 
the calibration. A technique was devised using a 
purpose-built calibration frame that provides 
accurate calibration over the full field of view of the 
system. A series of points on the measuring frame 
have been measured using accurate survey 
techniques, and the profile measured by the 
vehicle tied in to this. The calibration process 
minimises errors normally associated by video 
measuring techniques, such as aberrations caused 
by lens defects, and provides a known accuracy 
over the field of view. Because the system has no 
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moving parts, calibration is inherently more stable 
than mechanical measuring systems. 

 
Figure 7: Calibration Frame 

3.1 Data Management 

Structure Profiles have been measured, recorded 
and stored since the railways were built. 
Operationally such drawings were held by local 
engineers who referred to them from time-to-time 
to check clearances to out-of-gauge loads, for 
instance. There was never a need to do anything 
more than this, other than updating the records 
occasionally. 
As freight upgrade work and introduction of new 
rolling stock by various project teams got 
underway, it became clear that locally held records 
were not the best way of enabling multiple teams 
to have access to the data. It resulted in much 
duplication of measurement as different teams, 
working on different projects sought information 
about the same structures. An initiative, ordered by 
the Office of the Rail Regulator (ORR) in the UK, 
placed a requirement of Railtrack (now Network 
Rail) to provide and manage a global database of 
structure profiling data. Laser Rail was given a 
contract to co-ordinate this. 
A National Structure Database was designed, and 
initially populated from known existing records. 
Some five years later the process of population is 
nearly complete, covering some 16,000 route km 
and approximately 500,000 individual structure 
profiles. Work now consists of completing the initial 
population of data, and replacing data with newer 
measurements as they become available. 
Collating the database has not been easy. It is vital 
that the data is complete, and of good integrity. 
Much of the initial data was not of good quality. 
The process of building the database was as 
follows: 

• Build a skeleton of the rail network on a 
line-by-line basis, so that each operational 
path is represented. The system used 
related to Engineers Line Reference (ELR 
– a description of a line between known 
distance points), track, and distance. 

• Populate the routes with known 
operational information, such as speeds. 

• Using maps, video, and other information 
to populate the database with all gauge-
restrictive structures. 

• Individually examine all measurements for 
integrity, checking both profile shape and 
track parameters, and then enter them into 
the database, grouped according to their 
type (i.e. platforms, tunnels, etc.). 

The data has been made available to anyone 
having a need to know the “shape” of the UK rail 
network. This includes train builders, operators, 
consultants, and Network Rail’s own engineering 
staff. The data is sufficiently concise that it can be 
distributed, in entirety, on a single CD. This is done 
monthly. 

 
Figure 8: Database Screen 

4.0 CLEARANCE CALCULATION 

A program, known as ClearRoute™, has been 
under development for the last 15 years. This 
program was originally devised to computerise the 
drawing-based system used by Gauging 
Engineers, whose job it was to ensure compliance 
of the railway network to the various gauges. 
 
In this basic form, ClearRoute™ may be used to 
calculate the clearances between a structure, 
recorded electronically, and a vehicle gauge. The 
addition of database facilities, and a library of 
vehicle gauges enabled this tool to revolutionise a 
paper-based system. ClearRoute™ was adopted 
nationally as the system that was used for all 
structure clearance assessment work, and remains 
so today. It is also used by a number of 
international operators. 
 
However, the software bears little relation to its 
original form. As well as vehicle gauges, the 
software contains complex vehicle models that are 
able to simulate the dynamic movement of a wide 
range of vehicles under operating conditions. This 
extends to air-suspension passenger vehicles, 
tilting trains, and freight vehicles. The simulation 
tools enable complete routes to be analysed 
quickly, clearance restrictions identified, and 
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control regimes tested. It allows failure modes of 
vehicles to be analysed, and risk assessments 
performed. Passing clearances and safe stepping 
distances may also be assessed. 
 

 
Figure 9: Clearance Assessment 

 
In the UK, some 200 licences for the software are 
in daily use, solving gauging problems on the UK 
rail network. Without this technology, the latest 
generation of tilting trains could not have been 
introduced. Tilting trains have a much larger swept 
envelope than conventional trains in failed mode, 
and in normal service defy the conventional 
gauging rules, since they roll to the inside of 
curves at speed. Similarly, ClearRoute™ has been 
at the heart of freight upgrade works. 
 

 
Figure 10: Pendolino Tilting Train 

5.0 MANAGEMENT SYSTEMS 

Having defined the shape of the rail network, and 
published this, it is imperative that it should be 
preserved. Train builders and operators need to 
know that their trains can continue to run in safety. 
 
Network Rail is the custodian of the rail network in 
the UK, and is charged with this assurance task. 
Clearance assessments include allowances for 
normal track movement, whether this is traditional 
ballasted track, or fixed slab track. These 

tolerances are the bounds within which the 
maintainers must operate. Normal assurance is 
provided by datum plates, to which maintainers 
work. However, on tight locations special care 
needs to be taken; some sites demand that track 
re-positioning should be kept to a minimum. 
 
A method of identifying those locations where 
special care should be taken has been developed. 
Known as the clearance domain, or clearance 
matrix, a “map” can be developed to show the 
sensitivity of each structure to track movement. 
 

 
Figure 11: Clearance Domain 

 
A clearance domain shows the allowable track 
movement that can occur, and relates to the shape 
of the structure, the individual vehicles and 
operating conditions as they pass the structure, 
and the clearance required. There are two areas; a 
green one indicating where the track may be 
allowed to move, and a red one where it is 
prohibited. In the diagram, which is an arch 
structure on the left hand side, the track may be 
moved to the right by any amount. It may be 
moved down by any amount. It may be moved to 
the left by up to 25mm with no lift. With lift beyond 
60mm, the lateral alignment must be changed. 
 
Such diagrams, held on the computerised 
database, identify areas where lifts and slues are 
critical, and may be used to inform where care 
should be taken. They are also powerful tools in 
the calculation of track re-alignment schemes. 
 
A development of this, by Network Rail, combines 
this information with that generated by track 
recording vehicles. If track recording runs are 
compared, then this provides information of the 
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location of maintenance works, and an indication 
of track movements. Comparing this electronically 
with the clearance domain provides its engineers 
with a rapid indication of any track movement that 
may create a clearance infringement. 
 
6.0 CONCLUSION 
 
Structure Gauging has traditionally been a low-
technology activity, relying on simple measuring 
tools, scale drawing, gauges, and conservatism. 
This has meant that most railway systems have 
more gauge capacity than is known about. 
Applying new technology, in the form of measuring 
systems, databases and simulation enable this 
additional capacity to be utilised. In the UK, this is 
giving freight operations a renewed future. 
 
It is also providing train builders with an 
opportunity to size new vehicles according to the 
known infrastructure and to enable strategic 
network upgrade decisions to be made. 
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SUMMARY 

There is increasing pressure for track managers to optimise the mix of infrastructure maintenance and 
renewal activities so that better performance can be extracted from the asset at lower operating costs. Track 
related data is usually collected for several purposes with different players (eg: track owners, rail operators 
and regulators and funding agencies) requiring data at different levels of detail and about different matters. 
The paper reports on a review of data collection procedures as part of a project funded by the Rail CRC, 
aimed at “Enhancing the Optimisation of Maintenance/Renewal.” The paper also reports on preliminary 
outcomes of an international survey of current practice with respect to track related data collection and use.  
 

1 INTRODUCTION 

Restructuring of the railway industry around the 
world has been progressing for decades, 
increasing the need, financially and operationally, 
for a review of data collection procedures and their 
relationship to performance measurement 
systems. 

The restructuring process has produced a more 
competitive sector; improved flexibility for multiple 
operator access to track; identified the need for 
soundly based access charging, highlighted the 
interdependency of the quality of maintenance in 
vehicles and track; and encouraged a more 
rigorous assessment of performance indicators 
and maintenance thresholds [1]. 

Each of these outcomes has in turn exposed the 
need for valid and appropriate data upon which 
decision making is based. New techniques for data 
collection are being introduced at a fast pace, 
giving rail organisations the option to collect large 
amounts of data related to infrastructure condition 
and use. Though these techniques provide 
potential for detailed analysis of system and 
component performance, there is the danger of an 
organisation being overwhelmed with the mass of 

data. Questions need to be asked regarding the 
quality of the data, its reliability, the cost of 
collecting it and how far the data can contribute to 
a more efficient and effective use of maintenance 
resources. How does an organisation decide 
whether to spend the money to set up new 
sources of data and whether existing sources are 
cost effective and continuing to be meaningful? 

The Cooperative Research Centre for Rail 
Engineering and Technologies (CRC) is funding a 
project at the Queensland University of 
Technology, which in part is exploring these 
issues. The overall aim of the project is to support 
the optimisation of maintenance/renewal activities 
by investigating and determining the relationships 
between track degradation and track structure, 
maintenance, as well as operational factors, for 
relevant operating conditions. 

The paper describes the project and discusses 
railway track data collection issues in the light of a 
modern, competitive industry. The following two 
sections of the paper below cover data collection 
from the perspectives of government and 
shareholder, regarding performance monitoring 
and maintenance and renewal decision-making. 
Then the paper reports the methodology and some 
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preliminary findings from a survey on data 
collection and utilisation practices for track 
maintenance and renewal planning purposes, 
conducted as part of the CRC project. The 
discussion of the survey focuses particularly on 
data collection practices and performance 
indicators for track maintenance and renewal 
planning. The final section describes some 
conclusions and suggests areas for further 
research. 

2 ORGANISATIONAL CONTEXTS  

Track-related data is usually collected for several 
purposes with different players (e.g.: track owners, 
rail operators and regulators and funding 
agencies) requiring data at different levels of detail 
and about different things. Decisions about new 
investment, track cost allocation and track 
performance all require reliable and timely data. 
These will be briefly discussed in this section, 
whilst section 3 discusses track maintenance 
planning data needs. 

2.1 Evaluation of Investment Options 

The organisational setting is an important feature 
when discussing data collection procedures and 
performance measures. Some organisations are 
profit maximising private companies where 
maintenance and renewal activities should be 
evaluated using cost-revenue analysis (CRA). 
Others are government owned and funded like 
many of the European railways, where the 
objective is set in government transport policy. 
Normally this objective is social welfare 
maximisation, which makes cost-benefit analysis 
(CBA) applicable when evaluating maintenance 
and renewal projects.  

The necessary data to be collected generally 
increases if social welfare maximisation is the 
objective as opposed to profit maximisation, as it 
includes intangible effects not bought and sold on 
the market and reflected in the market price for 
transportation [2]. Hence, project evaluation using 
CBA is a more complex task than with CRA. 

Pickrell and Neumann [3] highlight six factors 
driving the need for linking performance measures 
to system investment. 

• Accountability. There has been an increased 
spending flexibility to transportation agencies 
and monitoring by higher-level bodies through 
performance measures. 

• Efficiency. Aligning performance measures 
with company targets to help organisational 
focus on priorities. 

• Effectiveness. Shifting thinking from output to 
outcomes. 

• Communications. Improving communication 
with stakeholders and customers. 

• Clarity. Improving the planning process by 
getting a focus on the main objectives. 

• Improvement over Time. Monitoring gives 
opportunities to reflect upon actions taken 
and possible changes to achieve goals in the 
future. 

2.2 Track Cost Allocation 

Two main rail ownership models are emerging in 
practice, namely: the vertically integrated railway 
with or without separate internal business units; 
and the vertically separated railway with track 
infrastructure managed and owned separately 
from operators. Whatever the business model, 
rail’s market share is closely related with level of 
service which an operator can offer. In this 
respect, transit times and reliability of arrivals have 
an important part to play. Both these two levels of 
service attributes are associated with track 
infrastructure design and maintenance standards 
and hence the need to closely monitor 
performance in this area. 

Whether infrastructure is privately or publicly 
owned, it is important to ensure that the owner has 
sufficient incentive to move towards the most 
productive maintenance methods, as well as the 
most effective long-term track standards. This will 
require investment decisions to be made related to 
assets which might have an economic life of 50 
years (eg. concrete sleepers). Such decisions 
need to be informed by rigorous analysis of 
options based on sound data. 

The model of vertical separation of track dictates 
that each user should be charged track damage 
costs on an equitable basis. When several 
operators compete for the use of track owned by a 
separate business unit or company, it is essential 
to know the damage being caused by each user, 
both in the short- and long-term.  

The allocation of track costs amongst users is a 
major issue given that there is still a poor 
understanding of track deterioration causes, in 
spite of considerable research effort throughout 
the world. For example, a recent study by Resor 
and Patel [4] showed large discrepancies between 
the fair share for Conrail in 1996 on Amtrak’s North 
Eastern Corridor using Zeta-Tech’s TrackShare 
model and Amtrak’s allocation method. The effect 
of train speeds, axle-loads and vehicle types on 
maintenance effort is still poorly understood.  

2.3 Monitoring Performance 

There is a need to decide on the key objectives 
and to link them to relevant performance measures 
before embarking on data collection. Very often, 
readily available data is reported on without a link 
to overall objectives. There is a danger that data 
collection may become an end in itself, given 
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advances in data capture and analysis 
technologies and systems.  

Irrespective of the institutional setting, the railway 
industry is in general monitored by an independent 
body, which makes sure that competition is fair 
and operations are safe. Reporting to this body 
requires certain data, which might or might not be 
useful in other contexts. These performance 
measures are normally highly aggregated and 
unsuitable for planning of maintenance and 
renewal. Performance indicators can also be used 
for communication with customers. For example, 
the US Class I railroads and the two major 
Canadian railroads are publishing information 
every week to their customers on a website 
(www.railroadpm.org). The common performance 
measures are: total cars on line; average train 
speed; average terminal dwell time ands Bill of 
lading timeliness. 

Issues related to the challenges regarding data 
collection for a modern railway organisation are 
discussed in [5] and [6]. 

During the last decade, performance measurement 
has become a more common feature in the 
transportation industry and the numbers of 
measures are numerous. A recent survey [7] 
reported some 70 different measures used for 
highway performance in the United States and 
Queensland Rail have as many as 41 performance 
indicators to monitor safety, asset reliability, 
maintenance performance and costs [8]. 

Introducing performance measures will not be a 
guarantee for better decision-making. They must 
be linked to overall objectives and integrated into 
the maintenance planning process of an agency 
and or organisation [9].  

The combination of data sources presents a 
challenge, since a common denominator must be 
used if data is to be joined. Experience from cost 
data modelling in the National Rail Administration 
in Sweden shows that the level of detail in 
available data varies significantly between different 
sources, forcing a lot of detailed information to be 
aggregated to fit in with other sources [10]. A well-
defined data collection and analysis strategy is 
needed to overcome such issues. 

3 INFORMATION FOR MAINTENANCE 
DECISIONS 

Decisions related to track renewal and 
maintenance usually require a trade-off between 
initial capital expenditure and recurring 
expenditure budgets.  Transparency is required in 
decision-making processes so that decision-
makers can see clearly the merits of an optimal 
maintenance/renewal mix. 

In the past, such trade-offs have been based on 
the experience of maintenance planners and 

managers. This approach raises a number of 
concerns: 

• Engineering judgement alone cannot always 
be backed up by a whole-of-life economic 
analysis. 

• The knowledge and experience base may not 
stay with the organisation once key staff 
leave. 

• Personal experience is based on perspective 
and varies markedly between people. 

• The effectiveness of specific interventions 
cannot be objectively assessed if there are no 
agreed performance criteria. 

• Successful “bids” for funds are dependent on 
processes based heavily on the strength of 
subjective opinion, possibly leading to sub-
optimal network-wide solutions. 

To counter some of these concerns track 
maintenance planning tools have been 
progressively introduced over the last decade, 
moving from trials [11] to commercially available 
products [12, 13, 14, 15]. Today, there are several 
commercially available strategic maintenance 
planning models on the market, most of which 
make extensive demands on input data. 

The most basic input for these models is a track 
information system, which covers the individual 
elements of the railway network. Furthermore, 
traffic information, condition data and records of 
work undertaken are vital. To be able to fully utilise 
the power of these models, extensive historical 
records are needed.  

Continuing advances in computers allow greater 
quantities of data to be easily stored and analysed. 
In addition, track condition data can be obtained 
increasingly more accurately and speedily. These 
technological developments have the potential to 
bring about a better understanding of the effect of 
maintenance and renewal on the rates of 
deterioration in terms of defects and geometry. 

In many rail organisations, this growth of 
information is forming at least the basis of a series 
of rules and relationships associated with 
maintenance and renewal.  Work to produce these 
rules is driven by the need for decision support 
systems, which will optimise the 
maintenance/renewal mix. Such work is in its very 
early stages but has the promise of reducing 
reliance on the 'experienced planner' and in turn 
providing the transparency required in today's 
decision making process. Commercially available 
maintenance planning models are something of a 
global attempt to capture such rules. 

There are many forms and types of data collected 
on the part of infrastructure owners. Human 
inspection of the state of track and structural 
components together with machine-based 

http://www.railroadpm.org/
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measurement of track behaviour are the primary 
sources of data upon which decisions are made 
regarding maintenance intervention. The small 
quantity of data from experienced track inspectors 
is nevertheless highly reliable, controlling a 
significant expenditure of maintenance resources 
at the local level. Track recording cars, ultrasonic 
rail inspections, video recordings, ground-
penetrating radar [16, 12, 17], and the like provide 
enormous quantities of data with less certainty of 
its meaning, but system-wide planning is heavily 
influenced by such data. Remote monitoring 
techniques are being used on sites with high traffic 
demand but low access for inspections [18, 19, 20] 

Such developments should lead to an improved 
understanding of track degradation and hence a 
more complete picture of the cost regimes 
associated with different operating characteristics 
and infrastructure condition states. This in turn, will 
help identify efficient cost outlays and related 
access charges. 

The CRC project described earlier is in part 
investigating the range, type and purpose of data 

being collected by track owners. In particular, it 
aims to help identify how to select the most cost-
effective data streams with the greatest relevance 
to their organisation. A major part of this project is 
the preparation and distribution of a survey 
instrument sent to a number of organisations in a 
variety of countries. The survey is discussed in 
section 4 following.  

There are many complex interrelationships 
impacting on maintenance of track, which together 
compound the difficulty of making decisions 
concerning the range and form of data to be 
collected. The survey aims to tease out some of 
that detail to help clarify when, where and how 
data should be obtained and used. To help 
illustrate the complexity of the process by which 
maintenance interventions are determined (and 
therefore the complexity of decisions regarding 
data collection), Fig.1 shows how the present 
project and some of the other CRC projects relate 
to the process of maintenance and planning. 

 
 

 
 

 
 
 

 
 

 
 

 
 

 
 
 
 
 
 

 
Figure 1 Track Maintenance and Planning Process, and Related CRC Research Projects 

(* refers to the present project on data collection and track degradation) 
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4 CURRENT PRACTICE 

With the growing availability of planning tools a 
critical issue is whether the railway industry can 
provide basic data needed to run these tools. 
Simson reported a few years ago that most 
organisations did not have a lot of historical data 
to provide input to a track maintenance planning 
model, therefore suggesting a track maintenance 
planning framework requiring minimum data [21]. 
The question is whether this conclusion is still 
valid and it has been addressed with a short, 
targeted survey on data collection procedures in 
the railway industry today. 

4.1 Survey Instrument 

The survey was distributed to some 20 
organisations in Australia, Europe, Africa and 
North America. The common feature about these 
organisations is that they have been active in 
development of data collection procedures and 
implementation of planning tools over the last 
years. Hence, they are considered to represent 
the current state of the art in the railway industry. 

The survey consists of six sections set up in 
Microsoft Excel (extracts from the survey can be 
found in the appendix to this paper).   

• Section one of the survey covers some 
background information on the respondent 
and the organisation.  

• Section two focuses on collection procedures 
for traffic information. Eight common 
parameters are listed and collection method, 
storage method and time, level of detail and 
reporting frequency are of interest. 

• Section three deals with track geometry 
parameter information. Collection method, 
storage method and time and reporting 
frequency are sought.  

• Section four focuses on track component 
condition information. The information 

collected, method and frequency of collection 
as well as storage method and time are of 
interest, as is information on the possibility of 
linking the collected information to an asset 
information system. 

• Section five covers key performance 
indicators used in the organisation for 
maintenance and renewal decision-making.  

• Section six deals with how the collected data 
is linked to corrective and preventive 
maintenance activities. An open question on 
developments planned or under way on the 
subject is provided at the end of the survey, 
in an attempt to discover the degree of 
current utilisation of the data collected and 
any major developments by the various 
organisations 

4.2 Survey Outcomes 

At the time of preparation of this paper a limited 
number of responses have been received. The 
findings expressed below should be seen as 
preliminary as more responses are awaited in the 
near future. The responding organisations cover 
between 5 000 and 23 000 kilometres of track. 
The traffic service varies between organisations 
from passenger dominated to freight and heavy 
haul dominated. A couple of the organisations run 
a mix of heavy haul and passenger traffic on the 
same track. 

4.3 Traffic information 

Traffic information is a key variable in 
maintenance and renewal planning, making 
collection procedures of major importance. Table 
1 shows the current collection and storage 
procedures in four of the responding 
organisations.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 Traffic Collection Procedures in Four Railway Organisations.  
(TD = Train declaration; WBR = Weigh bridge records; WIM = Weigh in motion; DB = Database; SS = Spreadsheet; PR = Printed 

report; <STS = less than station to station; >STS = more than station to station; <M = at least monthly; >M = less frequent than monthly. 
Each organisation is numbered from 1 to 4.) 

Traffic Parameter TD WBR/WIM DB/SS PR <S-T-S >S-T-S <M >M
1. Gross Tonnage 1, 2, 3, 4 1, 2, 3 1, 2, 3, 4 1, 3 1, 2, 4 3 1, 2, 3 4
2. Axle Loads 1, 2 1, 2 1 1, 2 1, 2
3. Train speed 2, 3 2, 3 2 3 2 3
4. No. of trains 1, 2, 3, 4 1, 2, 3, 4 1 1, 2, 4 3 1, 2, 3 4
5. Service type 1, 2, 3, 4 1, 2, 3, 4 1 1, 2, 4 3 1, 2, 3 4
6. Locomotive type 2, 3 2, 3 2 3 2, 3
7. Wagon type 2, 3 2, 3 2 3 2, 3
8. Axle configuration 2 2 2 2

Collection Method Storage Method Detail level Reporting Frequency
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The collection methods are generally train 
declarations (TD), weigh bridge records (WBR) 
and weigh in motion (WIM). Storage is either 
electronically in database (DB) or spreadsheet 
(SS) or a hard copy report (PR). The level of detail 
is either less than station to station (<STS) or more 
aggregate (>STS). Finally reporting frequency is at 
least monthly (<M) or less frequent (>M). Each 
organisation is numbered from 1 – 4. 

Organisation 2 is ahead of the others with the most 
important traffic parameters collected at a fine 
level of detail and readily available to planners. 

Organisation 3 collects the majority of the 
parameters but at a more aggregate level of detail. 
The information not collected is axle loads and 
train speeds. The lack of this information might 
seriously affect the possibility to estimate 
deterioration models to be used in the planning 
process if there is variation in traffic along a line.  

Organisation 1 does not collect speeds or vehicle 
information, but all others and at a fine level of 
detail. Organisation 4 trails with limited information 
and infrequent reporting. 

A quick comparison between 2 and 4 shows the 
former in a much better position to make use of 
traffic information in any modelling context. 
Despite both organisations allowing various 
operators to run train services on their network, the 
difference in level of control is large.  

A final note is that not all organisations keep the 
collected information permanently and in one case 
only two years of information is stored. Time series 
over accumulated tonnages can therefore be 
difficult to find. 

4.4 Track Geometry Information 

Modern track recording vehicles provide excellent 
possibilities for collection of large amounts of data 
on track geometry. In many organisations, data 
has been collected for many years, but analysis by 
those organisations has been limited by lack of 
computing power and software. Table 2 below 
presents information on track geometry data 
collection in the four respondent organisations. 

Standard parameters like top/level, twist, lateral 
rail wear, railhead profile, cant/superelevation, 
gauge and versine/curvature are collected 
throughout the organisations. Other parameters 
collected by the organisations are  

 Contact wire height 

 Contact wire stagger 

 Vertical wheel load 

 Lateral wheel load 

 Rail corrugation 

 Truck and Car Body Acceleration 

 Longitudinal forces 

 Cant deficiency/imbalance and 

 Lateral jerk. 

The collection frequency between the 
organisations varies from every six months to 
twice a month; organisation 2 has twenty-four track 
geometry observations per year compared to two 
per year for others. Commuter and high-speed 
lines have a higher collection frequency than other 
lines. All the information is available to planners in 
digital format, but some organisations still produce 
printed reports.   

4.5 Other Information and Utilisation 

With the limited responses for the final section of 
the survey it is hard to make any specific 
observations. It seems that visual inspection is the 
common method of collection for track component 
condition, but the collection frequency varies 
between parameters and the train service 
provided. Lines with suburban and commuting 
traffic have in some cases a higher inspection and 
collection frequency than other lines. Linking track 
component conditions to an asset information 
system is yet to be implemented. 

The most common key performance indicator is an 
overall track condition index (TCI), although its 
foundation varies from organisation to 
organisation. Normally it is based on a 
combination of track geometry parameters.  Train 

 
 

Table 2 Track Geometry Collection Procedures in Four Railway Organisations.  
(<6M = more often than every 6 month; >6M = every 6 month or less frequent; DB = Database; SS = Spreadsheet; PR = 

Printed report; ADB = Available to planners in database. Each organisation is numbered from 1 to 4.)  
 

Type of track usage <6M >6M DB/SS PR ADB <6M >6M
Freight 2 1, 3, 4 1, 2, 3, 4 1, 3, 4 1, 2, 4 3
Heavy Haul 1, 2 3, 4 1, 2, 3, 4 1, 3, 4 1, 2, 4 3
Passenger 1, 3, 4 1, 3, 4 1, 3, 4 1, 4 3
Commuter/Suburban 3, 4 1 1, 3, 4 1, 3, 4 1, 4 3
High Speed 2, 3, 4 2, 3, 4 3, 4 2, 4 3
Freight/Passenger 1, 3, 4 1, 3, 4 1, 3, 4 1, 4 3

Collection Frequency Storage Method Reporting Frequency
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delays are common as are safety exceptions. 
Other indicators include ineffective sleeper 
clusters.  

The final section about utilisation has proven to be 
the most difficult task for the responding 
organisations with only one response. We abstain 
from presenting any information from this section. 

4.6 Development Under Way 

There are some activities going on in different 
organisations at the moment. One organisation is 
busy implementing a modern traffic information 
system storing real time data from a train control 
system. This will provide detailed information on all 
traffic around the network, including important 
information on tonnages, axle loads and speeds. 
Another organisation is under way implementing a 
work management system to improve possibilities 
to link maintenance and renewal activities to a 
specific location. 

5 CONCLUSIONS 

The limited number of responses on the survey so 
far requires us to be cautious in our conclusions. It 
is clear, however, that the issue of data collection 
and its utilisation in organisations has been a 
difficult one for those organisations to respond to. 
It is anticipated that the low response rate to date 
is due to both lack of knowledge regarding data 
and its collection and to lack of resources in being 
able to respond in the increasingly high pressure 
climate rail personnel are subject to. 

Structuring data collection procedures and 
utilisation for maintenance and renewal decision-
making purposes has proven to be a difficult task 
for rail organisations. One reason for this may be 
lack of a comprehensive view of the issue in the 
railway industry today; another may be a lack of 
will to share internal know-how with the rest of the 
industry; or internal difficulties in gathering the 
necessary information as it involves different 
organisational units.  

A further challenge to efficient data collection is 
that of creating an infrastructure reference system 
which allows changes, but where the structure is 
kept for analyses over time. Detailed track 
geometry data can today be presented for different 
measurement occasions, but if the underlying 
infrastructure information is changed, it will be 
difficult to see trends in deterioration rates . 

It is not obvious whether the industry is ready and 
able to perform a quantitative analysis of track 
maintenance and renewal, but the feeling is that a 
lot of organisations are still in the phase of getting 
data in place to be able to run a computerised 
maintenance planning model. 
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APPENDIX – EXTRACTS FROM DATA COLLECTION SURVEY 
 

 

 

Table 1 – TRAFFIC INFORMATION PARAMETER TABLE
Collected

Traffic Parameter [Yes/No] Collection Method 1) Storage Method 2) Storage time 3) Detail level 4) Reporting Frequency 5)

1. Gross Tonnage
2. Axle Loads
3. Train speed
4. No. of trains
5. Service type (Freight, Passenger, etc.)
6. Locomotive type
7. Wagon type
8. Axle configuration
9. Other (please specify below)

1) Please specify the method of collection. WBR  (Weigh Bridge Records); WIM  (Weigh In Motion); TD  (Train Declarations); 
OCM1 (Other Collection Method 1): OCM2 (Other Collection Method 2):

2) Please specify the method of storage for the collected traffic information. DB  (Database); SS (Spread sheet); PR  (Printed Report); 
OSM1 (Other Storage Method 1): OSM2 (Other Storage Method 2):

3) If your organisation is storing traffic data over time, please specify the time in years that the data is kept.   
Specify Time in Years (i.e. “5” for 5 years); PK  (Permanently Kept); NK  (Not Kept)

4) Please state the lowest track related level of detail for traffic information. KM  (Kilometre sections); P-T-P (Point (switch) to Point);  
S-T-S (Station to Station); TS (Track Sections (several stations)); L (Line (several Track Sections)); R (Region); N  (Network);

ODL1 (Other Detail Level 1): ODL2 (Other Detail Level 2):

5) Please state how often traffic information is reported to planners of maintenance and renewal. D  (Daily); W  (Weekly); M  (Monthly);  
BM (Bi-Monthly); Q (Quarterly); A (Annually); UR  (Upon Request); ADB (Accessible to Planners in Database); NR  (Not Reported)

ORF1 (Other Reporting Frequency 1): ORF2 (Other Reporting Frequency 2):

Table 5 - Utilisation of collected information for maintenance and renewal decisions
Maintenance and Renewal Activities Maintenance type 1) Traffic info. used Geometry info. used Component info. used Main KPI's used 5)

Corrective
Preventive
Corrective
Preventive
Corrective
Preventive
Corrective
Preventive
Corrective
Preventive
Corrective
Preventive
Corrective
Preventive
Corrective
Preventive
Corrective
Preventive
Corrective
Preventive

Other (please specify below) Corrective
Preventive

1) A corrective action is only undertaken once a fault has been detected. A preventive action is undertaken to avoid the occurrence of a fault. If any of the listed activities is not 
undertaken in a corrective and/or preventive fashion, then put Non Applicable (N/A) in the "Traffic info. Used" column.

2) Referring to Q4. Table 1 Traffic Information Parameters, write the number corresponding to the information used to determine if the activity is to be undertaken.

3) Referring to Q5. Track Geometry Parameters, write the number corresponding to the information used to determine if the activity is to be undertaken.

4) Referring to Q7. Table 3 Track Component Condition Parameters, write the number corresponding to the information used to determine if the activity is to be undertaken.

5) Referring to Q8. Table 4 Key Performance Indicators, please list the number corresponding to the information used to determine if the activity is to be undertaken

Point/Switch renewal

Subgrade/Formation Works (e.g. 
drainage)

Sleeper replacement

Ballast maintenance

Ballast renewal

Point/Switch maintenance

Tamping

Rail defect maintenance

Rail Grinding

Rail Renewal
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SUMMARY 

When rail grinding was introduced track tamping was already a well-established activity.  At first, it was 
perceived that the grinding process was more efficient on a tight track and an effort was made to programme 
the rail treatment in relation to tamping cycles.  Later experience indicated that conversely subsequent rail 
grinding extended the effect of tamping.  Consequently, track construction came to imply a pyramidal 
approach with tamping necessarily completed by an initial grinding. 
 
Surface irregularities have an influence on track quality, as the resulting vibrations and higher dynamic 
forces accelerate track deterioration.  A study on the Paris - Lyon high-speed line by SNCF concluded that 
coupling tamping cycles to grinding interventions could effectively prolong them.  Similar results were 
reported from other railways.  However, well-documented trials on conventional lines were still lacking. 
 
Following these leads Austrian Railways launched an investigation into integrated track maintenance.  The 
initial findings were encouraging and a specific research project was launched in cooperation with the 
University of Innsbruck and Speno International.  The experiences gained in linking these maintenance 
operations are outlined and planned future activities described.   
 

1 INTRODUCTION 

Railway track undergoes multiple loads.  The main 
stresses come from the forces transmitted by the 
wheels.  The wheels transmit forces in all 
directions:  The biggest is the vertical one.  The 
static load on conventional European lines is 
limited to 22.5 tons, whereas heavy haul railways 
operate at 30-ton static axle load and higher.   
The static force increases when the vehicle is 
moving.  The higher the train speed the higher the 
forces, depending on the smoothness of the track.  
Track levelling in the longitudinal plane of the rail 
determines the acting dynamic forces.  As a 
consequence of the acting forces ballasted track 
tends to move in service slightly out of its original 
position. 
Well known to track engineers, changes of the 
horizontal and vertical positions occur at low rates 
in the beginning, but with growing irregularities the 
degradation rate accelerates considerably and 
requires corrective work by tamping machines in 
order to assure safe running. 
Independently from the track condition rail surface 
irregularities develop and require maintenance 
work undertaken by grinding machines.  The 
question arises whether and how track and rail 
irregularities interact and whether respective track 
maintenance work such as tamping and grinding 

has interdependent effects, which could be used to 
economize maintenance costs and even prolong 
track service life. 

2 TRACK DETERIORATION 

A short recapitulation of basic knowledge of track 
deterioration development may help to better 
understand the interaction of various maintenance 
activities: 

2.1 Track Irregularities 

Typical irregularities in the longitudinal plane are 3 
to 15 meters long, horizontal deviations from the 
ideal position occur more often in curves.  They 
are frequently related to variations in the track 
stiffness and sub-grade quality.  Transition zones 
near bridges, tunnels, and at crossovers are 
particularly sensitive to irregularities. 
Track recording cars usually measure gradients 
(vertical geometry), curvature (lateral geometry) 
and cant (cross level)) and their variations at 
regular intervals along the track.  Main lines are 
checked several times a year. 
If specified thresholds are reached, tamping, lining 
and levelling machines are called to correct the 
respective track irregularities.  Otherwise the 
irregular track situation necessitates speed 
restrictions and ultimately closure of track.  
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2.2 Influence of Rail Irregularities 

In the course of time the rail surface also develops 
vertical irregularities, for instance short pitch 
corrugation and short waves.  They do not only 
influence the contact geometry between wheels 
and rails, but also increase track vibration and 
dynamic forces. Consequently the process of track 
alignment deterioration is accelerated.  
This process is easily understood when watching a 
train passing over a dipped weld, a wheel burn or 
at a fish-plated joint.  One can hear wheels 
bouncing over the irregular spot and see the up 
and down movement of the sleepers nearby. 
Earlier studies have shown that at such points the 
rails, sleepers and ballast experience forces up to 
four times higher than the original static load.  
Such isolated points with depths of up to one 
millimetre provoke local irregularities.  Corrugation 
has much lower amplitudes.  Short pitch 
corrugation in tangent track exceeds rarely 0.1 mm 
and short waves on the low rails in curves reach 
usually a depth of 0.5 mm.   
The vertical movement is not enormous.  However, 
as more or less constant wave lengths create a 
periodicity, the track vibrates constantly under 
traffic and when resonance effects occur, bigger 
movements and deviations may be expected. 
Other defects such as imprints of ballast stones 
are randomly distributed over the rail surface, with 
varying depth and distance, and their destabilizing 
effect is evident. 

2.3 Traffic Conditions 

The degradation rate of the track alignment not 
only depends on track and sub-grade quality and 
rail surface conditions but also on the type of traffic 
running over this line.  Lighter vehicles running at 
low commercial speeds are less harmful for the 
track. 
High-speed traffic at up to 300 kph is much more 
critical as the distance between isolated 
irregularities is covered in a shorter time.  Vertical 
irregularities of even small sizes provoke 
considerable accelerations. In the case of short 
pitch corrugation higher frequencies may 
destabilize the track more rapidly.   
Even the usually lower axle loads of passenger 
coaches and the relatively low number of heavier 
locomotive axles may not be able to compensate 
the effect of high-speed running. 
With heavy haul traffic the opposite combination is 
equally serious:  The train speed is relatively low, 
usually below 90 kph, but the axle loads are high, 
frequently above 30 tons.  The frequency range of 
the vibrations is definitely lower, but the impact at 
each irregularity much higher. 
Putting the two extremes aside, namely high-
speed traffic and heavy haul, the majority of 
conventional lines carry mixed traffic.  Passenger 

trains may run up to 200 kph whereas the 
maximum axle load for freight trains is 22.5 tons.  
Possibly this mix is even more detrimental as 
different frequencies, amplitudes and forces may 
destabilize tracks more severely. 
Today’s traffic is very demanding:  The maximum 
permitted axle loads are more frequently exploited 
and the average speed of freight trains has 
increased considerably.  Today rarely a train runs 
at a maximum of 80 kph, often 120 kph is 
scheduled. 
This all explains the necessity to keep all sorts of 
irregularities, starting down at the sub-grade up to 
the surface of the rails at a minimum in order to 
reduce the risk of early and quick track 
degradation. 

3 MAINTENANCE 

When track is subjected to traffic, wear occurs:  
Rails develop surface irregularities, fastenings 
work loose or break, sleepers may skew or even 
break, ballast deforms and as above outlined track 
alignment deteriorates.  All this calls for various 
maintenance activities: 

3.1 Track Tamping 

Tamping is the standard procedure applied to keep 
track in good shape.  It assures correct levelling 
and lining, which keeps vertical and lateral forces 
and accelerations within acceptable limits.  By the 
tamping / lining / levelling action the rails are lifted 
and shifted to the correct position and the tamping 
tools pack the ballast underneath the sleepers.    
The initially very small remaining track 
irregularities provoke an immediate deterioration of 
the track quality.  Studies [1] have shown that this 
deterioration process is slower with a better initial 
track quality.  Thus the best situation is given when 
the maximum possible track quality is achieved by 
tamping.   
As a consequence the inherent random settlement 
of the ballast bed is compensated through 
controlled compaction by the subsequent 
intervention of a dynamic stabilizer, which provides 
controlled settlement of the track and increases 
track stability over a longer period.  
At first tamping is carried out after track laying and 
subsequently at intervals depending on the 
deterioration rate of track.  It is usually executed 
when the track recording vehicles record 
parameters passing over pre-set intervention 
thresholds.  If tamping is not done in due time, 
speed restrictions apply. 
Figure 1 gives an overview of track deterioration: 
Starting with the maximal possible track quality the 
deterioration function indicates a progressively 
increasing loss of track quality.  If the initial quality 
is already lower, degradation is faster and the 
intervention threshold is reached earlier, 
shortening the tamping cycles [2].   



Wolfgang Schoech  Growing Confirmation that Linking Tamping and Grinding 
Speno International SA   is Beneficial 

 20.3 Conference on Railway Engineering 
  Darwin 20–23 June 2004 

Figure 1 – Deterioration of Track Quality 
following tamping and grinding work 

Consequently a first extension of the tamping cycle 
can be achieved by starting with the very best 
quality using for instance a dynamic track 
stabilizer. 

3.2 Rail Grinding 

The deterioration rate can be influenced by 
reduction of track vibration through grinding off rail 
surface irregularities.  Thus a further extension of 
the tamping cycle can be expected as shown in 
figure 1.  Mind: The initial track quality index itself 
cannot be improved by grinding.  
Grinding is a standard counter-measure to keep 
rails in good shape.  It eliminates or diminishes 
longitudinal irregularities, assures the required 
contact geometry between wheels and rails and 
hence reduces contact stresses and lateral guiding 
forces. 
With mixed traffic railways grinding was originally 
exclusively used to eliminate short pitch 
corrugation in tangent track and shallow curves or 
short waves in sharp curves.  The intervention was 
programmed depending on recorded wave depths.  
Concurrently the transverse profiles were 
corrected. 
In heavy haul environments surface fatigue is the 
predominant controlling factor for the execution of 
grinding work.  As the severity of rolling contact 
fatigue such as headchecks is not readily 
measurable, grinding is mostly programmed on the 

basis of fixed cycles of several million gross tons 
of traffic depending on local track conditions. 
Special applications of grinding deal with creating 
particular railhead profiles such as asymmetric 
profiles for increasing the steering capacity of 
wheel-sets in tight curves, anti-head-check, gauge-
widening and low-conicity profiles. 

3.3 Further Track Work 

Depending on track and traffic parameters and 
after several tamping interventions further 
maintenance work is required.  Heavy traffic and 
frequent tamping deteriorates the ballast and 
ballast screening is necessary.  Finally rails, 
fastening and sleepers need to be replaced when 
reaching their wear or fatigue limits respectively. 

4 COMBINATION OF MAINTENANCE WORK 

Traditionally tamping work has been programmed 
on the values of track quality indices, and grinding 
carried out according to the severity of rail surface 
irregularities.  The two activities have never been 
considered together. 
When grinding was introduced on a more regular 
basis, it was perceived that the result of grinding 
was better with a tight track having a good quality 
index, as the grinding machines would not be 
disturbed by track irregularities.  
In particular there was some concern that the rails 
would move under the grinding trolleys when the 
fastenings are not completely tight and also that 
long waves could influence the efficiency of 
grinding work. 
Thus, grinding was considered to be the last 
maintenance activity to be executed.  But it 
happened rarely that a grinding programme was 
scheduled shortly after tamping.  

4.1 Track Construction and Initial Grinding 

For the construction of new railway lines, mainly 
those destined for high-speed traffic, life-cycle-
costs have been discussed.  It became clear that 
the most economic track, seen over a long period, 
was the one starting with the very best quality.   
All components of track should be in optimal 
condition in order to avoid early repair or 
replacement work, which would be very expensive, 
as a densely operated high-speed line offers only 
limited possibilities for maintenance work. 
Experience has shown that new rails are rarely in 
perfect condition when the first commercial trains 
start running, and they do not provide a perfectly 
smooth running surface.   
Mill-scale comes off under traffic, rust has 
occurred when stocked for a while and the 
transverse profile may be flatter than desired even 
when within the specified geometric dimension for 
new rails. 
During track laying ballast stones may be crushed 
onto the rail surface and construction machines 
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and processes may do further damage.  Welded 
joints are always a source of surface irregularities.  
All that together led to the introduction of initial 
grinding of rails before a line was opened to 
commercial traffic.   
Usually a minimum metal removal of 0.3 mm has 
been requested and the transverse profile of the 
railhead has to be kept within +/- 0.3 mm at gauge 
with respect to a given target profile.   
Results were good and today it is widely accepted 
that all new rails should be ground initially, that is 
after all other construction work has been carried 
out, including the final tamping. 

4.2 Some European Experiences 

Following this experience and in consideration of 
dynamic forces and vibrations caused by rail 
surface irregularities, the combination of tamping 
and grinding has been discussed with several 
railways or infrastructure companies. 
The technical benefits have rarely been 
questioned.  The amount of possibly economic 
savings however is more difficult to calculate, as 
the most important factor, the prolongation of the 
cycles between tamping interventions, could not 
be estimated without tests in practice. 
The critical point is, that it is widely considered 
impossible to coordinate different maintenance 

activities, aiming in principle at different results, 
executed by different contractors and checked by 
different supervisors. 
In 1992 the French railway SNCF reported a 
positive interaction of grinding and tamping work 
with their first high-speed line from Paris to Lyon 
[3].  Frequent recordings with their track geometry 
car revealed a fairly rapid deterioration of the track 
quality index after tamping and hence a short 
tamping cycle. 
When grinding followed the tamping work, the 
track quality remained much longer at an 
acceptable level (refer to Figure 2).  The main 
reason for frequent grinding on that line were 
ballast stone imprints causing high dynamic effects 
and consequently helping the track to move out of 
tolerance. 
The interaction between rail surface condition and 
track quality became apparent and SNCF reported 
that a grinding campaign following a tamping 
activity could save a tamping cycle in three due to 
prolongation of good track quality.  
The study concludes: “In areas where track 
geometry is deteriorating, rail grinding definitely 
slows down the process.  To be most effective, rail 
grinding should take place shortly after tamping”. 

Figure 2 – Impact on the longitudinal profile parameter (NL) of tamping, lifting and grinding 
operations on Track I of the TGV Sud-Est line [2] 

Based on such knowledge German Railways (DB 
AG) considered combined maintenance work.  At 
some spots such work has been occasionally 
undertaken on the initiative of regional engineers. 
However, a well-documented study has never 
been published. 

Qualitatively track masters reported a much better 
track behaviour after tamping and grinding, but 
the operational aspect of coordinating different 
track activities hindered further activities.  All 
efforts to establish a respective test zone ended 
without success.   
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4.3 Research Project in Austria 

It was Austrian Railways (ÖBB) who took once 
again the opportunity to experiment with this new 
idea (as it was the case almost twenty years ago 
with asymmetric profiles in sharp curves). 
Occasionally tamping and grinding was carried 
out in conjunction.  Sometimes it was possible to 
work within the same possession period, 
sometimes the grinder followed the next day, and 
sometimes grinding work was delayed by a few 
weeks.  Track recordings indicated a positive 
effect of grinding only when followed within a few 
days.  Apparently the best result should be 
achieved when working really in a combined way. 
Consequently Austrian railways decided to 
establish a combined tamping and grinding 
program. In the year 2002 about 200 kilometres of 
such work has been executed, whereby the 
grinding followed the tamping machine in the 
same working interval. 
In order to have a proven documentation of the 
effect of integrated track maintenance work a 
respective research program in cooperation with 
the university of Innsbruck/Austria and Speno 
International has been initiated. 

The idea is to measure accelerations of rails and 
sleepers before and after tamping as well as after 
grinding.  Furthermore, the track quality index 
should be recorded in short intervals over long 
enough a period to deduce valid conclusions. 
Life in practice is always more complex and 
difficult than theories predict and technicians 
foresee.  That explains why the respective 
maintenance and related recording work has only 
started now.  Preliminary assessment reveals 
interesting and promising data. 
Figure 3 shows one example, where the 
acceleration levels are documented at various 
moments [4].  In this particular case a tight curve 
with short waves on the low rail has been tested. 
The next already programmed step is to monitor 
the effect on a conventional mixed traffic line with 
commercial speed up to 160 km per hour.  Thus it 
should be possible to quantify the possible 
savings for an average line.   
Figures 4a and 4b anticipate the expected results 
and indicate qualitatively the different tamping 
cycles, or maintenance cycles respectively. 
Depending on local track and traffic parameters 
the time span between interventions will be longer  
in the case of combined work. 

Figure 3 – Vibrations measured under test vehicle locomotive Series ÖBB 1044 at 80 km / hour [3] 
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Figure 4a – Track Deterioration and Tamping Cycle: Tamping only 

Figure 4b – Track Deterioration and Tamping Cycle: Combined Tamping and Grinding 

In order to benefit from the expected savings as 
soon as possible Austrian Railways are trying to 
keep a two-fold rail grinding program going:   
On one side corrective maintenance grinding to 
control short pitch corrugation and short wave 
formation and on the other hand combined 
tamping and grinding work.  For the year 2003 
500 kilometres of such integrated maintenance 
work have been planned originally.  
As everywhere, budgets are restricted and it is 
not always possible to execute all the work in the 
technically and economically best way.  Therefore 
the actual amount of this work will be smaller. 
However, there is hope that the findings of the 
current research work will justify the new 
approach and promote integrated maintenance 
strategies further.  

4.4 Economic Considerations 

Combined tamping and grinding should result in 
longer maintenance cycles.  As with ageing track 
the possible track quality improvement after each 
consecutive tamping intervention is reduced, the 

overall life span of frequently tamped track is 
shorter.   
More frequent tamping has also a negative effect 
on the ballast itself.  There will be more fines and, 
despite added ballast with every tamping action, 
ballast cleaning is required at an earlier stage.   
The respective costs need also to be taken into 
account when calculating the overall maintenance 
requirements and life cycle costs.  One should not 
forget the necessary grinding work. Some money, 
which has been saved by less tamping, needs to 
be invested in grinding.   
However, grinding is also required in the case of 
the tamping only strategy, but there it concerns 
only the rail surface and does not contribute to 
track quality and consequent savings.   
Finally it should be noted that grinding has 
positive effects on all other track components 
because of the previously cited reduction of 
dynamic forces and vibrations.  Taken all that 
together an integrated approach of combined 
maintenance work should be more than 
technically justified.  
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5 CONCLUSION 

Track is used over a long period. With 
conventional European lines rail life at present is 
around 25 to 30 years and track needs to be 
renewed after some 40 years.  This explains that 
the effect of a new maintenance strategy cannot 
be checked after a short period.  A sound 
conclusion will not be available before a decade 
or more of observation has passed. 
Track maintenance strategies generally tend to be 
conservative and innovations are often refused 
because of lack of convincing data.  For a long 
time it has been considered that grinding should 
be undertaken only in a well prepared track and 
tamping should be done beforehand. 
Whereas tamping assures track quality and hence 
safety, grinding has only an indirect effect on 
these two items.  Thus the sequence of track 
work should follow the other logic:   
Tamping needs to be done when the track quality 
index approaches the intervention threshold.  It 
must then be improved to a maximum level, 
usually assured by dynamic stabilisation.  In order 
to prolong its positive effects and to minimize 
track deterioration afterwards, grinding should 
then be carried out immediately afterwards. 
Additional grinding work will thus be limited to 
places with particular rail problems, such as sharp 

curves with short wave formation or zones with 
surface fatigue defects.  If programmed carefully 
the era of severe rail surface defects and 
correspondingly heavy grinding interventions 
should be over. 
Until a final conclusion from tests will be available 
some more time will be required.  The preliminary 
findings should in any case encourage everyone 
in infrastructure maintenance positions to 
consider a more global maintenance approach 
and in particular the combination of tamping and 
grinding work. 
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VERTICAL SPLIT HEAD RAIL DEFECTS – SOME INSIGHTS INTO 

THEIR DEVELOPMENT AND GROWTH 
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Rail Infrastructure Corporation 
 
SUMMARY: 
A detailed study has been conducted at the Rail Infrastructure Corporation covering a wide range of aspects 
associated with vertical split head defects in rails, including: 
• Why the defects occur in the older rail steels and what are the factors that cause the defects to initiate 

and grow. 
• Assessment of the location of the defects within the rail head. 
• The influence of various track parameters, such as sleeper type, rail type, track geometry and rail 

location). 
• The analysis of the defect characteristics using finite element modelling. 
• The wheel/rail profile relationships. 
• The determination of the relative importance of the various influencing factors. 
• The steps taken to minimise the occurrence and the risk level associated with the defects. 
The work has led to major changes in the testing procedures and required responses associated with a 
potentially critical rail defect type. 

 

1 INTRODUCTION 
A Vertical Split Head (VSH) is a type of rail defect. 
It is described in the Federal Railroad 
Administration (FRA) Standards [1] as “a vertical 
split through or near the middle of the head, and 
extending into or through it. A crack or rust streak 
may show under the head close to the web or 
pieces may be split off the side of the head.” 
Figure 1 illustrates cross sections of the rail head 
containing a medium and a large VSH. It can be 
seen that in the former, the vertical crack is 
contained within the rail head, while in the latter 
the crack has almost joined the head/web 
transition region. 
Such cracks may run along the rail for several 
metres in extreme cases. Large cracks 
approaching the top and/or bottom surfaces of the 
rail are accompanied by rail flow and a flattening 
of the rail head which may be observed by a 
widened contact band on the surface in rails that 
have been ground (Figure 2 (a)), and a rust 
streak in the head/web fillet region, which occurs 
when the crack breaks out and joins the rail 
surface (Figure 2 (b)). 
 

 

 

 

 

 

 
 

Figure 1 Medium and Large VSH Defects 
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Figure 2 (a) Widening of the Wheel/Rail 

Contact Band that Occurs on Top of Large 
VSH Defects 

 

Rust Streak Under 
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Figure 2 (b) Rust Streak in the Head/Web 

Transition Associated with the Breakout of the 
Large VSH Defects 

 
VSH defects are of special concern to railway 
engineers because: they are difficult to detect by 
normal ultrasonic testing; they can fail in a way 
which is particularly hazardous to trains when a 
section of the rail head may fall out; and because 
such rail breaks are not detected by the signalling 
system. 

2 OVERVIEW OF EVENTS 

2.1 A Problem Emerges 
VSH defects had been found in the NSW rail 
network as far back as 1972 when records were 
available. The numbers varied from year to year 
but generally remained at a low level (see Figure 
3). However, in 2001 there was an increase in the 
level of defects particularly in one or two areas. 
The initial reaction was to implement 
improvements in ultrasonic testing and 
supplement this with additional visual inspection 
by track inspection staff. 
As these improvements were rolled out, even 
more defects were found, triggering in turn greater 
concern and finding ever more defects. By the 
2002 the numbers had skyrocketed. 

 
 
 

 

Figure 3 Relative Number of VSH Defects 

2.2 Early Investigations 

Initial investigations were directed primarily at the 
metallurgical causes of the problem firstly utilising 
in-house staff and then utilising the expertise of 
BHP Rail Research Unit of Monash University [2]. 
These investigations suggested that the problem 
arose from inclusions, which were endemic to 
rails produced prior to about 1980. 
Field inspections were conducted to review the 
sites where defects were found and statistical 
data was reviewed for relevant factors. 
A special committee was formed to address the 
problem and expertise sought from a variety of 
areas.  A risk workshop was conducted so that 
key risks could be addressed and appropriate 
priorities allocated. 
2.3 Ultrasonic Testing 
Ultrasonic testing frequencies were increased in 
affected areas (from four months to six weeks), 
slower testing speeds were used and improved 
probe arrangements introduced. Additional testing 
cars were obtained and priority established for 
track access for ultrasonic testing in critical areas. 
Side shooting 45 degree probes were 
commissioned to supplement the standard 
probes. Standard probes are oriented along the 
rail (3 x 70 degree forward and backward, 37 
degree forward and backward and zero degree). 
The 45 degree probe was not fully effective and 
was later replaced by a 65 degree side shooting 
probe, (which is the current arrangement). 
2.4 Defect Growth 
It was not possible to determine defect growth 
rates just from on-rail ultrasonic testing. A testing 
program was introduced where small defects 
were left in track and their growth monitored by 
hand testing. 
These testing programs shed additional light on 
the growth characteristics of the defects albeit 
with some limitations. 
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An additional classification was introduced to 
identify inclusions and very small cracking, 
termed “inclusion band” or IB. These defects were 
registered for future reference but not removed. 
2.5 Statistical Review 
Experts in statistical analysis from the CSIRO in 
Sydney were engaged to conduct an analysis of 
defect data to review possible factors that may be 
correlated with the occurrence of the VSH defects 
[3]. 
2.6 Finite Element Analysis 
To better understand the internal rail stresses 
involved and identify the physical load features 
that were of most importance, a finite element 
analysis was conducted by Central Queensland 
University [4]. Fracture mechanics principles were 
then applied to examine the initiation and early 
growth characteristics of the defects.  
2.7 Preliminary Cause Reviews 
The state of understanding of the problem, its 
causes and remedies was updated as information 
became available. These prompted both 
corrective action strategies and further 
investigations. 
2.8 Review of Wheel Condition and Wheel 

Rail Interaction 
A review of wheel profiles and rail profiles was 
undertaken to establish the degree to which rails 
were subjected to eccentric loading. In addition a 
review of wheel impacts was conducted utilising 
an existing wheel impact system at Medford in the 
Hunter Valley and by installation of load cells at 
Warnervale on the main route north from Sydney. 
2.9 Defect Classification and Assessment  

Review 
Historically, VSH defects have been classified by 
their length. However a review of defects 
detected showed that many defects classified as 
large because of their length were in fact of 
negligible crack height in the rail. 
A review was conducted of the ultrasonic 
techniques for the hand sizing of defects. A 
regime was developed to better classify defects 
considering both the height of the crack in the rail 
and its length.  Other features also were 
considered including: the presence of physical 
dipping; evidence of under head stress commonly 
(but incorrectly) known as a “rust band”; and 
whether or not physical indeed cracks were 
present (giving rise to a genuine “rust band”). 
Other factors such as the presence of welds in 
the rail and multiple defects also were 
considered. 
Defect classifications and defect response 
requirements (specifying removal times and 
speed restrictions) were also reviewed. The 
former “large” defect classification was subdivided 
into severity levels. The response requirements 

were moderated for the more common less 
severe category. Graded responses were 
implement as severity increased. 

3 MAIN TECHNICAL FINDINGS 

3.1 Why Defects Occur 
There is very little in the recent international 
literature on the detailed causes of VSH defects. 
The main reason is that such defects occur 
predominantly in older rails, produced prior to the 
1980’s by means of ingots, which generally 
exhibit much higher levels of impurities/ 
irregularities, rather than the current continuous 
casting process. Furthermore, the inspection 
procedures implemented in the older rails were at 
best marginal, relative to those applied in more 
recent times.   
Unfortunately, a considerable proportion of RIC 
(and other Australian) tracks still contain such 
older rails. 
It is known that VSH defects initiate at very 
elongated clusters of inclusion or irregularities 
present within the rail head, at a considerable 
depth below the running surface, in a region 
approximately 17 to 27 mm from the original rail 
surface, and at about ± 10 mm from the vertical 
centre line of the rail (Figures 4, 5(a) and 5(b)).  

 

Figure 4 General Appearance of Large VSH Defects 
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Figure 5 (a)  Inclusion Band at Initiation of 
VSH Defects 

 

 
Figure 5 (b) Inclusion Stringers at Initiation of 

VSH Defects (Indicated by Arrows) 
The inclusion band usually is evident visually on 
the fracture surface of the defect, and may be 1–
2 mm in vertical height, and more than 400-500 
mm in length. Also there may be several inclusion 
stringers in line with each other, each with the 
potential to initiate cracks, depending on their size 
and the applied stress level. 
The initial crack growth occurs vertically from the 
elongated individual irregularity or group, both 
towards the running surface and the head/web 
transition region. Figure 6 (a) illustrates the 
potential crack growth from a single, relatively 
long irregularity. Growth from multiple 
irregularities that are in line is illustrated in Figure 
6 (b). This shows that the initial crack growth (1 
and 2) may occur from each of the irregularities, 
and the individual cracks then could join (3) and 
form a much longer crack (4).   
The actual stress condition that produces such 
crack initiation and growth is not certain, but it is 
known that the crack opening does entail a tensile 
stress component across the rail. Such stress 
could be produced by a combination of the 
following: 

• Rotation of the rail head due to off centre 
vertical loading, such as the field side 
loading that occurs with hollow wheels in 
combination with worn rails, as illustrated in 
Figure 7. 

• Lateral displacement of the rail head due to 
the lateral creep forces that are produced as 
the wheelsets oscillate from one side of the 
track to the other, as also illustrated in Figure 
7. 

A more detailed discussion of rail stresses is 
presented in Section 3.3. 
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Figure 6 (a) Potential Growth of VSH Defect 

from Single Irregularity 
 

Inclusion 
Bands

Crack Growth

4 

3 

1 

2 

1 2 

 
Figure 6 (b) Potential Growth of VSH Defect 

from Multiple Irregularities 
 
Some of the main factors that are thought to 
exacerbate the development of VSH defects 
include: 
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Figure 7 Off Centre Contacts Between Hollow 

Wheels and Worn Low Rails 

 
• High incidence of large elongated inclusions 

or imperfections in the older rails. 
• High dynamic and impact vertical wheel 

loadings. Impact loads are particularly 
harmful not only because they increase the 
level of applied load, and hence stress, but 
also because they reduce the threshold size 
of the irregularities required for VSH defect 
growth  (refer to Section 3.3). 

• Wheel contact towards the field or gauge 
sides of the rails, which may be obtained with 
rails that have not been maintained (ground) 
for an excessive time and/or hollow wheel 
profiles. 

• High lateral dynamic characteristics of 
wheelsets and bogies (hunting), particularly 
in the shallow curves and tangent track. 

• Increased rail head wear. 

3.2 Assessment of VSH Defect Growth 
It is not clear to what extent and by what 
mechanism the cracks actually extend along the 
rail. In particular, whether the cracks associated 
with the elongated irregularities actually grow 
longitudinally into the prime rail material, in which 
case the growth rate could be relatively low; or 
whether the longitudinal growth consists of the 
joining up of adjoining pre-existing cracks, in 
which case the growth rate could be relatively 
high. Fracture analysis work conducted to date 
(refer to Section 3.3) has suggested strongly the 
latter mechanism, which is illustrated in Figure 6. 
Some limited field work has been conducted to 
quantify the longitudinal crack growth 
characteristics in smaller VSH defects under 
actual operating conditions. Control was 
attempted by trying to have the same 
Krautkrammer operator with the same equipment 
monitor the defects using the same procedure, but 
this was not always possible. 
Growth was assessed only in terms of the 
longitudinal crack extension as detected 

ultrasonically so that the actual vertical size of the 
crack in the rail could be quite small. The growth 
as measured was found to be somewhat erratic. 
Figure 8 shows the relationship between the 
growth in mm per week and the percentage of 
defects whose average growth was greater than 
this. For example about 25% of defects grew 
more than about 10mm per week.  Only about 5% 
of defects grew more than 100 mm per week. The 
very fast growth may be indicative of the joining 
up of multiple pre-existing defects, as illustrated in 
Figure 6 (b), while the much lower growth rates 
may be indicative of growth from individual 
irregularities, as illustrated in Figure 6 (a). 

 

Figure 8 Longitudinal Growth Characteristics 
of VSH Defects 

3.3 Fracture Mechanics and Finite Element 
Analyses 

In the known presence of small irregularities or 
inclusions, fracture mechanics principles may be 
applied to examine particularly the defect initiation 
characteristics. 
Using previously published rail material fracture 
characteristics [5] and the fracture mechanics 
relationships applicable to a very elongated 
elliptical irregularity within the rail head [6], the 
relationships between the threshold crack size 
(above which growth will occur) and the applied 
stress level can be determined, as illustrated in 
Figure 9. 
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Figure 9 (a) Threshold Defect Size/Applied 
Stress Relationship for Location Y 

Figure 9 (b) Threshold Defect Size/Applied 
Stress Relationship for Location X 

The following trends are of major interest: 
• Dynamic, and in particular impact loading 

conditions (as defined in [5]) have a major 
adverse influence on the threshold 
irregularity size, ie at a particular stress level 
much smaller irregularities are capable of 
initiating crack growth. Assuming that the 
inclusion size distribution within the material 
is approximately exponential, a reduction in 
the threshold size would increase the 
population of potential defect initiation sites 
by a factor to the power of over 3. 

• Dynamic and impact loadings have of course 
the additional affect of increasing the applied 
load levels. 

• Much lower threshold defect values are 
obtained at point Y than at point X, even 
though it is known that the inclusion clusters 
can be very elongated. Consequently, the 
initial crack growth would occur from the top 
(and bottom) of the irregularity in the vertical 
plane, as actually observed. Indeed, very 
large defects would be required to grow in 
the longitudinal plane. 

• Under impact loadings, the initiation of cracks 
from irregularities 1-2 mm in height, which 
are known to be present in the rail, would 
require tensile stress levels across the rail 
head above about 135 MPa. On the other 
hand, under normal loadings irregularities 1-2 
mm in height would require stress levels 
above about 220 MPa, while under dynamic 
loadings the irregularities would require 
stress levels above about 175 MPa. 

• Both the applied stress level and the fracture 
toughness of the material have a major 
adverse influence on the threshold 
irregularity size required to initiate cracks. 

To establish how such stress levels could be 
obtained within the rail head, where VSH defects 
are known to initiate and grow, finite element 
modelling was conducted (FEM). The modelling 
examined a range of factors, including: 
• Rail head wear. 
• Rail support conditions. 
• Location and magnitude of vertical load on 

the rail head. 
• Location and magnitude of lateral load (as a 

proportion of the vertical load) applied on the 
running surface on the rail head, to simulate 
lateral creep and loads obtained with 
wheelset/bogie hunting. 

• Various combinations of the above. 
• Various wheel/rail contact conditions, ranging 

from point loading to broad contact. 
• The presence of small irregularities. 

Figure 10 illustrates one of the many bulk stress 
contours obtained from the analysis. 

 
Figure 10 Lateral Stress Contours for Narrow 

Combined Vertical and Lateral Contact 
Applied 20 mm from the Rail Centre Line 

The main findings of the FEM analysis were as 
follows:  
• The only conditions that could lead to the 

bulk stress levels required for crack initiation 
involve extreme off centre rail loadings in 
combination with lateral loads. However, 
even these conditions produce stress levels 
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that satisfy only the impact loading regime. 
Furthermore the required stress levels are 
obtained only towards the top of the critical 
zone, which would not explain the initiation of 
defects towards the bottom of the rail head. 

• The presence of even very small cracks, 
which have been observed in the vicinity of 
inclusions (refer to Figure 11), leads to stress 
concentrations near the crack tip, which 
increase the localised stresses by factors of 
2-3 (refer to Figure 12). The resultant stress 
levels then become sufficiently high to cause 
further crack growth over an extended region 
within the critical zone, particularly under 
impact loading conditions, even for central 
loading with no lateral loads applied. 

• Adjoining irregularities in the vertical plane 
act as one if they are separated by a distance 
less than about half their height. For 
example: two adjoining irregularities 1 mm in 
size, separated by 0.5 mm, would act as an 
irregularity 2.5 mm in size. In such cases, 
much lower stresses and adverse loading 
conditions of course would be required to 
generate further growth.  

 
Figure 11 Cracking Associated with 

Inclusions 

 
Figure 12 Concentration of Lateral Stresses 
at the Tip of a Crack Located 133 mm above 

the Rail Foot 

Once the crack initiation and initial growth occurs, 
further crack growth of course may be obtained 
under less extreme loading conditions. For 
example: once the crack reaches a height of 5 

mm, further growth would require stress levels 
above about 140 MPa under normal loading 
conditions, 110 MPa under dynamic loading 
conditions and only about 80 MPa under impact 
loading conditions. In this case, such stresses 
could be produced readily by more centralised 
dynamic loadings even in the absence of lateral 
loads, particularly taking into account the stress 
amplifications that occur near the crack tip.  

4 DEVELOPMENT OF STRATEGIES 
From the various investigations described above, 
it was considered that a reduction in wheel 
impacts was a major priority. With the cooperation 
of operators, wheel condition has been improved 
and the number of wheel impacts reduced. For 
example, Figure 13 illustrates the impacts 
recorded at Medford (4 tracks) in the Hunter 
Valley. An additional four Wheel Impact 
monitoring sites have now been installed on the 
main routes into Sydney. These are in the 
process of being calibrated. 

Figure 13 Relative Wheel Impact Loadings 
Trend 

The defect definition of “tread hollowing” also has 
been amended in rollingstock standards applied 
in NSW to better reflect the affect on rails. The 
3mm tread hollowing limit itself has been retained. 
There has been a substantial program of rerailing 
undertaken (mainly in the metropolitan area) to 
remove the worst affected track sections. 
The enhanced ultrasonic rail testing program with 
the modified ultrasonic probes has continued, but 
will take some time to complete fully the network 
as there are some remote areas with testing 
cycles of over 2 years. 
New procedures for the sizing of defects have 
been implemented and new standards introduced 
for defect classification and responses. These 
give better defect definition and more appropriate 
responses so there is less disruption to train 
services. 
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5 CURRENT DEFECT TRENDS 
Current defect trends are illustrated in Figure 14, 
for both large VHS defects and all VSH defects.   
Both categories show that following the significant 
increase in 2002 there has been a steady decline 
in levels. 

Figure 14 VSH Defect Trends 

6 CONCLUSIONS 
For rail organisations with older rail developed in 
the days prior to fully killed or continuous casting 
procedures, there is a potential vulnerability and 
risk due to the development of vertical split head 
rail defects. 
This vulnerability can be hidden for many years 
and only emerge as damage accumulates from 
heavier and faster traffic, with potentially high 
wheel impacts and possibly poor wheel profiles. 
Traditional ultrasonic testing is not efficient at 
detecting these kinds of defects, particularly in 
their early growth stages. If no other steps are 
taken then the first indication of a problem may 
herald a large-scale increase in defect numbers. 
The work described herein provides a good 
example of the considerable range of activities 

that were undertaken by RIC in a relatively short 
time to understand fully a critical problem and 
then to establish and apply the most effective 
solutions.  
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SUMMARY 

Stresses continue to increase on the rail infrastructure as axle loads and speeds increase and rolling stock 
maintenance costs conflict with time and economic constraints.  Railroads are under increasing pressure to 
maintain their infrastructures while competing with other markets. Until recently, typical detector 
technologies have been developed from the track and structures perspective (and needs) and they reported 
forces acting on track structures. Rolling stock detectors have in general been exception- or alarm-based, 
reporting only after critical thresholds are exceeded.  These detectors are not optimal for long-term 
observations, making them inappropriate for modern fleet and risk management.  
 
The Wayside Monitoring Alliance members share a common and alternative philosophy and their detectors 
are developed from the rolling stock perspective, measuring on tangent track at line speeds.  These 
detectors (wheel profile (ImageMap), truck geometry (WID), wheel condition (Teknis) and bearing condition 
(Vipac)) are highly specific and sensitive and they provide two critical advantages - they offer long-term 
trending of vehicle parameters; and they report root data instead of effects or symptomatic results.  This is 
possible through software designed to follow each parameter from the time it first varies from nominal and a 
low-level alarm is raised.  The result is an ability to predict component failure and to proactively schedule 
checks and repairs to vehicles before they suffer extra damage and stress track and structures.   
 
Over several years the Alliance has developed an improved understanding of the inter-relatedness or 
coherence of the data from these detectors – and this is challenging some long held beliefs about managing 
rolling stock to cope with vehicle and track damage, risk and cost. Models are being created which predict 
the consequences of not acting promptly once rolling stock measurements vary from nominal values. 

 

1 INTRODUCTION 

The rail industry, in North America especially, has 
been working under the Interchange Rules for 
some time.  Thresholds were historically set based 
on levels determined to be harmful to track and 
structures.  The underlying assumption has been 
that defects in wheels, bearings and suspension 
that are below industry accepted alarm thresholds 
are mostly harmless.  Experiences shared by the 
authors suggest that this assumption is erroneous, 
particularly from the rolling stock perspective. 

Current wayside monitoring practice for many 
railroads is typically to use “conventional” low-
resolution means to assess equipment function.  
At speed it is possible to measure some large 
wheel impacts and gross truck geometry defects 
via strain gauge-based methods.  Imminent 
bearing failures sometimes have an infrared 
signature that can be found by hot-box detectors.  
Wheel profiles and back-to-back gauge have not 
typically been measured at speed.  These reactive 

practices are limited, appear to have a high rate of 
false alarms and are inadequate and inappropriate 
for today’s industry.  In addition, due to the low-
resolution of these methods, they do not allow for 
reliable trending and are intended primarily, or 
solely, as exception-based means for finding 
vehicles beyond alarm thresholds; that is, they are 
relied upon to flag equipment failing on track.  
Trains often must be stopped in the network and 
vehicles pulled and inspected for defects, leading 
to expensive delays and increased repair costs.  In 
addition, as discussed below, leaving defective 
components in service until they reach high alarm 
thresholds causes further cumulative and 
expensive damage to other components. 

Ideally, wayside detectors for rolling stock have the 
following basic characteristics: 

• minimum missed “bad actors” 
• minimum “false alarms” 
• minimum required observations (passes or 

sites) 
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Predictive wayside detectors have a more 
stringent set of additional operating requirements: 

• uniform system-wide performance standards  
• repeatability at a wayside site and 

reproducibility throughout the rail network 
• sensitivity to allow trends to be analysed and 

defects to be found earlier in their life cycle. 
 
Ideally, predictive wayside detectors would also 
have the following characteristics:  
• compatible data feed formats from 

complementary detectors to enable 
correlation of data (e.g. wheel and bearing 
monitors) to evaluate interrelated faults, root 
cause, and progression.  

• “transfer function” e.g. for data gathered on 
tangent track, reliable prediction of 
behaviours in curves  

Independently the members of the Wayside 
Monitoring Alliance have researched and 
developed modern technologies to provide highly 
sensitive and specific methods for predictive 
monitoring of rolling stock.  Evaluation of 
performance parameters has led to proprietary 
criteria that reflect the “health state” of rolling 
stock.  These criteria relate to specific and 
persistent “signatures” of intact and damaged 
vehicle components.  The methods chosen are 
sensitive and detect minor defects reproducibly 
long before alarms are normally raised.  Benefits 
of utilizing sensors with greater resolution and 
dynamic range, combined with enhanced 
reproducibility, are that long-term trending of 
equipment is possible.  Problem vehicles (“bad 
actors”) can reliably be followed over time.  Users 
gain confidence in the value of the data.   
Alliance detectors’ outputs can be fused into a 
common data management system so that where 
wayside monitors have been co-located it has 
been possible to observe inter-relatedness of 
defects as they develop.  An ongoing goal is to co-
locate a suite of all four Alliance detectors into a 
“Supersite”.  The rich spectrum of integrated data 
provided for individual vehicles will hasten our 
understanding of rolling stock damage and will 
permit critical evaluation of hypotheses. 
An important goal of predictive monitoring is to 
allow early, reliable, cost-effective detection of 
faults in rolling stock.  Combining multiple 
detectors at discrete locations will allow vehicle 
owners to receive as much useful reliable life from 
their wheels, bearings and bogies as possible 
without compromising long-term health of other 
components of the vehicle or the integrity of track 
and infrastructure.  
 
 
 

2 INTEGRATED WAYSIDE MONITORING  

2.1 Principles of Operation 
A unique aspect of the Alliance approach is that all 
of the systems can be mounted together or 
separately on tangent track and measure vehicles 
at normal line speeds.  Data feeds are compatible 
and a common database compliments the 
individual data management schemes of each 
detector. 
 
2.2 Wheel Condition Monitor and Vehicle 

Dynamics   
Teknis Electronics developed a Wheel Condition 
Monitor (WCM) that employs multiple sensor types 
in a hybrid sensor array. The Teknis array uses 
accelerometers, proprietary load cells and optional 
strain gauges to measure impacts, mass and 
strain respectively. This differs from traditional 
methods that use one sensor technology to 
measure peak impact forces, quasi-static mass 
and rail strain.   
Teknis’ array was developed to meet the more 
stringent requirements of Predictive Monitoring 
and this requires that measurements be immune to 
common variables such as sprung mass and to 
environmental influences such as the rail current 
present in electrified tracks.  
Teknis has learned from experience that 100% 
wheel coverage, the ability to sense multiple 
defects on a wheel and sensitivity to detect 
anomalies as small as 3mm is critical for predictive 
monitoring.  
Strain gauges, when used to measure wheel 
surface condition must isolate impact data from the 
mass and vehicle dynamics in non-contiguous 
samples (Figure 1).   The small impact values are 
embedded within large and variable mass and 
dynamic peaks.  In addition, when used in certain 
electrified railways strain gauges can become 
problematic due to rail current-induced noise.   
An alternative technology was chosen to quantify 
wheel condition.  Teknis discovered that properly 
configured accelerometers have superior 
sensitivity and impact data reported is independent 
of sprung mass, electro-magnetic influence or 
where the wheel defect occurs in the array. (Fig. 
2).  
 
 
 
 
 
 
 
 
 
 
 
 



Bladon et al  Predictive Condition Monitoring of Railway Rolling Stock 
Wayside Monitoring Alliance 

 22.3 Conference on Railway Engineering 
  Darwin 20–23 June 2004 

Figure 1 – Strain Gauge Signal Quality 

 
Figure 2 – Accelerometer Signal Quality 

 
Characteristics of the Wheel Condition Monitor 
are: 
• defects as small as 3 mm are identified 
• operates between 30 and 180 km/h 
• data are gathered for each wheel in a train. 
• accelerometer arrays yield continuous and 

linear coverage of the entire wheel 
circumference, independent of wheel 
diameter. 

• in-motion weighing by load cells provides 
quasi-static masses 

• impacts reported are independent of axle 
mass.  Separation of impacts from mass 
allows high S/N and obviates the need for 
normalisation factors, such as impact factors. 

• defects detected include spalls, shells, out-of-
round (OoR) wheels and long-period defects. 

• velocity and axle spacing data permit 
reconstruction of trains with integrated AVI 
tag data; defect data are assigned to 
appropriate axles and wheels. 

• after processing, the Teknis WMS data 
system trends wheel defects. 

• Train-level dynamic parameters can also be 
derived; these include speed, axle load, 
vehicle loading balance – front to rear, gross 

vehicle weight, train impact force, total train 
forces, train load, length and power-to-weight 
analysis consist loading analysis, driving 
patterns, and so on. 

A key feature of predictive monitoring detectors is 
the goal of uniform performance throughout the 
network and during changing climatic conditions.  
Strain gauge and accelerometer methods can both 
be sensitive to changes in track modulus.  WCM is 
unique in that it automatically calibrates as track 
modulus and/or local geometry changes, 
maintaining consistent performance. 
 
2.3 Bearing Acoustic Monitor  
Vipac Engineers and Scientists developed the 
RailBAM® System for monitoring the health of 
rolling stock bearings via acoustic means.  The 
system and its performance are described in detail 
by Southern et al in the CORE 2004 Conference 
on Railways Engineering.  Unlike a bearing 
acoustic monitor, a hot-box detector (HBD) is a 
reactive method for bearing monitoring which 
might detect the infrared signature of a bearing 
nearing imminent failure at speed, necessitating an 
urgent alarm.  The alternative predictive monitoring 
method utilises sensitive acoustic techniques to 
examine bearings at speed for characteristic 
signatures, as faults develop.  Trending of tagged 
vehicles with bearing faults can occur for many 
thousands of kilometres after fault signatures are 
first detected and long before bearings overheat.   
 

 
Figure 3 – Plot of Detection Trending 

Distances at Various Fault Levels 
Figure 3 presents a limited dataset of the 
distances travelled by bearing faults at various 
severity levels (High, Medium and Low) as their 
condition is trended by several RailBAM® Systems 
—due to lack of wagon histories at this time, 
distances travelled are conservative minimum 
estimated values and times have been derived 
using a mean speed of 80kmph.  However it is 
clear that faults are consistently trended for many 
thousands of kilometres, well before the time of 
bearing overheating.   
 
As observed for other predictive monitors, this 
permits rolling stock owners to schedule 
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maintenance in advance of outright component 
failure.  RailBAM® uses a sensitive acoustic array 
and advanced signal processing algorithms to 
track and identify characteristic signatures of 
specific bearing faults and acoustic wheel faults.  
RailBAM® detects acoustic signals emanating from 
wheels and bearings travelling at 30 to 130 km/h 
through the site.  Signals are specific to the 
identified bearing or wheel, with little contamination 
from neighbouring axles.    Bearing faults are 
specified as raceway (cup or cone spalls, roller 
faults) or potential fretting and looseness faults.  
Signal amplitudes allow quantification of fault 
severity.  At the lowest levels, trending is started 
and bearings and wheels are watched for 
worsening condition or more complex acoustic 
signatures.  As bearing condition deteriorates and 
reaches a high severity, maintenance can be 
scheduled. 
Other acoustic events are identified by RailBAM®; 
optimally, acoustic fault data for tagged vehicles 
can be correlated with results from the wheel 
condition monitor (WCM), the vehicle geometry 
(TBOGI) or wheel profile (WheelSpec) detectors.   
RailBAM® provides the following detection 
capability: 
• Early detection of outer/inner ring, roller faults 

in axle box and cup, cone, roller faults for 
package bearings 

• Early detection of looseness and fretting 
faults in axle box and package bearings. 

• Detection of wheel/rail flanging and certain 
types of wheel impacts. 

• Train speed and approximate wheel diameter 
RailBAM® provides the following features: 
• Reliable measurement at 30 to 130 kph 
• Analysis reporting within 10 to 15 minutes of 

train pass-by.  
• Comprehensive database for condition 

trending purposes. 
• Ability to track fault development over 1000’s 

of kms due to early detection 
• Alarm reporting to customer requirements. 
• Self checking systems with automatic system 

fault alarms 
2.4 Vehicle Geometry 
Wayside Inspection Devices (WID) developed 
TBOGI—the laser-based apparatus for measuring 
numerous aspects of bogie geometry at line 
speed.  The system is able to derive the following 
core values from vehicles travelling between 30 
and 240 km/h on tangent track: 
 
• Angle of attack (AoA)—orientation of the axle 

relative to the track 

• Tracking Position—position of the wheel set 
relative to the track centreline 

• Inter-axle misalignment—orientation of both 
axles of the bogie in relation to each other 

• Tracking Error—difference in tracking 
positions of the bogie axles 

• Hunting—lateral instability of a bogie 
• Truck rotation—evaluation of steering ability 

of the bogie 
WID conducted extensive research on bogie 
performance in a number of field applications.  The 
conclusion was that measuring performance on 
tangent track with optical means is the most 
reliable, most accurate method of monitoring. 
Measurements in S-shaped curves are subject to 
environmental and physical variables.  Changes in 
the wheel/rail interface due to the rail surface 
contamination and/or lubrication, weather 
conditions, variations of train speed from balance 
speed affect adversely the results of bogie 
performance monitoring in curves. All of these 
studies led WID to choose a laser-based method 
for direct measurement of axle angle and tracking 
position on tangent track.  Data are reproducible, 
specific and of a very high resolution, as required 
of a predictive monitor. 
 
2.5 Wheel Profile 
ImageMap’s laser-based WheelSpec is an 
automated wheel inspection system.  The 
apparatus resides beneath the rails and sleepers 
and upward-pointing lasers illuminate the running 
surfaces of wheels travelling at up to 100 km/h.  
High-speed cameras capture specific illuminated 
points on the wheel, permitting computer 
generation of highly accurate (nominally 0.1 mm) 
generation of the wheel profile.  Measured and 
calculated parameters from the cross-section 
profiles include: 
• Flange thickness 
• Flange height 
• Rim thickness 
• Vertical flange 
• Built-up & grooved tread 
• Tread taper (hollow) 
• Back-to-back gauge 
• Wheel diameter 
• Wheel flange angle 
Figure 4 depicts the output from the WheelSpec 
system for a typical pair of wheels on one axle.  
The measured parameters are reported within the 
output shown. 
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Figure 4 – Profiles of a typical pair of wheels on one axle 
 
Measurements outside of specification can be 
used to predict maintenance scheduling.  Wheel 
profiles gathered by these means can be used to 
flag out-of-specification wheels that are at or near 
the condemn limit or which represent potential 
safety risks.  Maintenance depots have the option 
of manual measurement of such wheels to confirm 
damage and to examine other components of 
trucks for potential damage initiators.  For 
example, the WheelSpec provides a means to 
check wheels on trucks that have been flagged 
with aberrant tracking geometry by TBOGI. 
Accurate measurements of wheel profiles at speed 
enables trending of specific measures that are 
hallmarks of accelerated or abnormal wheel wear 
(e.g. flange, tread hollow).  Trending of wheels can 
yield estimated remaining life and is useful for 
issuing alerts on rapid changes in profile.  The 
latter might be observed if rail lubrication or rail 
profile changes, and additionally might flag 
sensitive vehicles in a fleet. 

3 PREDICTIVE CONDITION MONITORING  

Reproducibility is a hallmark of an effective 
predictive rolling stock monitor.  Figure 5 illustrates 
the AoA and tracking position results for a train 
passing the TBOGI 6 times at speeds between 65 
and 204 km/h over 14 days.  The traces are 
overlapping and are essentially indistinguishable 
from pass to pass. 
 
 
 

Figure 5 – Reproducibility of Geometry Data 
Critical goals of predictive rolling stock monitoring 
are to prevent further damage to a vehicle once 
faults are found and to allow timely predictive 
maintenance of that vehicle (scheduling for 
anticipated service and repair).  An essential tool 
for effective rolling stock monitoring is computer 
trending of fleets and timely reporting of data (and 
alarms) to the relevant groups.  Root data are 
provided to users, not symptomatic or estimated 
values.  A central data management system, the 
Teknis Wayside Monitoring System (WMS) is one 
tool at the disposal of the Alliance. Separate feeds 
from each detector system can be fused in WMS 
for management by the respective detector 
suppliers and by operators assigned by rolling 
stock owners.  Trending tools are available to 
rolling stock owners to track data from the wayside 
detectors.  Additionally, independent data feeds 
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and management tools are available for each 
detector.   
The model shown in Figure 6 is a working 
hypothesis developed by the Wayside Monitoring 
Alliance.  It provides a pictorial means to develop 
concepts and testable hypotheses.  By first 

considering the major forms of damage observed 
(wheel surface, bearings, bogie geometry and 
wheel profile/wear) the Alliance has begun to show 
causal relationships that create a positive 
feedback loop. 
 
 

 

Figure 6 – Wayside Monitoring Alliance Model of Wheel, Bearing and Geometry Damage  
  
Arrows which point toward the hexagonal areas of 
damage suggest initiators of said damage.  Arrows 
pointing from the hexagons suggest effects of the 
damage, either on other components of the vehicle 
(heavy arrows) or in terms of consequences.  
These arrows are based on observations of the 
Alliance over several years.  One consequence of 
not repairing geometry and wheel damage is 
indicated by the pair of heavy arrows inside the 
hexagons, which suggests that inaction leads to 
damage initiation on the adjacent axle of a bogie.  
The core of the model, literally and figuratively, is 
the area in red.  This highlights the consequences 
of not utilising detector information to effect timely 
repair or predictive maintenance on identified 
defects.  As the cycle continues, increased forces 
acting on components due to growing damage 
ultimately means higher forces are acting on the 
rails too, leading to infrastructure damage.  All of 
these forces are fed by increased fuel 
consumption.  The end-points on the outer 
perimeter all represent cumulative and increasing 
risk to rolling stock owners and operators.  As time 

passes, the defects and risk increase in severity 
because of the positive feedback nature of the 
cycle.  This ultimately translates to much higher 
repair costs.  In the sections following the authors 
have provided some examples of typical 
relationships that reinforce this model. 
As mentioned above, some of the potential 
initiation and end-point effects of the damage 
found by predictive wayside monitors are listed on 
the outer perimeter of the drawing.  Initiators vary 
depending on the damage being observed and 
these are discussed in some detail below.   
As an example, a wheel skid can cause a small 
defect that grows into a long period defect of 
increasing impact.  There is a chance that wheel 
impacts will have a direct effect on the running 
surfaces of wheel bearings, leading to cone, cup or 
roller faults.  A minor wheel defect will grow into a 
larger wheel defect; it will not heal.  Left long 
enough (usually less than 8 weeks), a very 
frequent observation is that the adjacent wheel on 
the same axle develops a growing impact fault.  
This implies that truck geometry has been 
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adversely affected by the wheel defect and forces 
are acting on both wheels of the same axle.  
Simultaneously, the altered geometry often causes 
measurable effects on wheel profile by flanging 
and rolling contact fatigue (RCF).  This accelerates 
wheel wear and leads to spalling and shelling of 
the wheels, worsening impact forces, and so on.  It 
is also hypothesized that aberrant truck geometry 
leads to elevated lateral forces acting on the rails 
and increasing axial loads cause stress on wheel 
bearings.  This manifests itself in looseness and 
fretting faults in bearings (which to date can only 
be measured by the RailBAM detector).  There 
have been numerous observations of noisy wheels 
predating looseness and fretting defects.  It is 
important to consider that looseness and fretting 
are major causes of heat in bearings.  Many 
initiators of damage are listed in the model and the 
cycle can start at any point. 

3.1 Bogie Geometry 

Geometry defects arise from multiple causes.  An 
example of a vehicle with a steering problem is 
illustrated in Table 1.  The initial rotation is in red 
and the rotation after repair is in blue.   

 
Table 1: Repaired Vehicle with Steering 
Problem Identified by TBOGI 
Truck 4xx9 showed excessive positive rotation 
while in the northbound direction and high 
negative rotation while travelling southbound.  This 
truck was flagged by TBOGI.  After repairs the 
truck showed nominal behaviour.  Maintenance 
records indicated all wheels were in good condition 
but the side bearing gaps needed adjustment and 
the centre plate required grease.  Timely repair of 
these problems likely prevented further negative 
consequences. 
A commonly held belief is that lateral forces only 
act to a significant degree on rails via trains 
travelling through curves.  Figure 7 illustrates a 
typical train with a “bad actor” truck with aberrant 
geometry (left axis angle of attack (mrad); right 
axis Force (kips)).   
The lateral forces exerted on the rails on tangent 
track are highly significant and this is a 

characteristic signature of a truck with improper 
angle of attack.  In this case the axle had an angle 
of -6 mrad on tangent track and the lateral force 
exerted into the rail was 8 kips.  These data show 
the urgent need to quickly and reliably detect 
improperly tracking vehicles before they lead to 
infrastructure damage and before they initiate 
damage to other components of a bogie.  As 
discussed above, the increased axial loads shown 
by this truck can damage certain types of wheel 
bearings, particularly by causing looseness and 
fretting. 
 

Figure 7 – Lateral Forces Exerted on Rails 
by Vehicle with High Angle of Attack 

 
Wheel, bearing and geometry damage that is 
trending does not spontaneously heal.  It will 
worsen with time, sometimes slowly and other 
times very rapidly.  Trending helps to predict end 
points.  In the past, where some detectors showed 
variable results, “bad actors” would sometimes 
erratically appear and then disappear.  For wheel 
condition this might have been due to a sharp 
short-period defect (impact) developing into a long-
period defect with a lower apparent impact over 
some types of detectors.  The erroneous 
conclusion was that the wheel was “healing”.  
Similarly, certain types of vehicle geometry 
detectors might yield different results depending 
on environmental conditions, etc., leading to the 
conclusion that perhaps aberrant geometry had 
corrected itself without maintenance.  Predictive 
monitoring and trending of defects allows long-
term observation of defects and they invariably 
worsen with time, perhaps with a period of slow 
defect growth.  Figure 8 illustrates a typical 
example of this phenomenon.  A truck with 
combined geometry defects led to severe wheel 
damage.  The geometry defect had been followed 
for some time but it was not quickly acted upon by 
the vehicle owner.  The result of this vehicle 
having a large uncorrected tracking error for an 
extended time was severe wheel damage, 
indicated by sharp flanges on diagonally-opposed 
wheels of the bogie, on adjacent axles. 

Car Bogie dir leadEnd Pass Date Rotation
4xx9 A N A 2003-06-07 1.15 
4xx9 A N A 2003-06-08 1.20 
4xx9 A N A 2003-08-20 0.40 

      
4xx9 A S A 2003-06-06 -2.35 
4xx9 A S A 2003-06-08 -1.85 
4xx9 A S A 2003-06-09 -1.55 
4xx9 A S A 2003-08-20 -0.05 
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Figure 8 – Misalignment and Wheel Damage 

 
In this example, TBOGI measured a large tracking 
error and a small inter-axle misalignment.  The 
wheels on these 2 axles showed asymmetric 
wheel wear (flanging).  Effects of out-of-
specification tracking geometry are being analysed 
by the Alliance for initiation of bearing defects.  To 
date there is increasing evidence that noisy wheels 
(flanging or high angle of attack) which are 
detected by RailBAM® can precede bearing 
damage.  A goal of the Alliance is to co-locate a 
TBOGI and a RailBAM® system to trend geometry 
defects and bearing damage within the same 
vehicles. 

3.2 Wheel Surface 

Based on practical experience over ten years, the 
common type of wheel running surface defects 
are: 
• Spalling from rolling contact fatigue or 

induced by poor bogie geometry 
• Shelling from localised heating (small skids) 
• Spalling from sub-surface defects (wheel 

quality or from previous damage) 
• Skid flats 
• Out of Round  
 
Without exception, once a wheel defect occurs, the 
severity of the impacts from that defect increase 
over time. 
Sudden large impacts caused by skidded wheels 
are not typical. Wheel defects normally develop 
from small defects in the wheel’s running surface. 
These defects typically grow and pass through 
stages as they mature into high-level alarm events.  
Some, but not all, wheel defects can be shown to 
have speed or direction dependence after 
analysis. In general, it is evident that such 
dependencies are just an indication of the maturity 
of the defect. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 – A Typical Mature Wheel Defect  
 
The wheel in Figure 9 shows an old (8 month) and 
mature wheel defect that progressed from a small 
(20 mm) skid. Progression of this type of defect is 
typically: 
1) Very small skid, high heat, metallurgical 

damage to localised area (A). 
2) Shelling initiates, sharp edges. Decreasing 

severity with speed. 
3) Extremely high dynamic loading on damaged 

section. 
4) Shelling worsens and sharp edges round off. 

Typically not speed dependent at this stage. 
5) Possible re-skidding on same area of wheel 

under heavy braking, deeper heat damage. 
6) More shelling.  Collapsing of metal around the 

impact area and subsurface cracking causing 
more metal to fall out (B). 

7) Repeated impacts on the same point cause 
collapsing of wheel tread over long period. 
Sometimes these are only apparent with a 
run-out check. Wheels at this stage show 
increasing severity with speed. In the 
example in Figure 9 the impacts reached 
about 400kN at 100 km/h and the long-period 
damage area finally spanned 200mm (C). 

Figure 10 illustrates this type of defect progression 
with increasing variability due to speed as it 
matures into a long period defect.   
Machining this type of wheel at such a late stage 
results in both significant loss of wheel life and a 
high risk that the damage has extended well into 
the wheel rim.  There is a higher likelihood that 
damage to this wheel will recur when placed back 
in service. 
Grinding the edges of a wheel defect simply 
creates a long period defect that is more speed 
dependent and does not break the positive 
feedback cycle (Figure 6). 
 

B A C
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Figure 10 – Wheel Defect Progression 
 
An example of a typical but rapidly worsening 
wheel defect is shown in Figure 11.  In this 
example the alternate points represent passes 
over the WCM site at axle loads of 5 tonne and 35 
tonne and the immunity of the WCM from the 
sprung mass is clear.  This axle developed OOR 
wheels and the extreme axle loads led to the rapid 
rate of deterioration (two weeks).  
 

 
Figure 11 – Rapidly Worsening Wheel Defect 

 
When a wheel with a defect is left in service for a 
long time it is not unusual for the adjacent wheel-
set in the bogie to develop defects.  Figures 12 
and 13 show small skids worsening over a six 
month period (A).  By the time the impact levels 
reach a moderate level (250 kN or three months) 
the adjacent wheel-set (B) shows developing 
faults.  The increasing variability in the latter 
passes of the Figure 12 (C) is speed related and is 
typical of a long period and well worn defect that is 
difficult to locate on visual inspection. 

 
 
  
 
 
 
 
 
 
 

Figure 12 – Damage to Adjacent Wheelset 
 
 
 
 
 
 
 

Figure 13 – Damage to Adjacent Wheelset 
It is not possible to quantify the bogie geometry in 
this example because the tBogi and WheelSpec 
systems were not co-located at these sites but the 
hypothesis is that the wheel defect introduces drag 
and perturbs the tracking, ultimately causing 
damage to the adjacent wheelset tread and 
accelerated wear on all four wheels of the bogie.   

3.3 Bearings 

Bearing failures have been observed and trended 
that appear to arise without noisy wheels or wheel 
impacts (potential geometry issues).  The example 
in Figure 14 illustrates a bearing with a running 
surface defect.   

Figure 14 – Bearing Running Surface Defect 
The WCM plot (lower) shows no wheel impacts 
were found for the vehicle over a long history (C).  
The bearing defect grew gradually over time, 
which illustrates the sensitivity and reproducibility 
of the RailBAM method.   
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The fault signature suggested a High level cup and 
spherical roller bearing fault which had appeared 
before January and continued through May.  The 
upper plot shows the acoustic data exceeded the 
red (High) zone during several passes (A).  There 
is little trace of a roller defect (middle plot; B) and 
no evidence of looseness and fretting (not shown), 
although by May the roller bearing fault has 
approached the High damage level and action is 
required. 
Another mode for a failed wheel bearing is shown 
in Figure 15.  For this vehicle the WCM measured 
a wheel defect, with trending starting (A) on about 
April 5.  RailBAM began to trend acoustic wheel 
sounds (B) by May 21. As indicated, the time 
courses for the bearing and wheel impact plots are 
different.  The wheel impact measured 
approximately 200 kN by May 24.  There was no 
signature for running surface (cup, cone, roller) 
defects for the bearing (not shown) but on May 
14th a serious high level looseness and fretting 
trend started (C) and this continued for 10 weeks 
at a consistent and High level.  Since a TBOGI and 
WheelSpec were not installed at this site it is not 
possible to determine whether the wheel impact 
caused a geometry or wheel profile defect (or vice 
versa).  The bearing damage was most likely 
initiated by impact forces acting through the wheel 
on the bearing structure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15 – Wheel Damage Preceding Bearing 
Failure 

Certain bearing types might be more susceptible to 
this form of damage.  This is only one example 

from an emerging repetitive pattern that the 
Alliance is following closely. 
We note that there is a greater percentage of 
bearing faults in otherwise perfect wheelsets 
where these faults may have arisen from damaged 
seals, water ingress, poor assembly and/or 
handling (see Figure 14 and upper portion of 
Figure 6). 

False Economy 

There are concerns in the industry regarding 
“premature” replacement or repair of failing 
components (wheels, bearings, bogies, etc.).  The 
Alliance believes this practice needs to be critically 
examined by railroads.  VIPAC is trending various 
types of bearings and defects and is working 
closely with vehicle owners to evaluate which    
fault types and fault levels can be left in service to 
maximise useable lifespan, without inducing 
collateral damage.  On the other hand, the cost of 
waiting to repair identified wheel and geometry 
damage is significant.  There is little “residual 
value” in a defective wheel left in service for a 
significant time after it has been flagged.  Far more 
material must be machined off defective wheels 
left in service, shortening their useful effective 
lifespan.  As has been found in numerous 
instances, once rolling stock faults are found, they 
do not improve without corrective measures (i.e. 
service)..  For example, leaving a defective wheel 
in service once a reproducible fault has been 
shown inevitably leads to more serious damage to 
that wheel, to wheels on adjacent axles and to 
initiation of damage in other components.   
A scenario observed repeatedly with the Wheel 
Condition Monitor and RailBAM is as follows.  A 
small defect appears in a wheel and it gradually 
grows over time.  Left in service as it worsens, the 
adjacent wheelset then shows a growing defect 
(Figures 12 and 13).  If left further, wheels on an 
adjacent axle begin to deteriorate.  It is 
hypothesized at this time that the worsening wheel 
defects are causing vehicle tracking errors and 
subsequent wheel profile damage.  Early 
maintenance of a modestly damaged wheel can 
prevent deeper and more costly repair. 
Another common observation is that wheel defects 
left running in a fleet can lead to bearing damage.   
A typical example is shown in Figure 16.  A wheel 
with a small defect, which was far below typical 
“exception alarms” (A), showed a steady 
worsening over time.  Within four to eight weeks a 
bearing fault (B) was detected.  The bearing’s 
health deteriorated over time, leading to ultimate 
failure.   

A 

B 

C 
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Figure 16 – Wheel Damage Leading to Bearing 
Failure and Derailment 

In this case the authors reviewed the data after 
this specific vehicle derailed and concluded a 
small skid likely occurred due to faulty loading of 
the vehicle.  The WCM showed that the skid grew 
at a moderate rate.  By the time it measured 
approximately 200 kN (C), which is far below 
typical alarm levels, the damage had been done to 
the wheel and to the bearing.  The damaged wheel 
initiated looseness and fretting (B) in the bearing 
on the same axle. The bearing deteriorated over 
three months and it ultimately failed at speed (D).  
The time frames in practice are somewhat variable 
but the result is consistent.  Once a fault has been 
found, leaving that component in service leads to 
further and more extensive damage.  In this 
example the TBOGI and WheelSpec were not 
installed on the rail line and data are not available 
to combine with the wheel and bearing detector 
results.  The authors believe that wheel profile 
damage and vehicle geometry changes typically 
appear to varying degrees in scenarios like the 
one discussed above, hastening damage growth, 
particularly in certain bearing types.  Ongoing 
research will test this hypothesis. 

3.5 Geometry  Bearing  Wheel Surface 

An example of multiple defects that reinforces the 
model presented in Figure 6 is shown in Figure 17. 
 
RailBAM trended acoustic wheel “noise” (A) most 
likely emanating from a wheel (flanging?) before 
January 1.  This noise continued and grew steadily 
through July.  Looseness and fretting (B) reached 
a high level by early March, coinciding with the 
appearance of wheel impacts (C).  The looseness 
and fretting signature grew through July (B), 
exceeding the “High” alarm level.   

 

 
Figure 17 – Complex Defect Progression 

 
As the wheel impact reached 200 kN in May, 
unconfirmed bearing rolling surface defects (cone 
and cup) could have been initiated (D).  This 
vehicle was repaired in early July and all detector 
readings dropped to nominal levels.   
The time course of defect appearance suggests a 
potential process: 
• acoustic “noise” signatures imply a wheel 

flanging or geometry defect was the first 
event 

• within 2 months the wheel surface was 
damaged and impacts were measured 

• simultaneous with the wheel surface damage, 
axial loads from the presumed geometry 
issue had caused looseness and fretting in 
the bearing 

• the damage levels grew 
• the bearing running surface might have been 

damaged 
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What is highly significant is the course of events 
after the vehicle returned to service.  Within seven 
months the entire process repeated with an almost 
identical time course and sequence.  A conclusion 
is that the root cause of this vehicle’s damage was 
not addressed during maintenance.  If a problem 
with the truck’s frame, geometry and/or steering 
were not corrected in July, that root defect likely 
seeded new damage in the replaced components.  
Therefore it is essential for maintenance depots to 
understand the nature of emerging defects so that 
proper repair can be carried out to effectively 
prevent expensive ongoing cycles of damage and 
risk.  A TBOGI instrument at this location would 
have confirmed a geometry problem.  And a 
WheelSpec would have pinpointed a wheel profile 
abnormality.  The use of combined data from 
complementary and sensitive wayside monitors is 
a powerful tool for evaluating damage and seeking 
root causes of vehicle defects. 

4 SUMMARY 

Many factors besides initiation of novel truck 
damage need to be carefully considered when 
flagged defective components are left in service: 
• Risk management is a constant concern in a 

litigious environment.  Improving the health of 
a fleet by predictive maintenance reduces risk 
of equipment failure at speed.   

• If equipment reaches alarm levels on line, the 
expense of traffic delays is considerable and 
the cost of preparing vehicles for safe 
transport to maintenance depots at a later 
date is high.  The overall cost of vehicle repair 
is several-fold higher if failures occur on track.  
A recent paper presented to the 
Transportation Research Board in January 
2004 by Randolph Resor and Alan Zarembski 
(Zeta-Tech Associates Inc.; “Factors

Determining the Economics of Wayside 
Defect Detectors”) documents this 
phenomenon.  A wheel or bearing repair that 
causes an alarm that requires cut-out in the 
network costs approximately six- to eight-fold 
as much to effect as a repair performed at a 
depot through predictive maintenance. 

• Wheel impacts, aberrant wheel profiles, 
bearing damage and/or poor vehicle tracking 
geometry lead to environmental noise and to 
increased fuel consumption. 

• The positive feedback nature of the cycle of 
damage discussed above leads to escalating 
repair costs the longer that defective vehicles 
are left in circulation in the network. 

Predictive rolling stock condition monitoring helps 
to minimise these concerns.   
The Wayside Monitoring Alliance continues to 
refine the detectors discussed here.  As more 
detectors are co-located, it is anticipated that the 
working model in Figure 6 will be refined.  
Installation of all four Alliance detectors in one 
location, a “Supersite”, will provide reinforcing data 
that will enable more accurate modelling.  
Relationships between components will be better 
defined and hypotheses will be critically evaluated.    
A development of the cooperation between the 
Alliance members is the belief that the rail industry 
should consider the implications of not embracing 
predictive monitoring.  Existing policies appear to 
concentrate on gross alarms (Interchange Rules) 
and on forces acting on the rails and infrastructure.  
The assumption that rolling stock defects below 
current alarm thresholds are not economically 
significant to the rolling stock owner must be 
reconsidered now that technologies are available 
to quantify the forces and effects of rolling stock 
defects. 
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RailBAM® - AN ADVANCED BEARING ACOUSTIC MONITOR: 
INITIAL OPERATIONAL PERFORMANCE RESULTS 
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David Rennison, BE, Ph D, MIEAust, Vipac Engineers & Scientists Ltd 

Uwe Kopke, BE, Ph D, MIEEE, Vipac Engineers & Scientists Ltd 
 

SUMMARY 

An advanced bearing acoustic monitoring system for rail rolling stock, RailBAM®, is being used for 
predictive condition monitoring of bearings across mixed freight and captive fleets. Introduced by Australian 
Rail Track Corporation following an eight year development, RailBAM® System reports have provided 
diagnostics information on raceway and looseness/fretting faults across axle box and package bearings. 
Detectable bearing fault severity levels are reported as Low, Medium or High, these being determined from 
trials using bearings salted with faults considered condemnable according to standard railway practice, and 
trended over time. Data automatically flows within minutes from trackside measurement station through 
algorithms to the RailBAM® Trending Database, resident on the operators’ workstation. Faults are routinely 
trended over many passbys, often for distances of 30,000 kilometres, allowing fault progression to be 
monitored closely. As levels approach High-level alarm, operators can schedule maintenance in an optimal 
manner. RailBAM® methods enable direct detection of looseness/fretting mechanisms and have shown that 
looseness/fretting faults can exist without raceway faults. Operational data shows that the onset of bearing 
faults from wheel impacts has been predominantly affecting spherical-roller axle box bearings. 
Looseness/fretting faults are detected clearly across axle boxes and package bearings. While operators use 
the RailBAM® data in different ways, in all cases operators have experienced strong improvements in their 
fleet bearing condition and this has been reflected in large reductions in the number of “hot boxes” and 
derailments experienced across the ARTC and neighbouring networks. 
 

1.0 INTRODUCTION 

Six RailBAM® Bearing Acoustic Monitor Systems 
are operational within rail networks in southern 
Australia. These systems provide automatic 
measurement and trending of bearing faults across 
mixed traffic over several networks, across 
multiple operators and cover approximately 100 
train movements per day.  The most experienced 
user is the Australian Rail Track Corporation 
(ARTC). Following prototype development of the 
RailBAM® System for condition monitoring of 
rolling stock bearings by Australian National and 
Vipac Engineers & Scientists Ltd (VIPAC), initiated 
in 1993 and completed in 1998, the ARTC 
sponsored completion of an initial commercial 
RailBAM® System.   
This paper discusses specific operational features 
of the RailBAM® Systems and provides details of 
operational results regarding the detection of a 
wide range of bearing faults, their trending over 
time through various fault severity levels and 
system validation of fault detection via bearing 
inspections.  
Traditional technologies employ a “go/no-go” 
strategy.  Hot Box detectors sense an infrared 
signature that may indicate a bearing is at its 
imminent failure point.  This usually necessitates 
immediately stopping the train to examine the 

bearings on a stationary train, often expensive for 
the operator while the search for the failing bearing 
is not always productive.  In contrast, VIPAC’s 
RailBAM® is sensitive enough to identify a wide 
range of bearing faults as they develop, allowing 
underway trending of a bearing population for 
1000’s of kilometres before outright failure occurs.  
Since bearing faults are tracked with vehicle tags, 
the maintenance department can remove bearings 
from service in a planned manner.   

2.0 PRINCIPLE OF OPERATION & SYSTEM 
DESCRIPTION 

Each RailBAM® installation collects bearing fault 
(and wheel flat) data for each train passing steadily 
through the system for operational speeds in the 
range 30km/h to 130km/h and all train lengths, and 
in both directions.  The RailBAM® System 
processes data from every wheel, on both 
tracksides. 
The RailBAM® System discerns genuine bearing 
defects from other train noise including flanging, 
wheel flats, bogie noise, etc. and reliably detects 
and consistently ranks at least the following 
bearing faults: 
• Cone faults • Cup faults 
• Roller faults • Looseness/ Fretting 
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RailBAM® identifies “NOISY” wheel sets 
(“flanging”), as an indicator of poorly tracking 
bogies or poor wheel profile that may result from 
poor bogie alignment.  RailBAM® also detects and 
locates wheel flats that emit acoustic signature 
within the train consist.   
The principal of operation is based on identifiable 
sound characteristics emitted by bearing and 
‘acoustic’ wheel faults.  These faults excite 
structural resonances that carry and radiate a 
periodic bearing fault signal.  Proprietary signal 
processing techniques allow the bearing fault 
signal to be extracted from the structural noise, 
enabling fault identification and classification.  An 
acoustic array gives greatly improved spatial 
discrimination ("directionality"), while de-cross-
talking, using the measured wheel-array geometry 
and acoustic propagation physics reduces, in 
software, the influence of a large fault on one axle 
from the reading of a small fault on an adjacent 
axle.  Secondary inputs provided by wheel 
detectors form an integral part to the signal 
processing and provide the means of locating 
faults along the train.   
Figure 1 presents a hierarchy of fault types across 
bearing and wheels that are routinely and reliably 
detectable and trendable by the RailBAM® 
System: bearing faults include raceway and roller 
defects, loose or spun cones, fretting or back face 
wear while wheel faults include flanging and 
‘acoustic’ wheel flats. 

Multiple

Noisy Wheel

Wheel Flat

Wheel

Surface Defects

Roller

Surface Defects

Cup

Surface Defects

Looseness /
 Fretting
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assy
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Figure 1:   Bearing & Wheel Fault Hierachy – 
RailBAM® System 

The RailBAM® System applies to both Package & 
Axle Box bearings over wide range of load classes 
and all major bearing manufacturers.  Figure 2 
presents photographs of various bearing faults 
routinely detected, identified and ranked by the 
RailBAM® System. 

 
Cup and Cone Spalls – Package Bearing (PB) 

 
Cup Fault in Axle Box     Roller Faults in PB 

 
Fretting and Back Face Wear 

  Worn Seals     

Figure 2:  Range of Bearing Faults that are 
routinely Detected, Identified and Ranked by 
the RailBAM® System 
Three fault levels have been determined from a 
series of test trains with known seeded faults and 
practical usage of the system, giving a reliable 
process for isolation and trending of severe and 
developing bearing faults.  Bearings with 
developing faults have been monitored and 
trended for more than 300,000 kilometres.   
The installed ARTC system is shown below in 
Figure 3.  
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Figure 3:  Photograph of ARTC’s RailBAM® 

Installation at Nectar Brook 
Acquisition and analysis of the incoming data are 
performed by COTS digital acquisition cards, 
mounted in an industrial-grade high performance 
computer.  Hardware is rack mounted inside the 
RailBAM® Wayside Enclosure. All system data is 
stored on hard disc.  In the event of power 
interruption, the computer automatically reboots 
into a "system ready" status.  The RailBAM® 
System provides "health" parameters for all 
sensors: wheel detectors and shutter position 
sensors are continuously checked and 
microphones are checked after each train pass-by.  
If problems are identified, appropriate alarms and 
warnings are generated and highlighted by the 
Alarm Monitor of the Website. 
Results provided by the RailBAM® System include 
full Train Management Reports (all axles) and 
Pass By Summary reports (axles with bearing 
faults and/or wheel flats only), containing Bearing 
Faults and Wheel Flat diagnostics by axle and 
wagon and as available, tag identifiers. Three fault 
levels are provided for isolation of severe and 
developing bearing flats, with provision for a 
greater number of fault levels if required.  
Parameters for adjustment of these fault levels are 
available for user tuning and/or investigation and 
so reflect the operators' experience or 
maintenance philosophy. 
Data from each train is communicated via ISDN 
line to the customer’s RailBAM® Server where 
they are imported into the RailBAM® Trending 
Database.  (Micro-wave links and Satellite 
communications systems are also in operation.)   
Reports of “severe and urgent “ faults, e.g. those 
faults where it could be considered immediate 
action is required, are provided to train operators 
immediately via e-mail. Otherwise, reports are 
made available to train operators via the Trending 
Database, with an option for third party review.   
Trending of identified bearing faults is carried out 
within the RailBAM® Bearing Condition 
Trending Database, written with a Microsoft 
Access user interface but using SQL Server to 
provide higher performance for large installations.  
This database brings together data for all bearings 
with faults and allows graphical examination of the 
history of any and all bearing faults.   

Key features of the RailBAM® Trending Database 
include: 
• Automated and Manual Download of 

measured train data to the Trending Database 
with capacity for data storage for at least two 
years’ trains 

• Trending analysis by an individual and/or class 
of bearings. 

• Trending data for each of the aforementioned 
faults is available to be viewed by the 
operators if required.  This data includes 
bearing fault characteristics and rankings.  

• Sound files are readily available to enable 
auralisation of said faults, if desired. 

• Data can be grouped according to owner or 
operator, while data from different operators is 
secure and available only to the owner 
/operator, thereby providing commercial 
confidentiality. 

• Data from any individual operator or sub-group 
of operators is presented in a statistical and 
graphical format, including  
o “Most Seen, Top NN” bearings, to identify 

worst offenders where NN can be any 
number but usually less than 50. 

o Overall Statistics and Monthly Statistics for 
individual operators and for the overall 
network usage. 

• The Trending Database can be interrogated 
for any past period for which data exists. 

• The Trending Database caters for bearing 
removal and untagged and ‘orphan’ cars 
(where wagon owner to a tagged wagon has 
not yet been assigned) 

• Email Alarms are issued by the Trending 
Database to advise / alert to bearings whose 
trend indicates an approach to a risk situation. 

• Data export is available. 
Processing time for a 200 wagons long train at 50 
km/h or more, is less than 10 minutes. 
The ARTC system has been located in the field 
since December 2001, with system availability 
exceeding 97%.   

3.0 OVERVIEW OF OPERATIONAL 
BEARING FAULT DETECTION 

Derailments and related incidents are one of the 
most destructive and expensive disruptions to the 
train operations, impacting heavily on the rail 
industry. A study was conducted into the history of 
rolling stock-initiated derailments, investigating the 
cause, type, severity and number of incidents on 
the ARTC Network. By far the most common and 
severe of incidents were as a direct result of 
bearing and wheel failures. 
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Due to the expanse and remoteness of the 
network, ARTC has concentrated on preventative 
detection systems such as the RailBAM® system, 
rather than reactive systems (hot-box detectors).  
This gives operators maximum time to remove 
poor condition rolling stock from service before 
failure, thereby minimising interruption to services. 
Since the introduction of the RailBAM® system in 
December 2001, the operators have actively used 
the RailBAM® system as a maintenance tool to 
locate and action bearings with suspected bearing 
faults.  
On the ARTC Network the split between axle box 
type bearings and package bearings is 
approximately equal. The predominant sizes of 
tapered roller package bearings are D and E 
classes. The predominant sizes of pedestal axle 
boxes (Spherical Roller Bearings) are the 9R and 
18R classes. 
Initial validation of the detection of raceway faults 
(type of fault and severity level) where there was 
reasonable control of inspections of reported faults 
showed that the RailBAM® System reliability 
exceeded 95%. 
The reliability of RailBAM® for detection of 
looseness/fretting faults is also high but is 
complicated by differing reconditioning standards 
for fault observation, inspection and classification, 
as discussed later.  
Proprietary methods are being developed to 
address the difficult issue of detection of loss of 
lubrication in underway bearings using their 
acoustic signature. 
Detection of faults in locomotive bearings is 
complicated by the influence of other mechanical 
noise sources: work over the next year is planned 
to address this application. 
3.1 Operator Interaction 
The action each operator takes in the removal of 
known bearing faults can be quite different and 
depends on the size of their wagon fleet and 
access to maintenance facilities. After a bearing 
has been identified with a high level fault, some 
operators have opted for the approach of 
immediately removing this bearing on completion 
of the wagon's journey, while other operators have 
used the method of trending the bearing defect as 
it develops over time before taking action.  
Since the implementation of the RailBAM® system 
the number of bearing faults operating over the 
ARTC network has reduced significantly as 
operators remove identified bearing faults from 
service.   
Approximately 130,000 bearings are analysed per 
month by the ARTC RailBAM® Site.  Figure 4 
demonstrates the diminishing number of faults in 
operation over time, for both Freight Trains and the 
Super-Freighter Trains. 

The majority of the freight trains (23 Tonne Axle 
loads and an average speed of 80km/hr) have 
seen the number of High-level bearing faults in 
service reduced to half the original number since 
the introduction of the RailBAM® system. 
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Figure 4:  Reduction in High-level bearing 
faults since implementation. 

 
Super-Freighter trains, having lighter axle loads 
and running at higher speeds, have managed to 
reduce the number of High-level faults to one third 
of the original number. The removal of these High-
level faults has also seen corresponding 
reductions in the number of bearing “hot boxes” 
and complete bearing failures leading to a reduced 
number of derailments on the ARTC and 
neighbouring interstate standard gauge networks.  
However diligent the operators are in the removal 
of bearings identified with faults, there are always 
“new” High-level faults developing. The 
development of “new” High-level faults by month is 
shown in Figure 5.    
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Figure 5:  Number of “new” High-level bearing 
faults developing over time  

There is a significant downward trend in the 
number of new high-level faults developing over 
time, demonstrating that operators are removing a 
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number of the faulty bearings before they can 
develop into significant faults and also improving 
maintenance practices and conditions leading to 
the development of new High-level faults. 

4.0 FINDINGS   

When faults are discovered by the RailBAM® 
system these are advised as either raceway faults 
or potential looseness and fretting faults, and then 
accordingly ranked dependent on the severity of 
the fault.  Physics-based algorithms take into 
account axle speed, fault type and bearing fault 
strength. 
Looseness/Fretting fault readings are found to be 
caused primarily by the following faults: 
• Loose Bearing Components  
• Fretting on the backing ring, seal wear ring or 

cone face 
• Damaged Seals: Caused by impact damage, 

incorrect installation – (excessive heat has 
been generated in same cases) 

• Loss of interference fit 
• Excessive lateral play (Loose Bolts – 

excessive wear) 

In some instances the looseness / fretting reading 
can be influenced by: 
• Rubbing equipment on the axle or wheelset, 

such as brake rigging, rods, or brake shoes 
touching the wheel. 

• Wheel tread defects (impacts) 
• New seals that are “breaking in”. 
• Flanging wheelsets 

These readings, in most instances, can be 
segregated from true faults by reviewing the 
trended bearing history (which may show 'noisy' 
wheels or wheelflats), closely listening to the 
sound and conducting examinations of the wagon 
to eliminate the potential cause of false readings.  

Algorithm enhancements to isolate and 
discriminate against such influences, have been 
introduced progressively as more is understood 
about the physical mechanisms as reflected in 
their acoustic signatures. These algorithms will be 
developed individually for both axle box and 
package bearings in the future. 

Tapered Roller Package Bearings are 
predominantly removed due to spalling on 
raceways or fretting wear on the back face of the 
cone, the backing ring or seal wear ring.  

Axle Box Bearings are predominantly removed due 
to excessive wear or looseness.  Only a small 
percentage of axle boxes have been identified with 
raceway faults, which is comparable with the small 
percentage of spalls on raceways that have been 
identified when bearings are examined during 
routine maintenance.  Figure 6 shows an example 
of bearing fault strength data for a stable medium 

level cup spall fault, indicating the variability that 
can exist from measurement to measurement as 
well as the relatively slow changing characteristics 
that can occur for some faults. The High, Medium 
and Low fault levels are shown as horizontal lines, 
respectively LvI H, LvI M and LvI L.  Triangles along 
the upper LvI H graph indicate instances of fault 
detection. The Cup Fault has been observed on 21 
pass-bys, equivalent to more than 10,000 
kilometers.  There is no indication of a Roller Fault 
in the RailBAM data. 

 
Figure 6:  Trend Plots for Cup (and Roller) 
Fault Indicators, trended over 2 months with 21 
observations 
The distribution of tapered roller package bearing 
faults for each operator is quite different: this is 
partially due to the size and therefore higher 
loading capacity of the bearing (D or E Class 
bearings), differing loading configurations, wagon 
tracking, the route over which the wagon transits 
and axle length. A representative distribution 
between two operators is illustrated in Figure 7. 
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Figure 7:  Percentage breakdown of the type of 
faults found for tapered roller package 
bearings, by Operator. 

When the RailBAM® System has identified fretting 
and looseness readings in tapered roller package 
bearings, it is suspected that the primary cause 
has been due to axle flexure/deflection. This cause 
appears to be associated with those bearings 
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found on longer axles (in the case of broad gauge 
bogies converted to standard gauge).  
When an axle deflects or bends under the wagon 
load, the journal's top surface becomes elongated 
and the bottom of the journal is in compression. 
During this process the bearing components move 
axially along the journal and cause circumferential 
rubbing between the tightly fitted parts: high 
contact stresses can result, leading to potential 
surface failure under repeated loading.  
Wear on these components aggravates the fretting 
processes, which becomes more severe and 
eventually leads to loss of the bearing’s clamping 
force.  
A number of bearings have been pulled down for 
bearing examination following High-level fretting / 
looseness readings. On examination of the 
bearing, the examiner has found either excessive 
or moderate fretting on contact components.  In 
the case of the moderate readings, the level of 
fretting or back face wear has not exceeded limits 
as specified in the bearing manuals (AAR 
condemn limits).  Though not exceeding the limits 
at the time of removal, the fretting had been 
substantial for the short amount of time the bearing 
had been in operation, indicating that surface wear 
is rapid and the bearing is in a fast state of 
degradation.  
There has been much debate about the early 
removal of these bearings with moderate readings: 
for example, as the bearing condemn limits had 
not yet been reached, how much longer they could 
have stayed in service before removal?  However 
as the severity of the fretting increases, it has been 
observed that the strength of the fretting signature 
has a tendency to decrease, introducing the risk 
that the bearing might later be forgotten due to a 
more recent but lower severity fault reading.  
However, for these cases of High-level 
looseness/fretting, the rapid rate at which the 
material had been removed over a short period of 
time, indicates that the early removal of the 
bearing may have been the best course of action. 
Cases of heat discolouration have been found in a 
few of these bearings with high fretting / looseness 
readings. In some cases a loss of interference fit 
and indications of overheating have been evident 
at the cone/journal interface, suggesting imminent 
spun-cone conditions. Further studies regarding  
this problem will be undertaken in the future to 
assist in maximizing the bearing in-service life 
without compromising safety. 
During the fretting process, debris from the surface 
becomes dislodged and may circulate in the 
bearing’s grease. In some cases these bearings 
with moderate to excessive wear have also been 
found with fragment indentations (minute pitting on 
the raceways). These indentations eventually 
propagate into rolling contact fatigue or spalling. 
These indentations are caused by foreign material 

passing through the bearing while loaded; this 
material is most probably matter from the wear 
during fretting. 
Additionally, there is considerable evidence that 
looseness/fretting and spun cones can develop 
prior to any observable raceway faults, for both 
axle boxes and package bearings.  That is, 
raceway damage is not a pre-condition for 
development of looseness/fretting.    
Many trans-Australian wagons have been 
identified with raceway spalls developing with 
vastly varying degradation rates. Some of these 
bearings have traveled approximately one million 
kilometers prior to the fault development.  In most 
cases these bearings have been left in service for 
some time after detection, allowing long term 
trending history, thereby assisting in the study of 
long-term fault degradation trends. 
The majority of bearings detected with raceway 
faults, have been examined to find varying types 
and severity of raceway rolling contact fatigue – 
ranging from minor brinelling, water etching and 
spalling.  The nature of the rolling contact fatigue is 
dependent on the method and cause of the defect.  
Once the surface has become damaged, the 
ongoing cyclic loading of the bearing on the 
contact surfaces only assists to increase the 
damage on the raceway surface.  The other roller 
surfaces eventually become damaged due to 
debris transfer and the increase in stresses due to 
the initial damaged surfaces.  
Since installation of the RailBAM® System, many 
cases have been observed of a bearing that has 
been identified with an initial cup raceway spall 
and where this spall has eventually caused the 
development of both roller and cone raceway 
faults due to ongoing contact between the mating 
surfaces.   
In some cases, this progression has occurred over 
a return transit trip of approximately 5,000km.  
Other cases have seen a High-level cup fault 
operate in a stable manner for over 30,000km 
before any significant change was observed.  

4.1 Causal Relationships between Wheel 
Flats and Bearing Faults 

Research has been undertaken in the past year 
evaluating the relationship between wheel tread 
defects (wheel impacts) and the development of 
bearing faults. 
To date, the evidence shows that the onset of 
bearing faults from wheel impacts has been 
predominantly affecting spherical-roller axle box 
bearings.  Of the past six spherical roller axle box 
bearings to develop into hotboxes, all cases have 
shown past evidence of wheel impacts.  
Figure 8 shows data for an axle box with a High-
level looseness / fretting fault which entered the 
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ARTC network in May.  Impact force levels, 
measured both near the RailBAM site and at other 
locations (and therefore on different dates to the 
RailBAM measurements), range from 200kN to 
450kN and are suspected to be due to an out-of-
round wheel fault.   

The gap in the data between early and late August 
is as a result of the wagon running on corridors not 
currently covered by wayside detection systems. 
The wheel fault was not repaired and so impact 
force levels remained.  Therefore, bearing faults 
are likely to re-appear in the future. 

 
Figure 8:  High-Level Looseness / Fretting 
Fault Strength together with Wheel Impact 
Force levels. 
 
Some wheel impact history has been short in 
duration with significant force levels; others have 
had moderate level wheel impact forces but have 
been over an extended period of time.  The 
majority of bearings enduring continuous wheel 
impacts have eventually resulted in significant 
bearing damage.   

After repetitive wheel impact readings, the bearing 
has been identified as having looseness readings; 
the bearing has often then developed into a “noisy 
reading” as the fault reaches significant 
degradation.  Further research will be undertaken 
in the future to develop algorithms to analyse 
degradation between impact force readings and 
the ensuing bearing fault development. 

 
 
 
 
 

5.0 CONCLUSIONS 
As every bearing fault is individual and the 
circumstances as how it came to be in existence 
differ, it is important to monitor the bearing defect 
development over time and identify the bearings 
which are at most risk of failure and remove these 
bearings as a priority.  
The ongoing review of bearing inspection reports 
obtained from bearings detected by the RailBAM® 
system, will allow operators and maintainers to 
obtain an understanding of the development phase 
of bearing faults.  Review of fault development 
trends for each operator’s rolling stock fleet will 
lead to improved processes for wheelset 
maintenance as well as bearing handling 
practices, which together will lead to ongoing 
reductions in in-service bearing faults.  

6.0 BENEFITS 

RailBAM® enables, for the first time, train 
operators to implement Predictive Maintenance of 
bearings across the rolling-stock fleet. 
On the ARTC Network that is monitored by the 
RailBAM® System,  
• The number of axle bearing “hot boxes” has 

decreased dramatically through the use of the 
RailBAM® Bearing Condition Monitoring 
processes.  Not only have raceway faults been 
trended reliably but also bearing faults 
associated with ‘looseness’ and ‘fretting’ that 
can lead quickly to “Hot Box” conditions, are 
directly identified using RailBAM® methods, 
trended to High Risk Alarm Levels and 
subsequently removed. 

• The number of bearing related derailments 
decreased by more than 60% as a result of 
pulling bearings with faults considered severe.   
Only two bearing related derailments have 
occurred on monitored track segments for 
more than 18 months, both of which had prior 
readings from the system identifying the 
bearings as containing faults This should be 
compared with typically five such derailments 
per annum over the last decade,.  

• The RailBAM® Bearing Condition Monitoring 
process allows the operators to use the 
trended information as a tool to effectively plan 
wheel bearing maintenance and improve 
current processes and standards. 

Correlation between Impact Force and Bearing 
Fault Strength
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COST-EFFECTIVE STRATEGIC DEPLOYMENT OF INTERCONNECTED 

AUTOMATED INSPECTION SYSTEMS 
 

Kris Kilian MESc, Monica Kilian PhD, Vladimir Mazur PhD 
Lynxrail 

 
Summary  
Automated inspection technologies currently available are of great benefit in ensuring safe and cost-effective 
train operation. Placing a variety of inspection systems at strategic locations along a rail network and 
interconnecting them through a central control interface will improve operational efficiency and increase 
safety. However, the cost of implementing such systems is an important consideration, and cost 
minimisation can be achieved by identifying critical operational pathways and implementing a deployment 
plan that fulfils the requirements of all stakeholders. 
 
This paper presents a system integration concept for automated inspection systems, using a typical rail 
network as an example. 
 
1 INTRODUCTION  
 
In recent years, inspection of rolling stock has 
become increasingly automated as new 
technologies and telecommunication are 
becoming more available, reliable, and affordable. 
These days, automated inspection systems can 
almost replace routine human inspections, since 
many important parameters can be monitored 
automatically, thus enabling safe train operation 
and improving efficient throughput of trains.  
There is, of course, no single system that does it 
all—therefore, operators need to combine a range 
of technologies to take care of different monitoring 
requirements.  These technologies need to be 
implemented in a way that is cost- effective and 
meets the needs of different operators.  The best 
way of achieving this objective is by strategically 
locating a range of inspection systems along the 
railway network and collecting the data in a 
central database so that the operator can easily 
cross-correlate important information to make 
correct operational decisions.  In many instances, 
critical parameters can be tracked with 
confidence, and problems can be flagged 
automatically. 
For example, let us assume a missing brake pad 
is found on a car on the departure yard.  This 
information is conveyed to Train Operation via a 
computer console, and is also registered in the 
critical reports for the maintenance crew.  A 
decision can then be made whether to replace the 
brake pad before departure, or whether to leave it 
to later. Similarly, if a thin flange is found, the car 
can be automatically flagged for removal from 
service, as thin flanges can lead to derailment.  A 
permanent record of faults is retained, which 
means that actions taken can be tracked and that 
records are kept for auditing purposes. 
 
 

2 WAYSIDE TECHNOLOGIES  
 
Automated inspection systems use a range of 
technologies, including machine vision, acoustic 
emission measurements, thermal analysis, strain 
gauged rails, and impact measurements.  
Placing these systems at complementary 
locations along the rail network provides the 
operator with the ability to assess the condition of 
rolling stock, sometimes even in real time.  The 
data obtained is also used to track and trend the 
condition of rolling stock for maintenance and 
procurement planning.  The advantages of 
feeding information from a range of systems 
through a central database are at least three-fold: 
• To ensure safe and continuous train operation 
• To use the information to enhance trending 

and improve  maintenance practices  
• To identify problem vehicles that if left in 

operation can lead to progressive damage or 
unsafe conditions.  

This information can be used to run and maintain 
the railroad efficiently, which will reflect positively 
on the bottom line. 
The condition of rolling stock changes 
continuously and problems can occur 
unexpectedly. For this reason, time-based 
inspections and maintenance may not be best 
practice. An interconnected network of remotely 
controlled inspection systems offers an innovative 
way of operating and managing rolling stock 
equipment. Because information on rolling stock 
condition is continually updated, operators are 
able to oversee rolling stock performance at all 
times throughout the rail network. 
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3 FROM SINGLE SYSTEMS TO MODULAR 
AND MUTLIPLE SYSTEMS—SOME 
OBSERVATIONS GAINED FROM 
EXPERIENCE 

 
In theory, a single system that does it all sounds 
ideal (see Fig. 1).  There is only one “box”, or only 
one data stream to worry about, and system 
maintenance and operation is assumed to be 
relatively simple.  However, practice usually 
exposes the flaws in this assumption.  
A single system that performs a range of 
inspections generally relies on the seamless 
operation of the entire system – the failure of one 
subroutine (or minor functionality) can affect the 
performance of the entire system. For example, if 
the assessment of a non-critical, long-term 
component fails, then the assessment of critical 
components may fail as well. Thus the failure of 
an unimportant system function affects the entire 
output, which is not acceptable in a system that 
combines critical and non-critical inspections. This 
is one area where a single fully integrated system 
is not advised, unless the system is designed to 
withstand partial malfunctions without losing all its 
functionality.  
This was, in fact, one of the problems Lynxrail 
encountered in the early stages of developing a 
single fully integrated automated inspection 
system that monitors a large range of components 
(both critical and non-critical).   
 

 
Figure 1 – Single System Setup 
 
This system was designed to assess rolling stock 
components on the basis of data gathered on a 
single pass.  However, the malfunctioning of one 
component could affect the overall performance of 
the system, which is not acceptable for safety 
critical applications. 
Such problems can be overcome, however, by 
designing the system as a series of independent 
modules (see Fig. 2) that can also work in unison, 
so that the failure of one would not affect the 
performance of another.  At the same time, these 
systems would be integrated on the data stream 

level so that operators could correlate information 
from different sub-modules. 
The sub-modules themselves are turned into self-
sufficient systems. This approach not only 
produces more reliable results, but also cuts down 
on technical risk: problems of interaction at the 
hardware level and the overall complexity of the 
system are reduced dramatically. By using a 
collection of sub-systems it is possible to avoid 
the “either/or” paradigm (either everything works, 
or nothing works) that is frustrating for developers 
and operators alike. Furthermore, using the self-
sufficient sub-module approach allows operators 
to introduce the system in stages. It also lets 
operators evaluate the sub-system without having 
to carry the expense of a full system.  The sub-
module approach is thus not only technically 
advantageous, but also more cost effective to 
implement. Furthermore, it lets operators tap into 
the benefits faster than if they would have to wait 
for the entire system. 
 

 
Figure 2 – Multiple System Set-up 
 
4 THE RIGHT TOOLS FOR THE JOB 
 
The inspection technologies currently available 
decrease the chance of keeping unsafe 
equipment on the rail.  Most  technologies use 
trending and flagging of critical conditions, and 
thereby help the operator manage rolling stock 
more effectively.  
For maximum effectiveness, some technologies 
need to be located in specific areas.  For 
example, temperature based systems need to be 
installed at locations where rolling stock is already 
"warmed up" (i.e., has been running for some 
time). Acoustic emission systems for detecting 
faulty bearings require wagons to be operated at 
minimum speeds.  Video imaging with advanced 
picture capture capabilities and detection 
algorithms can be used practically anywhere and 
at any operational speeds.  Therefore placing 
different technologies in their optimal locations on 
the rail network is an important factor to ensure 
optimal automated inspection. 
 



Kilian, K; Kilian, M., Mazur, V.  Cost-effective Strategic Deployment of Interconnected 
Lynxrail  Automated Inspection Systems 
 

  24.3 Conference on Railway Engineering 
Darwin, June 20–23, 2004 

Since rolling stock components are not 
manufactured with scientific precision, inspection 
systems that are as good as or somewhat better 
than human inspectors are generally sufficient. It 
is not usually necessary to use systems that have 
higher accuracy than manufacturing tolerances. 
Cost savings can be achieved by using the 
appropriate technology for each inspection job – 
there is no point in going overboard with high 
precision (which is usually more expensive), if 
such precision is of no practical value and does 
not add value to the inspection process. However, 
in some instances, the cost of high precision is 
justifiable (for example, in workshops). 
Determining the right tools for the job is thus one 
way of ensuring that costs are kept to a minimum 
while fulfilling operational objectives.  
 
5 MULTIPLE SYSTEMS—SINGLE DATA 

BASE 
 
While a range of independent sub-systems is 
desirable from the developer’s point of view, the 
operator’s main concern is quality of information. 
For this reason, it is important that data obtained 
by the various systems be bundled into a single 
data stream so that information from each sub-
system can be correlated where necessary. 
For example, the system put together by Lynxrail 
consists of several sub-systems that work on their 
own, but are also part of the greater Automated 
Train Examiner (ATEx) system. All data is stored 
using SQL and is automatically audited by an 
Expert Data Base Audit and Management System 
(called Bogie Care). All information is shared 
between the modules and easily accessible via 
the TrainAudit program that generates automatic 
reports and allows the user to query the data base 
and generate specific reports.  
In ATEx, all the sub-systems work independently; 
however, some require data from other sub-
systems. In this case combining particular sub-
modules is necessary. For example, the bearing 
defect detection system requires wheel diameter, 
which is obtained from the Wheel Profile 
Measurement System (WPMS). Because the 
bearing detection system requires input from the 
WPMS, these two systems should be installed 
together.  
 
6 IMPLEMENTING A CONSTELLATION OF 

SYSTEMS 
 
Because all monitoring systems along a network 
can be interlinked and, if required, centrally 
controlled, significant benefits arise by placing 
systems at strategic locations along the rail 
network.  The locations chosen depend on the 
criticality of the application and the frequency at 
which a component needs to be inspected.  To 

determine which systems should be installed 
where, the operator needs to devise a monitoring 
frequency plan on a sliding scale.   
The implementation plan for an integrated 
network of automated inspection systems needs 
to take into account which components  need 
frequent monitoring (usually safety critical 
components, or those with a high wear rate), 
which need less frequent monitoring (for example, 
components that wear relatively slowly, such as 
wheel profiles), and where these components 
need to be monitored (for example, doors should 
be checked when the train is leaving the loading 
facility).  The deployment plan should also 
consider the importance of dynamic forces that 
can lead to track and equipment damage, or even 
derailment (for example, excessive angle of attack 
and hunting problems). In addition, redundancy 
needs to be planned for, as this increases system 
confidence and reliability.  
With strategically installed systems, operators can 
move from block maintenance (time based) to 
targeted maintenance (maintenance only when 
required). This will result in reduced costs to the 
railroad operator, as unnecessary maintenance is 
prevented and faulty parts are replaced before 
they damage the rail or other components. In fact, 
using automated systems is the best way for an 
operator to change to targeted maintenance. 
Furthermore, many problems can be avoided by 
early warning of incipient problems that need to 
be tracked, but are not necessarily critical when 
they first appear.  
Installing the right systems at the optimal location 
will ensure efficient train movement. By flagging 
problems early and monitoring their progress 
along the network, the system can help operators 
avoid unexpected failures and derailments.  
 
7 DEPLOYMENT MODELS 
 
When planning a network of interconnected 
inspection systems the following are some of the 
issues that need to be taken into account: 
• Level 1 (critical parameters): these affect 

train safety, operational continuity, issues that 
can have immediate disastrous effect on the 
integrity of rolling stock 

• Level 2 (less critical parameters): these 
affect integrity of rolling stock and track in the 
short to medium term 

• Level 3 (non-critical parameters): these 
affect integrity of rolling stock, track, and 
infrastructure in the medium to long term 

Each operator needs to identify the order of 
importance of rolling stock critical condition, which 
may vary depending on the type of operation (i.e., 
freight or passenger, low speed or high speed), as 
well as on the type and condition of track, 
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infrastructure (bridges, proximity to built-up 
areas), and so on. There are as many variations 
as there are railroads, and therefore it is important 
that individual requirements be assessed. This 
ensures that an operator has a tailor-made plan 
that is right for his operation. 
The following gives some indication of how 
system implementation could be planned for a 
variety of railroading situations: 
Some determining factors: 
• loaded or unloaded train 
• method of loading and unloading 
• type of equipment 
• unit trains or mixed trains 
• terrain, area of operation 
• length of track 
• condition of track 
• speed of train 
• metro or country area 
• other operation-specific factors 
• operational efficiency factor (what happens in 

case of failure – risk assessment) 
As an example of a deployment model, let us take 
a unit train operation, which is reasonably 
straightforward. 
 
Example: Unit freight train 
Concerns: 
• unexpected failures (structural, mechanical, 

electrical, track-related) 
• interrupting / delaying product delivery 
• cost effective maintenance 
Let us assume the following needs to be 
monitored: 
• brake pads (thickness, wear rate,  uneven 

wear, fit-up, replacement values) 
• wheels (including diameter, flanges, 

hollowing, tread thickness, rotation) 
• draft gear (correct geometry) 
• springs (compression, out-of-socket) 
• loading (uneven, excessive) 
• bearings 
• flat wheels 
• dragging equipment 
• bottom dump doors (close/open) 
And the following inspection technologies will be 
used: 
• machine vision 
• temperature 
• acoustic emission 
Our sample network (see figure 1) is a closed 
loop mining railroad with a single mainline and 
several sidings.  The train arrives empty at the 

mine site (A), product is loaded, loaded train 
travels to load-out destination (B), where product 
is unloaded. 
Safety critical inspection systems are placed at 
locations where the train can stop, if required, 
before venturing too far onto the main line. 
Defective equipment can be uncoupled and left in 
the siding, while the rest of the train is free to 
proceed. Here, disruption to the operation is 
minimised. 
Level 1 (critical) parameters are: hand brake 
application, non-rotating wheels, defective 
bearings, dragging equipment, open doors. These 
are monitored on both in- and outgoing trains. 
Level 2 (less critical) parameters are: slightly out 
of socket spring, draft gear geometry change, 
missing bolt on end cap. 
Level 3 (non-critical) parameters are:  missing end 
cap keeper plate, brake pad wear, wheel flange 
wear. 
Depending on the length of the track, Level 2 and 
Level 3 items need to be monitored only once per 
round-trip. The locations of the monitoring stations 
need to be evaluated for optimal benefit and the 
least interruption to operations. For example, in 
the case where product is unloaded via a rotary 
tippler, brake pads are best inspected after 
unloading, as experience shows that brake pads 
can sometimes drop from their holders during the 
unloading process.  
It is also useful to consider the location of the 
workshop or a spare parts depot – again, in the 
case of brake pads, inspection should ideally take 
place so that maintenance personnel can rectify 
any problems easily and quickly with minimum 
travel time to the wagons requiring maintenance.  
Non-rotating wheels and open doors should be 
monitored before the train reaches the mainline, 
so that corrective action can be taken before 
product spillage or equipment damage occurs.  
Loaded wagons should be inspected immediately 
after the wagon is loaded to avoid travelling at 
mainline speeds with unevenly loaded wagons. 
The layout of the inspection systems can be 
tailored to a) the operational exigencies, and b) to 
the extent to which an operator wants to use 
automation to save costs. A “bare bones” system 
will cover the most important operational safety 
considerations. However, if ongoing cost savings 
are to be achieved, factors other than safety 
should be taken into account. For example, for 
trending purposes, the more data points there are, 
the more accurate the trending. Accurate trending 
assists in fine-tuning maintenance planning,  
since the safety margin at which the equipment 
operates can be reduced (because monitoring is 
frequent). This strategy in turn results in maximum 
use of equipment.  
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8 CONCLUSION 
 
Networking wayside condition monitoring systems 
and collecting the information in a single data 
base repository ensures that a continuous watch 
is kept over the rolling stock fleet, no matter 
where it is.  
 

A well-planned network of wayside systems helps 
railroad operators to monitor the condition of 
wagons with confidence and allows them to 
develop efficient and cost effective maintenance 
strategies. Integrating the data into a single 
database so that information from different 
systems can be shared is an important aspect of 
multi-system deployment  
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Fig 3. Example of Wayside Condition Monitoring deployment plan 
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SUMMARY 
Non-destructive techniques for the measurement of residual stresses provide a potential means of qualifying 
overheated railway wheels, thereby reducing the risk of wheel failures. An ultrasonic method, based on the 
acousto-elastic effect, is now accepted by the European railway industry for qualification of wheels at 
manufacture. The measurements reflect the residual stress distribution across the cross-section of the wheel 
rim. The application of this technique to wrought wheels from the Australasian railway industry demonstrates 
that the technique can be used to differentiate new, worn and overheated conditions, thereby enhancing 
wheel safety 
 
1 INTRODUCTION 

Railway wheels are subjected to a rim quench 
and tempering treatment during manufacture, to: 

• develop the metallurgical characteristics and 
mechanical properties within the wheel rim 
required to withstand the effects of loading 
conditions at the wheel-rail interface; and 

• generate a zone of compressive residual 
stresses in the outer region of the rim  

Figure 1 shows an example of the residual stress 
distribution in a new wheel [1]. 
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Figure 1: Radial section of low stress wheel 
showing a finite-element estimation of the as-
manufactured residual circumferential stress 

[1]. 
The compressive residual stresses inhibit the 
growth of fatigue cracks from the outer surface of 
the rim throughout the service life of the wheel. 

Fatigue cracks may initiate at surface markings 
such as stamped wheel identification details, or at 
damage that occurs during service or wheel re-
profiling (machining) operations.  Fatigue damage 
may also initiate within the rim, although this will 
generally result in a different mode of fatigue 
crack growth from crack initiation at the surface of 
the wheel rim [2, 3]. 

The majority of railway wheels fitted to 
locomotives, freight wagons and, until relatively 
recently, passenger vehicles are used with tread 
braking systems.  One function of the wheel is 
therefore to act as a brake drum; this imposes 
additional (thermal) loading onto the wheel rim. 
The cumulative effects of thermal loading over the 
entire service lifetime of a wheel may have a 
detrimental effect on wheel performance, 
specifically: 

• the development of surface cracking due to 
thermal fatigue effects (and under extreme 
cases, martensite formation) in that region of 
the wheel tread in direct contact with the 
brake blocks; and 

• a gradual relaxation of the compressive 
residual stresses, and, for more severe 
conditions, the development of tensile 
residual stresses. 

A combination of the above conditions (surface 
damage and tensile residual stresses) may result 
in failure of wheels through the rapid propagation 
of cracking through the rim section and into the 
plate.  The probability of this occurring is 
influenced by many factors, including: 
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• the fracture toughness of the wheel material, 
which varies with wheel grade; 

• the wheel (plate) design; wheels with a low-
stress plate design are less sensitive to 
changes in the residual stress distribution 
under thermal loading than are straight-plate 
wheels [4-6]; 

• the rim thickness or wheel diameter; wheels 
with thinner rims (due to the combined 
effects of tread wear and re-profiling during 
service) are more likely to exhibit altered 
residual stress distributions, as that part of 
the wheel rim containing the higher 
compressive residual stresses developed 
during manufacture (Figure (1)) has been 
removed by machining, and the remaining 
(smaller) rim section is more sensitive to 
further thermal loading; and 

• the severity of the thermal loading conditions. 
In general, the risk of failure is highest in wheel 
subjected to overheating from severe braking 
conditions.  These conditions may include un-
released handbrakes and sticking brakes 
resulting from failure of the braking system. The 
risk of wheel failures resulting from thermal 
damage can be minimised through a combination 
of: 

• visual identification of wheels that have been 
overheated, for example through 
discolouration of the wheel plate surface 
(including the use of paints that discolour at 
specific temperatures); and 

• visual and/or non-destructive examination of 
the tread for thermal or fatigue cracks. 

The latter procedure should be used on wheels 
that have been subjected to abnormally severe 
tread braking conditions. 

While discolouration provides an effective means 
of identifying overheated wheels, the extent of 
discolouration (usually measured as the radial 
distance on the plate surface from the underside 
of the rim) is not a reliable indicator of the extent 
to which the residual stress distribution has been 
altered [7].  Quantification of the residual stress 
distribution in the wheel rim is therefore an 
additional method that can be used to assess 
overheated wheels. For this to be effective, the 
measurement method should have the following 
characteristics: 

• be non-destructive; 

• provide a reasonably accurate indication of 
the residual stress distribution, and 

• can be used with confidence by those 
responsible for inspecting and qualifying 
wheels. 

Rejection of overheated wheels solely on the 
basis of the residual stress distribution may not be 
warranted, however, as failure of such wheels 
would only occur in the presence of fatigue 
cracking or other damage.  Hence the primary 
inspection requirement in overheated wheels 
should be for the detection of fatigue or thermal 
cracks. 

Non-destructive methods that have been 
considered for the measurement of residual 
stresses in railway wheels include Barkhausen 
Noise Analysis (BNA) [8, 9], stress-induced 
magnetic anisotropy [10, 11] and ultrasonic 
methods [12-22].  A further application of non-
destructive residual stress measurement in the 
railway industry is the use of the MAPS technique 
[23] to the measurement of the near-surface 
residual stress distribution associated with the 
development of rolling contact fatigue defects in 
rails [24]. 

Considerable progress in the development and 
application of an ultrasonic technique for the 
measurement of residual stresses in railway 
wheels has been made in the European railway 
industry [e.g. 25, 26], to the extent that the 
technique has been approved as a standard 
method for the qualification of wheels at 
manufacture [27].  

This paper describes the application of the 
ultrasonic technique to the investigation of 
residual stresses in railway wheels used under a 
range of service conditions within the Australasian 
railway industry.  The objective of this program is 
to implement procedures for the measurement of 
residual stress levels in new wheels, and for 
monitoring wheel condition throughout service life. 
This will complement existing procedures used for 
the detection of rolling contact fatigue defects 
under heavy haul conditions [2], further improving 
wheel management practices. 

2 THE ULTRASONIC BI-REFRINGENCE 
METHOD OF RESIDUAL STRESS 
MEASUREMENT 

The technique utilises the acousto-elastic effect 
(the dependence of ultrasonic wave velocity on 
stress); the measurement parameter is the time-
of-flight.  Ultrasonic (shear) waves are transmitted 
through the wheel rim in an axial direction, as 
shown in Figure 2.  One wave is polarised in the 
circumferential direction (the orientation of the 
major stress), and hence the time of flight is 
sensitive to the magnitude of the stress in the 
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circumferential direction.  The second wave is 
polarised in the radial direction, and hence is 
sensitive to stresses in the radial direction. 
 

Ultrasonic 
transducer 

Ultrasonic signal 

Back face Front face 

 
Figure 2: Orientation of ultrasonic 

measurements 
 
The difference between the time-of-flight for the 
two orientations provides a measure of the 
average residual stress across the rim of the 
wheel at the measurement position, according to: 

  Bσ = K(σ2 – σ3) (1) 

 and  Bm = Bo + Bσ (2) 

 where Bσ = Birefringence due to stress 

  K = Proportionality factor (acousto-
elastic constant) (MPa/(m/s)) 

 (σ2 – σ3) = Difference in stresses within 
the two planes of maximum 
polarisation 

  Bm = Measured birefringence (“total” 
stress reading) 

  Bo = Birefringence due to texture 
(acoustic anisotropy) 

The “total” or net reading therefore reflects the 
combination of stress-induced anisotropy and 
anisotropy due to material effects. Derivation of 
the residual stress value therefore requires 
determination of the acoustic anisotropy for the 
wheel material. This can be carried out using a 
stress-relieved section of the wheel rim. 

The average residual stress level through the rim 
varies with radial distance below the tread of the 
wheel, as illustrated in Figure 1 for the new wheel 
condition. In overheated wheels, the residual 
stress distribution may also vary with 
circumferential position around the rim.  Hence 
measurements undertaken along a radial traverse 
of the rim, at several positions around the wheel, 
will provide a more comprehensive indication of 

the residual stress distribution than would 
measurements at a single radial position.  

3 EQUIPMENT 

Equipment used for the non-destructive 
measurement of residual stresses in railroad 
wheels incorporates the following: 

(a) an ultrasonic testing device capable of 
measuring the time-of-flight of the ultrasonic 
signal to the required level of accuracy; 

(b) an ultrasonic shear wave probe incorporating 
either two piezo-electric transducers (PET’s) 
or electro-magnetic acoustic transducers 
(EMAT’s) orientated at 90º to each other (for 
measurement in circumferential and radial 
planes), or a single transducer that can be 
rotated through 90º; 

(c) a manipulating device capable of positioning 
the ultrasonic probe on the inner or outer 
vertical face of the wheel rim, and if required 
traversing the probe in a radial line along the 
surface of the wheel rim; 

(d) a method of converting the measured time of 
flight data into a stress reading, taking into 
consideration: 

• the dimensions between the inner and 
outer faces of the wheel rim, 

• the ultrasonic signal velocity within the 
wheel material, 

• the acousto-elastic constant for the 
wheel material, and  

• the wheel temperature at the time of 
measurement. 

The current program utilised the following 
equipment:  

• a “Debro-30” unit capable of measuring 
residual stresses in wheels using the method 
outlined above, and longitudinal stresses in 
rails using a different probehead and 
longitudinal (surface) waves [12]; 

• a portable unit (“Debbie”) specifically 
designed for the measurement of residual 
stresses in railway wheels [14]. 

Both units utilised piezo-electric transducers, and 
were manufactured by the Institute of 
Fundamental Technological Research, Polish 
Academy of Sciences. Figure 3 shows the 
“Debbie” portable unit. 



P J Mutton* &  M R Lynch† 
*Institute of Railway Technology, Monash University 
†BHP Billiton Iron Ore Pty Ltd 

Improving the safety of railway wheels through non-
destructive measurement of residual stresses 

 

 25.4 Conference on Railway Engineering  
Darwin 20-23 June 2004 

 
 

(a) Main unit and probe arranged in 
measurement position 

 
 

(b) Probe 

 
 

(c) Display 
 

Figure 3: “Debbie” portable residual stress 
measurement equipment 

Use of piezo-electric transducers necessitates the 
use of a couplant with suitable acoustic 
transmission properties. For the current work, use 
was made of either natural honey (at moderate 
ambient temperatures) or epoxy resins; for the 
latter several viscosity levels were required to 
provide adequate acoustic coupling at 
temperatures up to 40ºC. Variations in the 

thickness of the couplant film invariably occurred 
with these transducers; this affected the resultant 
residual stress data unless adequate care was 
taken in applying the couplant. 

Non-contact transducers (EMAT’s) overcome the 
variable couplant film thickness that can occur 
with the piezo-electric transducers, thereby 
providing more consistent residual stress data 
[26]. The other, obvious, advantage of the 
EMAT’s is the relative cleanliness of the 
measurement procedure. 

Residual stress measurement equipment 
incorporating EMAT’s and ancillary hardware 
capable of positioning and traversing the 
transducers on the wheel rim has been developed 
in several European countries [13, 20-22, 25, 26], 
and is used by both manufacturers and users of 
railway wheels to determine residual stress levels 
in new and in-service wheels. 

4 RESIDUAL STRESS MEASUREMENTS 

Residual stress measurements have been 
undertaken on a range of new, worn and 
overheated railway wheels used in passenger, 
freight and heavy haul operations.  Additional 
information on the residual stress distribution in 
selected wheels has been obtained using a strain 
gauge technique or by means of radial saw-
cutting. 

4.1 Measured Birefringence (Bm) Data 

Figure 4 shows measured “net” stress data for 
radial traverses undertaken at four positions 
distributed at approximately 90º intervals around 
the circumference of two locomotive wheels in a 
modified AAR Class C grade. Because the 
ultrasonic technique provides data on the average 
residual stress level across the rim, the 
measurement position can be either side of the 
rim (i.e. front or back face). In both wheels 
represented in Figure 4 the back face and front 
face data at any single measurement position are 
almost identical. 

Figure 4 also illustrates differences in the residual 
stress distribution as a result of overheating. In 
the worn wheel [Figure 4(a)], the stress readings 
at the inner part of the rim range from –20 MPa to 
–120 MPa, and decrease (become more 
compressive, to approximately –200 MPa) as the 
measurement position moves towards the tread. 
In the worn and overheated wheel [Figure 4(b)], 
however, the residual stress levels show more 
variability around the wheel circumference (e.g. 
compare the data from measurement position B 
with that from positions A, C and D), and for the 
three latter positions, increase to more tensile 
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values as the measurement position moves 
towards the tread. 
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(b) Worn/overheated 

Figure 4:  Ultrasonic residual stress data for 
worn and overheated locomotive wheels 

(modified AAR Class C) 

Figure 5 shows additional data for several worn 
and overheated wheels; in this case the 
overheated wheel was paired (within a wheelset) 
with a wheel that had failed due to rapid crack 
growth from the rim.  The data for the worn and 
overheated AAR Class C wheels clearly illustrates 
the ability of the non-destructive residual stress 
measurement technique to differentiate between 
sound (compressive residual stress) and 
overheated (tensile residual stress) conditions. 

Figure 5 also illustrates the differences in residual 
stress distribution that exist between various 
wheel grades.  For example, the BS468 Grade E 
wheels are subjected to a slightly different 
tempering treatment during manufacture, resulting 
in lower (less compressive) residual stress levels 
than in the AAR Class C wheels. Similar 
differences are shown in Figure 6 for new wheels 
in AAR Class A, B and C grades. In this case, the 
magnitude of the peak compressive residual 
stress at the outermost measurement position 

increases with decreasing material strength (or 
hardness). 
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Figure 5: Ultrasonic residual stress data for 

worn and overheated wheels 
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Figure 6: Ultrasonic residual stress data for 

new wheels 

Data for a number of modified AAR Class C 
wheels covering a range of conditions (new, worn 
and/or overheated at various rim thicknesses) are 
shown in Figure 7.  The following trends are 
evident: 

• the two new wheels (Australian and French) 
generally exhibit similar residual stress 
distributions, although in the Australian 
wheels the stress levels at the inner rim 
region are slightly more compressive; 

• in the two overheated wheels, the thinner rim 
wheel shows higher levels of tensile residual 
stress than the thicker rim wheel, reflecting 
the influence of tread thickness on residual 
stress levels; and 

• the older, thin rim, worn wheel shows much 
higher levels of compressive stress at the 
lower part of the rim, compared to the newer 
(and thicker rim) wheels. 
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Figure 7: Ultrasonic residual stress data for a 
range of wheel conditions (Modified AAR-C 

grade) 

4.2 Influence of Wheel Material 
Characteristics 

The variation in stress distribution with wheel age 
shown in Figure 7 reflects the influence of wheel 
material characteristics on the net stress reading, 
as indicated by equations (1) and (2).  Material 
characteristics that may affect the ultrasonic 
response (as measured by the time-of-flight) 
include grain size, inclusion content, porosity, and 
differences in texture between circumferential and 
radial measurement planes.  Such characteristics 
may be more variable in older wheels [13, 20, 21]. 
Calibration of the ultrasonic residual stress 
measurement technique, using stress-relieved 
sections from the wheels of interest, enables the 
stress readings to be corrected for variations in 
material characteristics. 

Figure 8 shows acoustic anisotropy (Bo) 
measurements taken on a number of wheel 
samples that had been stress-relieved at a 
temperature of 550ºC for several hours.  All were 
manufactured to a modified AAR Class C grade. 
Three of the wheels were manufactured in 
Australia, in 1994, 1998 and 1999, respectively. 
The fourth wheel was manufactured in France, in 
1999, to the same wheel specification. The oldest 
wheel (1994-manufactured) exhibited quite high 
levels of acoustic anisotropy at the lower part of 
the rim, compared with the newer Australian-
manufactured wheels, although some degree of 
anisotropy was also evident in the latter. By 
comparison, the French wheel exhibited negligible 
levels of acoustic anisotropy.  

A detailed metallurgical examination of sections 
through the rim of the above wheels indicated that 
the main difference between the wheels was the 
prior austenite grain size, which was much 
coarser in the older (1994) wheel compared with 
those manufactured more recently.  Differences in 
the acoustic anisotropy between the recently-
manufactured Australian and French wheels 

could, however, also arise from the manufacturing 
process. 
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Figure 8: Measured acoustic anisotropy data 

in stress-relieved wheel sections 

4.3 Validation Measurements 

Validation of the non-destructive residual stress 
measurements has been undertaken on selected 
wheels using one of the following techniques: 

• strain-gauge measurements at selected 
locations on the surface of the wheel rim, 
using trepanning (ring-coring) to relieve the 
residual stresses [28]; or 

• radial saw-cutting, where the wheel is cut 
radially from the tip of the flange towards the 
bore, and the residual stress distribution is 
indicated by the displacement (closure or 
opening) at the tread. 

The strain-gauging and trepanning technique is a 
variation on the hole-drilling technique, and has 
been used previously for the measurement of 
near-surface residual stresses in railway wheels 
[10, 11].  The radial saw-cutting procedure has 
been used previously in North America [5, 9, 29]. 

Figure 9 shows residual stress data measured in 
several worn and overheated wheels; the 
corresponding ultrasonic stress data were shown 
in Figure 5.  

Both surfaces of the overheated wheel exhibited 
tensile circumferential stresses at all 
measurement positions except the lower (inner) 
front face, whereas in the worn wheels 
circumferential stress levels at all measurement 
positions were compressive.  Radial stresses in 
the worn wheels were also compressive (-100/-
200 MPa) on both faces of the rim, and on the 
back face of the overheated wheel.  The front 
face of the overheated wheel exhibited highly 
compressive residual stresses at the outer-most 
measurement position.  
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(a) Circumferential stresses 
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(b) Radial stresses 
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(c) Average back face/front face 
(circumferential – radial) stress 

Figure 9: Residual stress data for worn and 
overheated AAR Class C wheels, measured 

using a strain-gauging and trepanning 
technique 

The combination of tensile circumferential and 
compressive radial residual stresses measured 
on the front face of overheated wheels using the 
strain-gauging procedure has been observed 
previously [10, 11].  The back face of these 
wheels, however, exhibited compressive stresses 
in the radial direction, in combination with tensile 
stresses in the circumferential direction.  The 
latter position was therefore considered more 
suitable for the application of magnetic non-
destructive techniques for determination of 
residual stress levels, which rely on the 
magnitude and orientation of the principal 
stresses. 

The data shown in Figures 9(a) and 9(b) are for 
stresses measured in the circumferential and 
radial directions, respectively, on the front and 
back faces of the rim. In Figure 9(c), the 
circumferential and radial stress data for both 
back and front faces of the rim have been 
combined to give a net stress reading as: 

(Circ-Rad)BF +(Circ-Rad)FF 
2 

The stress value determined by the ultrasonic bi-
refringence technique is a function of the 
difference between the average (through-
thickness) stresses in the circumferential and 
radial planes (equation (1)).  Hence the ultrasonic 
data for these wheels (Figure 5) should be 
compared with the corresponding stress 
difference data from the strain-gauge 
measurements; this is shown in Figure 9(c).  It 
can be seen from Figures 5 and 9(c) that both 
techniques provide a similar ranking of the three 
wheel conditions in terms of the overall residual 
stress distribution.  

Figures 10-12 show a further example of the 
correlation between ultrasonic and strain-gauge 
residual stress data, and the corresponding 
fatigue crack growth behaviour in modified AAR 
Class C wheels.  Ultrasonic data for new wheels, 
and for a wheel that had developed fatigue 
cracking from brake block contact at the outer 
edge of the rim, are shown in Figure 10.  In the 
edge-cracked wheel, the residual stress 
distribution measured using the ultrasonic 
technique becomes less compressive as the 
measurement position approaches the tread. 
Residual stress measurements on the front face 
of the rim, using the strain-gauge technique, also 
show tensile circumferential stresses at this 
location.  However, the stress distribution lower 
down in the rim remains compressive in the 
circumferential direction. 
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Figure 10: Ultrasonic residual stress data for 

new and edge-cracked Mod. AAR Class C 
wheels 
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Figure 11 shows the surface appearance of the 
fatigue cracking, and a radial section through the 
rim.  The crack initiated at the outer edge of the 
tread (arrowed in Figure 11(b)), and progressed 
along a radial plane until the crack front reached 
the boundary between the near-surface tensile 
stresses and the underlying compressive 
stresses.  At this point the direction of crack 
growth changed towards the circumferential 
direction (parallel to the tread), resulting in 
spalling of the tread surface as shown in Figure 
12. 

(a) Appearance of cracking at outer
tread 

(b) Section through crackin

Figure 11: Edge cracking in Mod. AA
wheels 

Figure 13 compares ultrasonic stress 
saw cutting data for two modified AA
locomotive wheels.  A new wheel,
compressive residual stress levels wer
by the ultrasonic measurements, exh
closure of >1 mm during saw cutting
the plate, whereas the overheated wh
residual stress levels) opened up and
cracked during the saw-cut test. 
behaviour is reported in larger number 

wrought wheels subjected to the saw-cut test in 
North America [9]. 

 
Figure 12: Tread spalling from edge cracking 

in Mod. AAR Class C wheels 
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(a) Ultrasonic residual stress data 
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(b) Rim saw-cut response 

Figure 13: Residual stress and saw-cut data 
for worn and overheated AAR Class C wheels 

m 



P J Mutton* &  M R Lynch† 
*Institute of Railway Technology, Monash University 
†BHP Billiton Iron Ore Pty Ltd 

Improving the safety of railway wheels through non-
destructive measurement of residual stresses 

 

 25.9 Conference on Railway Engineering  
Darwin 20-23 June 2004 

5 DISCUSSION 

The residual stress data obtained to date on 
wrought wheels used in the Australasian railway 
industry clearly demonstrate that the ultrasonic 
technique can differentiate between new or worn 
and overheated conditions within the one wheel 
grade, as there is a considerable change in 
residual stress levels when wheels have been 
severely overheated. 

The corresponding data for a number of wheel 
grades in the new condition provide some 
indication of the ability of the technique to provide 
qualitative data on the residual stress levels at 
manufacture, and differentiate between wheel 
grades on the basis of composition and heat-
treatment.  However, the separation between 
wheel grades is less than between new or worn 
and overheated conditions, and the extent of 
scatter in the measured data (e.g. Figure 6) also 
results in some overlap between wheel grades. 
The scatter in the measured data, for all wheel 
conditions, is partly due to the difficulty in 
obtaining consistent couplant film thicknesses 
with the piezo-electric transducers; this is 
overcome with using the EMAT probes [26]. 

The other main factor that influences the ability of 
the technique to provide an accurate 
measurement of residual stress levels in wheels 
of all conditions is the acoustic anisotropy.  The 
current program has shown that this may vary 
between wheels from different manufacturers, 
and for the one manufacturer, vary with 
manufacturing date.  Part of the variability in 
acoustic anisotropy is due to differences in prior-
austenite grain size, suggesting that the 
technique could provide useful information on the 
heat treatment procedure, even if the residual 
stress data are inaccurate.  Further work is 
considered necessary to investigate the 
metallurgical factors underlying this apparent 
variability on acoustic anisotropy before the 
technique can be used reliably for the qualification 
of new wheels.  It is envisaged that this work 
would make use of EMAT probes to eliminate one 
cause of variable ultrasonic residual stress data. 

A greater degree of confidence exists in applying 
the technique to worn and overheated wheels, 
and hence identifying with more certainty those 
that contain tensile residual stresses.  This would 
enable wheels that show visible evidence of 
overheating (i.e. discolouration) but in which the 
residual stress levels remain compressive to be 
returned to service with a greater degree of 
confidence, and identify those wheels that did 
contain tensile residual stresses in the outer 
regions of the rim.  The latter wheels could 

possibly remain in service if visual and non-
destructive examination confirmed the absence of 
any thermal or fatigue cracking at the rim service, 
and there was a low probability of such damage 
occurring at a future date.  

Application of the technique to both new wheel 
qualification, and to the assessment of 
discoloured wheels in service, will require the 
following: 

• the measurement positions on the wheel rim 
to be specified; and 

• limits for residual stresses in new and 
overheated wheels to be established.  

Data obtained during the current program 
indicates that radial traverses across either back 
of front face of the rim, at four or more positions 
distributed approximately equi-distant around the 
circumference of the wheel, provide reasonably 
comprehensive information for overheated 
wheels, in which the residual stress distribution is 
likely to vary around the wheel. A smaller number 
of positions around the circumference may be 
adequate if the extent of overheating is relatively 
minor, as previous measurements have shown 
that more severely-affected wheels are likely to 
exhibit both substantial values of tensile residual 
stress, and variability in residual stress levels 
around the rim circumference [10].  

At this stage a full radial traverse, or a minimum 
of (say) 3–5 measurements at equally-spaced 
positions along a radial traverse at each 
measurement position around the wheel 
circumference, appear to be the minimum 
requirement for discoloured wheels. Residual 
stress levels in new wheels are expected to show 
less variability than those in wheels that have 
been overheated during service. Hence a smaller 
number of measurement positions may be 
adequate.  The draft European standard calls for 
several measurement positions, radially 
distributed across the wheel rim, to establish a 
radial stress profile [27]. 

The draft European standard also stipulates 
residual stress requirements for new wheels at 
manufacture; these are compressive stresses in 
the range -80 MPa to –150 MPa near the surface 
of the tread, decreasing to zero at a depth of 
between 35 mm and 50 mm below the tread [27]. 
A comparison with the data shown in Figure 6 for 
new wheels indicates that this requirement may 
be met for the AAR Class B and C wheels, both of 
which are slightly harder than the typical 
European grades.  

Establishment of limiting values for tensile 
residual stresses in overheated wheels requires 
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some knowledge on the characteristics 
associated with wheel failure under the prevailing 
service conditions.  Overheated wheels typically 
fail as a result of rapid (catastrophic) crack growth 
from pre-existing fatigue cracks at the surface of 
the rim; these may initiate at the tip of the flange, 
across the tread or at the outer (front face) corner 
of the tread.  A linear-elastic fracture mechanics 
analysis, using the crack size at failure and the 
fracture toughness of the wheel material, provides 
a reasonable indication of the maximum stress 
present at the time of failure [4, 5].  This stress is 
comprised of the residual stress, and any 
additional stresses imposed by mechanical or 
thermal loads on the wheel.  Figure 14 illustrates 
the relationship between crack size and fracture 
stress, based on a linear elastic fracture 
mechanics (LEFM) analysis of failures from tread 
and corner cracks. 
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(a) Tread cracks 
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(b) Corner cracks 

Figure 14: Relationship between crack size 
and fracture stress for railway wheels  

Using the above approach, limits of between 
300 MPa and 450 MPa have been established for 
some European railways [25]; these are for wheel 
grades that exhibit higher fracture toughness 
levels than those typical of the AAR grades used 
in Australian freight and heavy haul operations.  
By comparison, an extensive analysis of wheel 
failure mechanisms within the North American 

railway industry [4, 5] suggests that the limiting 
value for the more severe cracks (outer corner 
and flange tip) should be between 100 MPa and 
200 MPa. This is consistent with the experience 
of one of the authors (PJM) in investigating wheel 
failures within the Australasian railway industry.  

The additional contribution of the acoustic 
anisotropy value to the net stress reading should 
also be taken into consideration in establishing 
limits for overheated wheels. 

The current program has concentrated on 
wrought (forged) wheels, as these comprise the 
majority of the wheel fleet, and are the only wheel 
type currently manufactured in Australia.  A 
number of cast wheels are still in use within the 
Australian railway industry; these were 
manufactured in Australia to the Griffin process. 
To date the ultrasonic technique has not been 
widely used with cast wheels.  Limited data from a 
program undertaken to compare European 
(wrought) and American (cast) wheels indicated 
that the ultrasonic technique supplied less 
information on the residual stress distribution in 
the latter [31]; this may have been due to 
differences in the residual stress distribution at 
manufacture, or in the acoustic anisotropy. 
Additional measurements are therefore 
considered necessary to establish the viability of 
the ultrasonic technique for cast wheels. 

6 CLOSING REMARKS 

The relatively limited amount of work undertaken 
to date using the ultrasonic, bi-refringence 
technique demonstrates that it could be applied 
with some degree of confidence to the 
assessment of discoloured (overheated) wrought 
wheels within the Australasian railway industry. 
The benefits of this would include enhanced 
wheel safety, through correctly identifying wheels 
that contain tensile residual stresses of sufficient 
magnitude to contribute to wheel failure in the 
presence of surface cracking, and enable wheels 
in which the residual stress levels remain 
compressive to be returned to service with a 
greater degree of confidence.  Wheels containing 
tensile residual stresses could possibly remain in 
service if visual and non-destructive examination 
confirmed the absence of any thermal or fatigue 
cracking at the rim service, and there was a low 
probability of such damage occurring at a future 
date. 

Application of the technique to the qualification of 
new wheels at manufacture also appears viable, 
although this will require improvements to the 
method used for acoustic coupling, in order to 
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reduce the variability that arises from use of 
piezo-electric transducers. 

A program of residual stress measurements 
covering a range of wheel types and grades, in 
the new, worn and overheated conditions, may be 
required before the ultrasonic technique can be 
applied more broadly within the Australasian 
railway industry. This would encompass the 
application of European technology (the ultrasonic 
bi-refringence method of residual stress 
measurement, using EMAT probes), to wheel 
grades manufactured primarily in Australia to 
North American standards, and subjected to local 
operating conditions. 
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SUMMARY 
 
The world-class railway operated by BHP-Billiton Iron Ore runs the highest axle loads globally, having 
increased an average 16% to 37 tonnes/axle in the last fifteen years.  Trains comprising 300-cars now 
predominate where 220-car trains formed the major traffic up to a year ago.  Increased buff and draft forces 
exceeding the fatigue limit of present technology couplers and drawgear components indicate the likelihood 
of more coupler failures.  The present study (a) characterises coupler failure mode and performance under 
current service conditions, and (b) identifies issues influencing coupler and drawgear performance under 
increased loading.  The cast steel couplers were subjected to visual and metallographic examination in order 
to identify predominant failure mode(s). Materials were characterised in terms of microstructure and 
mechanical properties (hardness, tensile, impact and fracture toughness).  Stress analysis was carried out 
by measuring the strain response to simulated service loading at locations prone to fatigue cracking.  
Performance implications, the need for increased crack inspection frequency and requirements for new 
generation cast materials are discussed in light of current and projected service loading regimes. 
 
 
1 INTRODUCTION 

BHP Billiton Iron Ore (BHPBIO) operates its 426 
km railway between Mt. Newman and Port 
Hedland in the Pilbara region of Western 
Australia.  Currently about 70 million net tonnes 
(Mt) of iron ore per annum are transported over 
the Newman mainline and spurs including Yandi 1 
and 2, Area C and Jimblebar.  Production 
increases to 90 Mt have been targetted for the 
financial year ending June 2004 and studies are 
now in progress to determine the feasibility of 
further increases in axle loads and train speed.  
Recently four 300-car trains have been run daily 
with a view to further increasing the frequency of 
3-rake trains.  In terms of axle loading and length 
of trains, the system is a global benchmark having 
increased nominal loads per axle from 32 t fifteen 
years ago to around 37 t at present. 

Longer trains and higher payloads contribute to 
increased loading and the likelihood of more 
coupler failures as the coupler population ages.  
Couplers are inspected for fatigue cracking during 
the nominal orecar maintenance interval of 300 
trips, which is equivalent to a 15-month interval. 
This inspection interval has been less than the 
time taken from fatigue crack initiation to critical 
crack size under current propagation rates.  
However, an increased loading regime will 

shorten crack incubation and propagation times, 
potentially resulting in train separations.  

The objectives of this study have been to 
determine -  

• the current level of coupler performance in 
terms of materials properties, component 
quality and factors influencing failure, and 

• if the current inspection and condemning 
criteria remain valid in the light of increased 
loading due to higher axle loads and longer 
trains. 

 
2 BACKGROUND 

BHPBIO uses a modified Alliance Ultra-capacity 
coupler, which has evolved over the last 25 years 
to accommodate the unique demands of its 
operation.  Ore-cars each contain a rotary and 
fixed coupler to allow rotary dumping of 2–3 cars 
simultaneously.  

Principal components comprising the coupler 
body and knuckle used at BHPBIO are shown in 
Figures 1 and 2; components of the locking 
mechanism are not shown for the sake of clarity.  
The diagrams show the knuckle pivots on a 
locating pin (not shown) through the coupler pin 
boss, allowing it to rotate within the ‘throat’ of the 
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coupler.  In the locked mode, top and bottom 
radiused flanges on the tail of the knuckle engage 
complementary surfaces (pulling lugs) within the 
coupler, thus transmitting tensile forces from the 
knuckle to the coupler body.  Compression is 
transmitted through direct contact between the 
front faces of knuckles and front faces of the 
couplers.  
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cracking in the LPL region has been detected in 
couplers with only 12-15 months service.  The 
longer life of fixed couplers is due to reduced 
slack resulting in improved alignment compared 
with the rotary units.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3–Typical fatigue cracks initiated by axial 
tension in LPL region of coupler  
 
 

Figure 4–Age distributions of scrapped couplers 
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Figure 1–Alliance Ultra-capacity coupler and knuckle 
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 that the majority (76%) were condemned at 
 ranging from 6-12 years, although fatigue 

 
3 MATERIALS 

Couplers manufactured to the AS2074 Grade 
L6B-2 cast steel specification [1] are quench and 
tempered to a minimum 285 HB hardness [2].  
Nominal basic chemical composition of the 
medium carbon, low alloy steel is based upon the 
American Association of Railroads (AAR) Spec. M 
201 92, Grade E [2], shown in Table I.  Nominally 
0.5%Cr, 0.3% Mo and 0.003% B are also added 
in order to improve through-hardening 
characteristics (hardenability). 

Material C Mn Si P S 
AS2074 
L6B-2 [1] 

- - - 0.04x 0.04x 

AAR-
M201-92 
Grade E 

[1] 

0.32x 1.85x 1.50x 0.04x 0.04x 

Typical 
Coupler 

0.27 0.88 0.49 0.02 0.02 

x-maximum   Other - 0.5%Cr, 0.3% Mo and 0.003% B 

TABLE 1 CHEMICAL COMPOSITION OF COUPLER MATERIAL 

e 2–Section through mated couplers 
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Four couplers having manufacturing dates from 
1994 and 1997 were selected as representing the 
current coupler population at BHPBIO.  These 
dates straddle the year 1996, during which a major 
design change was implemented, hence pre- and 
post-design change units were examined.  It is also 
noted that the 1997 couplers had not seen any 
service.  Both types of coupler - rotary and fixed - 
were investigated. 

 

Coupler 
Description 

Year of 
Manufacture 

ID 

Cracked Rotary  1994  CR 
Cracked Fixed  1994  CF 
New Rotary  1997  NR 
New Fixed  1997  NF 
TABLE 2 COUPLERS CHARACTERISED 

Samples for metallography and mechanical 
testing were taken from the (hollow) shank 
section of each coupler.  Notches in longitudinal 
Charpy and K1c samples were similarly aligned, 
i.e. in the transverse direction, and tensile 
samples were machined from the axial direction. 
The as-cast thickness of these sections was 
approximately 22mm, presenting the worst case 
in terms of possible variability in microstructure, 
and hence, mechanical properties. 
 
4 MATERIALS EXAMINATION 
Microstructures encountered include tempered 
martensite, tempered martensite/bainite mixtures 
and tempered martensite/ Widmanstätten ferrite 
plus carbide mixtures comprising respectively 
inter-dendritic and dendritic segregated regions 
(Figure 5). Hardness levels ranged from 305 HB 
for tempered martensite structures to 284 HB for 
martensite/bainite mixtures and 252 HB for the 
dendritically segregated material.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5–Tempered martensite/Widman-stätten 
ferrite/carbide. Coupler NR-252 HB 
 
A further six couplers were selected during 
inspections as being typical examples at the 

various stages of fatigue crack development in 
the LPL region (incipient to severe).  The sections 
containing the cracks were cut from the couplers 
and crack surface were exposed in order to 
examine the fracture surface.  The inner wall 
surfaces and sections from the lower pulling lug 
region were also examined using optical and 
scanning electron microscopy. 

Following cleaning with inhibited hydrochloric 
acid, it became evident that cracks had been 
caused by fatigue initiating at several points at the 
wall surface—judging by their smooth appearance 
and the presence of ratchet marks.  Evidence of 
fatigue growth rings was observed, however, 
these were difficult to resolve optically because of 
corrosion damage. 

Further examination showed strong evidence the 
cracking mechanism in the LPL region consisted 
of corrosion fatigue.  The internal wall surface of 
all couplers examined, in the region of major 
failure mode suffered severe corrosion pitting 
(Figures 6, 7) that acted as crack nucleation sites.  
Subsequent propagation of the cracks was by 
fatigue, probably accelerated in the presence of a 
corrosive environment. 

Traces of chloride reaction product were found at 
crack roots, but no chloride could be found on any 
surface of the coupler. Significant internal casting 
defects such as pores were common, however, 
neither crack initiation nor growth appeared to be 
influenced by such defects. 
 
 

 

50 µm 

 

 
 

Figure 6–Scanning electron micrograph. 
Corroded and cracked surface in LPL wall.
 Conference on Railway Engineering 
Darwin 20-23 June 2004 

 
 
 
 
 

 
 
 
 

Figure 7–Numerous fatigue cracks initiated 
from corrosion pits in LPL wall. 
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5 MECHANICAL PROPERTIES 
Tensile properties were obtained from samples 
having a gauge length of 37 mm and a diameter 
of 7.3 mm, which were tested to fracture at a 
strain rate of ε• = 0.0008.s-1 on a Syntech 
universal testing machine.  Elongation values 
were determined over a standard gauge length of 
37 mm after fracture.  Table 3 summarises 
results; each parameter is the average of two 
tests that showed good consistency. 

Material 
0.2% PS 

(MPa) 
TS 

(MPa) PS/TS 
Elong 

(%) 
R of A 

(%) 
CR 848 935 0.91 7.4 13.5 
NR 727 738 0.99 4.7 6.2 
CF 867 910 0.95 5.4 13.2 
NF 752 887 0.85 11.5 29.0 

L6B-2 min [1] 690 825  12 30 
M-201-92 min [2] 690 827  14 30 

TABLE 3 TENSILE PROPERTIES 
 
It can be seen from Table 3 that considerable 
variability exists in tensile strength properties, 
although all materials comply with AAR strength 
specifications [2].  This allows the above-noted 
levels to be reduced to 80% of specified, for 
samples obtained from the coupler body.  
(Specified levels refer to samples obtained from 
“keelblock” coupons during casting.) 
With the exception of coupler NF, which contained 
the highest proportion of bainite, the present 
materials failed to reach minimum ductility levels 
specified for reduction of area (30%) and 
elongation (12%1, 14%2).   Interestingly, the two 
post-1996 (NR, NF) couplers exhibited a much 
higher variability than the pre-1996 (CR, CF). 

Charpy impact properties have been summarised 
in Table 4; these confirmed differences in tensile 
ductlity, that is, the similarity between pre-96 
(cracked) couplers is here reflected in their impact 
behaviour.  It is of interest to note the +18°C 
ductile–brittle transition of the NR material (other 
materials -20 to -40°C), demonstrating the 
deleterious effects on toughness of dendritic 
segregation and the resulting Widmanstätten 
ferrite, carbide and tempered martensite 
microstructure shown in Figure 5. 

 

Material 
 

Upper Shelf 
Energy 

(J) 

Fracture Appearance 
Transition Temperature

(°C) 
CR 57 -40 
NR 74 +18 
CF 59 -39 
NF 72 -20 

TABLE 4 IMPACT PROPERTIES 

The AAR Specification M-201-92 (Steel Castings) 

[2] specifies a minimum Charpy V-notch impact 
energy of 27J at –40°C for Grade E.  Couplers CR 
and CF comply with these requirements whilst NR 
and NF materials clearly failed to meet these 
levels.  

Plane strain fracture toughness results are shown 
in Figure 8 where it can be seen that K1c levels 
are relatively consistent across the range of 
materials examined.  Although these magnitudes 
generally agree with what can be expected from 
an L6B-2 grade [5], it is surprising that the test 
does not appear to be sensitive to large 
differences in microstructure reflected in both 
tensile and impact testing.  This is likely to be a 
result of the slow strain rate used to fracture K1c 
samples, as well as the (ambient) testing 
temperature.  From the previous section, impact 
upper shelf energies were also relatively 
consistent - the observed microstructural 
variability was manifest in impact transition 
temperatures.  

Figure 9 shows sample fracture surfaces contain 
significant crystalline (brittle) components in NF 
(45%) and especially NR (75%) materials, whilst 
CR and CF materials are essentially 100% ductile.  
Fracture appearance therefore aligns more with 
impact and tensile results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8–Plane Strain Fracture Toughness 
(K1c) of Coupler Materials 

NR                 NF        CR                CF 
Figure 9–Fracture appearance of K1c 
samples 
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6 STRESS-STRAIN ANALYSIS 

Two apparently uncracked couplers were 
selected during coupler inspection for strain 
analysis in the Institute of Railway Technology’s 
coupler test rig, described elsewhere [4].  The 
couplers selected comprised a rotary unit, 
manufacturing date June 1984, and a fixed unit 
dated June 1997.  The pre- and post-1996 
designs of the front face were thus represented.   

Couplers were strain-gauged at various locations 
using 45° rosettes; the LPL region (Figure 2) is 
pertinent to this work.  Couplers were axially 
loaded in tension and compression in aligned and 
“drooped” (misaligned) modes.  This caused a 
maximum of approximately 60 mm of droop 
(maximum deviation from perfect alignment), 
typically resulting from vertical slack in the 
drawgear assembly.  A load bridge was installed 
on the fixed coupler shaft and calibrated against a 
standard load cell.   
Strain gauge output was recorded while load was 
ramped at about 10 t/s to a maximum 120 t, then 
released.  The loading/unloading hysteresis loops 
were thus recorded. Magnitude and direction of 
principal stresses were calculated against applied 
axial load and load/stress relationships were 
determined at the critical locations. 
The typical response of principal stresses at the 
LPL internal wall, to axial load is shown in Figure 
10, which combines results from tension and 
compression modes.   
 

 

 

 
 
 
 
 
 
 
 
 

 
The bi-linear mode shown in Figure 10 for 
tension, has resulted from an alignment anomaly 
resulting in initial contact at the lower pulling lug.  
As shown, loads >20 t cause a transition into a 
shallower gradient, implying re-distribution of 
strain as knuckle-coupler contact increases.  
From these data, longitudinal tensile stress (σ) at 
the critical LPL location as a function of applied 
force in tonnes (P) above 20 t can be 
approximated as follows: 

σ = 2.37P + 110  —  (1) 

Train longitudinal forces have been monitored for 
the last 18 months using a strain-gauged coupler 
attached to an instrumented orecar (IOC)7.  
Figure 11 illustrates BHPBIO’s loading regime, 
expressed as a histogram of peak loads 
normalised to incidence per trip. Figure 12 shows 
the safe loading regime with respect to the 
nominal 40% of tensile strength (0.4TS) fatigue 
limit.   
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Figure 11–Train longitudinal force peak average 
distribution in BHPBIO traffic (2002-2003) 

Figure 10–Principal stress response to uni-axial 
loading at critical location. 
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Figure 12–Safe loading regime for Ultra
capacity couplers
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From equation (1), tensile stress in the LPL region 
resulting from 220 t draft is predicted to be around 
630 MPa, which approaches the minimum yield 
strength of 690 MPa.  The extent to which service 
loads exceed design limits is thus clearly 
illustrated. 
The following summarises the salient points 
arising from the stress analysis: 
• Axial tension in the critical LPL region begins 

to exceed the 0.4TS fatigue limit under 
‘normal’ peak loading, i.e. at 80 t axial tension 
in pre-96 manufacture couplers.  Assuming a 
tensile strength range of 700-930 MPa [1,2], 
100t tension, for example, results in applied 
stress/TS ratios 0.37-0.50. 

• Actual peaks of up to 220 t draft have been 
measured in 300-car trains [3,7] resulting in 
applied stress/TS ratios of 0.71-0.90.   

• Compressive (buff) peaks to 250 t have been 
recorded [3,7], but are not expected to 
contribute to the present major failure mode.   
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However, such run-ins have caused undue 
wear and deformation damage in draft 
pockets and Brinelling damage in wheel 
bearing cups [3].  

• The thicker front face re-design implemented 
in 1996 has apparently reduced stress levels 
in the LPL region, evident by lower stresses in 
the present fixed coupler compared with the 
rotary.  However, tensile stresses at front face 
locations were higher in the fixed (post-96) 
coupler in tension.  This could cause a 
change in the major failure mode to front face 
cracking, for example, if the LPL region were 
corrosion protected.   

• Corrosion protection in the form of inorganic 
zinc silicate has been applied to critical areas 
of new couplers entering service for the last 
12 months. It is expected this treatment will 
significantly improve coupler fatigue life. 

• New generation materials with enhanced 
endurance characteristics are required in the 
longer term and are now being investigated. 
Such materials, for example, austempered 
ductile irons (ADI), could also enable 
significant weight reductions as well as 
improved strength and fatigue performance 
[8].  

 
7 SUMMARY AND CONCLUSIONS 

 The inspection of 140 scrapped couplers 
showed a consistent failure mode resulting from 
corrosion fatigue in the critical region adjacent to 
the lower pulling lug.  It has therefore only been 
necessary to inspect for cracks in the internal wall 
region between lower pulling lug and gusset.  
Visual inspections have thus been carried out 
during the nominal 300-trip maintenance interval. 
More sophisticated electronic or radiographic 
means have also been investigated in order to 
improve efficiency and reliability. 

However, under current and future operating 
conditions, inspection during the nominal 300-trip 
orecar maintenance interval will not suffice.  The 
increased use of longer trains has resulted in 
increased inspection requirements as operating 
loads have shifted to higher levels.  The means 
for implementing rapid in-train NDT inspection 
using ultrasonic and vibro-acoustics have been 
evaluated and a vibro-modulation method that 
can rapidly evaluate the integrity of the entire 
coupler body [6] is currently being validated.   

Changes to condemning criteria have been 
implemented and the presence of any crack in the 
LPL area now constitutes the condemning 
criterion.  (The former criterion specified LPL 
crack length limit of 100 mm). It is also necessary 
to monitor the occurrence of cracking elsewhere 
in the coupler for reasons explained below. 

The application of inorganic zinc silicate corrosion 
protection coating in the critical areas of new 
couplers entering service, is likely to increase 
fatigue life by reducing the likelihood of crack 

initiation from tensile (draft) loads.  However, the 
failure mode may change as front face stresses 
have increased significantly as a result of the 
1996 re-design.  The present scrapped coupler 
population contained 21% of 1996 and post-1996 
manufactured units. There has been no evidence 
to date that the re-design has improved the 
overall fatigue life, although tensile stresses at the 
LPL location have been reduced in the new 
design. However, there have been concomitant 
increases in tension at other locations and the 
recent increase in buff forces experienced during 
run-ins may contribute to a different mode of 
failure [3,7].  
Mechanical properties (and microstructure) were 
shown to be variable across a number of 
couplers, as expected in a cast quench and 
tempered component of this size.  The incidence 
of bainite in the tempered martensite structure 
within the shank is indicative of slack-quenching.  
However, small amounts of bainite (5–20%) are 
not expected to adversely affect fatigue 
resistance and toughness to a significant degree.  
In fact, the material containing the most bainite 
(NF) also had the highest ductility in the tensile 
test.  Conversely, a mixture of tempered 
martensite and Widmanstätten ferrite/carbide 
exhibited the lowest strength plus impact 
properties that were inferior to tempered 
martensite/bainite mixtures.  
Plane strain fracture toughness (K1c) under 
ambient temperature (130-150 MPa.m-1/2 at 20°C) 
was insensitive to the large differences in 
microstructure noted above. The high K1c levels 
mean the coupler body can contain a relatively 
large crack before failing in overload mode, but 
only under the normal loading/temperature 
regime. High-level impact loading during periods 
of low ambient temperatures (winter nights/early 
mornings) may cause premature failures in 
couplers containing cracks in advanced stages of 
growth.   
Interestingly, casting defects have not played a 
significant role in the initiation of fatigue cracks 
observed in the present investigation.  This may 
be due to the absence of such defects in the LPL 
region, which has been the focus of the present 
work.  A single incidence of sub-surface porosity 
at this location was noted during the present 
examination, but although this defect was in the 
path of crack propagation, it was not associated 
with its nucleation. 
The present work has shown the present loading 
conditions far exceed the nominal fatigue limit at 
the critical location in the coupler. Axial applied 
tension exceeding approximately 80 t in pre-96 
and 100 t in post-96 designs result in tensile 
stresses exceeding 0.4TS, taking the 0.4TS range 
lower bound of 300 MPa for the materials 
examined here.  The current operational loading 
spectrum has shown peaks to 220 t [3,7], causing 
tensile stresses approaching the yield strength in 
the LPL internal wall region, where fatigue 
cracking leading to failure invariably occurs.   
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A reduction in peak loads through improved train 
acceleration and braking techniques, for example, 
is therefore likely to pay large dividends in terms 
of improved fatigue life and reduced risk of 
catastrophic failures.  Such a strategy is currently 
being implemented through constant monitoring, 
exception reporting and feedback to drivers [3,7]. 
New techniques are also being evaluated using 
the BHPBIO driving simulator.   
 
In addition to optimising driving strategies, 
however, there remains a need for improved 
component reliability in the drawgear assembly.  
This can only be obtained through use of a new 
generation of cast materials with enhanced 
endurance characteristics, as well as improved 
design and manufacturing tolerances.   
Austempered ductile irons (ADI), for example, 
could enable significant weight reductions as well 
as having enhanced strength and fatigue 
performance [8].  Such premium materials could 
raise the fatigue limit from 300 to 400-450 MPa, 
resulting in a minimum ten times reduction in the 
number of damaging loads under current 
conditions. 
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SUMMARY 

The railway industry faces many application specific requirements across a wide range of operating 
environments.  This forces car builders and suppliers to repeatedly develop new project specific solutions.  
However with purchase price remaining a prime focus, designs must be found to adapt standard product to 
the local requirements; this is the only way to satisfy local specifications and to meet the cost target. 
 
Knorr-Bremse’s EP Compact brake control system is a combination of full standardisation and open 
flexibility. It comprises a set of standard building blocks which can be integrated as necessary to meet 
specific requirements.  EP Compact is a construction kit designed around a core module - the brake 
pressure control for the direct brake.  Around this core module a variety of auxiliary functions can be fitted. 
These sub-modules offer a wide range of functionality, such as connectivity to distributor valves, wheel slide 
protection modules, parking brake and magnetic track brake actuation.  Each function is an add on to the 
core module, which when complete, forms the brake control subsystem for a single car or an individual 
bogie.  These subsystems form the basic modules for the full brake control system.  Full electronic 
information exchange is ensured between the modules via the option of a dedicated brake bus. Also state of 
the art connectivity to a wide range of train information networks like MVB, FIP or CAN is available.  The 
development of the modular design of EP Compact enables a vast improvement in weight and space 
envelope.  
 
Knorr-Bremse’s EP Compact utilises repackaged conventional technology, based on the known reliability of 
field-proven components.  The modular approach not only benefits for the flexibility of the system, but also 
improves the reliability and maintainability of the brake control system. 
 

1 INTRODUCTION 

Starting in the middle of the 18th Century the 
Railway Industry has developed rapidly, creating a 
worldwide network. Since in the early days global 
communication and co-ordination was not 
established, local require-ments dominated the 
development of national railways.  Two 
mainstreams crystallised: the UIC and the AAR 
systems. AAR, based on a direct release brake, 
dominates the long distance markets of Australia, 
the Americas and South Africa.  The UIC system, 
based on a graduated release brake, spread out 
from Europe through North Africa and Eastern 
Europe and the Middle East.  Major Nations like 
Russia and China utilise their own derivative of the 
two.  Combined with different supply voltages (24, 
36, 50, 72, 75, 96, 100, 110 V) and track gauges 
(1000, 1067, 1430, 1435, 1600 mm) the 
foundation for a huge variety of system 
requirements was laid. 
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27.2

1.1 Notation 
 
EP – Electro-Pneumatic 
MVB – Multiple Vehicle Bus 
FIP - Factory Information Protocol 
CAN - Controller Area Network 
RS – Recommended Standard from the Electronic 
Industry Association 
AAR – Association of American Railroads 
UIC – Union Internationale de Chemins de Fer 
 
1.2 Why Flexibility 
 
The market for rail vehicles is enclosed and limited 
since technical requirements are very special to 
this segment of industrial engineering and local 
markets do not offer enough volume in terms of 
vehicles being built.  Therefore a supplier to the 
railway industry cannot only focus on a particular 
type of system, but must in order to be successful, 
be able to supply according to national and 
operational based standards, regulations and 
special local functional requirements. 
 
1.3 Why Standardisation 
 
Project specific solutions require intensive 
development.  Without carry-over from one project 
to another, project based non-recurring costs rise 
to a level which make the supplier uncompetitive. 
The goal of every supplier must be to focus 
development resources to find product solutions 
which can be applied for an unlimited number of 
different applications, worldwide. 
 
1.4 The Solution 
 
To be able to develop a product which is fit for 
universal use within the global rail industry a 
number of preconditions are necessary: 
 
•  Knowledge of the Requirements 
•  Market Surveillance 
•  Definition of a Universal Product Concept 
•  Combined Development Process 
 
Knorr-Bremse has studied the different 
requirement across all vehicle platforms taking 
local demands into close consideration. The 
general consensus from carbuilders and operators 
is that it would be impossible to just focus on one 
product, but rather on a product range which is 
oriented along the different market segments:-
Mass Transit (Light Rail Vehicles, Metros, Multiple 
Units) and Long Distance (High Speed Multiple 
Units, Passenger Coaches, Freight and 
Locomotives). 
 
 
 
 
 

 
Basic demands coming from the Mass Transit 
market are Miniaturisation, Standardisation and 
Modularisation.  Most Projects range between 50 
and 300 cars, which in terms of volume does not 
allow too much intensive project specific 
development.  A high degree of standardisation is 
therefore necessary.  
 
In the Long Distance market in most cases the 
project volume is higher and a higher degree of 
interoperability with existing rolling stock is 
essential. The nationwide operators require 
homologated products with systems being far 
more complex functionally. 
 
Special attention has to be paid to the product 
range of multiple units.  They operate on the 
transition between Mass Transit and Long 
Distance.  Therefore the above mentioned 
requirements merge within this type of vehicle. 
 
The product approach which Knorr-Bremse has 
chosen is Modularity.  Functions, which reoccur 
repetitively in projects of one market field are 
grouped and united within one module. 
 
For Metros the core product EP2002® was 
designed with the main functions of per bogie 
control, load weighing, wheel slide protection and 
emergency brake.  The number of different brake 
related functions on Metros can be limited so that 
standardisation towards one module can be 
achieved.  One module can suit all applications. 
 
For Locomotives the required amount of 
functionality is incomparably higher.  It is the 
vehicle platform with the highest degree of 
complexity in brake control.  With CCB II® major 
key functions were identified, and each function 
has a discrete module.  The flexibility here was 
reached with the combination of modules, each 
being able to be configured according to the 
projects demand.  
 
Within the Multiple Unit segment a medium degree 
of complexity is commonly required.  It is not 
possible to standardise towards only one module 
and the necessity for separate modules is not 
required.  Therefore a scaleable module named 
EP Compact® was developed.  Several functions 
can be added and removed onto a singular core, 
the direct brake pressure control unit.  According 
to the needs of the project, functions such as 
parking brake control, magnetic track brake control 
or sanding can be integrated. 
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1.5 EP Compact® 
 
The EP Compact brake control system is mainly 
designed for the use within Multiple Units.  The 
best way to describe the modular features of the 
system is to think of a “docking station”.  The 
station itself is a core module which consists of 
the direct EP brake control.  Onto this module a 

variety of add-on functions can be “docked”. 
These sub modules are for example the wheel 
slide protection, parking and magnetic track brake 
control, sanding and the control electronics to 
provide control and diagnostics.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each of these sub-modules can be specifically 
configured to suit the necessities of the vehicle. 
The number of possible configurations is set so 
that the total number of possible solutions is 
arranged as a tool kit.  The versatility of the EP 
Compact modules is based on the fact that one 
core module is capable of controlling one bogie or 
one car, thereby enabling distributed and central 
brake control architectures with only one product. 

The design principle uses discrete, service proven 
components thereby limiting the degree of 
mechatronic integration to an extent that allows 
flexible product configuration.  Each module can 
be coupled with adjacent modules and the train 
monitoring system with a variety of possible 
databus systems.  Standard MVB, CAN, RS and 
FIP controllers are available from the existing 
product range of Knorr-Bremse. 
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EP Compact is designed for operation with 
standard 19”-Inch electronic brake controllers 
(ESRA®) as well as with an underfloor mountable 
version of the same family.  

2 CONCLUSION  

EP Compact combines both flexibility and 
standardisation with a single scaleable module 
and closes the gap between Mass Transit and 
Long Distance market sectors.  

The first application is the S-Bahn Zürich in 
Switzerland and first equipment will be shipped in 
June 2004.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Extended Brake Control Unit incl. 
Distributor Valve and Underfloor 
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Pneumatic Base Module incl. Parking Brake 
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SUMMARY 

This paper describes the technical and logistic challenges of manufacturing and supplying two million 
concrete monoblock sleepers to the ADrail specifications for this unique project. 
Following an extensive tendering and evaluation process, ADrail awarded the contract to supply the two 
million sleepers, complete with the eight million rail fastenings to Austrak Pty Ltd and Pandrol Australia Pty 
Limited respectively. 
The contract required a collaborative approach between ADrail and Austrak and hence, Austrak and 
Pandrol, for the design of the sleeper taking into account the specified operating parameters. 
Two Austrak sleeper factories were planned, designed, constructed and commissioned—one at Katherine 
and one at Tennant Creek. 
Pandrol FASTCLIP system was selected for use on the entire length of the line thus allowing the sleepers to 
be manufactured with all of the rail fastening components in the rail ready “parked” position, inspected to 
ensure compliance and stockpiled ready for automated tracklaying. 
As the majority of the line was specified as non-insulated (non track circuited), the FASTCLIP system was 
refined to dispense with insulators, but still retain the fully captive features.  By adapting the standard 
FASTCLIP pad, shoulder and clip, a secure non-insulted assembly was developed, which allowed concrete 
sleepers to be pre-assembled in the factories at Katherine and Tennant Creek and transported, as required, 
with no component movement or losses. 
 

1 INTRODUCTION 

The aim was to manufacture two million concrete 
sleepers complete with the captive FASTCLIP 
fastening system for the Alice Springs to Darwin 
railway in 31 months. This paper looks at: 
• the construction of the two biggest and most 

technically advanced sleeper factories built in 
Australia; 

• the logistics of material supplies to keep the 
factories in production in some of the most 
remote parts of Australia; 

• the methods of production; 
• the selection and design of the rail fastening 

system. 
The paper also looks at the collaborative approach 
taken by Austrak and Pandrol and how the project 
was accelerated to complete the project three 
months early. 

2 THE FACTORIES 

2.1 Building the Factories 
ADrail specified that two factories would be 
required to meet their tracklaying programme - one 
at Tennant Creek, the other at Katherine.  These 
townships roughly divided the 1400 km line into 
two major construction centres—the north and the 
south.  A construction “depot” was established at 
each town.  These depots would serve as the base 
for the major construction support activities such 
as sleeper manufacture, rail welding and 
construction management.  
Building at these depots on railway lease land 
enabled fast track of the factory construction since 
all necessary building permits and approvals were 
already in place. But the railway corridor was 
limited in area which presented a further challenge 
to the design of the factory. 
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To meet ADrail’s delivery requirements the 
factories were designed around the following 
production criteria that would result in a capacity of 
21,800 sleepers per week. 
Katherine: 
 6 beds x 170 m long 
 280 sleepers per bed 
 Max capacity 1680 sleepers per day 
 Average weekly capacity 9300 sleepers 
 
Tennant Creek: 

8 beds x 170 m long 
 280 sleepers per bed 
 Max capacity 2240 sleepers per day 
 Average weekly capacity 12500 sleepers 
 

Prior to these factories Austrak had built 8 other 
factories but none were as big and they had to be 
built at the same time.  This was quite a challenge 
for our design team and our equipment suppliers. 
 

 
 

Timing was everything.  We were fortunate to have 
recently built a similar factory (five beds) in Port 
Hedland.  Our design team, including a specialist 
equipment and system safety consultant, spent 
time at this factory refining all aspects of the 
factory layout and machinery in order to make sure 
the Northern Territory factories were the most 
efficient and safest they could possibly be.   
Tools such as risk evaluation and Haddons Energy 
Theory were utilised to refine jobs and equipment 
in minute detail. 
To ease the work load of constructing two major 
factories at the same time, two decisions were 
made.  Firstly we outsourced the construction of 
the factory buildings and services (to Austrak 
specification) to Barclay Mowlem Construction Ltd.  
This was so Austrak could concentrate on the art 
and science of a sleeper production facility, i.e. the 
process and machinery.   
Secondly we also spread around the fabrication of 
equipment.  We used our tried and proven 
fabricators where process critical skills were 
needed and wherever possible awarded work to 

companies from South Australia and the Northern 
Territory. 
The first sleeper was produced on 7 November 
2001 at Katherine just 6 months after contract 
award.  Both factories were in full production by 
March 2002 less than one year after award. 

3 MATERIALS SUPPLY 

The logistics of materials supply given the high 
rate of production required and within the unique 
environment of the Northern Territory posed some 
interesting issues. 
3.1 Materials required 
 90,000 tonne cement 
 12,000 tonne flyash 
 280,000 tonne aggregate 
 180,000 tonne sand 
 750,000 litres additive 
 14,000 tn prestressing wire 
 60,000 pieces of dunnage 
 2 million sleeper sets of fastenings 
 

Adelaide Brighton supplied cement from their 
Darwin and Alice Springs facilities. The 
attractiveness of using Adelaide Brighton was that 
if there were any supply difficulties they could 
supply from either north or south or straight from 
their South Australian operations. The factories 
held 200 tonne of cement on site.  The rate of 
production meant that a “road train” of cement was 
delivered on average every day.   
Additional cement was also kept in silos in 
Katherine.  To AB credit we were never forced to 
stop production because cement ran out, although 
we came close some times. 
Flyash was used at Tennant Creek as a precaution 
against ASR (Alkali Silica Reaction) because 
ADrail’s quarry was new with no history from which 
to determine reactivity.  ADrail quarry contractor in 
Katherine had been around for many years without 
reactivity issues hence straight cement was used 
in this mix.  The Tennant Creek flyash came from 
Queensland via rail to Mt Isa and then by road to 
site.  Again Adelaide Brighton did not let us down. 
Aggregate was supplied by ADrail from Rowland’s 
quarry in Katherine.  ADrail developed their own pit 
in Tennant Creek.  
Sand was another story. You might expect that in 
the middle of a desert sand might be readily 
available, at least this is what we thought until we 
started investigating.  In the middle of the desert it 
is difficult to find good sand that is accessible.  It is 
usually in a creek bed that in the Northern Territory 
wet is flooded and therefore inaccessible. The 
contract in Tennant creek was awarded to S and K 
Plant and Equipment.   
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They established a pit that was not too far away 
from the main highway but to cater for the many 
times the pit was flooded, a large stockpile was 
kept as backup at the factory.  Katherine used 
manufactured sand or “crusher dust” a by-product 
of the quarry aggregate crushing process. 
OneSteel supplied the prestressing wire.  Raw bar 
stock came from Whyalla and was processed into 
the specialised high tensile indented wire used in 
Austrak sleepers at Newcastle.  Transport to our 
factories was firstly via by sea to Darwin and then 
by road to the factories.   
The contingency here was that OneSteel could 
send the wire direct from Newcastle to the 
factories.  OneSteel ran at maximum production 
capacity to supply the job. 
The 14,000 tonne of wire represented 85,000 km 
of wire, or some 30 return trips from Alice Springs 
to Darwin. 
In an effort to do our bit for recycling the dunnage 
was made from recycled plastic. Unfortunately the 
company who supplied the material went under 
prior to the end of the contract and timber was 
supplied for the last part of the contract. 
The sleepers were all steam cured using steam 
generators. We used natural gas from the main 
North South gas line.  This was the most cost-
effective energy source even with a substantial 
investment into special branch lines built direct into 
the factories. 

4 PRODUCTION SYSTEMS 

At the very start of production Austrak analysed 
the best work methods to achieve our production 
goals and the best work environment for our team. 
From this it was decided to work three shifts of 
eight hours six days per week. The key issue here 
was a desire to provide our factory staff with 
certainty of start and finish times.   
The uncertain job finish times usually associated 
with the concrete industry can give rise to 
discontent among the workforce.  This continuous 
method of work gave certainty and eliminated a 
potential problem. This system also provided for 
maximum flexibility to the production process.   
Since the work day continued around the clock any 
delay could be picked up  without the workforce 
having to work overtime. It just goes to the next 
shift. 
 

 
 
It was a requirement of ADrail that we try to 
employ as many “locals” and indigenous people as 
possible.  This was very much a success story with 
nearly all of Austrak’s workforce being local 
including over 30% indigenous.  In cooperation 
with the Territory and Federal governments   
Austrak provided training for our indigenous 
employees in:- 
 

 Certificates in manufactured mineral products 
(concrete) 

 Licenses for forklifts, gantries and Front End 
Loaders. 

 Office administration 
This was also a great success, well attended and 
appreciated by participants. 

5 SAFETY 

During the 18 month course of production the 
factories were successful in gaining accreditation 
to both AS9001 Quality Systems and AS 4801 
Safety Systems.  The safety accreditation and 
safety performance (only one lost time injury) was 
particularly pleasing. 

6 DESIGN 

ADrail specified the basic sleeper design 
parameters.  A detail design was developed that 
both conformed to the Australian Standard but was 
also cost effective to produce using Austrak’s long 
line diamond saw manufacture system.   
There was one variation from the Standard and 
that was to use a more realistic centre negative 
moment as the Code is far too conservative in this 
area (note: this is discussed in paper titled “Track 
and Formation Design for the Alice Springs – 
Darwin Railway Project”).   
The sleeper was then designed using the 
traditional permissible stress method in 
accordance with AS1085.14 and AS3600. 
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7 BENEFITS OF COLLABORATIVE 
APPROACH TO DESIGN BY PANDROL 
AND AUSTRAK 

Although the sleeper contract and fastening 
contract were separate, i.e. the fastenings were 
free issue to Austrak, there had to be and was 
considerable cooperation between Austrak and 
Pandrol.  The following are some of these: 
The FASTCLIP shoulder is not as easy to secure 
in a mould as Pandrol’s eClip shoulder. Austrak 
developed a patented holding device for the 
shoulder.  Austrak and Pandrol worked together to 
ensure that the shoulder casting was suitable to be 
used with this system.  Particular emphasis was 
also given to dimensional and tolerancing details 
to help ensure the best fit of the shoulder into the 
sleeper mould  
A major environmental issue is always what to do 
with the packaging of the various fastening 
components.  Shoulders previously have been 
delivered in timber crates and with this system we 
would have had to dispose of over 7,000 crates. 
Austrak Pandrol and the foundry worked together 
to  develop a reusable crate with the correct 
number of shoulders for one bed.  This reusable 
crate system was an outstanding success to all 
parties. 
Clips are normally packaged in metal drums.  
Again metal drums would have been a major 
disposal issue.  Pandrol developed a disposable 
bags system and Austrak developed specialised 
handling equipment to dispense the clips from the 

bags.  The bags, while not reusable, were easily 
and readily disposable.   
There was also considerable cooperation over the 
quantities of materials and when they arrived on 
site. Sufficient materials were needed to keep the 
job going and also stock for a rainy day but with 
limited space the storage was limited. 

8 HOW WAS THE PROGRAM 
ACCELERATED? 

Partway through the contract there was a 
requirement to accelerate the works.  This meant 
that Austrak had to increase the production 
capacity of the factories.  As a consequence the 
rate of all the material deliveries including the 
Pandrol FASTCLIP fastening component had to 
also be increased. 
With the cooperation of all parties the sleepers 
were completed by the end of August 2003, some 
three months early.  This assisted ADrail to 
compete the overall project early. 
The normal method of increasing sleeper 
production capacity would have been to install 
additional sleeper beds and increase manning 
accordingly.  Due to time considerations this option 
was not viable.  Instead the increase in rate of 
sleeper production was achieved by shortening the 
effective production “cycle time” of each bed.  
Instead of a normal cycle of 24 hours, the existing 
beds were each turned around in about 18 hours.  
For example; Katherine originally had six beds of 
moulds and at 24 hour cycle time produced six 
beds every day.  With the 18 hour cycle time eight 
beds per day could be achieved hence a 33% 
increase in production capability.  
This reduction had the following major effects to 
factory operations: 
Firstly, the amount of time available for concrete 
curing before transfer strength had to be achieved 
was considerably less, i.e. the concrete had to 
achieve strength in a lot less time.  This was 
achieved by a combination of increasing the 
amount of cement and adjusting the steam curing 
environment. This was a balancing act as the 
steam environment still had to be strictly controlled 
per procedure to avoid DEF (Delayed Ettrengite 
Formation). 
Secondly, major changes were required to the 
system of work and associated manning.  Crew 
sizes changed and crews became more 
specialised so they could effectively perform more 
work in less time with the same equipment.  
Fortunately, with the factories already working a 24 
hour continuous shift system, these changes were 
implemented without major disruption.  The 
workforce increased from about 100 to 140.  This 
placed extra strain on the very limited pool of 
people available, especially in Tennant Creek. 
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The increased rate of production also necessitated 
a corresponding increased rate of delivery of raw 
materials.  This proceeded without incident.  
OneSteel, already at maximum capacity, had to 
supplement their supply from overseas. 
The result was an increase in production to nearly 
29,000 sleepers per week or one sleeper every 18 
seconds 

9 THE FASTENING SYSTEM 

9.1 Selection of Rail Fastenings 
Prior to the preparation and release of a formal 
tender specification by ADrail in July 2000, various 
sleeper/fastening combinations were assessed. 
These include both insulated and non-insulated 
assemblies for either 50 kg or 60 kg rail on both 
steel and concrete sleepers. 
Combinations include captive and non-captive 
fastening systems with pads varying from natural 
rubber to HDPE. 
The above combination gave a broad range of 
options and costs, with the total fastening system 
varying from A$16 per sleeper set up to A$24 per 
sleeper set. 
As this project was being designed to a price, the 
most cost effective option, considering projected 
operating conditions, technology advances, 
mechanisation, remoteness of site and automation 
and the cost of labour, the following ADrail Tender 
specification1 for the rail fastenings were as 
follows. 

9.2 Rail Fastening General 

The resilient fastenings must comply with 
AS 1085.14, Section 5 and incorporate the 
following attributes : 

• Ability at all times to make all the loose 
fastener system components captive to the 
sleeper; 

• Ability to provide insulated and non-insulated 
track 

The supplier shall have evidence showing its 
ability to offer long-term technical support covering 
system applications, testing, quality control and 
development. 

9.3 Captive Components 

All fastener components shall be capable of being 
made captive to the sleeper when the sleeper is 
shipped from the concrete sleeper factory.  The 
fastening system must positively secure all the 
fastening components to the concrete sleeper, 
preventing loss, loosening or misalignment of 
components during shipping. 

                                                      
1 Reference : ADrail Specification P211-001.J July 2000  

When the sleepers are shipped from the factory 
the fastening system will be set in the configuration 
that allows new rails to be laid directly into the rail 
seats without further adjustments or additional 
components. 
The system must retain the ability to keep all the 
loose fastener components captive in subsequent 
destressing, re-railing, maintenance, cascading 
and all other activities that may occur to the 
sleeper, and its captive fastenings, during its life. 
The ability to keep the fastening components 
captive to the sleeper must be retained if 
subsequent replacement of fastening components 
is necessary. 

9.4 Insulated and Non-insulated Track 
The fastening system must have the ability to 
produce either insulated or non-insulated track 
using the same basic components and 
configuration, and the minimum number of 
additional components to achieve insulation. 
The track will primarily be non-insulated. There 
may be a small requirement for insulated track 
sections at approaches to level crossings with 
flashing lights. 

10 RAIL FASTENING DESIGN PARAMETERS 

10.1 General 

The minimum design requirements are : 

• Fastener assemblies shall be composed of 
rail clips, shoulders and pads; 

• Fastener assemblies shall be composed of as 
few components as possible for ease of 
assembly, disassembly, insulation and 
maintenance; 

• No portion of the fastener assembly shall 
project higher than 60mm from the top of the 
sleeper. 

10.2 Rail Clips 

The following attributes must be incorporated into 
the rail clip. 

• The clip shall be one (1) piece, threadless 
and detachable. 

• There shall be two (2) clips to each complete 
rail fastener assembly (each rail seat). 

• The nominal vertical hold-down force (toe 
load) per clip shall be 9 kN with a total force 
of 18 kN per rail seat. Special applications 
may require different toe loads per clip and 
per rail seat than stated. 

• The nominal static longitudinal slip/creep per 
complete rail seat fastener assembly, with two 
(2) clips in place, shall be 10 kN force. 
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• Field installation and removal of clips shall be 
by using commercially available automated 
equipment, or accomplished by one (1) man 
using simple track tools. That is field 
installation must be capable of supporting 
either mode at the discretion of ADrail. 

• There is a requirement to fully apply the clips 
automatically by a simple applicator that will 
be positioned under the front portion of the 
rail/sleeper work train. Application rate will be 
up to 600 sleepers per hour. 

• Clips shall be of proven design and produced 
by an ISO 9002 certified manufacturer with a 
minimum of five (5) years documented in-
track experience. 

• To ensure proper assembly performance the 
clips shall be furnished by the same supplier 
as the clip shoulder/housing.  

 
 
 
 
 

 
 

 
 
 
 
 

Figure 1  Automated Clip Fitting Machine 
under Tracklayer 

 

10.3 Rail Pad 

The following attributes must be incorporated in 
the rail pad : 

• The rail pad must be compatible with the rail 
fastening system and shall be the same width 
as the distance between the shoulders of a 
rail seat and shall have a suitable shape 
factor for orientation during installation;  

• The rail pad shall be designed from materials 
capable of withstanding temperatures of –
20oC to 70oC without a detrimental effect on 
its performance.  
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Figure 2 – Specially designed “Lock-in” rail 
pad with tabs that deflect to lock into 

pockets in the non-insulated cast 
shoulders 

 

10.4 Shoulder Insert 

The following attributes must be incorporated into 
the shoulder inserts: 
• The shoulder insert shall be threadless and 

must be designed to provide and maintain 
proper position for alignment of the rail clip, 
rail pad, and rail base. 

• The shoulder shall also be designed to assure 
proper function of the rail clip, and pad. 

• Shoulders shall be cast ductile iron and shall 
be capable of meeting Australian Standards 
requirements for pull-out and torque 
resistance.  

• Shoulders shall have a continuous vertical 
gauge face to prevent the rail from hooking or 
catching between the shoulders and sleeper 
during rail installation and removal.  

11 FINAL SELECTION OF RAIL FASTENINGS 

As discussed earlier, this project was designed to 
a price and the only economical system available 
that met all the criteria was the non-insulated 
Pandrol FASTCLIP system.  
Not many people realise that the final decision 
resulted in a dedicated rail seat using 50 kg rail 
with no insulation, apart from a minor requirement 
of insulated assemblies around approaches and 
exits to major road crossings.  
By accepting such a system, future upgrading to 
60 kg rail is not possible. 
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This Pandrol FASTCLIP system was uniquely 
designed for this project based on the already 
successful insulated FASTCLIP system being 
used worldwide. 
Pandrol engineers and designers refined the 
design to dispense with the insulators, but still 
retain the fully captive rail ready feature. 
This allowed the fastenings to be pre-assembled 
on the concrete sleepers at both the Katherine and 
Tennant Creek and ensured no loss of 
components during transport to site. 
Both ADrail track-laying contractors, John Holland 
and Barclay Mowlem, were aware of the benefits 
of laying FASTCLIP and know how important its 
selection was in completing the tracklaying up to 
three (3) months ahead of schedule. 

12 HOW WAS PRODUCTION 
ACCELERATED? 

Unlike Austrak, the requirement for earlier 
completion was enabled by installing additional 
capacity.  For example clips were produced as 
follows: 
Originally, Pandrol was producing all of the clips to 
the agreed ADrail program on two (2) FASTCLIP 
production lines. 
These lines were also producing other FASTCLIP 
customer requirements by the careful scheduling 
of tooling and labour changes. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When requested by ADrail to accelerate the supply 
program, Pandrol, in liaison with ADrail and 
Austrak, manufactured and commissioned a third 
FASTCLIP forming machine so that two (2) 
production lines could then be fully dedicated to 
continuous, uninterrupted clip production. 
This then enabled the third line to be used for 
other FASTCLIP customer requirements. 

13 CONCLUSION 

By having a collaborative approach between the 
sleeper manufacturer Austrak, the fastening 
supplier Pandrol and the client ADrail all aligned 
towards the same goal, a value oriented 
sleeper/fastening/delivery/installation solution was 
able to be achieved.   
The specially tailored captive Pandrol FASTCLIP 
fastening system which saved on waste and 
installation costs, a sleeper designed specifically 
for the duty and environment of this railway, and a 
factory production system flexible enough to be 
able to adapt to changing project requirements, 
combined to create not only a highly successful 
project but also a major new infrastructure icon 
that opened early for business.   
Proudly, this was achieved with an exemplary 
safety record, wins for the environment, and 
employment and training for the local communities 
including indigenous peoples. 
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SUMMARY 

The findings of a series of monotonic and cyclic triaxial compression tests conducted at low confining 
pressures were used to predict the shear strength and deformation and degradation characteristics of 
recycled railway ballast.  The effect of particle size distribution, shape and maximum principal stress ratio on 
the deformation and degradation behaviour of recycled material was studied.  It was observed that if the 
unwanted fines were removed, the recycled aggregates exhibited quite acceptable mechanical properties 
when compared with fresh ballast.  By using recycled ballast for the construction of railway tracks it might be 
possible to minimize the maintenance cost.  However, it is necessary to establish the behaviour of the 
recycled ballast under similar loading conditions as those encountered in the track.  In order to perform 
cyclic triaxial tests on fresh and recycled ballast, a new testing device was utilized which, enables simulation 
of the field load and boundary conditions.  Based on the findings of this test program the construction 
potential of recycled railway ballast is discussed as a possible way towards cost reduction of railway track 
maintenance. 

1 INTRODUCTION 

An efficient railway operation means a high level of 
service (higher train loads, speeds and frequency, 
longer trains) vs minimal maintenance costs.  A 
thorough knowledge of performance of each 
component of railway track system would enable 
prediction of their life cycle. 
The performance of ballasted railway tracks is 
controlled largely by the ballast layer.  However, 
the performance of ballast bed is a function of 
different physical parameters (initial compaction, 
particle and gradation characteristics, type of 
parent rock) and track geometry (sleeper spacing, 
thickness of the ballast bed, shoulder width and 
level of confinement to the load bearing ballast). 
The ballast bed deformation (settlement and 
lateral flow) and grains fragmentation due to traffic 
loading cumulates in time.  Routine maintenance 
(tamping, ballast cleaning, and reconstruction of 
the track support) is carried out when critical levels 
of deformation and degradation of ballast layer is 
reached.  During these operations large quantities 
of ballast are discarded as spoil. 
In the past, the discarded spoil from maintenance 
operations was used as infill material.  However, 
recent strict regulations of the Environmental 

Protection Authority reduced the disposal options 
causing accumulation of considerable quantities of 
waste material in the Rail Infrastructure 
Corporation (RIC) stockpiles.  In search for cost 
effective and environmentally friendly solutions, 
the construction of railway tracks using ballast 
recycled from spoil stockpiles has been 
considered.   
The present study is part of a major research 
project conducted at the University of Wollongong 
in collaboration with the RIC, of which major 
objectives are to study the degradation and 
settlement characteristics of ballast under 
monotonic and dynamic loading, and the potential 
use of recycled ballast for track construction.  A 
complete understanding of ballast behaviour 
required implementation of large-scale equipment 
in which the ballast specimens could be prepared 
using field grading and were subjected to load and 
boundary conditions similar to those in the field [1]. 
Initially, a series of monotonic compression triaxial 
tests were performed on the supplied recycled 
ballast to establish its mechanical properties, 
degradation characteristics and how they 
compared to those of fresh ballast previously 
reported [2].  Then a model of ballasted track 
section was subjected to cyclic loading in a true 
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triaxial device with movable walls (allowed proper 
modelling of lateral ballast flow under loads) 
designed at Wollongong University and built in RIC 
workshops [3].  The deformation characteristics 
were monitored during the test.  This paper 
presents the results of the investigation and the 
construction potential of recycled ballast is 
discussed. 

2 NOTATION 

a, b, c, d, f, g = coefficients; 

A =  modulus of gradation; 
Bg  =  grain breakage index; 
Dp  =  dilatancy factor at peak principal stress ratio; 
N   =  number of load cycles; 
Rp  =  maximum principal stress ratio (σ1’/σ3’)p; 
sN, s1  =  settlement after N (first) load cycles; 
α, β =  coefficients; 
ε1, εa   =  major principal (axial) strain; 
ε2    =  intermediate principal (lateral) strain; 
ε3    =  minor principal (lateral) strain; 
εv    =  volumetric strain; 
σ1'  =  effective major principal (axial) stress; 
σ2'  =  effective intermediate principal stress; 
σ3'  = effective minor principal (confining/lateral) 

stress; 
(σ1'-σ3')p  =  peak deviator stress; 
σc   = uniaxial compressive strength of parent 

rock; 
σn'  =  effective normal stress; 
τf'     =  shear strength; 

3 ROLE OF BALLAST FOUNDATION 

A typical ballast foundation is composed of graded 
layers of crushed rock acting structurally with the 
sleepers (timber or concrete).  The composite 
ballast foundation should provide the optimum 
resiliency, being able to transmit the wheel load to 
the subgrade without overstressing it while 
exhibiting reduced settlement and lateral flow.  
Also, it should provide good sleeper embedment 
while its granular nature should ensure efficient 
drainage of the track so no internal pore water 
pressures occur.  Apart from these functions, the 
ballast layer is required to sustain acceptable 
degradation when subject to traffic load, facilitate 
track installation and maintenance cycles, and 
retard the vegetation growth [4]. 
Experience has shown that good quality crushed 
rock (usually igneous) satisfies most of these 
requirements when properly installed and 
compacted [5].  While in service, the ballast 
particles degrade, exhibiting a smoother texture 
and a rounder grain shape due to loss of sharp 

corners and inter-particle attrition.  When recycled, 
this ballast it is expected to provide less friction 
between the grains and hence less resistance to 
inter-particle movement and it is essential, 
therefore, to determine the extent of any loss of 
performance. 

4 MODELLED MATERIALS 

4.1 Ballast Type 

The recycled ballast samples were supplied from 
stockpiles at St Marys and Chullora in Sydney 
(NSW).  Worn material was obtained by screening 
particles larger than 73 mm and smaller than 20 
mm from the spoil resulting from the ballast 
cleaning or track reconstruction operations.  Three 
model gradations have been used for the purpose 
of this study, where gradations A and B are 
parallel to the upper and lower limits respectively 
of ballast specifications [6, 7].  Gradation D is 
representative of the St Marys recycled ballast 
whereas gradation E is representative of recycled 
ballast supplied from Chullora (Fig. 1).  
Table 1 summarises the particle shape and 
gradation characteristics of tested specimens. 
Apart from the coefficient of uniformity (Cu) and the 
coefficient of curvature (Cc) that indicate uniform 
gradations the modulus of gradation ( A ) has 
been utilised to describe the particle size 
distributions [8].  It is a measure of content in 
smaller grain fractions and for gradations having 
the same Dmax a larger value of A  corresponds to 
a higher amount of finer grains. 
A visual examination of the specimens enabled 
identification of the source of grains for each 
particle fraction, and the composition of the test 
samples so determined is presented in Table 2.  
On average, the sample from St Marys comprised 
of about 61% of angular crushed rock fragments 
and 35% crushed river gravel reported to be from 
a gravel quarry at Emu Plains.  About 4% of the 
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Figure 1 – Particle Size Distribution for the 
Tested Specimens 
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content was from various other sources such as 
the cut in the escarpment, fragments of timber or 
concrete sleepers, and drainage rubble.  The 
Chullora recycled ballast consisted of 77% angular 
crushed rock, 15% crushed river gravel and 8% 
from other sources.   
The fresh ballast samples were supplied from 
Bombo (NSW), a major supplier for Rail 
Infrastructure Corporation.  The crushed basalt 
(latite) had a maximum particle size of 63 mm and 
a minimum particle size of 13 mm with sharp 
angular grains.  For comparative purposes, three 
model gradations were prepared.  Gradations A 
and B are those specified for the recycled ballast 
and gradation C is representative of the supplied 
ballast as presented in Fig. 1.  The gradation and 
shape characteristics are summarized in Table 1. 
For the dynamic tests on the model specimen the 
ballast layer was underlaid by a capping 
(subballast) material.  The particle size distribution 
of the artificially blended crushed rock-soil is 
shown in Fig. 2 and the gradation characteristics 
are presented in Table 1. 
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Figure 2 – Particle Size Distribution of Material 
Used as Capping During Cubicle Triaxial tests 

4.2 Ballast Characteristic Tests 

Standard ballast tests [6, 7] carried out on worn 
ballast showed that the recycled ballast displayed 
lower degree of degradation.  Table 3 summarizes 
the physical properties of recycled ballast.  
Perhaps, less degradation could be associated  

Test type Particle shape 
Dmax 
(mm)

D10 
(mm)

D30 
(mm)

D50 
(mm)

D60 
(mm) Cu Cc A  

Gradation A Highly angular/Subrounded 53.0 27.1 32.6 39.2 41.3 1.5 0.9 0.56

Gradation B Highly angular/Subrounded 53.0 20.7 26.7 30.3 32.8 1.6 1.0 0.89

Gradation C Highly angular 75.0 28.2 37.5 44.2 47.8 1.7 1.0 0.36

Gradation D Highly angular/Subrounded 75.0 24.2 34.5 42.2 45.5 1.9 1.0 0.48

Gradation E Subangular 75.0 23.1 31.5 38.0 41.5 1.8 1.0 0.61

Capping Angular - Partly rounded 19.0 0.07 0.17 0.26 0.34 4.9 1.2 6.11

Table 1:  Grain Size Characteristics of Railway Ballast Used in Present Research 

St Marys recycled ballast Chullora recycled ballast 
Particle 
fraction Crushed river 

gravel 
Quarried 

crushed rock 
Other 

sources 
Crushed river 

gravel 
Quarried 

crushed rock 
Other       

sources 

63.0 22.7 74.5 2.8 70.4 0.0 29.6 

53.0 21.2 76.1 2.3 12.1 85.0 2.7 

37.5 39.9 55.0 4.7 10.6 87.8 1.2 

26.5 46.1 47.9 5.5 7.8 89.2 2.8 

19.0 42.0 52.5 4.8 0.2 94.1 4.8 

13.2 35.5 59.0 3.2 0.0 91.4 6.7 

9.5 34.0 60.8 4.4 70.4 94.3 2.4 

Table 2.  Composition of Supplied Recycled Ballast 

either presence of river gravel grains, which are 
harder due to natural selection or due to loss of 
sharp edges while performing its functions in the 
field. 

5 MONOTONIC LOADING TESTS 

5.1 Test Equipment 

A large-scale triaxial testing apparatus, which 
could accommodate specimens 300 mm diameter 
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x 600 mm high, was used for testing the supplied 
ballast (Fig. 3).  A detailed description of the 
equipment is presented elsewhere [2].  The 
apparatus enables continuous monitoring of axial 
load, axial deformation, volume change and pore 
water pressure.   

5.2 Specimen Preparation 

The specimens were prepared inside a 5 mm thick 
rubber membrane placed within a split cylindrical 
mould.  The mould was removed prior to 
installation of the specimen inside the triaxial 
chamber.  The ballast was compacted to simulate 
densities measured in the field (frequently used 
tracks) where the mean bulk unit weight of the 
compacted specimens was determined to be 
16.5kN/m3.  Relative densities of 75 - 97% 
(equivalent to 38% to 42% porosity) were 
achieved.  A 4 mm thick rubber pad was used to 
minimise the risk of particle breakage during 
compaction.  Prior to testing, each specimen was 
soaked for 24 hours in order to evaluate the effect 
of pounding water on railway track sections having 
poor drainage. 

5.3 Test Procedure 

Fully drained triaxial compression tests were 
conducted at relatively low confining pressures (8 
to 240 kPa).  The pressure range is adequate to 
simulate typical confining pressures generated 
within the ballast bed (particles interlocking as well 
as loading from other sleepers) during the 
passage of unloaded to fully loaded trains.  Each 
test specimen was subjected to isotropic 
consolidation under a selected cell pressure prior 
to increasing the axial stress. An axial strain rate 
of 0.7%/min allowed rapid pore pressure 
dissipation of the open graded ballast specimens.   

 
Figure 3.  General View of the Large-Scale 
Cylindrical Triaxial Cell Set for a Test 
The variation of deviator stress was monitored up 
to about 20% axial strain.  The response at peak 
deviator stress (σ1'- σ3')p was considered to be the 
‘failure’, because no distinct failure plane was 
observed (failure mode was by ‘bulging’). 

6 CYCLIC LOADING TESTS 

6.1 Test Equipment 

The deformation and degradation of ballast under 
dynamic triaxial loading of a ballasted track model 
was studied using the large scale, cubicle triaxial 
rig [3].  Upon vertical loading, the sides of the 
equipment are allowed to move with the lateral  

Specimen source 

Test 
Fresh ballast 

(Bombo) 
Recycled ballast 

(St Marys) 
Recycled ballast 

(Chullora) 
AS2758.7-

1996 

Durability     

Aggregate crushing value (%) 12 11 10 <25 

Crushed particles (%) 100 85 92 >95 

Los Angeles value (%) 15 12 11 <25 

Particle density (kg/m3) 2672 2788 2775 >2500 

Point load index (MPa) 6.98 5.39 4.76 - 

Water absorption (%) 1.45 1.78 1.98 - 

Wet attrition value (%) 8 3 5 <6 

Shape     

Flakiness index (%) 25 22 23 <30 

Misshapen particles (%) 20 18 19 <30 
 

Table 3:  Durability and Degradation Characteristics of Fresh and Recycled Railway Ballast 
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flow of ballast.  Therefore, this facilitates ideal 
physical modelling of ballast deformation under 
realistic dynamic loading as compared with 
previously used devices [9, 10].  The triaxial 
equipment accommodates ballast specimens of 
800 x 600 x 600 mm (Fig. 4).  A detailed 
description of the equipment is presented 
elsewhere [3].  The continuous monitoring of 
pressures and displacements (vertical and lateral) 
developed during the test at various depths and 
locations within ballast specimen is enabled by a 
system of load cells, digital vernier callipers, dial 
gauges and settlement plates.  The current test 
program was designed to determine the 
performance of recycled ballast, in relation to the 
number of load cycles and compare this with 
previously reported results on fresh ballast [3]. 

 
Figure 4 – General View of the Large-Scale 
Cubicle Triaxial Rig and the Monitoring 
Instrumentation Ready for Test 

6.2 Specimen Preparation 

During this stage of the study only gradation C 
(fresh ballast) and gradation E (recycled ballast) 
were used.  First of all, a rubber mat was placed in 
the bottom of the triaxial box to provide sufficient 
subgrade reaction (resilience).  It was covered by 
a 150 mm thick capping layer.  A thin geofabric 
insert was laid on top of this capping layer to 
enable quantification of the degradation of the 
ballast layer during dynamic loading.  Next a load 
bearing ballast layer of 300 mm was placed on the 
geofabric and covered by a second layer of 
geofabric.  A rail segment attached to a timber 
sleeper was placed on top of the compacted load 
bearing ballast layer, and the remaining space was 
filled with ballast in order to simulate the crib 
ballast.  Two pressure cells were inserted at the 
sleeper/ballast and ballast/capping interfaces to 
monitor the vertical stresses in the ballast 
specimen.  Settlement plates were installed at 
each of these interfaces to measure the vertical 
deformations of the ballast specimen.  A vibrating 
compactor was used to compact the ballast and 
capping materials in layers of 60–70 mm to 
achieve packing conditions as in the field.  To 
minimize the risk of particle breakage during 
compaction, a 5 mm rubber pad was used beneath 
the vibrator plate.  Bulk unit weights of 16.5 kN/m3 

and 20.1 kN/m3 were obtained for the ballast and 
capping layers respectively.  An initial porosity of 
ballast bed of 40% corresponded to a void ratio 
(eo) of 0.66.  The capping layer was prepared at a 
moisture content of 12.6% and the ballast 
specimens were air dried (moisture content <1%).  
The extent of particle degradation was evaluated 
from the grading of the load bearing ballast layer 
both at the beginning and at the end of each test. 

6.3 Test Procedure 

After preparing the test specimen, the confining 
conditions in the field were simulated by the 
application of low confining pressures (σ2' = 10 
kPa and σ3' = 7 kPa) to the vertical walls of the 
triaxial chamber using a system hydraulic jacks 
and load cells.  Then an initial vertical load of      
10 kN was applied to properly embed the sleeper 
into the surrounding ballast and to stabilize the 
ballast layer.  The new level on the sleeper and 
ballast was used as the reference for all settlement 
and lateral movement measurements.  The 
contact stress at the sleeper/ballast interface 
produced in the field by a typical 25 tonnes per 
axle traffic load was simulated by a cyclic load with 
a maximum load intensity of 73 kN [3].  A train 
speed of 80 km/hour and a 1.5 m bogie wheel 
spacing imposed a frequency of 15 Hz for the 
cyclic load [11].  A typical main lines rail traffic of 
60 MGT, for train speeds of 80 km/h was used to 
determine the total number of cycles (1 million) [3].   

7 ANALYSIS OF TEST DATA 

7.1 Monotonic Load Tests 

7.1.1 Stress – strain behaviour 

The results of isotropically consolidated drained 
triaxial tests for recycled ballast (St Marys 
gradation A) as compared to a similar gradation A 
of fresh ballast, are shown in Fig. 5.  It can be 
seen that the maximum principal stress ratio 
decreases with the increasing confining pressure.  
The volumetric strain changes from dilation 
behaviour towards overall compression with the 
increasing confining pressure (σ3').  The post-peak 
behaviour is characterized by a strain-softening 
behaviour.  Similar behaviour was observed for 
gradation B and C of fresh ballast and for recycled 
ballast supplied from Chullora (data not show 
here).  

7.1.2 Shear strength 

A comparison was carried out between the 
laboratory findings of fresh ballast [2] and recycled 
ballast in terms of the maximum principal stress 
ratio at different values of σ3' (Fig. 6).  The 
markedly high values of maximum principal stress 
ratio at low confining pressure, displayed by all 
specimens, could be attributed to the greater 
frictional interlock of predominantly angular 
particles.  As expected, irrespective of the initial 
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(b) 

Figure 5 –  Typical Stress-strain Behaviour 
During CID Tests at Different Confining 
Pressure Value on: (a) Recycled Ballast; (b) 
Fresh Ballast (modified after Indraratna et at. 
[2]) 

bulk density and grain shape, gradation B (having 
a denser particle packing) shows a higher (σ1'/σ3')p 
in comparison with gradation A.  Recycled ballast 
yields lower (σ1'/σ3')p than fresh ballast due to the 
significant content of partly rounded grains of river 
gravel [12].  The effect of particle shape was 
considerable at low σ3'(8 kPa) where a reduction of 
about 30% of (σ1'/σ3')p was observed.   At  

10 100

Confining pressure, σ3' (kPa)

0

10

20

30

40

50

M
ax

im
um

 p
rin

ci
pa

l s
tre

ss
 ra

tio
, (

σ 1'/
σ 3')

p

Fresh ballast (Bombo Quarry)
        Gradation A, d50 = 39.2 mm
        Gradation B, d50 = 30.3 mm
        Gradation C, d50 = 44.2 mm

Recycled ballast (St Marys/Chullora)
        Gradation A, d50 = 39.2 mm
        Gradation B, d50 = 30.3 mm
        Gradation D, d50 = 42.2 mm
        Gradation E, d50 = 38.0 mm

 
Figure 6.  Influence of Confining Pressure on 
Principal Stress Ratio at Peak for Recycled 
Ballast in Comparison With Fresh Ballast 
(modified after Ionescu et at. [12]) 
increased confining pressure (240 kPa), the 
change in (σ1'/σ3')p is insignificant, hence the grain 
shape is not a determining factor for ballast 
behaviour at high stresses.  Overall, gradation E 
carried higher values of principal stress.   
The shear strength of ballast is a function of the 
strength of parent rock and the level of confining 
pressure generated on track.  Indraratna et al. [13] 
proposed a dimensionless, nonlinear strength 
criterion for rockfill which reasonably describes the 
behaviour of fresh ballast at low confining pressure 
[2].  The results from current test data were plotted 
using the proposed non-linear failure criterion  
(Fig. 7), which is given by:   

( )b
cncf a σσ=στ // ''                    (1) 

where τf' is the shear strength, σc is uniaxial 
compressive strength of intact parent rock, σn' is 
the normal stress, and a and b are dimensionless 
constants depending on the shape, texture, 
gradation and degree of packing of the material.  
The test data fall within a narrow band of which 
upper and lower boundaries are defined in Fig. 7.  
As expected the recycled ballast test results are 
distributed near the lower boundary.  The 
differences in shear strength between fresh and 
recycled ballast are more marked in the lower 
range of confining pressure, which is critical for 
railway tracks (eg. low confining pressure on the 
ballasted foundation, higher risk of loss of stability 
of track). 
The effect of dilatancy on the maximum principal 
stress ratio (σ1'/σ3')p is illustrated in Fig. 8, where 
dilatancy factor Dp is defined by [1-(dεv/dεa)p] [14].  
Figure 8 shows that the relationship between 
(σ1'/σ3')p and Dp is highly non-linear for the applied 
range of confining pressures before becoming 



D. Ionescu, B. Indraratna & D. Christie  Construction Potential of Recycled Railway Ballast  
La Trobe University, Wollongong University & RIC, NSW  Based on Large-Scale Triaxial Tests 

 29.7 Conference on Railway Engineering 
  Darwin 20-23 June 2004 

0.00001 0.0001 0.001 0.01
σn'/ σc

0.0001

0.001

0.01

0.1
τ f'/ 

σ c

a = 0.17
b  = 0.65 a = 0.18

b  = 0.69

Fresh ballast (Bombo Quarry)
        Gradation A, d50 = 39.2 mm
        Gradation B, d50 = 30.3 mm
        Gradation C, d50 = 44.2 mm

Recycled ballast (St Marys/Chullora)
        Gradation A, d50 = 39.2 mm
        Gradation B, d50 = 30.3 mm
        Gradation D, d50 = 42.2 mm
        Gradation E, d50 = 38.0 mm

τf'/σc=  a (σn'/σc)
b 

 
Figure 7 – Normalized Stress-Strength 
Relationship for Railway Ballast 
asymptotic to Dp = 1.85 for higher values of 
maximum principal stress ratio.  By using a 
hyperbolic fit, the following equation is obtained to 
describe the relationship between the ballast 
dilatancy factor and the maximum principal stress 
ratio: 

( )pp d/Rc1/D +=                       (2) 

where, Dp = the dilatancy factor at the maximum 
principal stress ratio, Rp = the ratio of principal 
stress at peak and c, d = test constants.  As shown 
in Figure 8, at the same level of principal stress 
ratio, the recycled ballast exhibits larger dilatancy 
behaviour compared to the fresh ballast, and this 
behaviour is more marked in the lower range of 
the confining pressure (σ3' < 100 kPa).  For the set 
of data presented in Fig. 7, c = 0.52 and d = 2.5 for 
the upper boundary and d = 0.52 and d = 1.4 for 
the lower boundary.  It has been argued that the 
rate of volume change at peak deviator stress 
decreases with increasing confining pressure, and 
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Figure – The Strength—Dilatancy Relationship 
for Railway Ballast 

that larger dilation rates (-dεv/dεa)p are associated 
with a higher maximum principal stress ratio at low 
confining pressures [15]. 

7.1.3 Particle degradation 

The degree of particle breakage influences the 
settlement and ultimately the strength 
characteristics of ballast materials [10, 16].  In 
busy railway tracks, rapid fragmentation of the 
particles and subsequent migration of fines fouling 
the ballast voids is commonly observed [4].  
Particle breakage or degradation contributes to 
differential track settlement and lateral 
displacement, thereby adversely affecting the train 
speed.  Although the actual crushing mechanism 
is complex, it is thought that initially, local crushing 
at interparticle contacts occurs, followed by 
fracture of the relatively weaker particles upon 
further increase in load.  The accumulation of fines 
in the voids causes a decrease in the porosity of 
ballast, which in time can initiate (at certain depths 
below the track surface) undrained failure during 
and after heavy rainfall. 
An evaluation of the degradation characteristics of 
ballast was realised by mechanical sieving of the 
specimens prior to and after each test, and 
recording changes in the particle size distribution.  
These changes are difficult to represent using the 
conventional particle size distribution curve.  
Therefore, an alternative method was developed 
by Marsal [18], where the difference (∆Wk) 
between the retained by weight percentage of 
each grain size fraction before (Wki) and after (Wkf) 
the test is plotted against the aperture of the lower 
sieve corresponding to that fraction.  In this 
method the particle breakage index (Bg) is equal to 
the sum of the positive values of ∆Wk expressed 
as percentage.   
Figure 9 illustrates the variation of the particle 
breakage index with the change in (σ1'/σ3')p.  As 
the value of (σ1'/σ3')p decreases (hence an 
increase in σ3'), the magnitude of Bg increases 
from 0.23% to 11.1%.  As indicated in Figure 9, 
the same amount of breakage corresponds to a 
higher principal stress for fresh ballast when 
compared with the recycled ballast.  At lower 
confining pressures the largest degree of 
degradation was exhibited by gradation E or 
recycled ballast followed by gradation D.  The 
difference in magnitude of Bg for fresh and 
recycled ballast is higher at a lower range of σ3'.  
At higher values of σ3', the change in Bg reduces, 
and therefore ballast behaviour is less affected by 
grain shape.  A non-linear relationship between 
the maximum principal stress ratio and the particle 
breakage index is given by the following: 
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Figure 9 – Effect of Principal Stress Ratio 
Variation on Particle Breakage (modified after 
Ionescu [19]) 

Rp = f (Bg )g                           (3) 
where Rp = the maximum principal stress ratio, 
and f and g = empirical coefficients. 

7.2 Dynamic Load Tests 

7.2.1 Ballast settlement behaviour 
The behaviour of ballast under dynamic loading 
(up to 106 cycles) is non-linear, as shown in  
Figure 10.  As expected, recycled ballast shows 
higher settlement (~ 25%) due to its reduced 
angularity (due to wearing in service) and possibly 
the presence of micro-cracks, as compared to 
fresh ballast.  Independent of the type of ballast, 
under dynamic loading, the settlement 
accumulation rate is high during the first 10,000-
20,000 cycles.  This is clearly due to the dynamic 
compaction of the aggregates (similar to the 
stabilisation phase that takes place on new tracks 
or on recently maintained tracks).  The rapid initial 
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Figure 10 – Settlement of Ballast Under Cyclic 
Loading 

settlement is followed by gradual consolidation 
with an increasing number of load cycles.  During 
this consolidation phase, larger particles lose 
sharp edges causing an increased degree of 
packing, hence higher particle-to-particle contact.  
Upon further loading (beyond 105 load cycles), 
additional settlement accumulates at a diminishing 
rate and further breakage of just formed 
angularities takes place.  It could be considered as 
a secondary degradation of smaller particles.  The 
settlement of ballast under dynamic load was best 
modelled as a power-function of the number of 
load cycles: 

sN = s1 Nα                              (4) 
where sN = settlement after N load cycles, s1 = 
settlement after first load cycle, and α = empirical 
coefficient obtained from non-linear regression.  It 
was reported previously [3] that the applied load 
and degree of compaction affects only the 
coefficient s1.  The coefficient α changed with the 
ballast type therefore, it could be considered a 
ballast characteristic that depends on grains 
strength, shape and texture. 
An alternative (commonly used) logarithmic 
function was employed to relate the settlement 
under dynamic loads to the number of load cycles: 

sN = s1 + β log (N)                  (5) 
where sN and s1 were defined before, and β = is a 
material constant depending on particles 
characteristics. 
Field measurements indicate that the total 
settlement of railway tracks is a combined effect of 
the deformation of the various aggregate layers of 
the substructure [4].  Using the settlement plates 
placed at different points within the specimen it 
was possible to estimate the ballast contribution to 
the total settlement recorded during the test.  The 
data shows that overall, for the fresh ballast 
specimens, more than 60% of the total settlement 
was attributed to the deformation of load bearing 
ballast layer, whereas for the recycled ballast 
specimens, 76% of the total settlement was due to 
the deformation of ballast layer alone (Fig. 11).  
For the similar loading conditions, the difference in 
the settlement of the capping layer recorded on 
both ballast specimens is insignificant. 

7.2.1 Variation of principal strains and volume 
change 

The ballast settlement data along with settlement 
plate measurements were used to calculate the 
vertical strain (major principal strain, ε1) of the 
ballast.  Figure 12 shows the variation of the major 
principal strains (on the ballast specimens) with 
the number of load cycles.  As expected, recycled 
ballast produced higher vertical strain compared to 
fresh ballast.  After 106 load applications, the 
maximum axial strain of the specimen did not 
exceed 5.46% for the recycled ballast and 4.17% 
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Figure 1 – Settlement Contribution of Ballast 
and Capping Layers to the total settlement 
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Figure 12. Variation of principal strains of 
ballast under dynamic load 
for the fresh ballast that correspond to a 
settlement of 16.38 mm for the recycled ballast 
and 12.5 mm for the fresh ballast, respectively.  
The settlement recorded for the recycled ballast is 
about 30% larger than the settlement measured on 
fresh ballast for similar test conditions.  A higher 
initial degree of compaction could reduce these 
settlements.   
The intermediate principal strain (ε2, along the rail 
direction) and minor principal strain (ε3, along the 
sleeper direction) of the ballast were calculated 
from the average lateral movement of the vertical 
walls and initial lateral dimensions of the specimen 
and are presented in Fig. 12. As expected, in the 
least confined direction (ie. perpendicular to the 
rails), the lateral strains (ε3) are negative (ie. lateral 
spread or extension) and they tend to increase 
continually with the increasing number of loading 
cycles.  In the other lateral direction (ie. parallel to 
the rail direction), the magnitude of the lateral 
strain (ε2) (eg. the extent of ballast dilation) is 

limited by the increased confining pressure, and 
seems to reach an equilibrium towards 106 cycles.  
The magnitude of the lateral strains for recycled 
ballast is considerably larger than those of the 
fresh ballast.  This behaviour was expected due to 
the partly rounded/subangular grains shape of the 
recycled ballast.   
The magnitude of the principal strains enabled 
computation of the volumetric strains (data not 
shown here).  This showed that the volumetric 
strains of recycled ballast were expansive whereas 
the volumetric strains of fresh ballast were 
compressive.  Therefore, the overall 30% increase 
in the settlement of the recycled ballast is caused 
by the combined action of packing of the particles, 
degradation and considerable lateral spread (flow) 
of the ballast under dynamic loading, due to the 
presence of partially subrounded/subangular 
grains. 

7.2.2 Particle degradation 

It has been stated already that the degree of grain 
crushing highly influences track performance      
[1, 4].  The degradation of grains due to 
interparticle attrition, chipping of edges at inter-
grain contact, and partial or complete fracture of 
the weaker grains is a complex and continuous 
process.  This process is associated with the 
differential settlement and loss of drainage 
properties of the ballast layer and is commonly 
observed in overstressed railway foundations [12].  
Also, it was reported that the primary cause of 
ballast contamination is the degradation of 
aggregates, which accounts for up to 40% of 
fouled material [19]. 
Placing thin geotextile insertions at the 
sleeper/ballast and ballast/capping interfaces 
enabled evaluation of the degradation 
characteristics of both the crib ballast and the load 
bearing ballast.  For quantifying the extent of grain 
breakage a similar technique to that used for the 
cylindrical triaxial specimens was employed.  The 
variation of the particle breakage index with the 
particle size and shape during dynamic tests is 
presented in Figure 13. 
As illustrated in Fig. 13, the breakage affects 
mainly the larger grains (> 26.5 mm).  As 
expected, the degradation phenomenon is more 
pronounced for the recycled material than for the 
fresh ballast.  This could be due to a small 
percentage of weaker grains (eg. sedimentary rock 
from cut in the escarpment) or due to presence of 
microfissures in the recycled ballast particles.  
Also, the magnitude of the breakage index for 
fresh ballast is larger for the 53 mm grains fraction 
(due to breakage of sharp edges).  For the 
recycled ballast the 37.5 mm grain fraction exhibits 
larger particle degradation.  Smaller particles 
seem to suffer an insignificant degree of 
degradation.  However, the magnitude of the 
breakage index varied from 1.51% for fresh ballast 
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Figure 13 – Change in particle size distribution 
in the cubical triaxial rig 
to 2.22% for recycled ballast subjected to similar 
test conditions, resulting in a 47% increase in 
particle degradation. 

8 CONCLUSIONS 

The current study was conducted to evaluate the 
construction potential of recycled ballast.  The 
behaviour of railway ballast was investigated 
under static and dynamic loading conditions using 
large-scale cylindrical and cubicle triaxial tests.  
The results confirm that independent of type of 
ballast the deformation and degradation of railway 
ballast is determined by the loading conditions.  It 
also showed that independent of loading 
conditions and ballast type the load-deformation 
(stress-strain) curves were non-linear.  This could 
be associated with the complex packing and 
crushing of the ballast grains. 
The CID triaxial tests on recycled ballast showed 
that at low levels of confining pressure (<100 kPa), 
depart significantly from the behaviour of fresh 
ballast.  However, at larger confining pressure the 
behaviour of recycled ballast is comparative to that 
of fresh ballast.  The test results also confirmed 
that the shear strength and the degree of particle 
degradation (breakage), whilst influenced by the 
particle size distribution of the ballast, mostly are 
affected by the applied confining pressure.  As 
expected the tests showed that at similar level of 
confining pressure the recycled ballast displayed 
higher degree of particle crushing and a higher 
rate of dilation (expansion).  The modified non-
linear shear strength criterion (previously 
employed to describe the behaviour of fresh 
ballast) proved to fit the railway ballast behaviour 
and could be employed for the preliminary design 
of tracks. Overall, the test data showed that the 
shear strength of recycled ballast is quite 
acceptable.  However, due to larger lateral 
deformation (eg. lateral flow of crib and shoulder 
ballast in the field) and the associated degradation 
its application needs to be considered carefully.   
Although the CID triaxial tests provided valuable 

information on the behaviour of recycled ballast its 
true settlement behaviour in the track is not 
modelled accurately due to the excessive 
confinement provided during the test.  In contrast, 
the cubicle triaxial cell allows lateral movement of 
the ballast, besides an unconfined crib ballast 
surface, thereby providing a more realistic 
settlement prediction of the ballast bed due to 
various loading patterns and associated particle 
degradation.   
Monitored data from dynamic, cubical triaxial tests 
clearly indicate that independent of ballast type the 
settlement increases with the number of cycles 
(following a power or logarithmic function).  A rapid 
settlement rate (stabilisation) was exhibited initially 
by both ballast samples followed by a gradual 
consolidation with the increasing number of cycles, 
however at a diminishing rate.  The degradation 
and deformation of both types of ballast 
contributed the most to the overall settlement 
measured at sleeper level on the modelled track 
section.  Nevertheless, the behaviour observed for 
the recycled ballast during the CID triaxial tests 
were confirmed by the results from dynamic 
cubical triaxial tests.  The extent of settlement, 
lateral flow and degradation were larger for the 
recycled ballast specimens than those measured 
for fresh ballast.  Overall, coarser grain fractions 
(53-37.5 mm) underwent most crushing, while the 
particles less than 15 mm experience insignificant 
breakage. 
The current study identified the advantages (an 
initial reduced supply cost and the obvious 
environmental implications of preserving natural 
resources) and the disadvantages (larger 
volumetric deformation during shear with 
implications on the strength at low confining 
pressure expected in the shoulder and crib ballast) 
of using recycled ballast for railway tracks 
construction.  Therefore, it might be suitable for 
lower part of the load bearing ballast layer where 
the confinement is higher.  In addition, the 
settlement, lateral flow and degradation of 
recycled ballast could be minimised by geo-
textile/geo-grid inserts at the ballast capping 
interface. 
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SUMMARY 
The major part of rail track maintenance cost is associated with ballast related problems and subgrade 
failure.  The maintenance cost of substructure of ballasted railway tracks can be significantly reduced if a 
better understanding of the physical and mechanical properties of the substructure, in particular the ballast 
layer is obtained.  This study addresses some promising findings of the dynamic behaviour of ballasted 
tracks, based on large-scale laboratory testing.  The geotechnical characteristics of ballast, under cyclic 
loading and the role of geosynthetics in reduction of ballast particle breakage and track settlement are 
presented.  Furthermore, based on a large-scale consolidometer rig, the effect of prefabricated vertical 
drains to optimise primary consolidation in soft formation soils is investigated.  The main factors affecting the 
efficiency of prefabricated vertical drains including smear effects when employed in rail tracks with soft 
formation are also discussed.  
 
1 INTRODUCTION 
Rail transport is under increasing pressure to 
become a viable commercial alternative to road 
transport, in order to reduce congestion on state 
highways. The pressure is reflected in the demand 
for increased speed, increased loads and longer 
trains at reduced maintenance costs. In Australia, 
concrete or timber sleepers are placed on a layer of 
ballast that support the railway track, and the ballast 
bed rests on a sub-ballast layer, which forms the 
transition layer to the formation. The passage of 
trains subjects ballast to large cyclic loads and 
vibrations that can cause compaction, slip, rolling, 
attrition and fracture of the ballast particles. These 
deformation mechanisms lead to substantial track 
settlements. In the event of differential settlement, 
the track can become misaligned, resulting in an 
increased chance of derailment and decreased 
passenger comfort. Ballast and subgrade 
(formation) performance is a major contributor to 
track reliability and the annual cost of maintaining 
the track geometry, to a standard that provides a 
satisfactory commercial return.  
The good quality railway ballast should have angular 
particles, high specific gravity, high shear strength, 
high toughness and hardness, high resistance to 
weathering, minimum hairline cracks and rough 
surface [1-5]. However, the sources of high quality 
ballast are limited, and under dynamic loading 
conditions, most ballast properties change 
progressively due to breakage, deformation and 
fouling. Ballast fouling decreases permeability and 
therefore, causes hydraulic erosion, reduction in 
stability due to particle lubrication, subgrade attrition 
and ballast deterioration due to the delay in 
dissipation of excess pore water pressures. 

Furthermore, thick deposits of soft formation, 
extensive in coastal regions of Australia, exhibit low 
shear strength, low bearing capacity, and high 
compressibility resulting in excessive settlements 
over long periods of time under cyclic load of trains. 
As a result, there are several issues required to be 
corrected in railway tracks, namely: increase the 
shear strength and the bearing capacity of the 
subgrade soil, prevent the contamination of ballast 
with subgrade fines, and dissipate the high pore 
water pressures built up by cyclic train loading at 
ballast–capping interface. 
A comprehensive understanding of the mechanical 
behaviour of ballast is required if track irregularities 
are to be prevented, and maintenance costs to be 
reduced. Accordingly, the University of Wollongong 
under the auspices of the Cooperative Research 
Center for Railway Engineering and Technologies 
(RAIL-CRC) and in collaboration with other railway 
organisations has initiated a broad research 
program to investigate the behaviour of rail-track 
under cyclic loading.  The following investigations 
are conducted, and the findings of the study are 
presented in the paper.  They consist of: 
(1) Studying the effect of ballast properties on 

particle degradation, based on many static and 
dynamic tests using large-scale cylindrical 
triaxial testing   

(2) Investigating the potential of geosynthetics 
(geogrids, geotextiles and geocomposites) in 
enhancing the performance of ballasted tracks 
and quantifying the effect of their inclusion in 
reduction of ballast degradation, fouling and 
track excessive deformation, based on a large-
scale prismoidal triaxial testing 
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(3) Improving track soft formation with vertical 
drains by optimising the accelerated 
consolidation process, based on large-scale 
consolidometer testing 

2 BALLAST BEHAVIOUR 
Ballast is a free draining granular material used as a 
load bearing material in railway tracks.  It is 
composed of medium to coarse gravel sized 
aggregates (10–60 mm) with a small percentage of 
cobble-sized particles [5].  Ballasted tracks are still 
the most common railroad structure due to its 
relatively low cost of construction and the possibility 
of maintenance.  The thickness of the ballast should 
be such that the subgrade is loaded uniformly as 
possible. The optimum thickness is usually 250 to 
300 mm measured from the lower side of the 
sleeper [6].  The main functions of ballast are: the 
distribution of the load from the sleepers, damping of 
dynamic loads, providing lateral resistance and 
providing rapid drainage.  
The ballast characteristics required for the above 
functions are clearly contradictory in some aspects, 
thus a particular ballast cannot fulfil all of them 
completely [7]. It could be argued that for high load 
bearing characteristics and maximum track stability, 
the ballast needs to be angular, well graded, and 
compact which in turn reduces the drainage of the 
track. Therefore, a balance between bearing 
capacity and drainage needs to be achieved. To 
elucidate this point, the main geotechnical properties 
of ballast are discussed in this part. In Section 3, it is 
shown that usage of geosynthetics with special 
characteristics in track bed may supplement or 
further improve the various functions that ballast is 
required to perform. 
2.1 Physical Properties of Ballast 
Physical properties of ballast are largely responsible 
for successful ballast performance in the field 
environment.  The physical properties of ballast can 
be divided into two categories.  The first group is 
concerned with the properties of individual particles 
including a petrological examination, durability test, 
and shape and surface examination before being 
declared suitable.  The second category considers 
the physical properties of ballast particles that are in 
contact with each other, but not influencing 
deformation.  These properties are permeability, 
void ratio, bulk density and specific gravity.  
The extent to which a given aggregate is considered 
suitable is largely determined by its petrological 
examination. In that analysis, rock type, geological 
and chemical properties, texture and mineralogy of 
ballast particles are examined. After suitable rock 
types have been determined from a petrological 
analysis, durability testing is conducted. Individual 
particles are tested for toughness, wearing by 
attrition, resistance to crushing under static loading 
and resistance to sudden shock loading. Ballast that 
satisfies the durability requirements is then 
subjected to further examination that evaluates 

shape and surface characteristics, gradation, and 
detects the existence of impurities. These tests are 
concerned with establishing a quantitative estimate 
of the resistance to in-track instability and 
degradation under loading. Tests include flakiness, 
elongation, sphericity, angularity or roundness, 
fractured particles, surface texture, grain size, 
particle size distribution (PSD), fine particle content, 
clay lumps and friable particles.  
 
A number of serious track problems, including 
fouling, pumping, subgrade failure and excessive 
ballast breakdown are related to lack of adequate 
drainage of the ballast layer. The permeability and 
void ratio are important factors that are ultimately 
responsible for long-term track drainage. It is well 
known that permeability decreases with increasing 
compaction and cementation, and it increases with 
higher void ratio and coarser particles.  
 
The specific gravity and bulk density of the ballast 
are two properties that play pivotal roles in rail track 
safety. Bulk density is a function of the particle 
specific gravity and the void ratio. Two methods can 
be employed to increase the bulk density, namely, 
the use of denser particles and a broader gradation. 
Ballast with higher specific gravity can improve the 
strength and stability of railway track, increase 
durability under cyclic loading and minimise ballast 
settlement [3]. It has been shown that the higher the 
specific gravity of an aggregate, the greater the 
holding capacity of the ballast and the lower the 
degradation. It can be noted that lateral stability of 
curved tracks, which is essential for track safety, can 
be improved by the use of ballast with high specific 
gravity. The bulk density and specific gravity control 
the stability of the track and should be maximised 
without significant reduction in drainage. 
2.2 Mechanical Properties of Ballast 
Three important aspects of mechanical properties of 
ballast, namely: shear strength, settlement and 
degradation, are discussed in this paper. Further 
critical review and discussion on this topic can be 
found in Indraratna et al. [3-5]. 
2.2.1 Shear strength 
Conventionally, the shear strength of granular 
materials is assumed to vary linearly with the 
applied stress, and the Mohr-Coulomb theory is 
used to describe the conventional shear behaviour. 
Recent research by Indraratna et al. [4] and 
Ramamurthy [8], among others has shown that 
when soils at high stresses and rocks at low normal 
stresses are tested, a non-linear shear strength 
response is obtained. Hence, one value set of 
cohesion intercept, c, and the angle of shearing 
resistance, φ, cannot be used to accurately 
represent the failure envelopes corresponding to the 
entire range of stresses. Indraratna et al. [9] 
proposed a non-linear strength envelope obtained 
during the testing of granular media at low normal 
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stress. This non-linear shear strength envelope is 
represented by the following equation: 

τf  / σc = m (σ′n / σc)n                                                (1) 

where,  σc is the uniaxial compressive strength of 
parent rock determined from the point load test, m 
and n are dimensionless constants, τf is the shear 
strength at failure, and σ′n is the effective normal 
stress. The non-linearity of the strength envelope is 
governed by the coefficient n. For small confining 
pressures (below 200 kPa) representative of rail 
tracks, n takes values in the order of 0.65 – 0.75. A 
large-scale cylindrical triaxial apparatus, which could 
accommodate specimens of 300 mm diameter and 
600 mm high, was used by Indraratna et al. (1998) 
to verify Equation (1). The testing equipment is 
shown in Figure 1. The results of that study 
associated with latite basalt in a normalized form are 
plotted in Figure 2, with other results obtained for 
various sources of basalt [10-12].  
 

 
 

Figure 1 – Large-scale cylindrical triaxial 
apparatus built at the University of Wollongong 

[4]  

2.2.2 Ballast degradation  
The main causes of ballast degradation are large 
cyclic loadings and vibration, temperature and 
moisture fluctuation, as well as impact load on 
ballast due to severe braking. The degradation of 
ballast particles can occur in three ways [13]: 

(a) The breakage of particles into approximately 
equal parts. This breakage is responsible for 
the long-term stability and safety of the track.  

(b) The breakage of angular projections, which 
influences the initial settlement.   

(c) The grinding off of small-scale asperities. The 
presence of fines can cause fouling and reduce 
drainage. 
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Figure 3 – Effect of particle breakage on friction 
angle of ballast at various confining pressures 

(modified after Indraratna and Salim [14]) 
 
The main factors that have effects on ballast 
breakage can be divided into three categories: 
1) Ballast properties related to the characteristics 

of the parent rock (e.g. hardness, specific 
gravity, toughness, weathering, mineralogical 
composition, internal bonding and grain size) 

2) Particle properties associated with the blasting, 
crushing and transportation processes (e.g. 
soundness, particle shape, particle size and 
surface smoothness)  

3) Factors related to the field/experimental 
variables (e.g. confining pressure, initial density 
or porosity, thickness of ballast layer, ballast 
gradation, presence of water or ballast moisture 
content, dynamic loading pattern including train 
speed and frequency) 

Modelling of Particle Breakage:  The degree of 
particle breakage affects the strength characteristics 
of coarse aggregates. An analytical model has been 
developed by Indraratna and Salim [14] to include 
the relationship of the deviator stress ratio (q/p′), 
rate of dilation (dεv/dε1), basic friction angle (φf), and 
the rate of energy consumption due to particle 
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breakage. Based on the proposed model, the 
deviator stress ratio becomes:  
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where, dε1 and dεv are the increments of major 
principal strain and volumetric strain, respectively. 
The parameter p′ is the mean effective stress, q is 
the deviator stress, and dBg is the increment of 
breakage index associated with dε1. The function 
f(dBg / d ε1) in Equation (2) remains to be determined 
based on laboratory triaxial testing. Equation (2) was 
employed along with drained triaxial test results of 
fresh ballast, and the resulting effects of particle 
breakage and dilatancy on the friction angle of 
ballast are shown in Figure 3. 
 
Quantification of Particle Breakage: The breakage of 
ballast causes differential track settlement and 
excessive lateral movement. Accumulation of 
crushed particles in the void spaces between larger 
aggregates decreases the permeability of ballast. In 
order to evaluate the degradation characteristics of 
recycled ballast with and without geosynthetics, the 
load bearing ballast was isolated from the crib 
ballast and capping materials by placing a very thin 
non-woven geotextile at the interfaces, which 
prevented migration of pulverized particles between 
these layers. Before and after the test, each ballast 
specimen was sieved, and the changes in ballast 
grading were recorded. Since the changes in 
particle size due to degradation of ballast cannot be 
illustrated clearly in the conventional particle size 
distribution plots, an alternative method was 
developed by Marsal [15], where the difference in 
percentage retained by weight of each grain size 
fraction before (Wki) and after (Wkf) the test is 
defined as ∆Wk. Marsal (1967) introduced an index 
of particle breakage (Bg), which is equal to the sum 
of the positive values of ∆Wk, expressed as a 
percentage. 
 

∑ >∆= )0W(B kg                                                   (3) 

where, kfkik WWW −=∆  
 
Effect of PSD on Particle Breakage: Using the large-
scale cylindrical apparatus at the University of 
Wollongong, which has recently been upgraded by 
installing a dynamic actuator to conduct cyclic 
loading tests (see Figure 4), a series of experiments 
have been conducted to examine the effect of 
ballast particle size distribution on ballast 
degradation and settlement [17].  The four different 

particle size distributions tested, along with their 
respective Cu values, are given in Table 1. The 
distributions are described as ‘very uniform’, 
‘uniform’, ‘gap graded’ and ‘well graded’. Past 
research has shown that the ballast particle sizes 
most prone to breakage are those around 38 mm 
[16].  The gap graded distribution is very similar to 
the uniform graded distribution but contains no 
particles retained on the 37.5 or 40 mm sieves.  This 
particular grading was incorporated into the testing 
schedule to examine what effect the removal of a 
vulnerable particle size has on ballast degradation. 
 

Percentage Passing Sieve 
Size 
(mm) 

Very 
uniform Uniform Gap 

graded 
Well 

graded 

63  100 100 100 
53 100 85 90 77.8 

45 66 50 45 59.3 

40 43 30 45 46.5 

37.5 23 20 45 40.3 

31.5 10 14 16 26.6 

26.5 0 9 8 16.3 

22.4  5 3 10.1 

19  1 1 5.7 

16  0 0 2.1 

9.5    0 

Cu* 1.39 1.72 1.68 2.03 
* Coefficient of uniformity 

Table 1: Particle size distributions of samples 
used in experiments 

 
Ballast samples were made of fresh basalt from 
Bombo quarry in NSW.  Properties of latite basalt 
used in the tests are given in Table 2. Samples were 
first compacted to a bulk unit weight of 15.5 kN/m3 
using a jackhammer. Compaction was carried out in 
ten layers for one minute per layer. There was a 
slight variation in initial specimen density due to the 
different compressibility of each distribution. The 
sample was then subjected to a small confining 
pressure and consolidated overnight. A back-
pressure was also applied to allow sample 
saturation and to prevent negative pore water 
pressure development. The cyclic load was applied 
with a maximum load 21 kN. The tests were 
conducted at a frequency of 20 Hz. The total 
number of load cycles applied in each test was half 
a million. 
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Figure 4 – Cylindrical triaxial apparatus with 

dynamic actuator at UoW 
 
Table 3 indicates the average breakage indices of 
several samples with different PSD.  The results 
show that well graded distribution results in minimal 
ballast degradation.  The results also indicate that 
by removing vulnerable particle sizes from the 
distributions currently used on railway lines, 
reductions in degradation can be achieved. 
However, there are a number of problems 
associated with employing a very well graded 
distribution in track.  Two of the most important are 
size segregation and a reduction in drainage. Future 
tests using the large-scale cylindrical triaxial 
apparatus will study the interaction of the entire 
substructure, with and without using geosynthetics. 
Evaluating the success of well graded ballast with 
inclusion of geosynthetics to prevent substructure 
problems, such as clay pumping, loss of track 
resiliency, ballast fouling, and delay in dissipating 
excess pore water pressures, is currently being 
carried out at the University of Wollongong.  
 

Property Test value 
Australian 
Standard 

value 
Agg. crushing value 12% <25%
Los Angeles abrasion 15% <25%
Wet attrition value 8% <6%
Point load index 5.39 MPa -
Crushing strength 130 MPa -
Unit weight 15.3 kN/m3 >12 kN/m3

Bulk specific gravity 2.65 >2.5
Flakiness (shape) 25% <30%
Misshapen particles 20% <30%
Fines (< 75 µm) 0% <1% 

Table 2:  Properties of latite basalt (the fresh 
ballast used in the tests) 

 

Sample Type  Average Breakage Index 

Very uniform 4.28 
Uniform 2.31 

Gap graded 1.41 

Well graded 1.35 

Table 3: Breakage index of ballast samples 
under cyclic loading 

2.2.3 Settlement  
The settlement of ballast can be both elastic (such 
as the initial settlement due to the compaction of 
ballast) and plastic (due to breakage of ballast 
particles).  As identified by Selig and Waters [18], 
settlement of ballast may not be a problem if it is 
occurring uniformly along the length of the track. In 
fact, differential track settlement is more important 
than the total track settlement.  In the long-term, 
however, the subgrade is more influential. Selig and 
Waters [18] believe that ballast will be the main 
source of settlement under the following conditions, 
whereby there is: 
• a separation layer (subballast) between the 

coarse ballast and fine subgrade, 
• a strong subgrade or subballast/subgrade 

combination, and 
• good drainage of water. 
Under other circumstances, the ballast layer may 
not be the main contributor of settlement. 
The settlement of ballast is influenced by large 
trainloads, the number of load cycles, and high 
speed of train. There is an initial stabilisation stage 
where settlement is rapid, followed by settlement 
over an extended period at a decreasing rate [19]. 
Jeffs and Marich [2] and Indraratna et al. [4] among 
others, based on their experimental studies, 
reported that the relationship between the number of 
load applications and settlement of ballast is 
nonlinear. The rail track settlement can be related to 
the number of load cycles by a semi-logarithmic 
relationship: 

SN =S1 (1+b.log N)                                                  (4) 

where, SN is the settlement of ballast at N load 
cycles, S1 is the settlement at first cycle, and b is an 
empirical constant depending on initial compaction, 
type of ballast, type of reinforcement and degree of 
saturation. 

3 IMPROVEMENT OF BALLAST 
PREFORMANCE USING GEOSYNTHETICS 

Based on relatively low cost and the proven 
performance of geosynthetics in a number of railway 
applications, the railway geotechnics research group 
at the University of Wollongong has conducted an 
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extensive research to investigate the effects of the 
different types of geosynthetics on stabilisation of 
fresh and recycled ballast.  
In order to reduce the accumulation of discarded 
ballast, to minimise the cost of track maintenance 
and to reduce the environmental degradation by 
further quarrying for fresh ballast, the selected waste 
ballast may be cleaned, sieved and reused in the 
track. However, since the angularity of recycled 
ballast is decreased by the degradation of sharp 
corners in the previous loading cycles, it is expected 
that recycled ballast will provide higher settlement 
and lateral deformation, compared to fresh ballast. 
Before utilizing recycled ballast in the track, its 
behaviour and performance needs to be 
investigated to ensure the compliance with the 
required stability and safety criteria stipulated by 
various rail authorities. 
The research findings associated with inclusion of 
geogrid and geotextile in enhancement of 
mechanical properties of recycled ballast were 
presented in CORE2002 by Indraratna et al. [20]. In 
this paper the results of latest tests to evaluate the 
effect of bonded geosynthetics (geocomposite) on 
stability of recycled ballast samples in wet and dry 
conditions are presented. 
3.1 Material Properties 
Recycled ballast used in this study was collected 
from Chullora stockpile near Sydney.  Physical 
examination indicated that about 90% of the 
recycled ballast consisted of semi-angular crushed 
rock fragments, while the remaining 10% consisted 
of semi-rounded river gravels and other impurities 
such as sleeper fragments and cemented materials. 
The fresh ballast was collected from Bombo quarry 
near Wollongong.  It represents sharp angular 
aggregates of crushed volcanic latite ballast.  The 
capping layer was used beneath the ballast 
specimen to act as a filter and separator between 
the subgrade and ballast bed.  A thin layer of 
compacted clay was used beneath the capping 
layer.  For comparison of behaviour, all fresh and 
recycled ballast specimens were prepared according 
to the same gradation curve.  Figure 5 shows the 
particle size distribution of fresh and recycled ballast 
before testing. 
Three types of geosynthetics, namely (a) geotextile, 
(b) geogrid and (c) geocomposite, were used in the 
current study to stabilise the recycled ballast. The 
geotextile was a high strength woven polypropylene 
polymer with 0.25 mm pore size and 420 g/m2 unit 
mass. The geogrid was a polypropylene in 
rectangular mesh (40×27 grid) with 420 g/m2 unit 
mass. The geocomposite, with 560 g/m2 unit mass, 
was the same geogrid bonded with a non-woven 
polypropylene geotextile.  

3.2 Laboratory Experiments Using Large 
Scale Cubicle Triaxial Rig 

To model the cyclic loading response of ballasted 
tracks, a large-scale prismoidal triaxial rig of 
800 mm length, 600 mm width and 600 mm height 
was designed and installed at the University of 
Wollongong (see Figure 6).  By allowing the lateral 
strain of ballast upon loading, this triaxial rig with 
unrestrained sides provides an ideal facility for 
physical modeling of ballast under cyclic loading. In 
the laboratory model, a servo-hydraulic actuator 
provides the vertical cyclic load, and the load is 
transmitted to the ballast through a 100 mm steel 
ram and a rail-sleeper arrangement.  A system of 
hydraulic jacks and load cells attached to the vertical 
walls of the rig provides the intermediate and minor 
principal stresses.  More details of this apparatus 
can be found in Indraratna et al. [4]. 
In order to model a real track, the triaxial chamber 
was filled with ballast and other materials in several 
layers. The bottom layer consisted of compacted 
clay of 50 mm thick, to simulate the subgrade soil. 
The capping layer (100 mm) was formed of 
compacted mixture of gravel and sand, to represent 
sub-base layer. The load bearing ballast (300 mm) 
and crib ballast (150 mm) layers consisted of fresh 
or recycled ballast. A timber sleeper and rail 
segment were placed above the compacted load 
bearing ballast. The space between the sleeper and 
the walls was filled with crib ballast. A geosynthetic 
reinforcement layer was placed at the ballast-
capping interface, to optimise the performance of 
recycled ballast. Two pressure cells were installed at 
the sleeper-ballast and ballast-capping interfaces, to 
monitor the vertical stresses on the ballast 
specimen. 
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Figure 5 – Particle size distribution of ballast 

samples before testing 
 
Eight settlement plates were installed at each of 
sleeper-ballast and ballast-capping interfaces.  The 
ballast and capping layers were compacted with a 
vibratory hammer in several layers, each about 
75 mm thick, to achieve representative field 
densities.  The bulk unit weights of the compacted 
ballast layer and capping layer were about 
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15.3 kN/m3 and 21.3 kN/m3, respectively.  The initial 
void ratio of ballast layer was about 0.74.  All test 
specimens were compacted to the same initial 
density. The deformations of the ballast and the 
lateral movements of the vertical walls were 
measured using 18 electronic potentiometers, which 
were then connected to a data acquisition system.  
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Figure 6 – Large-scale cubical triaxial rig built at 

the University of Wollongong [4] 
 

After preparing the test specimen, small lateral 
stresses (σ'2 = 10 kPa and σ'3 = 7 kPa) were applied 
to the vertical walls of the triaxial chamber through 
hydraulic jacks, to simulate field confining stresses. 
The cyclic load was applied with a maximum load 
intensity of 73 kN to produce the same average 
contact stress at the sleeper-ballast interface in the 
track for a typical 25 tonnes/axle traffic load.  The 
tests were conducted at a frequency of 15 Hz, 
simulating a train speed of 80 km/h. The total 
number of load cycles applied in each test was half 
a million.  The cyclic loading was halted at selected 
number of load cycles, and the readings of 
settlement, lateral movement of walls and loading 
magnitudes were recorded. 

3.3 Results and Discussion 
3.3.1 Ballast settlement and strains 
The variation of sleeper settlement under cyclic 
loading is shown in Figure 7 for initially saturated 
ballast specimens without pore pressure 
development during testing.  This figure confirms 
that the behaviour of railway ballast under cyclic 
loading is highly non-linear.  Similar behaviour was 
also reported in the previous studies [e.g. Indraratna 
et al., 2000].  As expected, fresh ballast produces 
the minimum settlement.  Recycled ballast without 
reinforcement shows much higher settlement 
compared to fresh ballast.  Figure 7 clearly shows 
that the inclusion of geocomposite in recycled 
ballast improves its resistance to settlement, and 
compares well with fresh ballast.  Inclusion of either 
geotextile or geogrid in recycled ballast improves the 

settlement behaviour moderately, but not to the 
same extent as that of the geocomposite.  
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Figure 7 – Variation of settlement with number of 

cycles (initially saturated specimens) 
 
The sleeper settlement data and measurements of 
settlement plates placed at the ballast-capping 
interface were used to calculate the vertical strain 
(ε1) of the ballast specimen.  The lateral strains of 
ballast ε2 and ε3 (the strains perpendicular and 
parallel to the sleeper, respectively) were calculated 
from the average lateral movements of the vertical 
walls and the initial lateral dimensions of the 
specimen.  Figure 8 shows the vertical strain of 
ballast against the number of load cycles for 
saturated test specimens.  This figure verifies that 
the geogrid-geotextile composite is more effective, 
in reducing ε1, than the geogrid or the geotextile 
used alone.  Figure 8 also indicates that after the 
initial rapid settlement, the vertical strain of ballast is 
related linearly with the number of load cycles, 
irrespective of the type of ballast and reinforcement.  
The variations of strain parallel to sleepers, ε3, (in 
the direction of the lowest confinement) with 
increasing number of cycles are shown in Figure 9 
for wet specimens. This minor principal strain of 
recycled ballast with no stabilization is higher than 
that of fresh ballast. Inclusion of geogrid in recycled 
dry ballast decreases the lateral strain slightly. 
However, inclusion of geotextile or geocomposite 
decreases ε3 to even less than that of fresh ballast 
at a higher number of load cycles. The experimental 
results of deformation for ballast specimens tested 
in dry condition are not shown here, as their general 
behaviour has been similar to saturated samples but 
indicating less settlement, vertical and lateral 
strains.  
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Figure 8 –Variation of vertical strain of ballast 
under cyclic loading (saturated specimens) 
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Figure 9 – Variation of lateral strain of ballast 
under cyclic loading (saturated specimens) 

 
3.3.2 Particle brakeage  
In order to evaluate breakage index based on 
Marsal’s [15] method, each ballast specimen was 
sieved before and after the test, and the changes in 
ballast grading were recorded.  Figure 10 shows the 
variation of  ∆Wk with different grain sizes of ballast 
for saturated specimens.  The breakage index 
values of different ballast specimens used in this 
study are given in Figure 11 for comparison.  Table 
4 shows the relative breakage indices of ballast 
samples compared to dry fresh ballast specimen.  It 
is clear that fresh ballast suffers the least 
degradation, while recycled ballast is more 
vulnerable to breakage.  Inclusion of geosynthetics 
to recycled ballast increases its resistance to 
degradation.  
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Figure 10 – Change in particle size of ballast 
under cyclic loading (saturated specimens) 

 
Relative Breakage 

Index Type of test 
Dry  

Samples  
Wet 

Samples  
Fresh ballast (FB) 1.00 1.09 

Recycled ballast (RB) 1.97 2.13 

RB with geotextile 1.04 1.09 

RB with geogrid 1.13 1.25 

RB with geocomposite 1.01 1.07 

Table 4. Relative breakage indices of ballast 
samples compared to the dry fresh ballast 

specimen 
 
The test results indicate that recycled ballast 
experiences 97% more breakage compared to fresh 
ballast under similar loading conditions.  The 
presence of micro-cracks in recycled ballast under 
the previous loading cycles is believed to be a major 
reason for its higher particle degradation.  Inclusion 
of a geogrid-geotextile composite layer in recycled 
ballast decreases particle breakage by about 48% 
(in dry condition) and 50% (in wet condition).  These 
reductions are almost the same as that of fresh 
ballast without geosynthetics, in both dry and 
saturated specimens. 
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Figure 11 – Breakage indices of ballast samples 

with and without geosynthetics 
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4 IMPROVEMENT OF SOFT FORMATION 
USING GEOSYNTHETIC VERTICAL DRAINS 

Due to the rapid growth of infrastructure, particularly 
in the costal regions of many countries, they are 
expected to encounter construction of embankments 
and railways on soft clay formation with high 
compressibility and low bearing capacity.  
In order to stabilise soft soil, which lacks the 
strength to carry the dynamic loads of train traffic, 
various factors need to be considered.  The main 
objectives of improvement of soft soil are:  

• Increasing bearing capacity, which results in 
reduction of ballast height 

• Deformation reduction especially differential 
settlement of the track 

• Prevention of erosion due to rapid drainage and 
surface runoff. 

To achieve these goals, the different technical 
aspects of ground improvement (such as 
replacement, dewatering, densification, solidi-
fication, and reinforcement) should be considered.  
The application of preloading over unconsolidated 
soft soil is regarded as one of the classical and 
popular methods in practice.  However, in case of 
thick soil deposits with low permeability, the 
consolidation time is considerably long, hence, a 
system of vertical drains is often introduced to 
accelerate radial drainage and consolidation.  The 
performance of various types of vertical drains 
including gravel piles, sand compaction piles, sand 
drains, and prefabricated (geosynthetic) vertical 
drains have been investigated by several 
researchers (e.g. [21-23]).  It is found that among 
different techniques, employing prefabricated 
vertical drains (PVDs) is a very cost-effective 
method [23].  Although, PVDs are much smaller in 
cross section than sand drains, the installation 
patterns are similar to those for sand drains (square 
or triangular) with typical spacing ranging between 
1.2 and 4 m.  The installation costs of PVDs are 
much lower than sand drains. As reported by Holtz 
et al. [22] sand drains cost 5 to 8 times more than 
PVDs. Furthermore, the maximum length of PVDs 
can be up to 60 m, which is twice as the maximum 
length of sand drains. 
Current PVDs have a rectangular cross section, 
typically 100 × 5 mm, and are manufactured in long, 
thin strips or bands.  They are geocomposites and 
consist of a plastic core with grooves, studs or 
channels that are surrounded by a filter, most 
commonly made of a non-woven geotextile (see 
Figure 12).  The installation of PVDs is conducted by 
pushing a steel mandrel into the clay layer down to 
the desired depth. It is important to note that the 
insertion of the mandrel causes significant 
disturbance of the clay layer surrounding the drain, 
resulting in a smear zone.  Consequently, significant 
excess pore pressures build up and the horizontal 
permeability of clays decreases.  In order to study 

the consolidation behaviour of soft soils stabilised by 
PVDs and the factors affecting the performance of 
vertical drains, an extensive research program has 
been conducted at the University of Wollongong. 
The main influencing factors are: (1) estimation of 
smear zone, (2) well resistance of long PVDs, (3) 
vacuum pressure, (4) initial drain unsaturation, (5) 
soil properties, (6) influence zone of drains, and  (7) 
drainage boundary conditions. 
4.1 Laboratory Testing 
A large-scale radial drainage consolidometer was 
designed and installed at the University of 
Wollongong to investigate the role of PVDs. This 
apparatus, as shown in Figure 13, consists of two 
half sections made of stainless steel. The internal 
diameter and the height of the cell are 450 mm and 
950 mm, respectively. The loading system with a 
maximum capacity of 1200 kN is applied by an air 
jack compressor system via a piston. The settlement 
is measured by a displacement transducer placed at 
the top of this piston, and several pore pressure 
transducers have been installed to measure the 
excess pore water pressures at various points. This 
specially designed large-scale consolidometer has 
been used to study the different factors influencing 
the performance of PVDs as discussed earlier. 
4.2 Analysis of Results  
The presentation of analytical, theoretical, numerical 
and experimental findings of our research on vertical 
drains at the Uinversity of Wollongong is beyond the 
scope of this paper. In addition, the effects of cyclic 
loading simulating trainloads on soft clay formation 
stabilised with PVDs is currently carrying out at 
UoW. Thus, herewith, only some results in relation 
to the determination of the smear zone around 
vertical drains based on the variation of horizontal 
and vertical permeability ratio (kh /kv) are shown (see 
Figure 14). According to Bergado et al. [21], the kh 
/kv ratio in the smear zone was found to be close to 
unity, which is in agreement with the results of the 
study of Indraratna and Redana [24]. 
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Figure 12 – Various shapes of cores with 

nonwoven geotextile filter sleeves 
 
The following concluding remarks can be drawn 
from various research phases at the Uinversity of 
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Wollongong in relation to the use of PVDs in high 
plasticity clays: 
(1) The prefabricated vertical drains not only 

increase the consolidation rate, but also reduce 
the lateral deformation; hence decreases the 
risk of damage to adjacent structures. 

(2) The observed retarted efficiency of drains can 
be related to the smear effect, which is due to 
the drain installation by mandrel. This soil 
disturbance affects the rate of pore water 
pressure dissipation, the rate of soft clay 
consolidation, and thus delays field 
construction. The radial extent of the smear 
zone can be as large as 3-4 times of the 
mandrel width. 

(3) Dissipation of pore pressure induced by PVD 
installation is time-dependent and occurs 
without significant soil settlement. However, it 
causes a reduction in void ratio, and therefore, 
the horizontal permeability of the soil in the 
smear zone will reduce. 

(4) Air entrainment at soil-drain interface caused 
by mandrel withdrawal can also affect pore 
pressure dissipation.  

 
(5) The inclusion of smear effect and well 

resistance improves the accuracy of settlement, 
lateral displacement and pore pressure 
predictions. 

(6) For the short length of drains, the well 
resistance is not as significant as the smear 
effect. But well resistance may become 
increasingly pronounced for much longer 
PVD’s. 

 
(7) The application of vacuum preloading 

increases the rate of consolidation due to the 
increased pore pressure gradient towards the 
drain. However, the applied vacuum pressure 
at the drain top may not always be propagated 
to the bottom part of the drain, particularly for 
the majority of long PVDs installed in soft clay. 

 
Figure 13. Large-scale consolidometer built at 

the University of Wollongong [24] 
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Figure 14 – Variation of permeability ratio along 

radial distance from the drain centre  
(after Indraratna and Redana [24])  

 
5 CONCLUSIONS 
Comprehensive research is being undertaken at the 
University of Wollongong to investigate the 
characteristics of railway substructure with the aim 
of providing better guidelines to erect stronger, safer 
and more economical tracks. 
The physical and mechanical properties of ballast 
that affect the performance of rail tracks have been 
discussed. Results of cyclic tests on ballast, based 
on a large-scale cylindrical apparatus, indicates that 
the ballast particle size distribution has a significant 
influence on ballast degradation, with the uniformly 
graded distribution being the most prone to 
breakage.  
The good quality railway ballast should have high 
specific gravity, angular particles, high shear 
strength, high toughness and hardness, strong 
resistance to weathering, minimal cracks and micro-
fissures, rough surface, and a low concentration of 
fouling materials. However, under dynamic loading 
conditions, most ballast properties are rapidly 
altered due to breakage, deformation and 
settlement. In addition, the sources of high quality 
ballast are limited. As a result, the use of 
geosynthetics has been considered to enhance the 
bearing capacity of the track and improve drainage.  
The findings of this study pointed out that the 
deformations of fresh and recycled ballast vary non-
linearly with the number of load cycles.  Irrespective 
of the type of ballast, reinforcement and saturation, 
the settlement of ballast stabilises within about 
100,000 load cycles.  Although, the experimental 
results of this study clearly showed that with the 
insertion of any type of selected geosynthetics the 
extent of degradation and settlement in fresh and 
recycled ballast were reduced, it is highly 
recommended to employ a bonded geosynthetic 
because of the need for preventing the ingress of 
liquefied mud into ballast voids under cyclic loads, 
as well as to maintain an efficient pore pressure 
dissipation layer.  According to the results, inclusion 
of geocomposites in recycled ballast decreases the 
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breakage index almost equal to that of fresh ballast 
(without geosynthetics).  Hence, using recycled 
ballast stabilised with geosynthetics would be a 
cost-effective and an environmentally attractive 
option.  Accordingly, it is expected that Australian 
railways will adopt such modernisation in the future 
design of ballasted tracks. 
This study also highlights the effectiveness of using 
geosynthetic vertical drains to improve the 
geotechnical behaviour of soft formation of the track.  
Prefabricated vertical drains can be used when 
accelerated rate of consolidation and improvement 
of soft formation soils are desired.  However, the 
factors influencing the performance of PVDs 
particularly the disturbance of soil surrounding the 
drains due to installation process (smear effects) 
should be considered in design and practice. 
Moreover, further studies should be conducted to 
examine the effectiveness of PVDs in dissipating 
excess pore pressures under cyclic loading 
conditions. 
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SUMMARY 

The railway system is such a complicated and integrated system that there are numerous factors that can 
affect the track capacity.  This paper discusses existing approaches and reviews the following important 
factors: the mix of trains; length and weight of trains; gradients; direction of trains travel; the acceleration; 
de-acceleration; stopping protocols of trains; location and length of crossing loops; location of signals; length 
of sections; dwell times and sectional running times.  An alternative and more accurate method to determine 
railway capacity is developed.  A number of previously unaddressed aspects for capacity determination are 
incorporated into the model.   
 

1 INTRODUCTION 

Capacity needs to be defined in terms of customer 
requirements at the open access regime.  This is a 
complex issue in a situation where there are 
multiple customers seeking access to the track 
network, each with different requirements such as 
freight, coal, passenger and high speed passenger 
services.  For example, metropolitan passenger 
operators are typically interested in maximum 
throughput of passengers in the peak hours and 
then providing regular services off peak.  Hence, 
both the type and number of trains are adjusted 
during the peak period to provide the maximum 
throughput of passengers. 
 
Capacity and pricing are two key issues for 
infrastructure organisations in open access 
regimes.  Generally, these organisations have a 
legal obligation to give: no competitive advantage 
to any operators with regard to access to rail 
transport infrastructure; not hinder access; and 
satisfy the reasonable requirements of an access 
seeker.  In order to demonstrate legal compliance 
infrastructure organisations are expected to 
analyse network capacity to determine what is 
available for all rail operators.  An empirical 
method of assessing capacity is necessary to 
allow third parties to verify access and pricing 
decisions to rail operators and to prove that they 
are not hindering access to any operator.  
 
Railway capacity is an elusive concept that is not 
easily defined or quantified.  The simplest 
approximation and the most prevalent encountered 
is that the capacity of a single line is the total 
number of standard train paths that can be 
accommodated across a critical section in a given 
time period, where a standard train is defined as 
the most prevalent type to traverse the corridor.  
This definition however assumes that there is a 

prevalent type and that traffic flow is equal in each 
direction.  In practice, rail corridors must 
accommodate trains of varying type and number, 
which travel in each direction in varying numbers. 
 
Other definitions of capacity exist, however these 
definitions have nothing to do with traffic volume. 
They are based upon the carrying capacity of 
trains in terms of passengers and freight, or the 
ability of the corridor to contain as many trains as 
possible at any moment of time.  To our 
knowledge, techniques for determining capacity 
have so far been limited to approximations.  This 
paper is concerned with the development of 
additional approximations for capacity that 
incorporate a number of previously unaddressed 
aspects.  
 
The capacity of a rail line has also been evaluated 
using the delays encountered by trains under 
different operating assumptions (Assad 1980). 
Petersen (1974) for example develops expressions 
for average train delay, which are then 
incorporated into an expression for mean sectional 
running times.  The usual bottleneck analysis can 
then be performed to give an alternative measure 
of capacity.  The approach for modelling delays 
however assumes that trains in each class are 
uniformly distributed over the time-period and that 
there is equal traffic in each direction, which are 
unrealistic.  Delays caused by multiple train 
interactions are also not handled.  The delays 
encountered in railways have also been addressed 
by other researchers using queuing theory and 
statistical techniques and examples include 
Petersen (1975), Kraft (1982,1983), Hall (1987), 
Greenberg (1988), Carey and Kwiecinski (1994), 
Higgins, Kozan and Ferreira (1995), Higgins and 
Kozan (1998). However, no simple analytic 
expressions result from these researches.  The 
numerical investigations for these approaches are 
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also generally compared to the results provided 
from simulation. Comparisons among the different 
approaches have not been performed to our 
knowledge and hence it is not known which of 
these approaches is superior. 
 
This paper is concerned with the determination of 
capacity levels in railway lines consisting of 
crossing loops and intermediaete signals that allow 
traffic movement in one or both directions.  We 
refer to a section or segment (p=1,..,P) as the 
length of rail between two locations.  A location is 
any fixed point of reference along the rail such as 
the end of a section of rail, the start or end of a 
crossing loop, crossover, or junction, or the 
position of a signal device.  A corridor is one or 
more parallel tracks in which sections are placed in 
the same position on each track.  Parallel tracks 
which are connected by crossings are however not 
addressed in this paper.  Neither are railway 
stations in which trains must be specifically routed 
(see Kroon, Romeijn, and Zwaneveld (1997) for 
complexity issues).   
 

2 NOTATION 

The main variables used throughout this paper are 
as follows: 
 

max
, , ,, ,E L

i p i p i pv v v : Velocity of train type i on section p.  
E, L, and max indices refer to an entering 
or leaving velocity of train type i on section 
p or the maximum reachable sectional 
velocity. 

j
pit , : Time taken to perform movement phase j 

(acceleration, no change, de-acceleration)) 
by train type i on section p.  

ii da ,  Acceleration and de-acceleration 
capabilities of train type i 

pdist : Length of section p 
dn

pi
up

pi ,, ,ππ : Protocol taken by train type i when 
traveling on section p in the up and down 
directions respectively.  

( ),i pSRT π : Sectional running time on section p for 
trains of type i travelling under protocol π . 
Times may be in the up or down direction 
and may be actual or theoretical.  
( ),abs i pC π− : Absolute capacity of section p in time 
period T if only train type i uses it under 
protocol π . 
( )πpabsC − : Absolute capacity of section p in time 
period T when trains travel under protocol 
π . 

iη :       Proportion of total traffic that is train type i. 

,i iµ κ : Proportion of traffic in the up and down 
directions respectively for train type i. 

iX :      Number of train type. 
 
It should be noted that the up direction is referred 
to as the direction of travel away from the origin 
location, and down is towards the origin.  Units of 
measurement for train velocities and sectional 
running times, and section distances, should also 
be consistent. 
 
3 THEORETICAL SECTIONAL RUNNING 

TIME CALCULATIONS 
 
Sectional running time (SRT) is the particular time 
it takes a train to traverse and clear a section 
under normal operating conditions.  SRTs have a 
major effect on any analysis of capacity because a 
small increase or decrease in these values can 
significantly affect (decrease or increase 
respectively) the level of capacity.  For the purpose 
of analysis, SRT data must be collected for each 
train type, section, and operating protocol used.  
This is a large undertaking in any sense and for 
this reason we address the calculation of 
theoretical values in this paper.  It should be noted 
that the benefit of using real values is that they 
indirectly incorporate rail gradients and rail 
degradation, which is not easily quantified in 
practice.  Incorporating rail gradients is also not 
practical because of the huge quantity of data 
required.  Lastly, rail gradients are slight in practice 
and would probably have negligible effects for 
most standard trains. 
 
SRTs in particular are defined for a train travelling 
across a section situated between two locations 
and are based upon the time taken to accelerate 
to a predetermined speed, the time taken to travel 
at this speed for a given distance, and the time to 
de-accelerate from this speed to a given final 
velocity.  Hence, there are three specific phases, 
which are defined as phases 1, 2 and 3 
respectively.  The time to perform each phase is 
calculated by assuming constant acceleration and 
de-acceleration, and using standard equations for 
linear motion.  Depending on the stopping 
protocol, one, two or three of these phases will be 
present in the calculations.  
 
The acceleration and de-acceleration protocols of 
trains entering or leaving a section are assumed 
as the following: If the maximum allowable velocity 
of the next section is higher than the limit on the 
current section, then trains change speed after 
entering the new section (only after the back end 
of the train has left the previous section).  
Otherwise, trains change speed prior to entering a 
new section (before the front end enters the next 
section).  
 
There are four stopping protocols in total, which 
are dependent upon whether a train stops at or 
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passes straight through a location.  These are 
defined respectively as: 
Pass to Pass (P/P). is the situation where a train 
will proceed without stopping at the next station 
and the station immediately after that one; 
Pass to Stop (P/S) is the situation where a train 
will pass without stopping at the next station but 
will stop at the station immediately after that one; 
Stop to Pass (S/P) is the situation where a train 
will stop at the next station but will proceed without 
stopping at the station immediately after that one; 
and 
Stop to Stop (S/S) is the situation where a train will 
stop at the next station and the station immediately 
after that one. 
 
The sectional running time equations are therefore 
calculated as the time to perform each phase in 
the scenario profile.  The profile is described by 
the stopping protocol and the maximum (safe 
travelling) velocities on adjacent sections of rail.  A 
summary of each case, its conditions and the 
components that make up the theoretical measure 
of SRT are given in Table 1.  Note that in the up 
direction the velocities are the maximum up 
velocities and vice versa if the direction is down. 
 
The derived SRT equations are given by 
multiplying the coefficients on each row shown in 
the last three columns by the components and 
then adding each.: 
 

i

E
pipi

pi a
vv

t ,
max
,1

,

−
= ,  

i

pi
L

pi
pi d

vv
t

max
,,3

,

−
= , 

 

,1
2 max

,

1
E
i p

i p

v
v

α
⎛ ⎞⎛ ⎞

= −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
,  ,1

2 max
,

1
L
i p

i p

v
v

β
⎛ ⎞⎛ ⎞

= −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 

The maximum sectional velocity of a train is a 
quantity that is not well defined. This quantity has 
been referred to thus far as the maximum velocity 
that a train can safely and frequently travel at on a 
section.  However, in practice, trains may be 
unable to reach these speeds within the limits of 
the section because of stopping protocols, and 
poor acceleration and de-acceleration properties.  
The equations defining the theoretical SRTs 
displayed above assume that this does not occur 
and will be incorrect if this assumption is violated.  
One course of action would be to modify these 
equations however this would be unnecessarily 
complex as it would result in at least twice the 
number of special cases.  A better approach is to 
modify the maximum sectional velocities (prior to 
using the SRT equations) so that they are the 
maximum reachable velocities instead. Hence, 
confusion is avoided.  The maximum reachable 
sectional velocities are derived from the constraint 
that the distance taken by a train during the 
acceleration and de-acceleration phases must be 
less than or equal to the length of the section.  
Equations for these distances can be written in 
terms of 1

,i pt  and 3
,i pt  which may be further 

expanded using the equations previously 
displayed.  The inequality may then be re-arranged 
in terms of the maximum reachable velocity.  The 
resulting equations are displayed in Table 2 for 

each protocol, where ( ) 11 1i ia dγ −= − . 

Table 1 Scenarios involving acceleration, de-acceleration and stopping protocols 

SRT Components 

Protocol # Boundary Conditions Conditions Phases 

max
,

p

i p

dist
v

 1
,i pt  3

,i pt  

S/S 1 0,, == L
pi

E
pi vv  - All 1 0.5 0.5 

1 max
1,,, ,0 +== pi

L
pi

E
pi vvv  

max
1,

max
, +> pipi vv  All 1 0.5 β  

S/P 
2 max

,,, ,0 pi
L

pi
E

pi vvv ==  
max

1,
max
, +≤ pipi vv  1,2 1 0.5 - 

1 
max

1,,
max
,, , +== pi

L
pipi

E
pi vvvv

 

max
,

max
1, pipi vv ≥−  2,3 1 - 0.5 

P/S 

2 
max

1,,
max

1,, , +− == pi
L

pipi
E

pi vvvv
 

max
,

max
1, pipi vv <−  All 1 α  0.5 

1 
max

1,,
max
,, , +== pi

L
pipi

E
pi vvvv

 

max
,

max
1, pipi vv ≥− , max

1,
max
, +> pipi vv  2,3 1 - β  

2 max
,,, pi

L
pi

E
pi vvv ==  

max
,

max
1, pipi vv ≥− ,

max
1,

max
, +≤ pipi vv  2 1 - - 

3 
max

1,,
max

1,, , +− == pi
L

pipi
E

pi vvvv
 

max
,

max
1, pipi vv <− , 

max
1,

max
, +> pipi vv  All 1 α  β  

P/P 

4 
max
,,

max
1,, , pi

L
pipi

E
pi vvvv == −

 

max
,

max
1, pipi vv <− , 

max
1,

max
, +≤ pipi vv  1,2 

 1 α  - 
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Table 2 Maximum reachable velocity calculations 
Protocol # max

,i pv ≤  

S/S 1 2 pdist γ  

1 

( )( )2

,2 L
p i p idist v d γ−  

S/P 

2 2 i pa dist×  

1 2 i pd dist×  
P/S 

2 

( )( )2

,2 E
p i p idist v a γ+  

1 

( )( )2

,2 L
i p i pd dist v− × +  

2   -- 
3 

( ) ( )( )2 2

, ,2 L E
p i p i i p idist v d v a γ+ +  

P/P 

4 

( )( )2

,2 E
i p i pa dist v× +  

 

4 CAPACITY APPROXIMATION 

The typical approximation used to determine 
capacity is to find the number of standard trains 
that can traverse a given critical section (CS) in a 
given time assuming equal traffic in each direction.  
The section analysis assumes that a single section 
limits the total flow of trains through the entire 
corridor.  As an estimation of absolute capacity, 
this approach is useful because of its 
mathematical simplicity.  However, the schedule 
that actually gives such an output in total trains if 
at all “possible” is not known from such a 
bottleneck analysis and must be solved for 
separately.  A schedule in particular in which the 
critical section is saturated may not exist, because 
of delays caused on other sections, which restrict 
the flow of trains.  This capacity measure will also 
not tell you how well utilised the system is under a 
given schedule at each instant of time nor will it tell 
you how to place additional trains into the 
schedule. 
 
In reality, the section will have to accommodate a 
variety of different trains with varying speeds and 
hence the approximation thus far is not suitable. 
The percentage of total traffic that consists of each 
train type is defined here as the proportional 
distribution, while the percentages for travel in 
each direction is defined as the directional 
distribution.  For every distinct proportional and 
directional distribution, the capacity of the corridor 
will be different.  Given the proportional and 
directional distributions, the percentage traffic in 
the up and down directions respectively is  

 
( )i i

i
η µ∑ and ( )i i

i
ηκ∑ .  

 
The theoretical critical section could also be 
defined as the maximum weighted average 
sectional running time as follows: 
 

( )( ), ,max up down
i i i p i i pp i

Theoretical Critical Section

SRT SRTη µ κ
∀

=

⎧ ⎫
× +⎨ ⎬

⎩ ⎭
∑

 

 
For feasibility, it is known that the time-period must 
equal the number of trains in each direction 

( )up dn
iX  multiplied by the SRT in each direction, 

that is, , ,
up up dn down
i i CS i i CST X SRT X SRT= × + × .  If the 

number of type i trains in each direction 
respectively is ,i abs i CSCµ − , and ,i abs i CSCκ − , then 
the substitution of these terms and the re-
arrangement of the above equation give the 
following expression for absolute capacity (for 
specific protocols). 

 

( ) ( ),
, , , ,

abs i p up up dn dn
i i p i p i i p i p

TC
SRT SRTµ π κ π− =

+
 

 
Train lengths ( iL ) is the total length in metres of a 
train including the locomotives.  It may also be 
incorporated by adding the time it takes the rear of 
the train to exit the section into the SRT 
calculations.  
 
This is accomplished by multiplying each SRT 

term by the value 1 i

p

L
dist

⎛ ⎞
+⎜ ⎟⎜ ⎟

⎝ ⎠
. When more than 

one type of train uses the corridor, the total 
absolute capacity on section p is calculated as 
follows: 
 

( ) ( )( )( ), , , ,

,

         1

up up dn dn
abs p i i i p i p i i p i p

i

i

i abs i p

C T SRT SRT

C

η µ π κ π

η

−

−

= × +

⎛ ⎞
≡ ⎜ ⎟⎜ ⎟

⎝ ⎠

∑

∑
 
The section with the largest denominator or 
weighted sectional running time (WSRT) in this 
equation is defined as critical.  
 
Theoretically, free capacity can then be 
determined as follows, which allows the user to 
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see whether capacity exists for additional trains to 
be run. 

( )
( ) ( )( )

( )

( )
, ( ) ( )

, ,

, , , , , ,

( ) ( )
, ,

. .

up dn
avail i p up dn up dn

i p i p

up up up dn dn dn
i p i p i p i p i p i p

i
up dn up dn

i p i p

free timeC
SRT

T X SRT X SRT

SRT

π

π π

π

−

′ ′ ′ ′
′

=

− +
≡

∑  

 
4.1 Crossing Loop Additions  
 
This section addresses the effect that additional 
crossing loops have on capacity within an existing 
section.  For determining the number and length of 
crossing loops on new railway corridors we refer 
the readers to Petersen and Taylor (1987), and 
Higgins, Kozan and Ferreira (1997). 

 
If an additional crossing loop is inserted within an 
existing section, the capacity of the two resulting 
sub-sections is ( 1

1 λ− , 1
λ ) or ( 1

λ , 1
1 λ− ) times the 

original amount if 0.5λ <  or 0.5 1λ≤ <  
respectively, where λ is the position of the 
crossing loop middle point as a percentage of the 
original section length. The capacity of the original 
section is largest when the crossing loop is placed 
in the middle, that is, double the original capacity. 
 
If additional crossing loops (two or more) are 
inserted within an existing section, then the 
capacity is given by the sub-section with the 
smallest capacity. In summary, this amounts to the 
same approach taken for the entire corridor, which 
is to determine the capacity of the critical section. 

 
 
4.2 Signal Incorporation  
 
Signalling devices are used to ensure the safe 
operation of traffic flow and to regulate train and 
shunting movements.  Signal section is a section 
of track between two consecutive running signals 
in the direction of travel.  In general, signals 
increase traffic in one direction because a signal 
placed within an existing section, splits that section 
in two, thus allowing two trains to be on it at once 
instead of one. A consequence of the addition of 
signals is that instead of sections being bounded 
by crossing loops, sections may also be bounded 
by signals.  
 
Capacity analysis involving signals can be 
performed in a variety of ways.  Signals are 
assumed to operate in both directions.  This is 
accomplished by having two signals placed at the 
same position, each facing in opposite directions. 
 
The approach is to apply the standard bottleneck 
analysis, which involves determining the 
bottleneck section and investigating the effects of 

saturation.  In particular, when signals are added 
to an existing section, new sub-sections result.  
The capacity of the original section is just the 
capacity of a critical sub-section.  The number of 
sub-sections is just the number of signals plus 
one.  The corridor also contains the number of 
sections originally plus the number of additional 
signals.  In practice, however, infeasible schedules 
are generated when a section bounded by a 
signal(s) is saturated. This is also true of the no 
signal case, but the extent of the infeasibility is 
larger.  The capacity analysis should only really be 
performed for entire sections bounded by crossing 
loops, as the capacity of isolated sections 
bounded by signals cannot be determined 
individually. 
 
A more accurate approximation of capacity may be 
achieved by incorporating the average delay to 
each train on each section.  The delay is added to 
the sectional running time, and the standard 
bottleneck analysis can then be performed.  How 
the delay is collected or calculated, is a topic for 
another paper.  We refer the reader to Greenberg 
(1988), Carey and Kwiecinski (1994), and Higgins 
and Kozan (1998) for an idea.  In summary, this 
approach tries to determine the delays caused by 
the resolvement of train conflicts (ie that would 
occur in the rest of the schedule as a 
consequence of saturating the critical section) 
without doing so exactly.  
 

5 CONCLUSION 

Existing approaches for determining railway 
capacity are reviewed in this paper.  We then 
incorporated additional factors that affect the 
determination of railway capacity.  Research 
continues into the development of more advanced 
approximations of capacity that include crossover 
points and non-serial rail lines. There is an 
increasing move towards the separation of the 
infrastructure ownership and infrastructure 
management, making the need to schedule 
infrastructure and associated functions, such as 
capacity management, human resource 
management, master and daily train planning and 
train control activities.  

 
The overall aim of this research is to optimise the 
network operations and schedules, assess track 
capacities, and manage contractual capacity 
entitlements of all operators by developing a 
decision support system to ensure that the 
railway’s assets are efficiently used.  Achieving 
this aim will also improve rail performance and 
reducing infrastructure and associated costs.  The 
formulation and implementation of these models 
and algorithms which will be capable of handling 
the very large problems that arise in railway’s 
operations, is the prime challenge of the future 
work.  
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There is a recognised difficulty in achieving a 
workable solution to the overall problem.  The size 
of the real problem makes it impossible to solve it 
optimally by classic mathematical techniques and 
it will necessitate the decomposition of the system 
and development of a number of new hybrid meta-
heuristics.  
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SUMMARY 

Rail route selection in the past has traditionally been done using coarse topographic maps, where available, 
and on ground surveys.  It is predominantly intuitive, relying in the first instance upon professional 
experience and judgement to identify the likely route.  More recently satellite/aerial mapping and 
photogrammetry has simplified the task although ultimately the choice has been more heuristic than 
scientific.  The issue of capital cost and the complexity of route selection, evaluation and optimisation has 
frequently pushed rail route selection into compromises such as excess curvature and gradients, without 
much concern for the longer term consequences. 
 
New technology, such as Quantm system, using state-of-the-art geospatial technology and 3-dimentional 
route optimisation techniques to automatically generate low cost alignments and allows rapid analysis of 
alternative routes that meet technical constraints (e.g. design curves and grades) and land constraints (e.g. 
avoiding swamps, sacred sites, cemeteries, environmental sensitive areas) and arrive at minimum cost 
solutions. Sensitivity testing can be undertaken by relaxing or tightening the criteria marginally, proving the 
robustness of the route choice without having to spend large amounts of time and resources to do so. The 
alternative routes so selected can then be compared for operational limitations (e.g. loads, times, fuel) to 
arrive at an operating cost profile.  In some cases, such as re-alignment, sensitivity of the income profile to 
route characteristics can also be incorporated. 
 
Iteration of the capital, operating and income streams can lead to route selection based on an awareness of 
‘whole of life’ costs. 
 
This paper looks at cooperative use of the Quantm route optimisation technology and SAMROM SimTrain 
train performance model to explore the combination of capital and operational outcomes to arrive at the 
optimum route alignment for the given set of circumstances.  A number of case studies are provided to show 
how the process works and its adaptability to differing needs such as heavy haul or fast freight operations, 
or the combination of freight and passenger trains on one route.  

 

1 INTRODUCTION 

Conventional global practice for road/rail route 
planning is predominantly intuitive, relying in the 
first instance upon professional experience and 
judgement to identify the likely route. Increasingly, 
Geographical Information System (GIS) packages 
are being used to assist the initial corridor 
selection.  Whilst most GIS packages enable 
constraints and anticipated high cost zones to be 
weighted, and therefore avoided on a priority 
basis, they cannot cost the alignment accurately 
and therefore only provide an indication of likely 
low cost routes.  It is clear therefore that they 
provide input to the end being sought, but not the 
means to achieve that end.  

After the corridor has been selected, transport 
planners and designers use Computer Aided 
Design (CAD) to develop the alignments.  
However, CAD software was developed for 
detailed design, after the initial route had been 
selected, and is not suitable for broader searches 
for good alignments.  
The lack of purpose specific tools appears to have 
locked road and rail agencies into a vicious cycle, 
in which they do not attempt to optimise the 
location of route alignments as precisely as 
possible at the planning stage because the data 
quality does not justify the precision; while at the 
same time, the quality of the alignments produced 
do not justify investing more money in better data.  
Thus decisions made during planning, when there 
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is the greatest opportunity to influence the final 
cost, are based on poor data; and the expensive, 
quality data is only collected in a narrow corridor 
once the agency has decided to proceed to 
design.  
This study looks at cooperative use of the Quantm 
technology (Quantm 2003, Gipps, P.G. et al, 2001) 
and SAMROM SimTrain train performance model 
to explore the combination of capital and 
operational outcomes to arrive at the optimum 
route alignment for the given set of circumstances. 
 
2 HISTORICAL CONTEXT TO ROUTE 

SELECTION 

The original Bendigo and Ballarat lines in Victoria, 
opened in 1862, were built to prevailing British 
standards with double track and relatively wide 
radius curves.  It didn’t take long for the collective 
Colonies to realise that this form of construction 
was simply unaffordable in a country with low 
population, long distances and some daunting 
geographic features.  As a consequence cheaper 
construction became standard, making use of 
heavy grades and where necessary sharp curves 
to follow contours between non linear settlements 
and villages.  These lines were almost universally 
single track, yet they were able to cope adequately 
in an era of slower and less demanding transport 
with the rapidly developing rural economy and its 
produce.  In time, when regrading was seen to be 
an answer to increasing capacity, the rail lines in 
many cases were re-routed using an excess of 
sharp curvature over a longer section of track.  
New construction also tended to follow this 
philosophy from the outset. 
With very little new construction since the 1920’s, 
other than for bulk exports or in connection with 
limited gauge unification, the established network 
has remained on what is by and large sub optimal 
alignments that are costing dearly in transit time, 
maintenance costs and track capacity. 
 
3 ROUTE SELECTION 

A major difficulty in times past was reconciling the 
cost of construction with the desirable grade and 
curve standards.   With an essentially earth-bound 
two dimensional view of possible routes it was little 
wonder that prospective alignments were sub-
optimal in design (and consequently also in train 
operations) or were excessively costly to build. 
Relatively recent development of enhanced geo-
imagery, coupled with high precision location 
acquisition using GPS techniques has enabled the 
task of route selection to be widened to a much 
larger and more detailed set of choices.  It was 
only a matter of time before smart systems were 
brought to bear on the problem of route selection, 
enabling the joint consideration of physical 
standards and constraints in conjunction with cost 
of construction.  In effect it became possible to 
optimise both the erstwhile competing objectives 

of affordable routing that meets preset profile 
standards.  The Quantm system has achieved just 
that.  The other aspect of route selection is the 
cost of running trains on the selected route.  This 
is a complex issue, dependent on projected traffic 
flows, the technology of the trains and technology 
of the track (which has flow on effects to the route 
standards).  By analysing potential train 
operations, using simulation techniques, it is 
possible to build a cost picture of both route 
construction and train operations that can give a 
whole of life (or at least a whole of economic life) 
estimate of the value of the total package.  The 
SimTrain model is capable of providing the train 
operating data, over a range of future train 
operations, to determine the life costs of running 
on any selected route. 
 
4 THE QUANTM SYSTEM 

The Quantm system is a planning support tool that 
empowers road and rail planners who need to be 
able to determine routes that consider numerous 
relevant variables including terrain, design 
standards, existing infrastructure, geological cost 
variances, and community and environmental 
constraints. The system considers literally millions 
of alternatives to enable planners to consistently 
identify significantly improved alignments that 
deliver considerable cost savings while protecting 
environmental and community values. It is used for 
road and railway corridor analysis and alignment 
selection/optimisation, as opposed to a CAD 
system that is concerned with engineering design.  
The system is unique in its capacity to undertake 
route planning (optimising horizontally and 
vertically simultaneously) whilst accommodating 
both broad based and localised issues.  
In the current climate of community concern, any 
transport infrastructure project faces numerous 
constraints on its alignment that must be satisfied 
before it is allowed to proceed.  Some constraints 
are absolute prohibitions, such as staying out of 
specific environmentally sensitive zones, while 
others are susceptible to mitigation measures.  
The Quantm system copes with all the different 
constraints that can be placed within the corridor 
of investigation by employing two classes of 
constraint - linear features and special zones.  
Linear features can be crossed subject to the 
alignment falling into an allowable vertical window 
and employing a specific form of construction.  
Zones can be nominated as “no go” zones, or 
areas that can be crossed subject to vertical 
constraints and/or the use of specific forms of 
construction (such as bridge or tunnel).   
The Quantm system optimisation is cost driven, 
but the ‘cost’ of an alignment is multi-dimensional 
with many costs being unquantifiable (qualitative) 
social and environmental impacts.  Consequently, 
the system focuses on objective costs and 
generates sets of low-cost alternatives that meet 
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the planner defined constraints, rather than a 
single least cost solution.  This enables planners 
to balance environmental and social impacts 
against monetary costs for routes using different 
parts of the study area.   
Objective costs can arise during the construction 
from the volumes of earthworks, the length and 
height of structures, and from life-of-project factors 
such as fuel consumption and maintenance.  
Planners currently use CAD packages to attempt 
to balance earthworks, minimize structures and 
haulage and generally produce an alignment that 
should be inexpensive to construct, while meeting 
the specified geometric standards.  However, the 
results produced by the CAD operators are based 
on volumes and lengths, not dollars, and are often 
far from the best that can be achieved for 
construction.  The impact of particular alignment 
decisions on the ongoing (life-of-project) cost is 
often not part of the brief held by planners despite 
the fact that these may be many times larger than 
the capital cost of construction.  On the 
construction side, unit rates are used to convert 
the quantities and lengths involved in construction 
into dollars.  Similarly, forecast traffic and 
alignment geometry can be used to evaluate 
impact on operating costs. 

 
5 SIMTRAIN TRAIN PERFORMANCE MODEL 

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 short intervals to calculate the 
aggregate rolling, curve and grade resistance, 
speed limitations within the train’s immediate 
performance domain and other specified 
requirements.  From this it determines the power 
or braking requirement for the train and the 
consequent times and fuel consumption.  Output is 
generally a time, speed and fuel trace for the 
journey, but can have a combination of any or all 
of 18 output parameters at any 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 timetabling 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. 
 
6 CASE STUDIES 

Two case studies (Project H and Project R, for 
confidentiality reasons, these projects cannot be 
named) conducted using Quantm system first to 
identify optimised alignment against alignment 
derived using traditional CAD method.  The 
SimTrain Train Performance Model is than used to 
simulate the train performance on the Quantm and 
CAD alignments considering both loaded and 
empty trains. 
 

 
Figure 1 Project A 
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derived using the same DTM, the same set of 
design standard and constraints for each project. 
Project A – heavy haul railway line with design 
grade of 1.5% against empty trains and 0.33% 
against loaded trains, and 800m horizontal radius 
of curvature. 
Two files were simulated to obtain comparative 
results.  Initially approximate loads for typical 
heavy haul were established, taking the full trains 
in the same direction that the files were presented, 
and the resultant empty train parameters were 
then established for the opposite direction 
movement.  Train characteristics were based on 
‘world best practice’ operations in Australia. 
The train parameters for the track files were: 
LOADED: 2/4400 hp locos @ 192 tonnes each 
hauling 206 x 122 tonne gross wagons (25132 
tonnes trailing load) which was estimated at 2310 
metres long. 
EMPTY: same power, numbers of wagons and 
length, but the empty wagons were estimated at 
22 tonnes each (4532 tonnes trailing load). 
In the empty direction a single locomotive in power 
hauling the other loco and empty train was tried 
but it was unable to run the length of track without 
stalling.  (Running empty trains in this way is a fuel 
and maintenance strategy, and in practice can be 
used over suitable sections of track where grades 
and other conditions allow). 
Project B - heavy haul railway line with design 
grade of 2.0% against empty trains and 0.9% 
against loaded trains and 1200m horizontal radius 
of curvature. 
Two files were similarly compiled and simulated, 
however the loads were quite different. 
LOADED: 2/4400 hp locomotives @ 192 tonnes 
each, hauling 90 x 122 tonne gross wagons 
(10980 tonnes trailing load) estimated to be 1030 
metres long. 
EMPTY:  same power, number of wagons and 
length but empty train was 1980 trailing tonnes. 
In this case a single locomotive hauling the other 
and the empty train was able to run the length of 
the track, so this situation was also simulated. 
In all cases the trains were limited to 80 km/h and 
were ‘started’ at the line section entry at 25 km/h 
(i.e. it was assumed that each alternative was a 
segment within a longer line section rather than a 
complete route per se). 
In both these case studies the route has been 
designed for a particular purpose and therefore 
can be fairly easily be translated into operational 
cost terms.  Additional routes could be looked for 
with say easier grades against loaded trains, if the 
volume of activity was such that reduced operating 
costs were likely to have a greater significance 
than first up capital costs.  Equally if the proposed 
use of the route was more varied, such as on a 
typical inter-capital route, then the investigation of 

operating costs would need to be conducted over 
a representative range of train types.  Lower traffic 
volumes might be the case in this situation (access 
undertakings tend to restrict track capacity on 
mixed traffic lines to below their nominal level), in 
which case the route location and construction 
costs are likely to be the driving issue. 

7 OPTIMISATION AND SIMULATION 
RESULTS 

Quantm optimisation and SimTrain simulation 
results for Quantm and CAD alignments are 
shown in Table 1. 
 

Table 1. Optimisation and simulation results 
   Improvement 
 CAD Quantm Quantity % 
Project A     
Length (km) 33.05 31.55 2.50 7.6 
Bridges(m) 407 198 209 51.4 
Total Cost ($M) 58.7 35.9 22.8 38.8 
Time (h:m:s)     
  Loaded 00:36:57 00:33:09 00:03:48  
  Unloaded 00:43:32 00:41:33 00:01:59  
Fuel (litres)     
  Loaded 565.2 413.4 151.8 26.9 
  Unloaded 1035.0  982.0 53.7 5.2 
  Return cycle 1600.2 1395.4 204.8 12.8 
Energy (kWh)     
  Loaded 1828.5 1312.5 516.0 28.2 
  Unloaded 3470.0 3290.0 180.1 5.2 
  Return cycle 5298.5 4602.5 696.0 13.1 
     
Project B     
Length (km) 92.95 92.22 0.73 0.8 
Bridges(m) 717 329 388 54.1 
Total Cost ($M) 207.9 171.0 37.6 17.7 
Time (h:m:s)     
  Loaded 01:45:09 01:49:02 -00:03:53  
  Unloaded 01:35:03 01:36:21 -00:01:18  
Fuel (litres)     
  Loaded 2243.6 2118.4 125.2 5.6 
  Unloaded 956.1 930.5 25.6 2.7 
  Return cycle 3199.7 3048.9 150.8 4.7 
Energy (kWh)     
  Loaded 7426.0 6971.3 454.7 6.1 
  Unloaded 3154.3 3061.8 92.5 2.9 
  Return cycle 10580.3 10033.1 547.2 5.2 
 

8 DISCUSSSION 

Project A 
The CAD route for this line segment has been able 
to be reduced by 2.5 km (7.6%) using Quantm 
optimisation, with bridging more than halved.  The 
construction costs would be reduced as a 
consequence by an estimated $22.8 million or 
38.8%. Quantm optimised alignment deviates 
maximum 500m away from the CAD design 
alignment.  
Operationally the round trip time over the Project A 
route segment would be marginally reduced (by 
approximately 30 seconds or so) but the fuel 
consumption would be lowered on the Quantm 
route by 205 litres per round trip (12.8%).  The 
energy required was even further reduced (down 
by 13.1%) giving an indication why fuel 
consumption was reduced.  What is not so 
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apparent is that the brake work would be 
commensurately reduced on the Quantm 
alignment leading to quite measurable savings in 
wear and tear on brake gear, couplings and 
possibly track. 
The fuel saving alone would be worth around $110 
at today’s prices, while additional but more subtle 
cost savings would come in reduced brake work, 
as well as wear and tear on train and track which 
could amount to a similar dollar amount – a saving 
of an estimated $220 per train cycle (round trip).  
For every regular daily train cycle there would be 
an annual operating benefit of around $80,000 on 
the Quantm alignment compared to the earlier 
CAD alignment 
In this simple example the optimised Quantm 
alignment would generate significant construction 
cost savings, which would be further enhanced 
with ongoing operating cost reductions over the 
economic life of the project. 
Project B 
This project produced a rather different result.  
Over a much longer track section the saving from 
the Quantm route optimisation was only 0.73 km 
(0.8%), although the bridging once again was 
more than halved.  Maximum deviation of Quantm 
optimised alignment from the CAD design 
alignment is about 2km. The net result of the 
optimised route would be a construction cost 
reduction estimated at $37.6 million (17.7%), still a 
very worthwhile gain. 
Operationally the round trip time over the route 
segment would be increased by a bit over 5 
minutes, but the smoother optimised alignment 
would still generate fuel savings in the order of 151 
litres per round trip, as well as reduced energy and 
brake work requirements. 
The fuel saving in this case of around $80 per 
cycle would be enhanced by reduced wear and 
tear (perhaps $80 per cycle) but offset by the cost 
effect of longer run times (perhaps $45 per cycle) 
giving a net gain of $115 per train cycle.  For every 
regular daily train there would be an annual benefit 
of around $40,000 annual savings for the Quantm 
route as compared to the CAD route. 
This project is one where the construction cost 
savings are quite significant, while the operational 
costs would also move in the right direction, but 
only by a relatively small amount. 
RE - ALIGNMENT PROJECTS 
In both the examples given in this paper the route 
selection is a greenfields project - there is no prior 
route to confuse the route selection process.  
Much of the east coast inter-capital routes are 
poorly aligned, which presents a different problem.  
In this case there are several choices, all of which 
are a development of the existing but poorly 
aligned rail route –  
 

• a new alignment basically within the railway 
land corridor,  

• segments of new alignment on non rail owned 
land linking tolerable sections of the existing 
alignment, or  

• long sections of totally new alignment that 
may be quite some distance from the existing 
route.   

Issues of funding, cash flow, timing and 
particularly long range vision versus short term 
gain will all play a part in resolution of these types 
of problem (which is perhaps why there has been 
little real action in this regard).  The first of the 
above strategies will almost inevitably be the least 
effective improvement strategy except where only 
a short section of restrictive curvature in involved 
in the middle of much longer sections of 
unrestricted running.  In such cases the new 
alignment may be able to be created within the 
existing boundaries, as was done by ARTC at 
Murgheboluk (west of Geelong) a few years ago.  
The real issue here is to be able to realistically 
explore re-alignment strategies for both 
construction cost implications and ongoing 
operating costs before settling on any particular 
response.  
For almost all serious re-alignment proposals 
investigation beyond the existing rail corridor 
would be a wise strategy to ensure the best long 
term value is achieved.  Only in city centres and 
other locations with high land values and/or 
constrained access is the ‘broader vision’ likely to 
be fruitless. 
The power of the Quantm optimisation is that it 
provides the capacity to analyse a range of 
improvement strategies for both cost and 
operational impacts, and to do so far quicker than 
any traditional methods could hope to do.  As such 
it can open up a greater range of options for route 
improvement than has previously been the case, 
hopefully in such a way that facilitates the step up 
to actual ground work. 

9 CONCLUSION 

The applications of the Quantm system have 
demonstrated that technological advancements 
have now made it possible for planners to quickly 
identify better alignments that minimise the 
amount of cut, fill, tunnels and bridges while 
simultaneously meeting all of the planner-defined 
constraints.  The SAMROM SimTrain train 
performance model allows users to explore the 
combination of capital and operational outcomes 
to arrive at the optimum route alignment for the 
given set of circumstances. Quantm optimisation 
and SimTrain simulation results show that it is 
possible to reduce alignment capital costs and life 
cycle operation costs (travel time, energy, 
maintenance costs etc) with Quantm advanced 
route optimisation technology. 
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The Quantm system can quickly deliver optimised 
alignments that meet designated geometric and 
safety standards while taking into account 
environmental, cultural, heritage, social and public 
issues along with geological strata. This can be 
achieved within considerably faster times and 
delivering potentially large cost savings when 
compared to the conventional CAD assisted 
approach.  By combining operations simulation 
models like SimTrain, the ‘whole of life’ costs of a 
project can be explored fully to take the capital 
costs and operational costs into consideration 
during the planning and design stages. 
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INVESTIGATION OF THE VIABILITY OF ALTERNATE CANE 
TRAIN OPERATIONS—USING SIMULATION AND TRIALS 

Michael Eichinger BE MIEAust, MDes., Sydac Pty. Ltd. 
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Tennyson Wickham BE, Sydac Pty. Ltd. 
 

SUMMARY 
Mackay Sugar has employed a computer simulation of its cane rail operations to investigate the operational 
viability of alternative cane train configurations on various tracks.  This has included the review of load limits, 
the use of distributed power and a remote brake van to allow longer trains and optimise vehicle/route 
combinations.  This paper uses two operationally challenging cane transportation routes as case studies. 
These being: the Church Hill section of track with its steep portion of track immediately prior to where it 
crosses a major highway, the Bruce Highway, which was causing an operational bottleneck; and Farleigh 
Mill’s notorious North Coast Line with its high traffic on a long steep grade.  The goal was to reduce the 
number of train movements, the need to divide trains into shorter consists to traverse the steep grades and 
reduce operational costs. 

A train simulator developed by Sydac Pty Ltd was used to investigate the performance of various train 
configurations on specific track segments and create sufficient confidence in the results that a trial could be 
safely undertaken.  Factors studied included the hauling and braking capacity of alternative locomotive 
configurations, the effect of employing a remote brake van at various points in the consist, and coupler 
loading.  Simulations were also carried out to ensure that operational safety requirements could be met, e.g. 
the ability to hold the train in case of a locomotive failure. 

This paper describes the simulation method, simulation model employed, data collection requirements, 
validation and tuning issues, the results and how they compared to the trial.  Finally it examines the 
application of simulation to, preparing train drivers for operating the new train configurations, and identifies 
further opportunities for using simulation to further improve the operational efficiency of Mackay Sugar’s 
cane rail sugar cartage service. 

 
Figure 1: Trial of a Distributed Power Cane Train with a Remote Brake Van 



M. Eichinger, B. Geraghty, T. Wickham 
Sydac, Transfield Services, Sydac 

Investigation of the Viability of Alternative Cane Train 
Operations – Using Simulation and Trails 

 

 33.2 Conference on Railway Engineering 
Darwin 20-23 June 2004 

1 INTRODUCTION 

Annually Australian sugar mills harvest 
approximately 45 million tonnes of sugar cane.  Of 
the 29 sugar mills, 22 rely on a 610 mm gauge rail 
network to transport the harvested cane from the 
field to the factory. (Pioneer mill in Burdekin being 
the exception with 1067 mm gauge rail network).   
Rail networks provide the only viable transport 
system.  The local sugar industry could not 
survive the higher cost of the alternative road 
transport, nor could local government 
infrastructure cope with the volume of heavy road 
transport that would be required to haul this 
volume of cane. 
Mackay Sugar operates a fleet of cane trains that 
include, 94 Class (40 tonne, 770 hp), Baldwin 
(32 tonne, 500hp), Eimco (40 tonne, 800hp), 
Clyde (18-24 tonne, 225-300hp) and Comeng (16-
18 tonne, 225-300hp) locomotives predominantly 
hauling 4 and newer 6 tonne cane bins. Cane bins 
(wagons) have no brakes, so some train 
configurations include a brake van. 
Sugar train loads vary from branch to branch 
according to limitations of head end motive power, 
coupling strengths and ruling gradients either 
ascending or descending.  Train configurations 
consisting of up to 400 four tonne bins being 
hauled by two 40 tonne locomotives with a brake 
van to assist in braking are operated in flat 
territory. On steep sections of track, trains can be 
limited to 21 wagons as described below.  

1.1 Load Limits 

No work had been undertaken to upgrade load 
limits for the 40 tonne locomotives when they first 
came in to service. Loads were set at the same 
level as for 32 tonne locomotives due to the 
coupling strength of the ageing 4 tonne bin fleet 
with pin and link couplers. As the 94 class 
locomotives were introduced, Mackay Sugar was 
in the process of replacing the 4 tonne bins (5 
tonne gross) with new 6 tonne bins (1.5 tonnes 
tare, 7.5 tonnes gross mass) with stronger 
Willison automatic couplers.  However load limits 
were never reviewed to accommodate the 40 
tonne locomotives hauling the stronger 6 tonne 
bins. This created the need for a review of load 
limits. 

1.2 Church Hill Case Study 

In 2002 Mackay Sugar made the decision to not 
operate Pleystowe mill. With the redistribution of 
the Pleystowe crop to other mills concerns were 
raised about the ability of the transport system to 
move between 450 and 500 (sugar cane) bins a 
day between Pleystowe and Farleigh Mill.  
The main concern in moving this many bins was 
the restriction on train length on the Church Hill 
section of track. The restriction is caused by the 
load limit (of 21, 6t cane bins for a single 40 tonne 

locomotive) due to the 1 in 25 gradient.  As a 
result of the load limit, operating on this section 
would require approximately 23 trains to haul full 
bins up Church Hill.  Add to this the “light engines” 
required to return to the bottom of the grade to 
pull the next full load up the hill, and the trains 
moving empty bins back to the Pleystowe area, 
and the result is in excess of 50 trains a day using 
this section of track. 
This volume of traffic was also unacceptable to 
the Department of Main Roads as, at the top of 
the Church Hill, the rail line crosses the Bruce 
Highway at grade.  Every train traversing this 
section of track would have to cross the Bruce 
Highway at low speed.  The challenge to Mackay 
Sugar was to move these bins in bigger trains and 
subsequently make fewer trips up the hill and less 
crossings over the highway. 

1.3 Farleigh Mill North Coast Line Case Study 

This line was notorious for transport difficulties. 
Farleigh Mill currently receives 19 loads (85, six 
tonne bins) a day from the north coast area. Due 
to a hill close to the mill (with a long 1 in 75 
gradient) every north coast train had to be divided 
into two, and each portion hauled by a single 
locomotive over the hill and then remarshalled 
into a single train for the remaining 4 kilometre trip 
to the mill.  This results in 38 pulls up the hill a 
day. 
Again Mackay Sugar’s challenge was to reduce 
the number of train movements, remarshalling 
and associated costs. 

1.4 Application of Operational Simulations 
and Trials 

Mackay Sugar was at this time expecting delivery 
of a cane train driving simulator from Sydac.  The 
first deliverable was a cane train simulation 
delivered in a format suitable for operation on a 
desktop PC.  This version was intended to allow 
Mackay Sugar to become familiar with the 
operation of a simulator and allow for validation 
and tuning of the simulation model prior to 
delivery of the full Driver Training Simulator. 
Although this early version of the simulator did not 
provide the full driving simulator capabilities, it 
offered sufficient capability to investigate 
alternative solutions to the operational problems. 
This paper provides a brief overview of the: 
• investigation method; 
• train simulation employed; 
• data collection and validation requirements; 
• results as compared to the trials; 
• method for operational implementation of the 

result. 

2 INVESTIGATION METHOD 

The approach taken was to obtain survey data for 
the track section of interest, obtain locomotive and 

mikee
How long was this grade
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wagon performance data, build a simulation 
model of known train configurations, tune and 
verify the performance of the train simulation.   
The next step was to build a number of alternative 
cane train configurations starting with the 
currently accepted maximum configuration and 
increasing the number of bins and locos until 
unacceptable train performance occurred.  
Configurations including multiple head end locos, 
distributed power (i.e. a locomotive located part 
way down the train) and remote (i.e. a brake van 
located at or near the end of the train) were then 
simulated to try and further extend the length of 
train.  
Once an acceptable simulation result was 
identified a trial, including adequate safety 
precautions, was carried out to validate the 
simulation results. 
The simulation and trial of various configurations 
was done primarily with the operational version of 
the simulator.  The driver training version of the 
simulator was used to allow drivers to verify that 
the simulated train performance was consistent 
with their experience and/or their expectations.  
Driver involvement contributed to establishing 
confidence in the accuracy of the simulation of 
current configurations.  It also allowed drivers to 
review (try out) and gain confidence in the 
proposed operational configurations.  This method 
for the involvement of drivers in the process of 
determining the optimal workable train 
configuration is described in more detail in [3]. 
 

3 TRAIN SIMULATION 

The cane train simulation is a reconfigurable 
dynamic model of a cane train allowing various 
train configurations with various loading 
conditions to be operated on a selected section of 
track.  
The simulation simulates the overall vehicle 
behaviour, calculating performance parameters 
such as train speed, acceleration rate, and 
stopping distance.  It also calculates in train 
parameters such as locomotive tractive effort and 
braking force at the wheels, vehicle rolling 
resistance, coupler extensions and coupler forces 
along the length of the train. 
The cane train simulation model is an engineering 
simulation based on the methods and techniques 
developed and used by Sydac in its other rail 
simulations and simulators [1][2]. 
The system is modelled from a combination of 
engineering first principles and vehicle specific 
component performance data. The simulation is 
built from individual components that match the 
components of the real train.  This enables the 
performance of individual items to be monitored 
and/or modified.  

 
Figure 2: Train Simulation Model Block Structure 

Figure 2, shows the component blocks (sub-
systems) of the transmission system element of 
the simulation model.  The locomotive and wagon 
simulation models are themselves made up of a 
hierarchy of subsystems (blocks). 

3.1 Locomotive Model 

The 94 Class locomotive, as shown in Figure 3 is 
a 770hp, 40 tonne vehicle, with a diesel hydraulic 
system providing tractive effort and dynamic 
braking.  Tractive effort is generated by a Detroit 
12V92A diesel engine through a Voith L4r4 U2 
transmission, which powers the final drives and 
wheels of the locomotive.  The locomotive also 
has a conventional independent air brake system.  
The locomotive model simulates the tractive effort 
and braking effort applied under variable adhesion 
conditions, including slippery track and sanding. 
 

 
Figure 3: 94 Class Locomotive 

The control inputs of the locomotive model are: 
• Combined throttle/dynamic brake lever 
• Service (air) brake lever 
• Emergency brake lever 
• Park brake 
• Sanding 
• Emergency sanding 
• Vigilance 
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• Multiple/Remote switch  
The control outputs of the locomotive model are: 
• Vigilance Warning Light 
• Skid Warning Light 
• Spin Warning Light 

3.2 Slave Locomotive 

The slave locomotive model is the same as the 
lead locomotive except that it is controlled from 
the lead locomotive via one of two alternative 
operating modes, multiple or remote.  
In multiple mode the slave loco mimics controls of 
the lead loco (typically used when the slave is 
connected directly behind the lead loco). In 
remote mode the slave loco responds to 
independent controls for the slave loco, located in 
the lead loco (typically used when the slave loco 
is located remotely from the lead loco). These 
independent slave driving controls include: 
• Throttle/Dynamic Brake lever 
• Service (air) brake lever 
• Sanding 
• Skid warning light 
• Spin warning light. 

3.3 Wagon Model 

 
Figure 4: Six Tonne Cane Bin 

The wagon model is of a 6 tonne cane bin with 
two axles and Willison couplers as shown in 
Figure 4.  This type of wagon has no braking 
system so acts as a hauled load only.  The wagon 
load can be varied from empty to full.  The wagon 
is modelled with the appropriate physical 
characteristics to give the train the correct mass 
and length. 

3.4 Brake Van Model 

The brake vans used by Mackay Sugar, as shown 
in Figure 5, are 32 tonne, radio controlled, self-
contained air-braked wagons.  They can be 
considered to be equivalent to a remote 
locomotive that provides a braking force only.  
The brake van has the ability to apply sand to the 
tracks. The primary brake van controls are: 

• brake van notch (8 brake handle positions); 
• brake van park brake; 
• brake van sanding. 

 
Figure 5: Brake Van 

3.5 Overall Consist Simulation Model 

The train can be configured from the following 
elements:  
• up to two lead and remote (slave) locomotives 
• up to two hundred cane bins (wagons) 
• a brake van 
The train can be configured with the locomotives 
and brake van located anywhere in the consist. 
The simulation model calculates overall train 
parameters such as speed and acceleration.  It 
also has the ability to simulate locomotive faults, 
such as locomotive overheating, and consist 
faults such as loss of communications between 
the lead and remote loco and/or brake van. 

3.6 Simulator Operation 

The operational and driver training versions of the 
simulator have common simulations models and 
use common configuration files.  The operation of 
both is basically the same, as described below.  
The key difference is that the driver training 
simulator uses physical driving controls for control 
inputs and provides a visual output that replicates 
that of a train, whereas the operational simulator 
uses software controls or a data file for control 
inputs.  Outputs are predominantly provided in the 
form of graphs.  
Simulation models were defined in configuration 
files created prior to running the simulation.  
These files contain vehicle specific locomotive, 
wagon and brake van parameters as well as the 
train configuration definition and track to be used. 
On starting the simulation the above data is read 
in.  An experienced driver is then required to 
provide the loco control inputs, i.e. drive the train 
simulation in real time.   
Rapid tuning and validation tests were carried out 
on the operational simulator much faster than in 
real-time by utilising a file containing the 
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predefined driver inputs for the specific run being 
tuned. 
Two variants of the desktop cane rail simulator 
were used.  The operations simulator that was 
used for the primary investigation of the various 
train configurations, and the driver training 
simulator to investigate appropriate driving 
strategies.  The key difference between the two is 
the user interface, i.e. the operational simulator 
does not provide physical train controls (these are 
provided on the computer screen by sliders and 
buttons), and it does not provide out-the-window 
vision, i.e. the track is driven by looking at a track 
map that displays the track gradient and 
curvature. 

4 DATA REQUIREMENTS 

Simulation of rail operations for both driver 
training and operational analysis require accurate 
and detailed information on the track, locomotive 
and rolling stock, consist operational configuration 
and loading, and driver input.  Collecting this data 
was a time consuming task. 

4.1 Rail Track and Geographic Data 

The minimum data requirement for operational 
simulation is gradient and curvature data as this is 
used in the calculation of rolling resistance and 
tractive effort.  For driver training in addition to the 
above visual details of track and track 
infrastructure (e.g. points, signals, turnouts, 
signage), background terrain data, driver 
recognisable landmarks, typical vegetation and 
buildings are required to build the visual database 
for the driver’s out-the-window view. 
In this application rail track details were provided 
in the form of survey plans, electronically supplied 
survey data and video footage of the track.  
Survey data was provided in the form of survey 
points for the start and end of all changes in track 
gradient and curvature (including transition 
curves) and curvature radius.  All data was 
converted to Sydac’s standard track data format.  
Sydac’s track data files contain the above 
information rounded to the nearest mm.  In 
addition the format contains details of signalling, 
signage and other track infrastructure as required 
for driver training. 
In most cases the paper version of the survey 
data did not incorporate recent track changes and 
upgrades, but did include road and boundary 
locations and other key landmarks; hence the 
paper data was used primarily as a “sanity” and 
cross check of the survey data. 

4.2 Locomotive and Rolling Stock Data 

Detailed information about all relevant aspects of 
the train elements (i.e. locomotives, wagons, 
brake vans) and their subsystems (i.e. power 

plant, transmission, braking system, couplers, 
etc.) were required. 
For the operational simulation of the cane trains 
the focus was on: the ability of the train to safely 
climb and descend a steep grade including the 
ability to stop or be parked on the grade in case of 
emergency; and on ensuring that couplers are 
operated within safe load margins.  Hence for this 
simulation key data relating to tractive effort, 
adhesion, braking performance and in train forces 
was collected.  Only relatively high-level 
information was required to allow this type of 
simulation.   
For the driver training it was necessary to 
simulate various fault conditions, eg transmission 
overheating.  This required more detailed 
subsystem information, such as engine efficiency, 
cooling system capacity, etc. 
The data required was broken down into physical, 
dynamic and operational information.  
Physical data covered the basics including 
constants such as vehicle length, wheel 
diameters, height, tare and max gross weights.  
This data was generally readily available and was 
easy to validate by relatively simple 
measurements.  Physical data was obtained from 
manufacturer’s specifications and by 
measurement. 
Dynamic data defining the performance of specific 
elements of the train—i.e. engine power outputs, 
adhesion, air system details etc, were also 
required.  This data was provided by the 
engineering department of Mackay Sugar and the 
original equipment supplier. 
Examples of data used by the model for engine 
power output are shown in Figure 6, and for the 
transmission efficiency in Figure 7. 

Input Power Vs Engine RPM
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Figure 6: Diesel Engine Power Output 
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Figure 7: Transmission Efficiency 

Operational data was provided by Mackay Sugar 
operational staff and experienced drivers. 
 

5 SIMULATION TUNING AND VALIDATION 

Model validation is a critical process in simulation. 
It is required in order to verify if the model is an 
accurate representation of reality and to establish 
user confidence in the results. 
Methods used to validate the simulator included: 
• the simulator being driven by experienced 

driver’s using frequently operated train 
configurations on well know sections of track  
and obtaining feedback from the driver on 
how well the simulator reflected their 
experience; 

• hand sums to make sure the outputs 
generated from the model were ‘sensible’ for 
specific situations; and  

• comparison with trials test data. 

5.1 Driver Supported Tuning and Verification 

Early in the tuning process train operations over 
the Proctor’s Hill (1 in 75 grade) section of track 
were simulated.  Initial simulation runs indicated a 
single 94 Class locomotive should be capable of 
hauling 85, 6 tonne bins through this section.  
This was in conflict with driver’s experience.  
Review of the model with operational data and 
driver’s experience identified the need to adjust 
the wheel flange friction used for tight curves.  
This parameter was tuned to ensure the simulated 
results reflected the operational reality of a 59 bin 
limit.  Numerous additional tests were carried out 
to verify tuning, including a broad range of track 
and train consist configurations. 

5.2 Trials Based Validation  

An example of one of the comparisons of the 
simulated results with trials data is, the coupler 
force measured from the 40th wagon of a fully 
loaded 80 wagon train as the train moves off from 
stationary.  The results from raw data recorded by 
Mackay Sugar during the trial are provided in 
Figure 8 and the simulated train results Figure 9. 

Dynamic Response of Actual Train (from 
raw data)
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Figure 8: Validation Trial, Real Trial Data 

 

Dynamic Response of Simulated Train
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Figure 9: Validation Trial, Simulation Data 

The results compared here show the frequency 
and amplitude of the coupler force oscillations in 
the lateral direction. These results show that the 
modelled coupler stiffness and damping closely 
replicate the actual couplers behaviour. 

6 OPERATIONAL SIMULATIONS AND 
RESULTS 

6.1 Church Hill Operations 

6.1.1 Load Limits 
The current load limit for 94 Class loco on Church 
Hill was 21, 6 tonne bins.  The first task was to 
establish a new load limit for this loco wagon 
combination.  Simulation runs were used to 
establish a new load limit of 30 six-tonne bins. 
Simulation runs showed that coupler forces for 
this configuration were well within the design 
limitations of the Willison coupler.  
6.1.2 Distributed Power Investigation 
The load limit was not only restricted by the 
hauling or holding limit of locomotives on Church 
Hill, but also hauling capability between 
Pleystowe mill (which was being used as a 
marshalling yard for Farleigh bound trains) and 
the holding capacity of the Farleigh full yard (85 
six tonne bins).  Ruling grades of 1 in 80 set the 
limit at 80 six tonne bins to be hauled which would 
also streamline yard handling on arrival at 
Farleigh.  Trains were hauled from Pleystowe by 
94 Class locomotive and remote control brake 
van.  
Many different configurations intended to haul 80 
bins up Church Hill in one train were tested on the 
simulator, including multiple head end locos and 
distributed power.  However, simulation showed 
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all configurations to fail due to either excessive 
coupler loads at the head of the train, risk of 
derailing bins at the rear of the train, due too high 
buff forces (which would cause the bins to lift or 
yaw on the track), or the train taking too long to 
cross the Bruce Highway due to its low speed. 
Therefore it was decided the best strategy was to 
divide the train and haul it up Church Hill as two 
separate trains. 
6.1.3 Operational Outcome 
The 80 bin trains were divided at Agius Loop and 
the first 30 hauled up Church Hill by the 94 Class 
locomotive (based on the new load limit) and 
stored in a siding.  The 94 class then returned to 
Agius Loop where a 32 tonne Baldwin locomotive 
was attached to the head of the remaining 50 bins 
whilst the 94 class and brake van performed 
banking (pushing from the rear) and braking 
duties at the rear.  The train was then re-
assembled once over Church Hill and taken 
through to Farleigh Mill by the Baldwin 
locomotive.  The 94 Class and brake van would 
then return to Pleystowe for another load. 
6.1.4 Results 
The simulation allowed a large number of 
alternative train configurations to be tried resulting 
in the technically feasible and operationally 
acceptable solution.  The solution still required the 
train to be divided but into fewer longer consists, 
reducing the number trains crossing the highway. 
The resulting operational implementation proved 
very successful during the 2002 crushing.  No 
derailments, coupling failures or incidents were 
recorded.  
In 2003 Mackay Sugar again took the decision not 
to operate Pleystowe Mill.  This time due to the 
drought affected crop in Farleigh’s north coast 
region, in excess of 800 bins had to be hauled to 
Farleigh from Pleystowe on a daily basis. 
Tuesday 16th of September saw a record 917, six 
tonne bins hauled for Pleystowe to Farleigh. 

6.2 Farleigh Mill’s North Coast Line 

6.2.1 Simulation Investigation 
This investigation initially looked at the possibility 
of using a distributed power train to pull an 
increased number of bins over the long 1 in 75 
grade on Farleigh Mill’s north coast line. 
On trying various simulated train configurations, 
an efficient operational configuration could not be 
found, but the results of the simulation led to the 
idea of trying an alternative route, via Government 
Bank with its steeper (1 in 50) but shorter grade. 
A train model consisting of 170 six tonne bins 
loaded to 90% with a distributed loco half way 
along the train and a brake van at the rear was 
built.  This train configurations operation on the 
Government Bank route was simulated. 

To run the simulation an experienced driver, 
manually drove the simulated train.  Figure 10 is a 
screenshot of the driver’s interface while 
simulating the above scenario.  

 
Figure 10: Operational Simulator Driving Interface 

The top window shows the track profile with the 
train heading towards right of screen, up the hill. 
The window below this shows track curvature and 
the window off to the right displays the driving 
controls used to drive the train.  Trip time, 
distance travelled and current speed are 
displayed along the bottom of the screen.  The 
image shows the head of the train just passing 
over the crest of the hill at a speed of 10.2 kph. 
While running the simulation the in-train dynamics 
page was configured to display key parameters of 
interest to ensure safety limits were not being 
exceeded.  The coupler dynamics (coupler force 
and coupler extension) down the full length of the 
train are shown in Figure 11.  The graph shows 
the maximum coupler extension occurring behind 
each of the locos (max value of 138 kN) at this 
point on the track.  

 
Figure 11: Realtime In-train Dynamics 

Trends in train performance were monitored by 
referring to the history page, Figure 12.  
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Figure 12: PerformanceTrend Graphs 

In this simulation run this screen was configured 
to monitor lead loco speed, transmission 
temperature and lead loco tractive effort. This 
enabled: a quick estimation to be made of the 
average speed for difficult areas of track; and for 
monitoring of the reserve power capacity of the 
loco and the likelihood of overheating. 
All data from the simulation was also saved in a 
text file, which was subsequently read into MS 
Excel for further analysis. 
Figure 13 shows an analysis of the coupler force 
of the 80th wagon, speed of the lead loco and 
transmission temperature of the lead loco for the 
entire run. 

 
Figure 13: Speed, coupler force & transmission 

temperature 

6.2.2 Trial Results 
A trial was conducted at Farleigh on Tuesday 
19 November 2002.  The trial used the alternate 
(Government Bank) route through this area, with 
its shorter steeper 1 in 50 gradient, running a 
single 800 m long train of 1387 tonnes hauling 
173 six-tonne bins, as identified by the 
simulations.   
The train had a head end loco, a remote loco and 
brake van as shown in Figure 1.  An additional 
locomotive followed the train for safety purposes. 

The minimum speed achieved by the train at the 
crest of the grade was 10.1 kph as compared with 
the simulation prediction or 9.9 kph.  The 
maximum attainable speed approaching the foot 
of the grade was predict by the simulation to be 
17.9 kph.  The speed recorded by the lead 
locomotive was 18.6 kph. 
6.2.3 Operational Outcome 
After the successful validation of the results of the 
operational simulation the alternative Government 
Bank route was adopted. 
 

7 ONGOING OPERATIONAL APPLICATION 
OF SIMULATORS AT MACKAY SUGAR  

The success of the simulation and trials to date 
has led to additional projects which combine the 
use of the operational simulator with the more 
recently delivered driving simulator. 
The running of a slave train to the Mount Ossa 
and Calen areas offers a significant reduction in 
crew numbers and will also relieve the north 
coastline of congestion.  To date investigations 
using the operations simulator has resulted in the 
successful introduction of a slave train operating 
from Mount Ossa.  
The drivers selected to operate this train spent 
several weeks using the driving simulator, prior to 
commissioning of the slave train, to develop a 
driving methodology for the train over this route.  
The drivers went into the simulator with 
preconceived ideas on how the slave train should 
be driven based on their experience with head 
end only powered trains, however, these ideas 
were soon proven to be largely inappropriate for 
the slave train configuration, particularly the use 
of dynamic brake on the slave locomotive.  
Over six weeks the drivers developed a very 
detailed driving methodology whilst also 
discovering some unexpected benefits of using 
distributed power trains.  
These discoveries include: 
• substantial fuel savings by using the slave 

locomotive to assist on ascending grades 
only, the loco then idles after cresting the 
grade and for all descending grades and most 
undulating track sections; 

• an opportunity to trade-off fuel savings 
against the cost of the factory sitting idle, as 
when a train is running behind schedule or 
the factory is running short on cane supply, 
time can be made up by the powering the 
slave loco in track sections where it is not 
normally required. In some instances 
increasing train speed by up to 10kph; 

• establishing at what point they need to slave 
the train, i.e. if there is not a full load of 170 
bins, they identified that they can safely 
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double head up to 110 bins without 
overloading the couplers. 

Fuel savings at the time of writing this paper could 
not be quantified, however fuel usage is being 
monitored by Mackay Sugar and results should be 
available post 2003 crushing. 

8 CONCLUSIONS 

The operational simulators have allowed Mackay 
Sugar to build and trial any desired train 
configuration very quickly, including simulating 
wet track for risk assessment purposes. 
Specifically operational simulators have been 
applied to revising load limits and successfully 
addressing operational issues on the Church Hill 
and North Coast Line.  The simulators also 
provide a method for assessing risk prior to 
conducting field trials. The results of field trials 
proved the simulator extraordinarily accurate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The driving simulator has allowed drivers to 
develop driving strategies for the operational 
changes identified using the operational simulator. 
It has also provided a tool to let them try out their 
theories and ideas that have identified further 
opportunities for savings.  
Simulation has provided a safe and affordable 
way to identify the viability of alternative cane rail 
operations. 
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SUMMARY 

QR has a fleet of Locomotives which range from new to over 30 years in Service.  The management and 
usage of this fleet have been under review for some time and a number of changes have been made to how 
the locomotives are overhauled and the use they are put to.  The QR network is narrow gauge (1067 mm) 
and is also characterised by a restrictive wine glass clearance gauge.  This has made the use of large, 
heavy, high-powered locomotives very difficult to implement.  The track is generally restricted in speed and 
mass capability, so that any locomotive design has to be optimised to the available track.  It has not been 
possible to bring in standard locomotives from overseas and use them.  In many ways QR has led the way 
with narrow gauge locomotive design features, and the necessary optimisation. 

1 INTRODUCTION 

Today’s business environment presents us with a 
number of issues that has driven change into how 
we manage our locomotive fleet.  These driving 
factors include competition, safety requirements, 
environmental requirements, restrictive structure 
requirements, occupational safety requirements 
and technical (preventative maintenance) 
requirements.  Innovative Engineering solutions to 
these issues have been sought in order to 
maximise locomotive usage while providing more 
modern amenities for crew.   

Design has usually been undertaken by 
Rollingstock Engineering division of QR and in 
some cases by Coal and Freight Rollingstock 
Maintenance.  Construction has been by QR 
Workshops Redbank and Rockhampton, with 
external contracts in some cases. 

2 COMPETITION 
Within the Freight industry there has been an 
increase in demand to develop boutique style 
contracts.  This is where we end up with shorter-
term contracts for a certain tonnage of a particular 
product.  This style makes it difficult to predict 
long-term demand and needs to be geared up on 
very short notice.  It also then has a short life.  
Companies using this style of contract can work 
the competition policy to its best outcomes.  To 
manage this it is important to come up with a 
strategy for managing the locomotive fleet that can 
deal with these short lead times.   

The same is happening within the mining industry 
where years ago the development of mines took a 
long period of time from when they got approval 
for the mine to when it would be first required to 
deliver product.  A time span of 3 years or more 
was common.  These days with the reforms that 
have been put into place, time frames as short as 
6 months can be expected from when the mine 
gets the go ahead to when they require the 
capacity to move their product.  This has again 
driven the need to be able to manage the 
locomotive fleet to manage these short lead times. 

This short lead-time with mines can cause 
fluctuations with the tonnage forecasts.  Today’s 
environment requires a more regular review of the 
tonnage requirements and a management plan for 
the locomotive fleet that has the capability of being 
flexible enough to meet these changing tonnages. 

3 SAFETY REQUIREMENTS 
Because of the drive toward safer locomotives, 
higher safety standards are now required.  Areas 
of improvement include collision resistance and 
anti-climb features as well as resistance to 
intrusion into cabs by foreign objects, plus the 
crush resistance of the cabs and impact resistance 
of windscreens.  There is also a drive towards 
better visibility of the locomotive both from a 
perspective of being able to be seen plus being 
able to see from the driver’s cab. 

4 ENVIRONMENTAL REQUIREMENTS 
Today’s society expects modern locomotives to be 
more environmentally friendly.  This means 
increased efforts at making locomotives quieter 
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and cleaner are needed in order to reduce the 
impact of the locomotives on the outside 
environment and to provide a better environment 
for crew.  New muffler designs, quieter cabs, better 
fuel economy and containment of any waste oil 
have been implemented to make locomotives 
more environmentally friendly.  

5 RESTRICTIVE STRUCTURE 
REQUIREMENTS 

Even though there is a push to improve structural 
requirements of tracks, bridges, tunnels and 
signalling systems, there are still a large variety of 
different size track structures that the locomotive 
fleet must be capable of meeting.  This places 
restrictions on the size and weight of locomotives 
that can be used on various tracks.  The narrow 
gauge track environment also comes with a 
restrictive wine glass rollingstock outline.  New 
locomotives today have problems with meeting 
some of the restrictive structure outlines (such as 
passenger platforms and tunnels) and weight 
requirements while still trying to keep horsepower 
and tractive effort to a maximum. 

6 OCCUPATIONAL SAFETY 
Occupational safety standards of today are far 
higher than they were in the past.  Major efforts 
have been allocated in improvements in access to 
the locomotive, placing pressure on the design of 
steps and handrails to meet new standards.  
Efforts are also made on the ergonomic design of 
the cabs, which covers issues such as seats, 
instrument layouts, air conditioning, toilets and 
vision from the cab. 

7 TECHNICAL (PREVENTATIVE 
MAINTENANCE) REQUIREMENTS 

To become more commercially viable, pressure is 
placed upon the maintenance of locomotives to 
ensure that there is a balance between the cost of 
preventative maintenance and that of the reliability 
and availability obtained.  This has placed 
pressure upon ensuring that there is no spare 
capacity in the preventative maintenance 
packages, while all critical areas to maintain 
reliability and availability are still adequately 
serviced.    

8 LOCOMOTIVE FLEETS 
QR has a mixed fleet of Locomotives, with over 
40% of the fleet being more than 20 years old. 
Many of these locomotives had been earlier 
marked for scrapping, but the pressures of 
business economics have meant that many can 

now be recycled with the appropriate technology 
and engineering effort. 

With the driving factors listed above placing 
pressure on the locomotive fleet, a total strategy 
had to be developed to cover these demands.  
The purchase of new locomotives satisfies the 
need for the long term guaranteed tonnage, 
however as earlier discussed, much of the 
tonnage is quite variable in nature.  Hence a 
strategy for revitalising the existing fleet was 
derived to meet these driving factors.  This has 
meant a number of in house developments had to 
be researched and implemented.  Also an 
overhaul/modification program was developed that 
had the flexibility built in to not only meet the 
variable demands of the tonnage requirements but 
also the preventative maintenance requirements 
as well.   

9 ENGINE EXHAUST MUFFLER 
QR has adopted a Corporate Noise Goal for 
Rollingstock of 85 dBA at 15 metres. This can be 
achieved at some effort and cost with new 
Locomotives, where the noise treatments can be 
designed into the locomotive from the start. It is 
however quite different to retrofit noise treatments, 
particularly to Locomotives which are 20 to 35 
years old.  One of the seemingly insoluble 
problems with lowering the noise levels on older 
locomotives is the Engine exhaust noise. 

A “typical” 12 cylinder Rootes blown Locomotive 
measures 90 dBA at 15 metres with the Engine 
sound power level at 118 dBA; while the 
equivalent Turbo-charged engine (higher Power 
output) measures 93 dBA at 15 metres and an 
Engine sound power level of 124 dBA. The 
exhaust is the major and Dominant noise source. 
[1] 

Locomotives with Rootes Blown 16 cylinder 
engines have been measured at over 96dBA [2] 

Because of QR’s commitment to the long term 
noise goals, an R&D project was set up to 
specifically tackle the Engine Exhaust issue, and a 
noise consultant engaged to provide technical 
assistance to the QR Locomotive Design team. 

The main problem with the provision of a muffler 
on existing QR Locomotives is the space allowed 
between the top of the QR Rollingstock Gauge at 
3.9 metres above rail, and the top of the engine. It 
is not practical for either of these constraints to be 
moved. The muffler therefore needed to be a very 
efficient design.
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Figure 1:  Space allowance for muffler - 12 cylinder. 

 
At this time the 2300 class locomotive was going 
through upgrade and was the ideal locomotive to 
be the trial prototype. A tuned chamber design 
based on the Helmholtz principle was selected, a 
detailed design done, and a prototype was 
constructed and tested. 
 

 
 

Figure 2:  Reactive Muffler Prototype under 
test. 
 

The results were encouraging so a final design 
was completed and a production prototype built 
and tested.  This gave an overall noise level of 
88dBa at 15 m [3] and the production prototype 
was run in traffic for some time to assess reliability. 

The joint between the muffler and the turbo gave 
problems and needed some design rethinking. 

Six units were then constructed and put into traffic. 
The only problem that became evident was a 
number of cracks developing from some of the 
welded sheet joints. This detail was changed to 
include a fold, which has solved the problem.  This 
unit is now in production. 

 

 

 

 

 
 

Figure 3:   Production version 
 

A Rootes blown version for a V8 engine has also 
been designed and a test unit constructed. The 
results so far have not been very encouraging and 
the options here are being re-evaluated. Again the 
issue is with the space available. Because of the 
noise spectrum differences between the Turbo-
charged engine and the Rootes blown engine, the 
Rootes blown muffler needs even more space. 
Other noise reduction measures adopted on board 
various locomotives have included the use of 
various absorptive materials to insulate walls 
around the cab to improve the cab noise, and 
barriers at strategic points to reduce the radiation 
of noise from items such as the compressor and 
radiator fans. 

We have some confidence that eventually we will 
be able to get very close to the QR noise level 
goals, even with some of the old locomotives. 

The next challenge will be to retrofit some of the 
older locomotives with an isolated cab. 
 

10 IMPROVEMENT IN SAFETY STANDARDS 
QR has undertaken to meet certain Safety 
Standards in any New and rebuilt locomotives, as 
far as reasonably practicable, and depending on 
the duty the locomotive is put to. 
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These include: 
• Collision columns to AAR S 580 
• Frontal impact resistance to AAR S580 
• Rollover protection for crew. 
• Windscreens to the QR specification, 

analogous to BRB 566 
• Side windows to FRA II 
• Emergency egress through front windscreen 

or side windows (including clearance to 
remove a person on a stretcher). 

• Access ladders as close as practicable to AS 
1676 

• Battery isolation that can be accessed in the 
event of serious accident. 

 

11 EXAMPLES OF SPECIFIC PROJECTS 

2300 Class Locomotive  

QR has for some time desired a “Fast Freight 
locomotive“ that could pull medium mass trains at 
higher speeds. This determined an engine of 
2238 kW (3000hp), however, neither American 
manufacturer could even promise a timeframe for 
the possible delivery of this type of locomotive in 
the package that QR needed.  This package 
included a maximum mass of 100 tonne and 
compliance with QR’s very restrictive Rollingstock 
Gauge.  

A comparison between the purchase of a new 
locomotive of very similar specifications and 
horsepower to existing QR locomotives and a 
rebuilt locomotive showed a very clear financial 
benefit to the rebuild.  A “maxi-overhaul” project 
was therefore initiated to rebuild a series of 
locomotives to a higher standard, performance 
and reliability for the duty intended. 

The engine was increased in power through the 
replacement of the Rootes blowers with a turbo 
charger. This gave an increase of power to 1678 
kW (2,250 hp) from 1230 kW (1650 hp.) 

A soak back pump was also added for turbo 
lubrication; additional water-cooling by adding 
radiator elements and blowers, and additional oil 
filtration completed the engine package. 

Higher capacity 24 blade traction motor blowers 
were also added for improved cooling, and triple 
tower filters added to give improved compressed 
air quality. 

The old driver’s cab was cut off and a new 
structure designed to incorporate the latest 
standards in crash protection for the crew was 
installed.  This included twin collision columns and 
frontal impact protection, Rollover protection in the 
roof, improved side impact protection and a high 
standard of Windscreen glass (to a QR spec 
analogous to BR 566). 

These locomotives have been very successful and 
a fleet of 60 have now been rebuilt. 

1502 Class Conversion to Standard Gauge 

Interail is a small “no frills” operation set up by QR 
to contest the interstate standard gauge traffic. 
However, additional locomotives were needed by 
this operation and for as low a cost as possible. 
QR had surplus 1502 class locomotives that would 
be ideal if only they were standard gauge. 
Rollingstock engineering was commissioned to 
provide advice and designs to convert the 
locomotives from narrow to standard gauge.  A cut 
and shut procedure on the existing bogie frames 
was initially considered, however, the verification 
and estimated cost made this an unlikely solution. 
Eventually a number of surplus 49 class standard 
gauge bogies were sourced, and these made an 
ideal replacement, as this NSW class was a sister 
locomotive to the narrow gauge QR locomotive. 
Only a small number of modifications were needed 
to be able to replace the original 1502 class bogies 
with the 49 class bogies.  This also brought the 
coupler height up to the required dimension for 
standard gauge.   

The noise print of the locomotive has been 
reduced to 88 dBA passby at 15 m (down from 
91.8 dBA) by the use of an MPE engine muffler 
and noise barriers on the side of the locomotive, 
while a triple tower filter has been installed to 
improve the compressed air quality. 

This locomotive also received a new drivers cab, 
with provision for the RIC requirement for signal 
viewing (hence the sloping nose cone) and air-
conditioning was included.  This converted 
locomotive has been called the 423 class, and has 
been painted in Interail livery. 

 
Figure 4: 423 Class Locomotive 
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1720 Class Locomotive  

This class of locomotive is a V8 engined light 
weight shunter or is used on lines requiring a very 
light axle load.  The locomotives are all over 30 
years old and have been marked for disposal 
several times over their lives.  The cost of 
replacing them however is far higher than their 
rebuild cost.  One of the significant issues with 
these locomotives is the increasing unavailability 
of spare parts, particularly in the relays and 
contactors.  QR has done a trial of the ZTR 
electronics system in these locomotives and found 
that not only has it increased the available 
adhesion and given thermal protection for the 
traction motors, but it has also replaced the 
contactors that were difficult to get.  

A comparison test of the ZTR system was done by 
fitting up a locomotive in a temporary mode so that 
it could be switched between ZTR and the normal 
control system.  A series of track tests were 
conducted in order to compare the old system with 
the ZTR control and quantify any improvement. 

With ZTR working, it was found that the locomotive 
was capable of developing up to 30% adhesion in 
wet conditions (water spray).  However, the 
thermal performance of the traction motors and 
main generator would not support this level in 
service.  The testing determined that the realistic 
achievable despatch adhesion was 26 %, this 
being an improvement of 16 % over the old 
system. [4] 

The decision has now been taken to fit out the rest 
of the fleet as they are overhauled. 

Other improvements designed into the overhaul 
include a new larger drivers cab, collision columns, 
and improved lighting and cab amenities. 
 

 
 

Figure 5:  Installation of the ZTR Adhesion 
control system. 
 
 
 

12 ELECTRIC LOCOMOTIVE UPGRADES 
Many of the 25kV electric locomotives that QR 
uses are also undergoing significant upgrades. 
These locomotives perform the bulk of the heavy 
haul coal duties. Increasing coal haul requirements 
have been predicted, and the locomotives are 
reaching their mid life point, so it is in order to 
have a strategy for their future.  A great deal of 
analysis has been conducted into different 
strategies ranging from new replacement (either 
Electric or DEL) to refurbishment to “do nothing”. 
The result of this has been the adoption of a 
strategy to extend the working lives of the 
locomotives and to give them increased duties. 

18 of the 3900 class (higher speed general freight 
locomotives built by Clyde ASEA Walkers) are 
being converted to coal specification locomotives; 
this involves converting the bogies to take traction 
motors with nose suspension and a different gear 
ratio.  The opportunity is also being taken to 
replace the braking system with a new Epic II 
system with radio Distributed Power and ECP 
brake (down the wire).  The cabs are being 
refurbished and display screens are replacing the 
gauges.  The rest of the locomotive is given a 
general overhaul, and will go back into traffic with 
the same performance specification. 

The rest of the 3500/3600 class will also be 
overhauled in the same way with a new braking 
system, and so the whole of this fleet will be 
homogeneous. 

The 3100 class locomotives were built in the mid 
80’s by Comeng using Hitachi traction equipment. 
They have been chosen to receive a significant 
upgrade to AC traction technology.  A contractor 
has been appointed to do a “clear the decks” 
conversion of them to provide a locomotive with 
the latest AC traction system using IGBT 
converters, and the ability to either regenerate full 
power into the overhead or into on board brake 
resistors. 

This conversion is expected to give the 
locomotives a much higher tractive effort and 
power rating, which together with a significant 
increase in the mass of the locomotive will lead to 
a reduction in the number of locomotives per train. 
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13 CONCLUSION 
The business requirements of increased haulage 
at reduced cost (both in capital terms and ongoing 
maintenance) are having the effect of extending 
locomotive life beyond that which was originally 
planned for. 
 
Technology is available today to assist this effort in 
upgrading older locos to provide new lives, 
however significant innovation and engineering 
expertise is needed in order to provide effective 
solutions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
QR has found it to be very worthwhile both 
technically and commercially to extend the lives of 
old locos by recycling and cascading them into 
other traffic. 
 
[1]  R Heggie report to QR October 1997 
[2]  J Hoerloin internal report May 1999 
[3]  R Heggie report to QR March 2001 
[4]  S Walmsley internal report ZTR NEXUS 

Traction Control Adhesion Tests 1720 class 
DELS. 
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SUMMARY 

Since the 1980s the issue of noise generated by the rail industry has gained increasing attention.  The 
various train operators, in response to environmental pressures, have gradually introduced noise level 
restrictions to the rolling stock that they have purchased and have even retrofitted some rolling stock with 
noise abatement equipment. 
 
Locomotives have been identified for particular attention due to the large noise differential that exists 
between the locomotive and freight wagons/passenger cars.  By nominating separate noise controls for 
locomotives, more realistic noise limits can be established and, at the same time, still maintain control of 
wagon and passenger car noise levels. 
 
The purpose of this paper is to outline some of the issues surrounding the noise control of locomotives.  The 
first part of the paper contains a review of the terms used in the study of noise and the background to setting 
noise level limitations and the second part of the paper describes the locomotive noise modelling process 
generally adopted by the industry. 

 

1 INTRODUCTION 

Noise What is it? 
 
Noise, by definition, is air disturbance, which is 
measured as a change in air pressure.  Noise 
travels through air as compression waves.  
 
To make more sense of the noise disturbance a 
number of measures have been established to 
annotate measured noise.  The most common 
term used is the decibel, which provides a 
logarithmic scaled measure of the amplitude of 
noise 
 
A decibel (dB) is defined by the equation 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Intensity Sound Ref.
Intensity Sound10 10LogL  (1) 

 
where  L is the noise level 

 Sound Intensity is sound pressure level 
 
Ref. Sound Intensity = 20µPa (which is the threshold 
of hearing) 

 
For reference 
 

140 dB = An aircraft at takeoff 
120 dB = A rock concert, close to the speakers 

 
60 dB = A typical restaurant, speech level 
40 dB = A quiet residential suburb 
  0 dB = The threshold of hearing 

 
To provide further definition, noise is described 
also in terms of its frequency.  This can take the 
form of several different descriptors.  One of the 
most common methods is to describe the 
amplitude after the noise is filtered through a 
known filter.  The best known of these filters is the 
A-weighted filter.  This filter, as well as the C-
weighted filter (which is commonly used also), is 
defined in Australian Standard 1259.1 and other 
international standards.  These filters are 
illustrated in figure 1 below. 
 
The purpose of the filters is to allow for biasing of 
certain frequencies to compensate for various 
features of human hearing, such as perceptions of 
loudness, hearing loss potential and the like. 
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Noise Weighting Filters
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Figure 1: Noise Weighting Filters 

Another useful approach that is used is to look at 
individual ranges, or bands, of frequency. The two 
common methods that are used are known as 
narrow band fft analysis and octave band, or 
fractional octave band, analysis. Of these, one 
third (1/3) octave analysis is referred to regularly, 
and this is illustrated in the following: 

A further equation for noise analysis is that 
associated with the change in noise level as the 
distance between the source and the receiver 
changes. For point noise sources the formula is: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

Distance Required
 L of Distance20 1

101 LogLL  (3) 
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Figure 2: Diagram of 1/3 Octave Analysis 
Another useful technique with respect to noise 
analysis is how to add two noise sources 
together, which are incoherent (phases of noise 
waves that do not coincide with each other). The 
formula for calculating the resultant noise level is: 
 

⎟
⎠
⎞

⎜
⎝
⎛ += 1010

10

21

1010log10
LL

L  (2) 

 
 

There are a number of good textbooks on the 
subject of noise and noise control of which 
‘Engineering Noise Control’, by David A. Bies and 
Colin H. Hanson has been used, as a reference, 
for the above introduction. 

1.1 Statutory Requirements and Standards 

The main parties involved in the establishment of 
noise level limitations have traditionally been the 
State Environment Protection Authorities (EPAs) 
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and the State Railways.  More recently, rail 
infrastructure owners have replaced the State 
Railways in the establishment of noise limitations. 
For locomotives the noise level limitations are 
published in Railways of Australia, Manual of 
Standards and Practices. 
 
Table 13.2 – Specified Noise Levels (reproduced 
below):

of C-weighted limits, in preference to linear levels, 
in accordance to AS2377. 
 
To better understand these locomotive noise 
limits they need to be viewed as part of the total 
railway environmental control model.  Ultimately, 
noise control is a result of community concerns 
about the level of noise from rail vehicles. 
Community noise issues are driven, more or less, 
 
 

Noise Levels in A-Weighted Sound Pressure Levels re 2 x 10-5 Pa 
 Operating condition Speed External 

Location 
External Noise 
Limit 

Drivers Cab 
Internal Noise Limit 

1 Idle with compressor, 
radiator fans and air 
cond. Operating at 
maximum load occurring 
at idle 

Stationary 15m contour 70 dB(A) max 

82 dB lin. max 

70 dB(A) max 

2 All other throttle settings 
under self load with 
compressor, radiators 
and air cond. operating 

Stationary 15m contour 87 dB(a) max 

95 dB lin. max 

75 dB(A) max 

3 Brake equipment & 
annunciators 

Stationary - - 85 dB(A) max 

4 Main Horn Stationary 200 m 88 dB(A) min 85 dB(A) max 

5 Low Horn Stationary 100 m 85 dB(A) min 

90 dB(A) max 

85 dB(A) max 

6 Idle 0 – 50 km/h 15 m from 
centreline 

80 dB(A) max 75 dB(A) max 

7 All service conditions 0 – 80 km/h 15 m from 
centreline 

85 dB(A) max 75 dB(A) max 

(85 dB(A) under 
cond. 4) 

8 In Service N/A N/A N/A 80 dB(A) Leq 

Figure 3: Specified Noise Levels 

The various states generally have adopted these 
noise limits, but each of them has modified the 
requirements to address particular circumstances 
that exist within their own areas of responsibility. 
 
It should be noted, at this point, that AS2377-
2002, makes use of C-weighted noise levels in 
preference to linear, or unweighted, noise levels. 
This is due to the C-weighted curve providing a 
defined frequency response from the noise 
measurement equipment, whereas not utilising a 
weighting curve allows for the low frequency roll 
off, of the noise measurement equipment, to 
occur in an undefined manner.  Therefore, it is 
recommended that new requirements make use 
by noise exposure and not so much by discrete

noise passages.  Noise exposure is the dose or 
the accumulative time exposed to noise, 
technically the integration of noise over time. 
Therefore, the establishment of noise limits for 
individual rolling stock is not connected directly to 
community noise exposure. 
 
The rail infrastructure owner, who allows trains to 
travel on the network, is responsible for balancing 
the noise exposure that residents, in the 
community, receive.  As a higher number of trains 
traverse the network, it follows that the noise 
level, received by residents for the passage of 
each train, has to be reduced to maintain the 
same noise exposure.  
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A reduction in the level of noise received by 
residents can be achieved by a number of 
different methods.  A restriction in the noise 
produced by the rolling stock will result in a 
reduction of the source of the noise.  Controlling 
the transmission path, from the rolling stock to the 
resident’s property and modifying the resident’s 
property itself, will reduce the noise heard by the 
residents.  Land management and building zoning 
control, in consultation with local government, will 
contribute towards the control of expectations with 
respect to where exposure will occur together with 
the allowable noise exposure for each area. 
 
Although this paper addresses only the control of 
the rolling stock noise, the other methods are 
equally valid ways of dealing with community 
noise and all three need to be considered in order 
to create an acceptable environmentally friendly 
rail system. 

The diagram below shows an example 
configuration of these components. 
 
1.2 Baseline Noise Levels 
Establishing the baseline noise level for the 
various components is one of the most interesting 
stages of generating a noise model. Typically, all 
of the components either are interconnected or 
dependent on each other for their operation. 
Therefore, determining the noise from each 
component has to be undertaken using a variety 
of tools and testing methods. These include; 
noise intensity mapping, near field and far field 
measurements, blanketing components or 
redirecting airflows, switching components on and 
off where possible, and powering some 
components from external power sources. Using 
this test data calculations and comparisons are 
conducted, to determine each component’s 
contribution to the overall locomotive noise.

 
2435 6

 
Figure 4: NRC Equipment Arrangement 

2 LOCOMOTIVE NOISE MODEL 

Locomotive noise modelling encompasses three 
stages.  These are the establishment of baseline 
noise levels, the identification of the noise 
reductions necessary to meet requirements and 
the design of the noise abatement strategies to be 
implemented on the locomotive. 
 
A locomotive contains a number of noise 
generators. 
 
On a Diesel Electric locomotive the main sources 
are the: 
1 Diesel Engine 
2 Radiator Fan(s) 
3 Electrical Equipment Ventilation Fans 
4 Traction Motor Ventilation Fan 
5 Dynamic Brake Resistor Fan(s) 
6 Air Compressor 
7 Body Vibration 
8 Horns 
9 Wheel/Rail Interface Noise 
 

Taking the Diesel Engine as an example there are 
several noise emission paths from the engine. 
The most significant path is the engine exhaust. 
The other noise paths from the engine are; the air 
inlet, housing radiation noise and the structure 
induced vibration, which is then radiated out as 
noise.  These noise paths are not as high as that 
originating from the engine exhaust but still can 
be significant. 
 
Noise levels vary with different engine speed and 
power output.  Therefore, the engine needs to be 
operated through all its power settings and 
against a tractive power load.  To simplify testing, 
the locomotive is tested in a stationary condition, 
wherever possible. To allow the engine to work 
against a power load the alternator output is 
connected to either the dynamic braking resistor 
bank, if fitted to the locomotive, or an external 
load box.  However, both the dynamic brake and 
the load box generate their own noise.  Auxiliary 
equipment also normally is required to be 
operating throughout the tests, which also 
generates noise. 
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It is challenging to identify the engine exhaust 
noise level, when every other piece of equipment 
is operating.  This requires a method of either 
recording just the exhaust noise or isolating the 
exhaust noise from the total noise.  
 
To record the exhaust noise level only, one 
method would be to measure the near field 
measurements, at the exhaust outlet. These 
results will have some noise from other 
components, but dominantly will be just the 
exhaust component.  The difficulty with near field 
measurements is that they do not take into 
account the transmission path to a receiver site. 
So, further calculation or experimentation is 
required to determine the transfer function (the 
loss over the transmission path). 
 
Alternatively, by ducting the exhaust gases away 
from the locomotive, to one side, measurements 
can be taken, which effectively exclude the 
exhaust noise.  These results then can be 
compared against results taken without the 
ducting in place, with the difference being used as 
an indicator of the exhaust gas contribution.  This 
can be quite useful to identify the contribution of a 
component.  However, its effectiveness depends 
on how dominant the component noise is across 
the noise spectrum. 
 
Because neither method is ideal, it is common 
practice to perform both near field measurements 
and difference comparison measurements 
utilising the ducting to transfer the exhaust gas 
away, with the modelled contribution being 
allocated based on an interpretation of both 
results. 
 
The engine exhaust noise being the most 
dominant noise, is required to be determined with 
the greatest accuracy.  However, to some extent 
it is the easiest to measure.  There are several 
other noise sources that, if left untreated, would 
still cause the total noise level to exceed the 
specified limits.  
 
Each of these components needs to be subjected 
to tests that have been designed to provide the 
best method of isolating its contribution to the 
total noise emission.  Like the engine exhaust, it 
is common practice to utilise multiple test 
methods to quantify the modelled levels.  One 
method that has proven to be effective is to utilise 
the difference comparison measurement method 
for the individual component, when the exhaust 
gases are still being directed away from the 
locomotive.  However, only one side of the 
locomotive can be assessed at a time using this 
method. 

2.1 Allocation of noise reduction 

The next stage of the modelling process is to 
identify the level of noise abatement necessary, 
for each component, to achieve the overall noise 
limit. Because of the logarithmic nature of the 
notation used, most of the noise attenuation 
needs to be focused on the highest noise 
contributors.  However, ultimately enough 
attenuation needs to be added to the locomotive 
so that the resultant noise is sufficiently below the 
noise limit to assure compliance. 
 
Normally this is an iterative process between the 
component suppliers, vehicle design teams and 
the acoustic specialists.  The process must 
consider the availability of quieter components 
that could be used instead of the standard 
components and whether or not there are ways of 
reducing the transmission of the noise from the 
source to the receiver.  The required noise 
reduction may not be feasible for some 
components. This then will require further noise 
reductions to be achieved on other components in 
order to balance the overall levels. 
 
The allocation process itself is something like an 
accounting process, with additions and 
subtractions being made to the total noise level. 
However, the balancing of competing 
requirements, such as performance, access, 
maintenance and cost needs to be controlled as 
an integral part of the design process. 

2.2 Noise Abatement Strategies 

The third stage of the noise modelling process is 
to design the noise abatement equipment.  Apart 
from providing adequate acoustic performance, 
the goals for this equipment are: to minimise 
installation and maintenance costs, to ensure no 
degradation to vehicle performance, to prevent 
failure, to restrict the extent of maintenance, not 
to prevent or hinder access or maintenance 
activities and to be of lightweight but robust 
construction have. 
 
So how can noise be controlled? 
 
As discussed earlier in the paper, the engine 
exhaust is one of the most significant noise 
sources on the locomotive.  Typically, a muffler or 
silencer would be used as the noise control 
device.  
 
A reactive muffler is quite effective for low to 
medium frequency attenuation. However, it relies 
heavily on changes in its cross sectional area for 
its acoustic performance.  The exhaust airflow is 
normally quite high, so it requires a relatively 
large cross section to allow for the gas flow. 
Therefore the required size of an effective muffler 
is quite large. Therefore, acoustic performance is 
often balanced against achievable muffler size, 
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engine efficiency, caused by back pressure on the 
engine exhaust, and the high exhaust airflow rate. 
The science behind designing such a muffler is 
well documented by M.L. Munjal in ‘Acoustics of 
Ducts and Mufflers’. 
 

Inlet
Area

Expansion 
Chamber Outlet

Area

Expansion
Area

Reactive Muffler
 

Figure 5: Example of Reactive Muffler 

The example above is a simple expansion 
chamber muffler, which shows the basic elements 
of such a configuration.  A more typical 
configuration would include multiple expansion 
chambers and modified inlet and outlet 
conditions, which may include perforated pipe 
sections and pipe extensions into the expansion 
chamber space  

An exhaust silencer provides effective 
performance for higher frequencies.  However, 
because acoustic absorption materials are used, 
as an internal lining, in the silencer the acoustic 
performance will degrade over time, as the lining 
is clogged with carbon and unburnt diesel 

Absorptive Material

 

Figure 6: Example of Passive Silencer 

Therefore, the design of an exhaust muffler for 
the locomotive engine exhaust is not a simple 
task, and it is rare that the acoustic performance 
is over designed. 
 
For other components a variety of abatement 
strategies can be used. Because most of the 
other noise sources also revolve around airflow 
and ventilation there is some commonality 
between methods.  Three of the common 
methods that have been used with some success 
are: Silencers, or lined ducts; Barrier walls and 
Absorptive enclosures. These methods are used 
also in combination to provide better 
performance. 
 
Each configuration will attenuate the noise 
differently.  Barriers provide high frequency 
attenuation effectively with decreasing 

effectiveness at lower frequencies.  The lining of 
compartments reduces the mid frequency range. 
Mufflers and resonators are effective at the lower 
end of frequencies. 
 
Absorptive materials are utilised extensively to 
absorb noise.  There are many materials that 
have acoustically absorptive properties. 
Therefore, part of the challenge is to find 
materials that fulfil the various requirements for 
each installation.  Some of the constraints on the 
materials are the operating temperature of the 
airflow or surroundings, exposure to water, 
sunlight, oil and solvents, ability to withstand 
vibration, fire properties and toxicity, 
manufacturability and OH&S issues. 
 
Of course there are a number of limits regarding 
the actual location on the locomotive where 
absorption and noise control equipment can be 
placed.  The vehicle outline gauge offers 
significant limits to where attenuation can be 
installed.  Maintenance access needs to be 
provided to, and around, equipment.  Potential 
restrictions to the airflow path also limits where 
attenuation can be provided. 
 
For noise induced by vibration, other methods of 
noise control are required.  Isolation of 
components or structures and surface damping 
commonly are used to control the radiation of 
noise. 
 
Taking a General Electric Locomotive as an 
example, a typical attenuation package includes: 
 
• An engine exhaust muffler 
• Damping and Absorption in the Engine Cab 

Doors 
• Internal lining in the radiator compartment 
• Handrail barriers in front of the opening of 

the radiator compartment 
• Absorptive deflective louvres on the Dynamic 

Brake outlet and inlet 
• Inlet and Outlet mufflers on the air 

compressor.  
• Silencers on the air ducts 
 
2.3 Internal Noise 
 
Another location where noise control needs to be 
considered is within the driver’s cab.  While, this 
does not impinge upon external environmental 
limitations it is a significant part of the locomotive 
noise control process. 
 
Again there are a number of controls that can be 
used in the cab.  Isolation of the cab, from the 
locomotive structure, can be implemented as a 
major control mechanism.  This action however, 
could be eliminated if the engine was isolated and 
not hard connected to the locomotive platform. 
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Absorptive lining, installed inside the cab walls, is 
the other major control measure to considered to 
address noise in the cab. This provides a partially 
anechoic space. 

3 CONCLUSION 

Noise control on locomotives has moved a long 
way over the last two decades.  Certainly, new 
locomotives are among the quietest in the world. 
Not only has the A-weighted noise levels been set 
to low thresholds, but the linear, or unweighted, 
noise has also been limited. 
 
While these limits are great credentials for 
Australia’s commitment to environmental 
concerns, they do come at a cost. 
 
So, what is the cost of noise control on the 
locomotive? 
 
Perhaps the most obvious cost is that associated 
with the installation of the noise control 
equipment.  However, if taken over the life of the 
locomotive, there are a number of secondary 
costs that could exceed the initial installation cost. 
 
These secondary costs could be: restricted 
maintenance access or extra panels that have to 
be removed during maintenance activities, extra 
heat build up in compartments or restricted air  

So what of the future of the locomotive noise? 
 
To make any real advances in lowering the noise 
levels any further will be extremely difficult.  Noise 
attenuation has already been applied onto the 
major noise sources on the locomotive.  To 
achieve an incremental improvement to the noise 
emitted, advances need to be made, firstly, to the 
noise attenuation packages that have already 
been applied and additional noise sources will 
also require some form of noise attenuation. 
 
To illustrate this, the table below gives an 
example of the level of attenuation, in decibels, 
which could be required to achieve various noise 
limits. 
 
So, as environmental concerns increase I would 
see that there will be a continuation of many of 
the same activities that are currently occurring. 
This includes the retirement, or refurbishment, of 
older and noisier locomotives and introduction of 
new locomotives.  This will have the effect of 
lowering the noise dose to the community. New 
locomotives will also be able haul higher loads 
without increasing noise emission.  Trackside 
noise barriers will need to be increased in noise 
sensitive areas and potentially some buildings 
may need acoustic treatment.  This scenario is 
very similar to airports and freeways.  
 

 
Component Attenuation 

For 87dB(A) 
Attenuation 
For 86dB(A) 

Attenuation 
For 85dB(A) 

Engine Exhaust 9 10 11 
Engine Cab 3 4 5 
Engine air intake 0 1 2 
Dynamic Brake Inlet 6 7 8 
Dynamic Brake Outlet 8 9 10 
Equipment Cooling Fan 0 0 1 
Radiator Fan 3 4 5 
Radiator Cab 2 3 4 
Handrail Barrier 3 4 5 
Traction Motor Blower 0 1 2 
Air Compressor 0 0 1 

Figure 7: Level of Attenuation 

 
flow paths and replacement of noise attenuation 
equipment over the life of the locomotive. 
 
The cost of engineering also contributes to the 
overall cost.  While Australia is at the lead at 
setting the benchmark, it also has to fund most of 
the engineering cost with developing the noise 
control strategies.  This may not be a problem 
when fleet orders are of significant size, but for 
low volume orders the engineering cost may 
become unreasonable. 
 
 

The final aspect of future planning will be the 
involvement of local governments and planners in 
allocating zones around railways where the 
community should expect higher noise levels to 
be received. 
 
As other parts of the world improve their rail noise 
standards there will be a greater emphasis placed 
on reducing component noise generation, which 
should flow on to a decrease in the overall noise 
emission. 
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SUMMARY 
 
This paper endeavours to explain why a rebuild locomotive design was attempted. 
 
Some of the constraints and methods employed in developing a locomotive design concept have been 
included. 
 
In addition this paper will show the reader some of the problems that can arise during the system and detail 
design stages and the solutions to achieve the desired or contracted performance. 

 
A row of 442 class Locomotives before re-build         GL 101 after rebuild during static testing 
 
1 INTRODUCTION 

The relatively recent change in Railway operator 
status from State and Federal government 
ownership to Private enterprise has resulted in an 
increase in competition for land base freight 
movement.  

New design locomotives would enable operators 
to improve their haulage capability and thus offer 
competitive bidding for new or additional rail 
freight. 

Privately owned rail operators usually have 
greater constraints upon raising capital, therefore 
their ability to replace older locomotives with new 
is restricted. 

An alternative to raising capital would be to lease 
the locomotive power when required.   

Leasing long term can be as expensive as raising 
capital to purchase new. 

However, short term leasing can and is usually 
financially attractive.  

To remain successful in business a company 
must achieve a profit.  Therefore sufficient income 
needs to be invoiced to cover the capital cost, 
depreciation, maintenance of the leased 
equipment and a profit margin but at a competitive 
rate.  Thus the capability of a lease company to 
cover the high capital cost for new locomotives 
was also limited. 

The aforementioned economic restrictions 
became the incentive to develop an alternative 
approach to satisfying the objective of a relatively 
modern locomotive design at minimum cost. 

The market research conducted amongst 
identified potential customers of the leasing 
company confirmed the locomotive should consist 
of the following: 
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• dual cab,  

• 3,000 hp microprocessor controlled 
locomotive.  

• The locomotive should have sufficient fuel 
tank capacity and performance to match or 
exceed the existing “FreightCorp” 81 class 
locomotive.  

•  The maximum service mass of the 
locomotive was not to exceed 132 tonnes to 
allow for operation on the Defined Interstate 
Rail Network. 

To satisfy the economic and above requirements, 
the preferred proposal was to rebuild an existing 
old locomotive.  

2 CONCEPT 

The concept was to develop a rebuild locomotive 
design that could take full advantage of using 
older technology engine and propulsion 
equipment with the modern microprocessor 
control.  

To achieve the required performance the new 
“General Electric Transportation Systems” 
(GETS) designed micro-processor controls 
(“Brightstar Sirius”) was proposed to be installed. 

The micro processor control enabled creep 
control of traction motors for an increased 
adhesion potential. In addition micro processor 
controls enable to include a system diagnostic 
capability and indication.  The diagnostic 
capability improves maintenance diagnosis and 
repair of faults. 

For a successful application of microprocessor 
creep control, without introducing restrictions of 
use with traction motor thermal protection, the 
maximum adhesive tractive effort (ATE) should be 
less than the continuous tractive effort (CTE) of 
the traction motors. 

Therefore the adhesive mass should be such that 
the amperage demand at the potential adhesion 
limit through creep control is equal to, or less 
than, the continuous amperage rating of the 
traction motors.   

It was proposed that a donor locomotive have 
“General Electric” 752AF traction motors with a 
continuous amperage rating of 1246 Amps at 
2200CFM air ventilation (typical “GETS” 
specification).  This would equate to 434kN with 
six working equally loaded traction motors. 

The maximum service mass of the concept 
locomotive would be 132 tonnes to enable 
operation on the Defined Interstate Network. 

The concept locomotive needed at least 6600 
litres of usable fuel capacity to match the 81 
class.  The adhesive mass would be the service 

mass minus half the consumable mass (fuel and 
sand). 

= 132 tonnes – 6600 litres/2 *0.84 (fuel specific 
gravity) /1000  

= 126.46 tonnes 

The advertised typical adhesion capability with 
modernisation of older design locomotives for the 
“GETS” “Brightstar” Sirius control system is 26% 
therefore the ATE could be  

= 126.456 * 0.26*9.81 kN  

= 322kN  

or an adhesive maximum using the full service 
mass 

= 132*0.26*9.81 kN  

= 336 kN 

Both the adhesive and the maximum adhesive 
tractive effort would be less than the traction 
motor continuous tractive effort (434 kN).  A 
deficiency of approximately 98kN between the 
ATE and CTE existed, therefore the concept 
would be viable with regards to the use of 
microprocessor creep control. 

The published tractive effort for the 81 class was 
337 kN continuous at 27% adhesion and 
19.7km/h.  Therefore it appeared that the concept 
design would technically match the 81 class and 
the determination of the economic viability for the 
rebuild design should proceed. 

Availability within Australia of suitable old 
locomotive designs for rebuilding was an issue. 

Initially it was proposed to build new platforms 
and superstructure but reuse existing bogies.  
However, it became apparent that although it was 
comparatively short in length the ex “State Rail 
Authority of New South Wales” 442 class 
“GOODWIN/ALCO” locomotive design was a 
likely candidate to provide both bogies and 
platforms.  The existing platform was principally 
constructed from two fabricated variable depth 
steel “Ι beams” with an integral centre mounted 
fuel tank.  The lateral spacing of the “Ι beams” 
was suitable for the traditional top flange engine 
mounting design approach used by “GETS. 

It was considered that cost savings would be 
realised in modifying the existing platform to meet 
the existing “Railways of Australia” design loads in 
lieu of designing and building a new platform.  

Also it may have been possible to reuse some of 
the existing superstructure thus reducing the 
fabrication and design costs. 

To further contain the cost it was proposed to 
offer requalified used electrical propulsion 
equipment for fitment.  The diesel engine would 
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be inspected and, based upon the service history, 
if suitable used without major overhaul. 

Research within “United States of America” 
identified the availability of ex lease “GETS” 
design C30-7 locomotives that could provide the 
used propulsion equipment. 

 
Donor C30-7 Locomotive 

The concept re-build locomotive equipment 
configuration was originally based upon minimal 
change to existing Radiator and Blower cab 
structure but with a new Engine cab. 

Thus the basic configuration was to remain as a 
wide body locomotive with a forward design 
operator’s cab at each end of the locomotive. 

3 DESIGN FEATURES 

One of the criticisms of the original 
“GOODWIN/ALCO” 442 class design was the 
short operator’s cabs and the fact that the side 
access doors hit the operator’s seats when the 
doors were opened.  This design weakness was 
to be avoided in the new design.  The side access 
doors were to be relocated to the space 
previously used by the automatic staff exchanger 
mechanism that was no longer required. 

The improvements in collision protection 
specification for driver’s, that have been 
incorporated in the “ROA”, “ARA” and “RSU” 
requirements, meant that the existing operator’s 
cab could not be used.  The design approach that 
was used with the Cv40-9i (NR class) locomotives 
in providing collision penetration protection was to 
be included in the new concept. The proven 
design feature included a strong short nose firmly 
attached to the locomotive underframe with the 
operator cab behind.  Several in service collisions 
had tested the design approach and it not only 
minimised the repair cost but also had provided 
good protection for the crew.  Therefore it was 
considered prudent to include the proven design 
feature with the operator cab behind. 

Resiliently mounting the operator’s cabs was 
considered necessary to isolate the crew from 
most of the vibrations and noise transmission of 
the underframe. 

The original 442 class locomotive integral fuel 
tank was limited to 4000 litres.  To meet the 
design criteria of at least matching, if not 
exceeding, the 81 class the fuel tank capacity had 
to be increased.  The chosen approach was to 
remove the existing saddle tanks and replace 
them with new increased capacity units that filled 
the available space within the rolling stock gauge.  
The new fuel tank capacity became 7500 usable 
litres. 

One of the operational restrictions placed upon 
the 442 class locomotives was driving from only 
Number one or “A” end. This was due to the 
ingress of exhaust and oil fumes into the number 
2 or “B” end cab.  Careful consideration of cab 
sealing and ventilation design was required to 
avoid repeating this undesirable feature.  

The propulsion equipment donor locomotive had 
shaft driven equipment. This included the air 
compressor, radiator fan drive and traction motor 
ventilation blower.  One shaft drive was from the 
engine free end for the air compressor and 
radiator fan drive.  The traction motor ventilation 
blower shaft drive was from the main 
generator/alternator gearbox on the other end of 
the engine.  This was similar to the 
“GOODWIN/ALCO” design. 

The radiator fan on the “GETS” C30-7 donor 
locomotive design was arranged to blow cool air 
through the horizontally mounted roof radiators.  
The Australian restrictive rolling stock gauge and 
the limited existing locomotive length prevented a 
similar layout on the rebuild locomotive.  
Consequently a less efficient system where the 
radiator fan would be required to draw hot air 
through side wall mounted radiators and blow out 
through the roof was developed.  The design 
ambient temperature for the cooling system was 
50oC. 

The original “GOODWIN/ALCO” design had 
engine maintenance access provided by the 
ability to remove a roof mounted hatch that 
spanned the engine.  The hatch included gull 
wing doors for cylinder head, piston and liner 
replacement access.  For main generator 
attention or removal the dynamic brake hatch also 
had to be disconnected and removed. 

The new Engine cab canopy was based upon that 
of the “EL” class locomotives. The “EL” class 
locomotive engine canopy included the sides as 
well as the roof section.  The engine cab also 
included bi-fold access doors on the sides and 
gull wing type roof hatches. The gull wing type 
roof hatches enabled power assembly changes 
without cab removal.  The multiple bi-fold access 
doors would provide greater access to the engine 
and alternator from maintenance platforms. Also 
they would enable a quicker cool down for the 
engine area when all doors and gull wing hatches 
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are opened.  This could be required after 
returning from a trip before commencing any 
maintenance work. 

The underframe needed strengthening to cope 
with the additional eighteen tonnes required to 
attain the desired 132 tonnes service mass.  Also 
the latest “ROA” design loadings for the 
underframe members are much larger than when 
the underframe was originally designed.  After a 
careful evaluation of many strengthening 
proposals it became obvious that the modified 
underframe could not meet the new “ROA” design 
loads.  However, if it was accepted that there 
would not be more than four locomotives working 
in multiple then the underframe could meet that 
strength criteria. 

The underframe had already been in service for 
thirty plus years and therefore used some of its 
fatigue life.  The real challenge was to assess the 
remaining fatigue life with the additional mass and 
drawbar capability.  The “Association of American 
Railroads” (AAR) locomotive duty cycle was 
assumed and that enabled an evaluation of 
expired underframe fatigue life.  Based upon that 
data and the improvements to strengthen the 
underframe a calculation and Finite Element 
Analysis to determine the potential remaining 
fatigue life was completed.  The goal was a 
minimum ten years and the calculation results 
revealed at least the goal with reserve life.  
Therefore it was reasonable to continue with the 
concept.  

The increase in the service mass also required 
careful analysis of the bogie frame stresses, 
suspension design and brake forces. 

The existing bogie frame casting thicknesses 
were measured at critical stress locations and 
compared with the frame casting drawings.  A 
three dimensional model of the bogie frame was 
developed.  This model was then meshed and 
analysed with the structural software tools to 
determine if the frame could accept the higher 
dead and live loadings predicted.  The results 
from the stress and fatigue analysis indicated 
similarly to the underframe.  That is that there was 
at least ten years life left and the additional 
loadings would not overstress the casting. Of 
course the life predictions are only valid if the duty 
cycle of loading assumed during the calculations 
is not exceeded during the actual operation of the 
locomotive.  

4 PERFORMANCE 

The haulage capability of the proposed 
locomotive needed to match that of the 81 Class 
locomotive to achieve the required desirability for 
Railways to lease from the leasing company. 
Therefore, as stated previously, to match the 81 

Class the new locomotive needed to achieve a 
tractive effort (TE) of 337kN. 

With a service mass of 132 tonnes this 
requirement equated to an adhesion percentage 
of 26+%.  This should have been achievable with 
clean dry rail and the “Brightstar” microprocessor 
control. 

However all of these concept evaluations 
assumed permanent parallel connection of the 
traction motors.  That configuration would permit 
smooth control of Tractive Effort application to the 
rail over the entire speed range.  The C30-7 
donor locomotives had GTA11 alternators that 
were limited to 4600 Amps. This was well below 
the continuous current of 8220 Amps required for 
the six GE752AF traction motors connected in 
permanent parallel configuration.  Therefore 
traction motor transition was required. Typically a 
series parallel and parallel connection has been 
used to achieve the necessary transition.  Series 
parallel connections consist of two traction motors 
connected in series with three parallel 
connections.  This was required for the six traction 
motors during the starting and low speed high 
current demand period. 

The six motor parallel connection could be used 
after achieving sufficient speed that did not 
require in excess of 4600 Amps. 

The negative side to this form of traction motor 
connection is that, for a given power output from 
the alternator, when TM1 starts to slip, with the 
speed increase there is an amperage decrease 
that also occurs with TM4 because it is connected 
in series.  The reduction in amperage from the 
first parallel leg usually is felt as an increase in the 
other two legs with an increased risk for one of 
those series connected TM’s slipping also.  This 
phenomena was experienced with GL101 during 
adhesion testing. The result was insufficient 
haulage ability when travelling over wet or 
contaminated rail.  

The “Brightstar” microprocessor had software 
programming based upon “Nth American”, 
“TranzRail” and “QR” 2600 Class experience that 
unfortunately did not include series parallel 
connection of traction motors. 

Additional work between “GETS” software 
engineers and “United Goninan” design team was 
required.  On track testing between Sandgate and 
Hornsby was conducted to test the changes 
developed by the combined traction team. 
Eventually an improvement in adhesion was 
attained to enable the GL class match the 81 
class locomotive.  The testing confirmed the 
capability to haul 1130 tonnes up the nominal 1 in 
40 grade of the Cowan bank with wet clean rail. 

To meet the dynamic bogie performance criteria 
specified in “Rail Infrastructure Corporation” of 
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New South Wales Rail Safety Units a “Vampire” 
dynamic analysis calculation was performed.  To 
enable a validation of theoretical to actual the pre 
modified 442 class suspension system was 
instrumented and track tested. The results of the 
testing were then compared to the theoretical 
results of the 442 class suspension system with a 
favourable result.  The redesigned “GL” class 
suspension system was analysed and the design 
optimised to achieve the dynamic performance 
required. 
The increased service mass also required a 
redesign of the locomotive braking system to 
meet braking performance requirements.  An 
additional requirement was to include a “Holding” 
brake capability to hold the train on a grade that 
the locomotive could haul up the grade.  This is 
an “Australian Rail Track Corporation” (ARTC) 
requirement on the defined interstate rail network 
but in particular “Petwood” siding in the Adelaide 
Hills.  Lessons learned during the design and 
proving testing of the Cv40-9i (NR class) were 
used to good advantage in redesigning the brake 
systems.  The “GL” class locomotives now have 
five braking systems installed. 

• Automatic equalised pneumatic brake system. 

• Independent straight air brake system. 

• Spring applied air pressure released park 
brake system. 

• Grade holding brake system. 

• Dynamic brake system. 

5 CONSTRUCTION METHODS 

To enable a strong framework at minimum mass 
the use of rectangular hollow section (RHS) 
members with insert welded sheet steel cladding 
was adopted for all of the above underframe 
structures.  That method of construction has been 
generally accepted by United Goninan. It is the 
preferred method because of the experience in 
solving buckling of sheet steel cladding from weld 
shrinkage. 

 

Platform under cab installation viewed from No. 2 end prior to 
radiator cab installation. 

The concept design was to use modular 
construction of major structures to enable 
installation of equipment and connecting wiring to 
terminal strips prior to introduction on the 
underframe.  However, during system and detail 
design many of the previous assumptions for 
construction needed to be modified and thus the 
modular concept was only marginal in execution. 

 

Platform under cab installation viewed from blower cab end 
No. 1 end 

During the underframe modification process the 
camber set up prior to welding was consistent.  
Unfortunately the end result camber between 
different underframes was not consistent.  This 
inconsistency was concluded to have been partly 
caused by the differing residual stresses in the 
retained underframe members.  The welding heat 
input was greater than predicted so the resulting 
shrinkage was also greater than predicted. This 
did cause considerable concern with additional 
manufacturing and design staff input effort to 
obtain acceptable results. 
The decision to use used condition diesel 
engines, based upon the service history, was 
probably not as economical as predicted.  Many 
production hours in solving engine low power with 
the fuel injection and engine governor problems 
could have been avoided.  Hindsight would 
enable a decision to ensure overhaul of critical 
equipment such as the fuel injection and governor 
should a similar project develop in the future.  
Previous experience with traction motor support 
suspension bearings and traction motor problems 
directed that the traction motors should be 
overhauled.  Also the GTA11 alternators were 
overhauled to minimise later problems after 
installation in the locomotives. 
To minimise the potential for traction motor 
suspension bearing failures the axles were 
carefully inspected.  The axle bearing surfaces 
were carefully machined and rolled to GE 
specification.  The protection of the bearing 
surfaces during transportation of finished axles 
and wheelsets was carefully observed and 
monitored to minimise any surface scratching. 
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The pre-oiling of bearing lubrication wicks was 
carefully controlled in accordance with “GETS” 
maintenance Instructions 
The pinion gears and axle bull gears from the 
donor C30-7 locomotives were, after qualification 
for continuing use, re-used on the “GL” 
locomotives. 

 

 

6 CONCLUSION 

The final manufactured locomotive met all of the 
design performance criteria and still provided an 
economical locomotive compared to the cost of a 
new build. 

 

 

COMPARISON OF THE TWO DESIGNS 
 

 442 CLASS GL CLASS 
Engine ALCO 12-251C GE 7FDL12 
M. Generator G.E. GT586/AEI5301 GTA 11 
T. Motors GE 752 A 8/AEI65 GE 752 AF 
Control Relays Brightstar 
Gear Ratio 65:18 83:20 
Radiators Two Roof Mounted Soldered 

Core 
Two Body Side Mounted 
Mechanically Bonded 

Brake System 26L W30DG/W30Independent/26L 
Modified 

Bogie Dofasco Dofasco 
Brake 4 off 8” Cylinders per bogie 

with Foundation Rigging and 
Clasp arrangement 

2 off 8” HSL Cylinders with 2 
off 9” cylinders per bogie with 
Foundation Rigging and 
Clasp arrangement 

Fuel Tank 5450 Litres 7500 Litres 
Max. Tractive Effort 337 kN 490 kN 
Max. Load on a Grade of 1 in 
40 

610 tonnes @ 18.9 km/h 1130 tonnes @ 20 km/h 
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SUMMARY 
The ADrail Design & Construction Joint Venture was responsible for the design and construction of the Alice 
Springs–Darwin railway project.  The 1420 kilometre project required 93 bridges to be constructed in remote 
locations, many where the readily available workforce was unskilled, and the infrastructure to support 
construction projects was minimal.  Emphasis had to be placed on appropriate constructability, minimising 
site activity, and maximising prefabricated steel and precast concrete components.  The result is an 
economical and rapidly-built set of bridges. 
 
1 INTRODUCTION 

The new railway line between Alice Springs and 
Darwin is 1420 kilometres long, with track gauge 
of 1435 mm.  The route is shown in Figure 1. 
For most of the route between Alice Springs and 
Katherine, the line passes over relatively flat arid 
country, characterised by sheet flow streams that 
only flow during the wet season.  Between 
Katherine and Darwin, the topography is more 
undulating, and the rivers and streams are better 
defined, with several flowing all year round. 
The bridge design work commenced in 1998 as 
part of the bid by the Asia Pacific Transport 
Company (APT) for the 50-year concession to 
build, own, and operate the railway line.  Various 
studies had been carried out up to that time and 
made available to the bidding parties.  These 
showed basic levels of detail, including a 
centreline survey, some preliminary hydrological 
analysis, and details of the original North Australia 
Railway (NAR) alignment north of Katherine 
which some of the route followed. 
When Financial Close was achieved in April 2001 
a separate entity, ADrail, was formed to design 
and construct the railway for APT.  Detailed 
design commenced at that time, and was 
completed in July 2002.  Bridge construction was 
completed in mid 2003, and Practical Completion 
for the project was granted in October 2003. 

In all, 93 bridges have been designed and 
constructed for the project, of which six are grade 
separations with roads, and the remainder are 
across waterways. 

2 DESIGN CRITERIA 

During the tender negotiation phase a 
comprehensive cost reduction exercise was 
undertaken.  As a result, the final Design Brief for 
the bridges was specified as follows. 
• Design in accordance with the Australian 

Bridge Design Code (SAA HB77). 
• Railway design loading 230-A-12. 
• 100 year bridge design life. 
• 440 million tonnes cumulative loading (over 

the 100 years). 
• Flood immunity: 

− 100 year average recurrence interval to 
bridge soffit for 9 specified waterways. 

− 50 year average recurrence interval for 
bridge overtopping for the remaining 
bridges. 

− The waterway opening and levels of the 
Katherine River bridge were specified in 
the Concession Deed, in accordance with 
a flood study and afflux assessment 
followed by public consultation in the 
town. 

• Ballasted decks, with 3.5 m between kerbs. 
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  Figure 1 – Alice Springs to Darwin route. 

3 HYDROLOGY 
Flood frequency analysis is a difficult problem for 
the remote regions of the Northern Territory.  The 
major river systems have recorded stream flow 
data for use in the design flood analysis, but most 
catchments are ungauged. 
The stream flow data was collected and reviewed 
by ADrail’s hydrologists, and the records analysed 
for stations with more than 15 years of data.  
While it was recognised that this is a relatively 
short period of record for the longer recurrence 
interval design floods and the highly variable 
hydrology of the Northern Territory, there are few 
stations with long records.  This period of record 
was therefore accepted as a compromise to 
ensure an adequate number of stations.  Regional 
flood frequency procedures were applied to this 
data. 
The hydrological analysis for the project is 
described in detail elsewhere [1,2].  Hydraulic 
analysis generally followed Manning’s criteria, 
although on some catchments HEC2 modelling 
was deemed necessary.  Ultimate limit state flood 
forces to bridges were applied as the effect of the 
100 year flood increased by 50%. 

4 GEOTECHNICAL 
Geotechnical investigations consisted primarily of 
a borehole programme at every bridge site and 
possible bridge site.  Typically, no fewer than two 
holes were drilled at any bridge site, with the 

number increasing for the longer bridge sites 
where holes were drilled about 30 metres apart. 
These investigations revealed that over the top 
10 metres a large proportion of sites had either 
medium dense sands and gravels suitable for 
founding driven piles, or sedimentary rocks of 
varying degrees of weathering suitable for 
founding socketed piles.  Foundations rarely 
needed to go deeper than 10 metres.  Only three 
bridge sites revealed sufficiently hard surface rock 
to require footings instead of piles. 

5 BRIDGE DEVELOPMENT STUDIES 

The development of the bridge designs for the 
project went through a number of evolutionary 
phases, starting in 1998 with the issue of the 
Invitation to Bid documents by the AustralAsia 
Railway Corporation, and continuing beyond 
Financial Close in April 2001 to overlap with the 
first 12 months of construction.  This period 
allowed extensive interaction between the 
designers, the key construction personnel and the 
project cost planners.  The result was an ongoing 
refinement of the bridge design, both in the 
context of the bridging and in the interface with 
the overall project constraints.  Many of the key 
design decisions were equally 'owned' by the 
designers and the constructors. 
The Bid documentation included advice of earlier 
studies related to bridging, hydrology and 
geotechnical studies.  These identified seven 
'major' bridges (Elizabeth, Adelaide, Cullen, 
Fergusson, Edith, Katherine and Charles rivers), 
91 'minor' rail bridge sites, and eight road-over-rail 
bridges at major road crossings. At all bridge 
locations, the rail design speed was 115 km/hr.  
The major bridges were proposed in multiples of 
30 metre span lengths, while the minor rail 
bridges were proposed in a range of six span 
lengths between 10 and 30 metres.  The total 
length of identified bridging was 5916 metres, 
which potentially represented about 10% of the 
project cost. 
Early in the Bid phase, these span lengths were 
rationalised down to three span lengths, these 
being 30, 18 and 12 metres.  The 12 metre span 
was selected because this length could be 
transported around the Northern Territory without 
restrictions.  The 30 metre span length was 
necessary as it matched the span lengths already 
existing on the adjacent 17-span road bridge at 
Elizabeth River.  It was also important to adopt 
ballasted decks, to allow efficient track laying and 
maintenance. 
All likely bridge configurations were examined as 
thoroughly as the available data would allow.  
This data was limited to the surveyed long 
sections, photogrammetric survey at a few sites, 
geotechnical data extrapolated from adjacent 
road bridge sites, and visual inspection of a good 
number of sites by experienced personnel. 
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Bridge costs in remote regions are heavily 
influenced by the limited availability of an 
experienced workforce, the cost of that workforce, 
and the lack of supporting infrastructure such as 
concrete suppliers.  Cost-effectiveness thus arose 
from minimising site activity, and maximising 
prefabricated steel and precast concrete 
components. 
For the 18 and 30 metre spans, superstructure 
forms considered included steel girders with 
composite deck, tee-roff style pretensioned 
concrete beams with composite deck, and 
incrementally launched superstructures in both 
steel and concrete.  The substructures were 
single columns on footings or piled foundations.  
Cost comparisons of these options showed that 
the tee-roff beams with composite deck were 
more cost-effective at the 30 metre span sites, 
which all lay between Darwin and Katherine 
where they were within reach of concrete mixing 
plants for the deck concrete. 
For the 12 metre spans, superstructures 
considered included twin prestressed concrete 
voided slabs placed side by side, and steel 
girders with either composite deck slab or non-
composite steel trough deck.  Both reinforced 
concrete and steel substructures were 
considered.  Costings of the options showed that 
the twin prestressed concrete slabs supported on 
steel piers was clearly the cost-effective solution 
for these minor bridge sites. 
During final design, when detailed hydrological 
and geotechnical data became available, it 
unfolded that all new bridges other than the major 
bridges at Katherine, Edith, Fergusson, Cullen, 
Adelaide and Elizabeth rivers were most 
cost-effective with the 12 metre span twin 
prestressed concrete slab design, generally on 
steel piers. 
The reuse of parts of the NAR alignment allowed 
the recycling of some of the existing substructures 
along that alignment through modification of those 
substructures.  In these cases bridge spans 
varied from the standard 12 metres. 

6 MAJOR BRIDGES 

The five new bridges across the largest 
waterways were designated 'major' bridges.  They 
were each constructed with simply supported 
30 metre spans, comprising two pretensioned 
tee-roff beams and a composite deck slab. 
At Katherine, Edith, Cullen and Adelaide rivers, 
piers up to 17 metres high of single circular 
section support the superstructure.  The typical 
form of these bridges is shown in Figure 2, whilst 
a photograph of the nearly completed Katherine 
River bridge is shown in Figure 3.  Only the 
foundations, a short stub column section of 
between 2 and 3 metres in height, and a deck 
topping slab are cast-in-situ concrete.  The main 

portion of the pier columns are tapered steel 
tubes (1 in 28), which in turn support precast 
concrete headstocks. 
Whilst pier heights vary, the top diameter remains 
constant at 1000 mm, allowing the use of identical 
headstocks and connections.  As pier heights 
increase, the larger bottom diameter provides for 
the increased cantilever bending moments.  Once 
the foundations were in place, the erection time 
for a pier and headstock set averaged one day. 

 
  Figure 2 – Typical 'major' bridge section. 

The other major bridge is located at Elizabeth 
River.  This bridge is unusual in that it has been 
positioned adjacent to the existing road bridge to 
Channel Island, and is attached to it.  The girders 
were erected from the adjacent road bridge. 
The attachment detail is shown in Figure 4.  The 
attachment comprises a yoke fixed to the edge of 
the rail bridge headstock, and clamped around 
the tops of the road bridge piers.  It is designed to 
carry all lateral and longitudinal rail bridge loads 
at deck level to the road bridge piers.  The road 
bridge piers have adequate reserve capacity to 
carry the imposed horizontal rail bridge loadings. 
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Figure 3 – Katherine River bridge 

The Elizabeth River is in fact a saltwater estuary 
with an eight metre tidal range.  To avoid 
cofferdams and to minimise the number of work 
operations, the pier sub-structures consist of only 
a pair of tubular steel driven piles, cut off below a 
cast-in-situ headstock.  The critical loading on the 
piles was taken as the impact of a drifting vessel.  
The piles were filled with mass concrete to resist 
local deformation under impact, with a reinforced 
concrete plug to provide connection to the 
headstock. 
Following the recent failure through 
microbiologically-influenced corrosion of some 
Arnhem Highway bridge piles, particular attention 
was paid to the corrosion protection system.  After 
considerable study, the Dulux Steelshield system 
to 3 mm thickness, augmented by a sacrificial 
aluminium anode cathodic protection system, was 
selected in preference to an impressed current 
system due to maintenance and vandalism 
considerations and because no permanent power 
supply was available at the site. 

7 MINOR BRIDGES 

There are 82 'minor' railway bridges.  One bridge 
carries the rail over the Crater Lakes road from 
the Stuart Highway to Bachelor.  The other 
bridges cross waterways.  The great majority of 
these waterways only flow during the wet season, 
and thus were able to be constructed in dry 
conditions. 
Seventeen bridges along the old NAR alignment 
reuse the existing bridge abutments.  All the other 
bridges are completely new, and are designed in 

multiples of 12 m spans as discussed above.  
Intermediate piers for minor bridges usually 
comprise two tubular steel piles, and a 
box-shaped headstock with radiussed soffit, butt 
welded into a slot cut through the top of the piles.  
A typical cross section for these bridges is shown 
in Figure 5.  A typical completed pier is shown in 
Figure 6. 
Piles are either driven steel tubes where the 
upper layers of the ground are penetrable, or 
'potted' where the upper layers are too hard for 
adequate pile driving penetration. 
Potted piles have a predrilled oversize hole of 
sufficient depth to develop flexural fixity and 
tension capacity where required.  After the pile 
was stood up to correct line and level above the 
base of the hole, high slump concrete was poured 
around the bottom of the pile to a depth of at least 
2 metres.  The piling crew was equipped to 
construct both forms of pile. 
Intermediate pier piles have an outside diameter 
of 711 mm, with wall thicknesses varying between 
12 mm and 16 mm depending on the level of 
design lateral loads (mainly flood and debris 
load).  Not all piles and headstocks received 
protective coatings, with sites south of Katherine 
being designed with a corrosion allowance except 
where they have a protective coating at river bed 
level.  Abutment piles have a diameter of 
610 mm, with 12 mm wall thickness. 
The most critical aspect of the pier design is the 
fatigue behaviour of the pile/headstock 
connection.  The connection was modelled using 
thin shell finite elements.  This required the 
analysis of a series of models, allowing for 
variations in pile location up to the tolerance of 
75 mm, variations in internal stiffener locations, 
and variations in headstock shape.  The specified 
total freight tonnage was disaggregated to 
realistic container weights and hence to realistic 
train axle loading sets. 
The fatigue design procedure followed the 
American Petroleum Institute (API) document 
“Recommended Practice for Planning, Designing 
and Constructing Fixed Offshore Platforms - 
Working Stress Design”. This method of fatigue 
analysis looks at local stress concentration for 
connections through published tables of stress 
concentration factors based on finite element 
analyses.   It requires the calculation of the stress 
history as the design train passes over the pier, 
the application of the Rainfall counting method to 
the stress history to obtain the breakdown of 
stress cycles over the history, and the evaluation 
of fatigue damage based on this breakdown of 
stress cycles. 
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Figure 4 – Elizabeth River bridge section 

 
 

Figure 5 – Typical 'minor' bridge section 

The cost-effectiveness of the design came from 
mass production and the minimisation of site 
works.  Three stages were involved in the 
construction of these bridges.  The piling crew 
typically installed the piles over two to three days, 
then moved to the next site.  At a later time, the 
headstock crew cut the slots in the piles and 
welded the prefabricated steel headstock pieces 
into place, again over a 2–3 day period.  When 
several adjacent sites were ready to receive their 
superstructures, the prestressed slabs were 
transported by road from the casting yard in 
Darwin and erected, typically in less than one day 

for an entire bridge.  A separate earthworks crew 
installed precast wingwalls and slope protection 
where required, to complete the bridge. 
The prestressed concrete girders for the 12 metre 
spans were 600 mm deep.  Virtually all girders 
were identical end for end, included kerbing, and 
were not 'handed'.  They were thus ideally suited 
to mass production and ease of distribution.  The 
voids were formed by collapsible internal steel 
forms. 

Figure 6 – Typical 'minor' bridge pier. 
 
A departure from the standard bridge substructure 
design was taken at five minor bridge locations.  
This occurred where there was shallow depth 
overlaying strong rock, plus relative proximity to 
ready-mix concrete plants at Katherine or Alice 
Springs (which influenced the cost balance).  At 
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these sites concrete piers were used, consisting 
of twin in-situ columns with precast headstocks 
attached via post-tensioned bars. 

8 RECYCLED BRIDGES 

Some 156 kilometres of the NAR alignment was 
reused.  This allowed, where possible, the 
recycling of the existing substructures along that 
alignment.  These bridges had been built in 
stages, with the line from Darwin to Pine Creek 
completed in 1888 to carry Coopers E30 loading, 
and extended in stages as far as Katherine in 
1926, to carry Coopers E50 loading.  All bridges 
available for reuse were steel stringer transom 
deck structures.  Their lengths were typically 
made up from multiples of 4.0, 4.6, 6.7, 12.2 and 
18.3 metre spans.  The abutments of these 
bridges were unreinforced concrete gravity 
structures with concrete strengths of the order of 
10–15 MPa.  None had been undermined by flood 
flows, despite lack of maintenance since the line 
was closed in 1976, although there was 
occasional concrete erosion from water flow at 
bed level. 
The existing abutments of these bridges were 
reused by keying a new reinforced concrete 
seating to the top to suit higher formation levels, 
and placing twin prestressed concrete slabs on 
that seating.  A typical example of one bridge is 
shown in Figure 7. 

 
Figure 7 – Typical recycled abutment, with 
'minor' bridge being erected in foreground. 

Intermediate piers were provided where the 
bridge length was greater than 12 metres, and a 
range of shorter spans was designed for 4.6, 6.7, 
8.1, 9.1, 10.3, 11.1 and 11.5 metres.  Seventeen 
bridge sites were reused in this way. 
A special case was the reuse of the existing 
transom deck bridge over the Fergusson River.  
This bridge, completed in 1918, was a steel plate 
girder, transom deck superstructure, in multiple 
spans of 30.5 and 18.3 metres, and design load 

of AREA Coopers E50, which approximates 
HB77 230-A-12.  This structure needed some 
minor strengthening, mainly to the bracing 
between the girder pairs, to meet the current code 
standards.  Corroded rivets were replaced with 
friction grip bolts, and new walkways and steel 
transoms were fixed. 
It is relevant to note that the existing bridges on 
the line south of Alice Springs were also designed 
for AREA Coopers E50 loading. 

9 CONCLUSION 

The Alice Springs–Darwin railway is by far the 
largest new railway constructed in Australia in 
recent decades.  The 93 bridges of 5700 metres 
total length represented a significant component 
of the cost.  As such, the bridge component 
provided a unique opportunity to explore 
construction economy in modern railway bridge 
engineering. 
Many of the bridges were on the critical path to 
allow track laying to progress on a continuous 
basis.  In the event, they were all completed well 
ahead of schedule.  The result demonstrated the 
value of holding a number of reviews between the 
designers and key construction staff.  It is 
significant that once construction began no further 
changes were sought by the construction teams. 
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SUMMARY 

There were complex issues involved in the design of the culverts for the Alice Springs–Darwin railway 
project, and the design team developed innovative procedures for all aspects of the process. 

Flood frequency analysis is a difficult problem for the more remote regions of the Northern Territory.  As part 
of the design, new regional flood frequency procedures have been developed.  These new procedures, 
which provide a means for design flood estimation over a large area of the Northern Territory, can update 
previously adopted procedures. 

The daunting task of performing the hydraulic design for numerous culvert locations inspired the 
development of a new Excel-based hydraulic analysis technique.  This automatically selected the optimum 
pipe sizes and numbers for carrying the predicted 50 year ARI flows within the constraints of available 
driving head and limits on exit velocity to control erosion. 

Structurally, culvert barrels were spiral wound, corrugated thin metal pipes, up to 2.4 m in diameter.  They 
were spun on site from rolls of flat plate and embedded in a cement-soil embankment which provides a 
stable environment in wet conditions, enabling the use of larger pipes, and simplifying construction. 

 

1 INTRODUCTION 

The design of the culverts for the Alice Springs – 
Darwin railway project was a critical component of 
the whole design process.  This paper discusses 
innovative aspects of this process, with 
consideration of the hydrology, hydraulics and 
structural design of the culverts, all of which led to 
the effective design. 

2 BACKGROUND 

One of the more daunting tasks involved in the 
design of the railway was the determination of an 
appropriate embankment height and the design of 
1177 culvert groups and 87 river bridges.  The 
location of the project is shown in Figure 1. 
The terrain and hydrologic features vary 
significantly along the length of the railway.  There 
is a difference in climate from the south to the 
north.  As well, south of Katherine, much of the line 
passes through arid areas, with ill-defined 
catchments, significant sheet flow areas and few 

well defined creeks.  North of Katherine, the 
drainage is more defined and there are many 
major watercourses that the railway alignment 
crosses.  The design of the culverts needed to 
consider this wide range of conditions to ensure a 
safe and efficient design throughout the whole 
length of the line. 

3 HYDROLOGY 

During the 1970s, work was carried out in the 
Northern Territory to provide flood estimation 
procedures and this was published in a report by 
Cameron McNamara in 1978 [1].  Since that time 
there have been developments in flood estimation 
techniques, and there has been much more 
hydrology data collected.  It was therefore decided 
to develop new procedures for the railway design, 
incorporating the most complete and accurate 
information to estimate design floods. 
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Figure 1 – Location Map 

The major river systems in the Northern Territory 
have records of stream flow data for use in design 
flood analysis.  The catalogue of stream flow 
stations was reviewed and the stations with 
adequately long-term records (see below) were 
extracted.  The Northern Territory Department of 
Infrastructure, Planning and Environment supplied 
the stream flow data. 
Flood frequency analysis relies on a long 
sequence of data to ensure the reliability of the 
predictions.  Generally, the longer the period of 
record, the more reliable the analysis results.  In 
the case of the Northern Territory, there are 
relatively few stream gauging stations with 
genuinely long-term records.  It was therefore 
decided to limit the analysis to stations with more 
than 15 years of stream flow records.  While this is 
a relatively short period of record for the required 
large design floods and the highly variable 
hydrology of the Northern Territory, this period of 
record was accepted as a compromise to ensure 
that there was an adequate number of stations for 
analysis and that the records were reasonably 
extensive. 
In addition, the quality of the streamflow data is 
important.  The data was carefully reviewed to 
ensure that the quality was of an acceptable 
standard.  This involved checking the rating curve 
and the extent of missing record.  Because of the 
remoteness of many of the stations, access is a 
problem during times of high rainfall:  thus there 
tend to be relatively fewer gaugings at high flows 
and more at low flows.  Stations with particularly 
poor quality record were not included in the 
analysis although, wherever possible, data was 
included even if some of it was a bit 'suspicious'.  

The surviving data was processed to calculate 
flood intensity estimates for a range of average 
recurrence intervals (ARI), using the 
log-Pearson III method, as described in 
“Australian rainfall and runoff” [2]. 
However most catchments are still ungauged.  For 
these, regional flood frequency analysis is required 
to calculate design flood discharges. 
The first step was to divide the terrain traversed by 
the railway into a number of different regions, 
based on climatic, topological and vegetation 
considerations.  For each such region all the 
available data (as described above) was 
assembled, to ensure that the eventual predictions 
would be as soundly based as possible. 
For each gauging station in a region, the 5, 10, 20 
and 50 year ARI flows were calculated using the 
statistical techniques described above.  Since the 
resulting procedure would need to be applied to a 
large number of individual catchments during the 
design of the railway, it was highly desirable that 
the procedure be based on basic catchment 
parameters that could be measured easily and 
routinely in the office, rather than on those that 
would require field work or other detailed office 
studies.  So regression relationships were 
established for the predicted 5, 10, 20 and 50 year 
ARI flows, using catchment area (A), stream 
length (L) and catchment slope (Se) as potential 
explanatory variables. 
For each ARI in each region, three regression 
relationships were established: 
Qn  =  a Ab  (1) 
Qn  =  a Ab Lc  (2) 
Qn  =  a Ab Lc Se

d  (3) 
In these relationships, Qn is the predicted flow for 
an ARI of n years (where n is 5, 10, 20 or 50 as 
appropriate), whilst  a, b, c and d are the constants 
determined by the regression. 
For each of these three relationships the resulting 
correlation coefficient was calculated.  The 
relationship selected for use was the simplest one 
that maximised the correlation coefficient, in the 
sense that a more complex form of relationship 
was used only if it offered an improvement in the 
correlation.  In most cases the relationship 
selected on this basis was the area-only one.  In 
no case was it necessary to use the third and most 
complex form, involving the slope. 
The selected equation was then applied to 
calculate the design floods for the ungauged 
catchments of the culverts and bridges of the 
railway in the region concerned. 
The hydrology procedures developed here are a 
considerable improvement on the methods that 
have previously been applied in the Northern 
Territory, principally because they are based on 
more data than the earlier procedures.  As well as 
having direct application to the railway project, the 
new regional flood frequency procedures should 
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be useful for other Northern Territory projects 
requiring flood estimation.  They have been 
published in detail in a paper by Weeks et al in 
2002 [3], and have been lodged with the NT 
Department of Infrastructure, Planning and 
Environment. 

4 HYDRAULIC DESIGN 

Following the completion of the hydrology and flow 
estimation component, attention turned to the 
hydraulic component of the design:  the sizing of 
the culverts and the determination of the 
embankment heights.  There is significant 
variability in the terrain and hydrologic features 
along the length of the railway, so the culvert 
design process had to be developed to allow for a 
range of differing constraints.  The design had to 
ensure that the embankment is not overtopped 
during the 50 year ARI event (with a 100 year ARI 
being used for the major bridges).  As well, the 
embankment had to be protected from scour, and 
the general environment protected from other flood 
impacts such as increased inundation and 
excessive redirection of flow along the alignment. 

4.1 Reasons for the approach adopted 

It was recognised that the design of culverts would 
constitute a major part of the design of the railway, 
so the types of packages currently available for 
culvert design were assessed.  Although a number 
of programs were available, none of them 
appeared to provide the level of flexibility required 
for this project.  In addition, much of the input data 
required for the hydraulic design had already been 
assembled as tabulated spreadsheet data, and 
many of the results from the design process were 
required to be presented in spreadsheet tables.  
Thus we faced the tedious and error-prone 
prospect of having to transcribe data, culvert-group 
by culvert-group, out of one spreadsheet and into 
some stand-alone culvert design software, then 
transcribe the results (again culvert-group by 
culvert-group) across into another spreadsheet.  
We therefore decided to develop our own software 
for the hydraulic design of the culverts, and to do 
so within the spreadsheet environment. 
How best to do this?  We needed to preserve as 
much flexibility as possible for the design 
engineers to structure their spreadsheets however 
it best suited their needs, and to allow them to 
change those spreadsheets as the project 
requirements evolved with time.  Similarly, we also 
needed to allow our in-house programmers and 
theoreticians to refine the hydraulic calculations as 
the software development proceeded.  These two 
teams would be working simultaneously, and 
would be in constant communication, but it was 
essential that they be able to work independently 
in their day-to-day activities. 
To achieve this, we implemented the hydraulic 
calculations as a set of 'custom functions'.  These 

were to be developed in Microsoft's Visual Basic 
for Applications language (VBA)‡, and to be 
assembled into an add-in‡ for distribution.  This 
approach provided a clear separation and 
interface between the developers and the users.  
Once the design engineers knew the names and 
calling sequences for the functions, they were able 
to use them in their spreadsheets wherever and 
however they liked.  Meanwhile, the developers 
could work completely independently on refining 
the functions (usually in response to feedback from 
the design engineers), distributing a revised 
version of the add-in every so often.  A side-benefit 
of the add-in approach was that the programming 
work was totally devoid of project-specific 
requirements. 
The development of the add-in was staged, 
expanding from modest beginnings as more 
confidence was gained in the power and 
philosophy of the approach, and as the 
expectations of the design engineers grew.  
Detailed 'Help' menus were included in the add-in 
to encourage and facilitate the use of these 
functions by the engineers, with the limitations and 
assumptions inherent in each function being 
clearly documented in the 'Help' windows. 

4.2 Functionality within the add-in 

Design techniques for culverts are well 
established. The most common procedure is that 
given in the U.S. Federal Highway Administration 
Hydraulic Engineering Circular No 5 [4],which is 
the basis for methods given in many Australian 
manuals, such as that issued by AUSTROADS [5] 
and the Concrete Pipe Association of Australia.  
These methods provide separate nomographs for 
the solution of headwater level for box culvert 
(RCBC), concrete pipe (RCP) and corrugated steel 
pipe (CSP), with equations also supplied in the 
source references. 
The 'core' function within the add-in implements 
the analysis procedure given in these documents, 
but with two significant refinements.  This function 
takes as input:  the flow to be accommodated;  the 
type of culvert (CSP, RCBC, etc);  the dimensions 
of the single culvert barrel;  the inlet geometry;  the 
length and slope of the culvert;  the tailwater 
depth;  the culvert's hydraulic roughness.  It 
returns the following results from its steady-state 
flow calculations: 
                                                      
‡ VBA is a development technology for 
customising an Excel spreadsheet, offering an 
extensive set of programming tools based on a 
subset of Microsoft's Visual Basic development 
system.  An add-in is a means by which a user can 
supplement the capabilities with which Excel is 
normally installed:  Excel is distributed with some 
add-ins, and using VBA a knowledgeable user can 
develop further ones.  Add-ins can take the form of 
additional pull-down menu items or customised 
functions. 
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• the headwater depth; 
• the outlet velocity and corresponding flow depth; 
• whether the flow is under inlet control or outlet 

control. 
The refinements to the standard procedure are 
that the underlying formulae are used rather than 
the nomographs, and that a rigorous backwater 
analysis is used to give accurate results for low 
flow situations. 
This core function is then used as part of the inner 
workings of some further, higher level, functions.  
For the purposes of this paper, the three most 
important of these are the ones described below. 
(1)  A function that performs the reverse operation.  
This calculates the flow for a given headwater 
depth, rather than the headwater depth for a given 
flow. 
(2)  A function that designs a culvert group rather 
than merely analysing a single culvert barrel.  This 
takes as input: 
• the total (steady state) flow to be carried; 
• the maximum allowable outlet velocity; 
• the maximum allowable water depth at the 

inlet; 
• the height of the embankment formation and 

the minimum clearance allowed between the 
top of the culvert barrel and the top of the 
formation; 

• a table of the available barrel sizes and the 
maximum and minimum sizes allowed to be 
selected from that table; 

• the maximum and minimum number of barrels 
to be used for the culvert group; 

• the type of culvert to be used, the inlet 
geometry, the length and slope of the culvert, 
the tailwater depth, and the culvert's hydraulic 
roughness (all as before); 

• a user-constructed formula that can use any 
or all of these input variables, and that 
calculates the cost of any particular 
combination of barrel size and number. 

This design function returns (among other things): 
• the culvert design, in the form of the barrel 

size and number of barrels of the cheapest 
combination that satisfies all the hydraulic and 
geometric criteria; 

• the headwater depth; 
• the outlet velocity and depth; 
• the cost of the chosen culvert group (as per 

the supplied formula). 
(3)  A function that performs storage calculations.  
This carries out the analysis of the gradually-
varying flow associated with a culvert group.  The 
function simulates multiple storm durations, 
tracking for each the full 'life' of the storage from 
being initially empty, through reaching a peak 
storage level (and discharge), and then on to its 
discharge declining back to zero.  It also has a 

capability to divert 'overflow' from the storage 
when the storage level exceeds a given value.  
This function, whose required input data is too 
extensive to describe here, returns (among other 
things): 
• the duration of the controlling storm; 
• the peak flow through the culvert group and 

the time at which it occurs; 
• the peak inlet level; 
• the peak value of the overflow discharge. 
These four custom functions, supplemented by a 
few others, are the building blocks with which the 
design engineers constructed their detailed culvert 
hydraulic design spreadsheets. 

4.3 Functionality within the design 
spreadsheet 

The interdependence of culvert locations imposed 
by the influence of the railway embankment 
produced quite a complex situation to analyse.  
Situations were frequently encountered where flow 
was diverted from one culvert location and needed 
to be passed at another location.  Sometimes this 
was unavoidable; at other times it was done as a 
matter of choice. 
Unavoidable diversion occurred frequently in the 
flat terrain.  In such terrain the undulations in the 
natural surface level are small relative to the 
embankment height.  For many 'local' low points 
the water level cannot rise sufficiently to drive the 
entire flow through the culvert without the level first 
exceeding the local 'high' point.  Once the water 
level exceeds this high point, water will overspill 
into the neighbouring sub-catchment.  This 
frequently occurred on a progressively cascading 
basis down to a regional low point.  (This effect 
adds considerably to the design task, but failure to 
appreciate it may be a cause of the culvert 
washaways that have dogged outback railways in 
the past.) 
An example of the deliberate diversion of flow 
arises where, from purely engineering 
considerations, a culvert would not be necessary 
because the entire design flow could be 
channelled along the embankment to a larger, 
lower culvert.  In order to maintain an 
environmental flow in a minor watercourse a small 
culvert would be provided, and a small bund built 
in the channel that runs alongside the formation.  
This bund constitutes a small storage, and allows 
a small build-up in the water level.  This in turn 
drives a proportion of the water through the 
'environmental' culvert, whilst the remainder of the 
water overflows the bund and continues on to the 
'engineering' culvert. 
We found it impossible to automate these 
processes completely, and the spreadsheets had 
to be 'driven' manually by an experienced 
engineer.  The benefit of the approach was as a 
very fast decision-making aid for that engineer.  In 
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those locations where manual intervention was 
required, a diversion link could be easily 
established in the design spreadsheet by inter-
referencing of cells.  Once this has been done, a 
multitude of culvert option permutations for 
interdependent locations could be tested, secure 
in the knowledge that diverted flow would be 
automatically accounted for.   This accounting 
process would have been extremely tedious 
outside of the spreadsheet environment. 
The design spreadsheet consists of a number of 
columns that perform the following design steps: 
• the culvert design function is used to provide 

an initial estimate of the culvert size and 
number required to carry the catchment flow.  
If there is no diversion to or from that location, 
and no significant storage, then this will be 
the final design for that location; 

• flow diversion calculations are performed 
based on input culvert size and number.  The 
culvert size/number is adjusted until all design 
criteria are met; 

• the effect of storage is assessed and culvert 
numbers and sizes adjusted if necessary; and 

• multiple location analyses are assessed. 
Once the analyses have been completed, culvert 
details are summarised.  The spreadsheet has all 
the required information at its fingertips, and so 
can be used to produce automated reports in any 
required format. 
This process is described in more detail in a paper 
published by Doherty et al in 2001 [6]. 

 
Figure 2 – Culverts undergoing uncalibrated 
unplanned impromptu in-situ testing. 

5 STRUCTURAL DESIGN 

Early in the preliminary design phase, it was 
decided that logistics favoured the use of 
corrugated steel pipes (CSP) for the culverts.  The 
required material could be transported to site as 
rolls of flat galvanised steel plate, before being 
spirally wound into culverts of the required 
diameters and lengths.  (The final design required 
9860 culvert barrels, and the construction 

schedule required that these be laid at an average 
rate of more than one group of six pipes per day.) 
As a part of the same overall process, it was 
decided that cement-stabilised fill (cement-soil) 
would be used as the material to surround the 
culverts.    The advantages of this material (whose 
eventual design specification required a minimum 
strength of 1.5 MPa at 90 days) were: 
• it retains its strength and stiffness when wet; 
• during construction it is flowable, making it 

easy to achieve good compaction under the 
culvert haunches; 

• it is resistant to scour; 
• its use obviated the need for headwalls and 

wingwalls, with the result that the savings 
from the simpler construction exceeded the 
cost of the additional cement. 

The overall strength of a CSP culvert comes only 
partly from the strength of the steel itself, and 
depends more on the way in which its surrounding 
envelope of fill material applies the loading to it in 
a structurally efficient manner.  The depth of cover 
over the top of the culvert is critical to this.  A 
further benefit of the cover is that it helps to 
attenuate the high frequency impact loads 
experienced by the rails and the sleepers.  
However with a long track over flat terrain without 
recessed watercourses, there is an economic 
imperative to keep this cover as small as possible. 
Thus the amount of cover to be provided was a 
major consideration.  The appropriate Australian 
code, AS 1762 [7], calls for cover of one-quarter of 
the diameter or 1 m (whichever is greater) 
measured from the top of the rail, with a minimum 
of 300 mm of actual fill material.  The appropriate 
American code [8], in its Section 11.2, simply calls 
for one-quarter of the diameter, measured as 
actual fill depth.  An additional consideration was 
that these codes are targeting the case where the 
culverts are enveloped by soil, whereas ours 
would be surrounded by cement-soil.  In the light 
of all this, we adopted a minimum cover of 
one-quarter of the diameter or 300 mm (whichever 
was the greater), this to be measured from the top 
of the culvert barrel to the top of the formation (not 
to the underside of the sleeper). 
Another design consideration which has both 
structural and economic implications is the clear 
spacing between adjacent barrels.  For barrels of 
the sizes the project was using, the Australian 
code calls for a minimum spacing of half of the 
diameter.  However this is in the context of soil 
surrounds, not cement-soil (about which it is 
silent).  The American code (in its Section 18.2) 
allows spacings of as low as 150 mm in the case 
of cement-soil surrounds.  We adopted a clear 
spacing of one-third of the culvert diameter, with a 
minimum of 400 mm to allow for constructability. 
It was decided to undertake a series of finite 
element analyses to confirm satisfactory 
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performance under minimum values of cover and 
spacing.  Two-dimensional analyses were 
considered adequate, because the applied loads 
would already have been spread laterally by the 
sleepers.  The rails ('smeared' across the 2.4 m 
extent of the sleepers) were included in the 
models:  this was done so that the amount of 
longitudinal spreading could be calculated by the 
model rather than input via a potentially 
contentious assumption.  A representative range of 
three different culvert diameters (600, 1200 and 
1600 mm) was investigated.  The basic wheel 
loading (four 23 tonne axles, spaced apart by 1.7, 
1.1 and 1.7 m) was applied in various locations 
across the structure, enabling us to seek out the 
most severe results. 
The finite element analyses were performed using 
the Strand7 [9] program.  The formation was 
modelled using eight-noded isoparametric 
plane-strain elements, whilst the smeared rail and 
the culvert walls were modelled using conventional 
beam elements.  Strand7's 'point contact' element 
was used to model the interface between the 
formation and the culvert wall. 
For each diameter, the 'base case' was a 
non-linear analysis where the cement-soil was 
assumed to be equally capable of resisting tensile 
and compressive stresses.  The only non-linearity 
in these base analyses was that a gap was 
allowed to open between the fill and the culvert.  
The analyses showed that almost all the load 
would 'arch' and be carried through the cement-
soil in compression, with very little being carried by 
the culvert wall.  A typical result of one of these is 
shown in Figure 3. 

Figure 3 – Typical deflections
principal compressive stress, 
two-dimensional finite elemen
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that the sleepers be designed using an impact 
factor of 2.5, so it was adopted. 
There were two behavioural variants concerning 
which specific computational reassurance was 
sought.  The first was the possibility that the 
cement-soil might crack badly under the repeated 
loadings.  This was investigated by changing the 
models' material properties for the cement-soil so 
that they had (nearly) zero elasticity when in 
tension.  The results for the 600 mm diameter 
culverts suggested an increase of 48% in the 
material's maximum compressive stresses, and 
those for the 1600 mm culverts suggested an 18% 
increase.  These increases were within the 
allowable bounds. 
The second, separate, variant to be investigated 
was the possibility that the base of the culvert 
barrels might rust away over time.  This was 
modelled by the simple expedient of breaking the 
structural continuity of the barrel at its base.  The 
results for the 1200 mm culverts suggested an 
increase of only 16% in the cement-soil's 
maximum compressive stresses, and so the 
exercise was not repeated for the 600 or 1600 mm 
culverts. 
Examination of the predicted rail deflections 
confirmed that the rails would not be subjected to 
higher bending moments than they would 
experience when laid on the normal formation.  
This is because the axle loads are principally 
carried via arching action (as described earlier) 
rather than via bending action in the culvert walls.  
The transition zone between the normal formation 
and the beginning of a culvert group's 
cement-stabilised fill was also investigated for 
possible similar problems, using a separate set of 
analyses.  These concluded that the selected 
transition was sufficiently 'gradual' to avoid 
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significantly increased rail bending moments. 
There was also a need to investigate some 
loadings associated with the construction process.  
These included the passage of some pneumatic-
tyred and tracked construction vehicles travelling 
slowly on the top of the unballasted formation, and 
the construction train itself travelling slowly on 
unballasted sleepers. 

6 CONCLUSIONS 

The hydrology and hydraulic procedures 
developed for the design of the railway have 
allowed for the utilisation of the most recent 
streamflow data in the Northern Territory, and 
have also allowed for an efficient design procedure 
that could be applied in a routine and reliable 
process. 
The use of cement-soil for the culvert surrounds 
was crucial to achieving the rapid construction 
demanded by the project.  Furthermore, the cost of 
the added cement was more than offset by the 

bgrade 
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savings resulting from the elimination of headwalls 
and wingwalls. 
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SUMMARY 

The Dublin Light Rail system, designed by Sinclair Knight Merz in Melbourne and Dublin, includes an 
elevated section that follows the route of a former rail line and required reconstruction of a number of rail 
bridges.  The original line was constructed in 1854 and closed in 1959.  One section of the original line had 
been constructed on a 5m high embankment retained by masonry gravity retaining walls along each side of 
the embankment.  The bridges cross roads and a canal that intersect the line.  The previous bridges would 
have been wrought iron with a ballasted track, and the replacement bridges are steel with a reinforced 
concrete deck and direct fixation of the rails to a track slab on the bridge deck.   
The considerations that influenced the design task included: 
 The re-use of existing gravity stone abutments 
 The re-use of existing gravity stone retaining walls along each side of the embankment 
 The approval process administered by the authority set up to manage the contract 
 The substantial increases in under-bridge clearance, by comparison with that which existed with the 

former bridges 
 Preservation of the character of these historically significant structures 

This paper discusses how these constraints were handled and the structural solutions arrived at.  It also 
includes a brief reference to other significant structures constructed as part of the contract. 
 

 

1 INTRODUCTION 

The Luas (Irish for speed) Light Rail project is an 
extensive new light rail system for metropolitan 
Dublin.  Construction of the system is scheduled 
to be completed towards the end of 2004. 
The new lines and associated infrastructure are 
being constructed as part of a design-and-
construct contract.  Sinclair Knight Merz was 
appointed by the construction contractor as 
principal designer for the track, civil, structural, 
and building components of the project. 
The new network is shown below as fig 1 and 
includes the following: 
 Line A from Tallaght in the south west to the 

city centre: This line extends for 14 km from 
the city centre, through the north inner-city 
to Tallaght in the south west.  Of this 

section, 7 km is on-street and the balance is 
on dedicated alignments and reservations. 

 Line B from Sandyford in the south east to St. 
Stephens Green in the city.  It is 9 km long 
and follows the route of a former heavy rail 
line.  A portion of this line is designed not only 
for light rail but also for possible future 
conversion to metro operation.  Within this 
section there are six (6) underbridges that 
have been designed by SKM. 

 Line C provides a short link from the city 
centre to Connolly station and the provincial 
bus terminal Busarus on the east side of the 
city centre. 

An authority (Light Rail Procurement Authority 
(LRPO) was set up by the Irish government to 
administer the contract. 
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Figure 1 – Proposed Routes for Dublin Light Rail 
 
2 UNDERBRIDGES 
2.1 Introduction 
The underbridges on Line B presented a 
particular challenge with this project. 
The old Harcourt Street Line carried mainline rail 
from its opening in 1854 to its closure in 1959.  
When the line was closed the superstructure of 
the bridges was removed.  With the introduction 
of the light rapid transit system this line will be 
reopened.  The section of line running over these 
bridges was originally constructed on a 5m high 
embankment and extends for a length of 
approximately 1 km.  The old superstructures 
were removed because the clearances under the 
bridges, although suitable for horse drawn 
vehicles, were unsuitable for today’s road traffic. 
Economic and historical pressures to retain and 
reuse the existing abutments and the retaining 
walls along each side of the embankment were a 
major influence on the concept for the bridges 
and the detailing developed to increase the 
height of the embankments and the retaining 
walls. 
The new light rail system provides two tracks with 
a 700 mm wide emergency walkway on each 
side of the bridges and the embankment. 
2.2 Bridge Superstructure 
There are five (5) bridges crossing roads within 
the length of the old Harcourt Line embankment:  
 Northbrook Road 
 Dartmouth Road 
 Charleston Road 

 Ranelagh Road 
 A single bridge crossing Charlemont Place, 

the Grand Canal and Grand Parade, referred 
to as Charlemont Bridge 

Critical to the design of these bridges was the 
minimisation of construction depth.  Within this 
context, the construction depth is the vertical 
distance between the top of the rail and the soffit 
of the bridge.  The minimum required clearance of 
the soffit above the road level is 5.1m. 
The first four are single span bridges and the fifth 
is a three span continuous bridge.  At the southern 
limit of the Harcourt Street embankment, the line 
threads its way between the Hilton Hotel and an 
office building.  The light rail line is supported on a 
suspended concrete structure over the entrance 
driveway to the hotel car park.  
Similar concepts were adopted for each of the five 
bridges referred to above.  A typical superstructure 
cross-section is shown as fig 2 and an elevation 
on a typical bridge is shown as fig 3.  The 
superstructure is a steel box girder through 
structure.  It comprises a pair of steel box beams 
along each side supporting cross girders at 3m 
centres. The concrete deck is cast by first laying 
reinforced concrete planks between adjacent cross 
girders to act as a soffit form.  These planks act 
compositely with the in-situ concrete in service.  
The box girders are supported on pot bearings.  
Movement joints are provided at each end of the 
bridge.  In some instances the bridge is supported 
on the pre-existing foundations, suitably 
strengthened, and in others new foundations are 
provided. 
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Figure 2 – Cross Section of Typical Bridges 
 

Figure 3 – Elevation on Typical Bridge 

The four single span rail underbridges have span 
lengths ranging from 12m to 25m and a skew 
ranging from zero to 45°.  The three span bridge 
over Grand Canal is 56m long and it is on a 
300m radius horizontal curve.   
An evaluation has been undertaken of the 
capacity of the superstructure and bearings to 
withstand the loads due to road vehicle impact in 
accordance with BD 60/94 [1].  BD 60/94 forms 
part of the UK Highway Agency Design Manual 
for Roads and Bridges [2].  The National Roads 
Authority in Ireland bases much of its own Design 
Manual for Roads and Bridges [3] on the UK 

Highway Agency’s Design Manual for Roads and 
Bridges. 
Although the existing embankments have been 
there for around 150 years, a run-on slab is 
provided for the transition between each end of the 
bridge and the embankment. 
2.3 Bridge Foundations 
To satisfy the requirement for increased vertical 
clearance under the bridge, the new 
superstructure and hence the level of the 
embankment at each end of the bridge is around 
1m higher than that of the original construction.  
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Both the existing abutments and retaining walls 
along the sides of the embankment are gravity 
structures.  The increase in embankment level 
results in increased lateral soil pressures on the 
abutment, as well as the retaining walls.  To 
accommodate these increased pressures the 
existing abutments are strengthened by means of 
a cast in-situ reinforced concrete capping with a 
horizontal restraint back into the retaining wall 
along each side of the embankment behind the 
abutment.  In addition, an 8m long approach slab 
is provided to prevent lateral earth pressure 
forces on the back of the abutment due to live 
load surcharge on the embankment. 
Little is known of the details of the existing 
abutments.  They were inspected in detail prior to 
commencement of design and found in most 
cases to be in excellent condition demonstrating 
that during their previous service the abutments 
performed satisfactorily.  The basis of the design 
of the abutments and retaining wall modifications 
was that the new condition should be no worse 
than that which existed when the bridges were 
previously in service.  Some additional 
geotechnical investigation and site measurements 
were undertaken to provide an understanding of 
the dimensions of the abutment and the soil 
conditions and to provide the parameters used for 
the comparisons.  Where doubts existed, a range 
of parameters was considered. 
The specification required the application of large 
longitudinal braking and traction loads.  These 
are significant loadings for the evaluation of the 
stability of the abutment supporting the fixed 
bearings.  It is also important to note that 
previous satisfactory performance of the bridge 
abutments does not necessarily provide 
conclusive proof that the abutments can carry 
these loads as they may not necessarily have 
arisen with the previous service. 
The most important consideration in the approach 
to the re-use of the existing foundations was the 
proven performance of the abutment in the past as 
demonstrated by its condition and a recognition 
that an earth retaining structure could be expected 
to show signs of movement well before it reaches 
a state of collapse.  Accordingly, the calculation of 
pressures was primarily to confirm that the new 
works would not make the conditions worse.  The 
braking and acceleration forces are taken directly 
into the embankment behind the abutment rather 
than down through the abutment and the 
abutment foundation. 

3 EMBANKMENT RETAINING WALLS 

As with the existing abutments, the old limestone 
gravity retaining walls along each side of the 
embankments were found to be in excellent 
condition. 
The increase in the level of the embankments 
results in higher lateral earth pressure forces on 

the retaining walls along each side of the 
embankment.  
The design solution involves in-situ concrete being 
placed on the top of the retaining wall and dowelled 
into the existing stonework.  It also includes removal 
of part of the existing fill material and placement of a 
cement-bound aggregate fill material to make up the 
level of the underside of the trackbed. 
To establish the load carrying capacity of existing 
walls and abutments by theoretical means is 
difficult.  Such a calculation requires knowledge of 
the shape of the wall along its full length and the 
material properties immediately beneath the 
foundation.  Short of demolishing the wall, it is not 
possible to confidently determine the foundation 
capacity enhancement or degradation that might 
have been effected during construction.  
Satisfactory performance over a long period 
provides a considerably more reliable measure of 
the adequacy of the wall to continue performing its 
function than attempts at theoretical computation 
of performance.  Furthermore, given that previous 
performance is the only reliable measure, the 
preferred course is not to require any more of the 
existing wall than this proven capacity. 
Other features of the design include: 
 Localised areas of the top of the wall where 

stones were missing or damaged are 
reinstated with either stone or mass concrete 
faced with stone 

 Cast in-situ capping is constructed along the top 
of the wall to bring it up to the required level. 

 Precast concrete panels are attached to the 
cast in situ concrete capping 

 The upper section of the earth embankment 
fill is replaced with stabilised fill material in the 
form of cement treated crushed rock and 
selected fill material  

 The depth of fill replacement is such that the 
soil bearing pressures under the wall in-
service are no greater than those that existed 
when the wall was previously in service. 

4 OTHER MINOR BRIDGES OVER THE 
LIGHT RAIL 

There are other minor bridges that were designed 
by SKM and constructed as part of the works. 
 Kilmacud Pedestrian Bridge – a 12.5 m span 

structure over the light rail line comprising 
precast pretensioned concrete girders and a 
composite in-situ concrete deck. 

 Kilmacud Cable Bridge – a 22 m span steel 
arch supporting a 110kV high voltage cable 
over the light rail line. 

 Goldenbridge Pedestrian Bridge and 
Drimnagh Pedestrian Bridge – two architect-
designed bridges crossing the Grand Canal 
and providing access to adjacent stops. 
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5 KILMACUD CUTTING 

One major challenge that arose during the 
course of the work was the construction of the 
track through an existing cutting with a depth of 
4m to 8m.  Virtually no investigation of the side 
slopes of the cutting had been conducted prior to 
the award of the contract.  Site investigation 
conducted after the award, revealed that there 
were areas where minor slope failures had 
occurred and that for the most part the material in 
the slopes was low strength glacial till.  For much 
of the cutting, it was not possible to show, based 
on the results from site investigation and slope 
stability analysis that the slopes had the normally 
accepted margins of safety against failure.  One 
unknown that was clearly a significant influence 
on the stability assessment of the existing slopes 
was the effect of vegetation.  A variety of 
measures for retaining systems and slope 
treatments was provided, including: 
 Cantilever retaining walls 
 Gabions 
 Regrading the slopes to improve the factor 

of safety 
 Seeded biomat with geogrid mesh 
 Geogrid mesh secured by soil pins 
 For steep rock slopes, removal of loose 

blocks or securing them with rock dowels 
and applying rock fall netting.  Where netting 
is not provided, a catch fence is provided in 
front of rock outcrops. 

 Shotcrete facing structure with tie anchors 
into rock or soil in the cutting bank.  Limited 
use was made of this solution because of 
the potential for problems with way leave 
agreements. 

6 DESIGN STANDARDS 

The bridges were designed in accordance with 
BS5400.  Included as Appendix A is a sketch 
showing the loadings adopted for the LRV.  The 
live load impact coefficient adopted was 1.5.  Load 
spectra for the assessment of fatigue life were 
based on the performance requirements for the 
LRV operations and predictions regarding the 
number of people travelling at peak and off-peak 
periods.  A longitudinal braking load of 550kN 
along with a traction loading on the adjacent track 
of 230kN was adopted.  These values were later 
checked against advice provided by the suppliers 
of the light rail vehicles and found to be 
satisfactory. 
The standards specified for construction of the 
structural components of the works were those of 
the Irish NRA Specification for Roadworks.  
Although drafted primarily for road projects, they 
are applicable for the structural components of a 
rail project. 
The detailing of items such as derailment 
containment were governed by Railway Safety 
Principles and Guidance – Part 2, Section A – 
Guidance on Infrastructure, produced by the HSE 
HM Railway Inspectorate. 

7 TRACK FORM ACROSS BRIDGES 

In general, traditional track was adopted across 
the bridge structures and along the top of the 
embankment.  Traditional track comprises rails 
supported on Edilon blocks (ref fig 4).  The Edilon 
block is supported on a trackbed that is isolated 
from the structural deck of the bridge by a 
waterproofing membrane.  To permit thermal and 
other movements of the bridge deck, the fixings on 
the bridge are designed to permit the rails to slide 
across the top of the Edilon block.  Wherever 
possible, expansion joints in the rails are avoided. 

 
Figure 4 : Traditional Track 
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At Ranelagh and Charlemont, the tram stop is on 
the bridge.  In these two instances, the rail is 
encased in rubber and embedded in the concrete 
trackbed.  The surface of the concrete trackbed is 
level with the top of the rail.  It is therefore not 
possible to permit the rail to move longitudinally 
relative to the trackbed and a grooved rail 
expansion switch is therefore provided in each rail 
at the expansion end of the bridges. 
7.2 Stray Currents 
The LRV is electrically powered.  The power is 
delivered through an overhead conductor system 
and returns through the rails.  The need to control 
stray currents was a major consideration in the 
detailing of the bridges.  The following lists 
features of the design arising from these 
considerations: 
 The trackbed is isolated from the structural 

deck by means of a waterproofing membrane 
 There is a stray current collection system 

within the trackbed comprising electrically 
connected longitudinal and transverse 
reinforcement.  Electrical continuity of the 
stray current mat across the expansion joints 
is provided by means of a flexible cable 
bonded to the stray current mat within the 
trackbed abutting each side of the joint. 

 The parapets along each side of the bridge 
are made electrically continuous.  They are 
bonded to the closest rail and they are 
electrically isolated from the superstructure 
steelwork.  A voltage limiting device (VLD) is 
provided between the parapet railing and the 
rail to which it is electrically connected.  The 
pits for the VLD are beyond the ends of the 
bridge. 

 The reinforcement within the deck is 
connected to an electrical drainage system off 
the bridge 

 Reinforcement in support structures is 
isolated from that in the superstructure 

 There is no electrical contact between the 
running rails and metal parts of the bridge 

 The bridge superstructure is isolated from the 
substructure by the use of rubber supports. 

7.3 Noise and Vibration 
The route of the LUAS Light Rail is through a 1000 
year old city.  At some locations the trams run only 
metres away from residential buildings.  Noise and 
Vibration was a major consideration in the design. 
The noise from bridges is a combination of directly 
radiated noise from the wheel and rail and re-
radiated noise from the bridge structure.  Once the 
vibrations have entered the bridge structures and 
the adjacent embankment structures it is very 
difficult to stop them being radiated to adjacent 
facilities and as noise.  Innovative specialist low 
height noise barriers and vibration isolation matting 

have been designed to bring the impact of noise 
and vibration to less than the stringent contract 
performance limits. This subject is covered in more 
detail in another paper being presented at this 
conference [4]. 
7.4 Ducting 
The works are being constructed as part of design-
and-construct contract.  Because of the timing 
pressures, it was necessary to advance fabrication 
and construction in some areas while the design 
was still being developed in others.  Management 
of a timely definition of the ducting requirements 
presented a particular challenge.  A typical section 
on the line includes up to 12 No 160mm diameter 
ducts on each side of the line.  Limitations on the 
space available on the bridge superstructure 
dictated that the number of ducts be kept to a 
minimum.  However, a typical bridge still includes 
a total of up to 9 No 160mm diameter and 13 No 
120mm diameter ducts.  Two of the bridges are on 
stops, which required that an additional 10 No 
120mm diameter secondary ducts be provided for 
cabling to lighting, advertising drums, emergency 
telephones and ticket validators.  Accommodation 
of these ducts in a design that was well advanced 
proved quite a challenge. 
7.5 Derailment Containment 
Three types of detail are used for derailment 
containment. 
 For ballasted track on bridges a check rail is 

provided 
 For traditional track, which has the rail 

supported on Edilon blocks, a continuous 
concrete plinth is provided alongside the rail.  
The plinth is located on the field side of the 
outer rail of each of the two tracks. 

 For embedded track, a continuous trench is 
included alongside the rail.  The trench is 
covered with a frangible lid so that the wheel 
of a derailed vehicle will drop into the trench 
to arrest further lateral movement.  It is 
provided on the gauge side of the inner rail of 
each track. 

8 RISK 

Risk management is becoming an increasingly 
visible part of the design process for major 
projects.  For the bridges, risk management was 
addressed at two levels.   
 A risk register was prepared for the complete 

project using a relational database package.  
These risks were assessed and risk mitigation 
measures developed and incorporated 

 Each structure was analysed within the 
context of this risk register and risks specific 
to that structure were identified and detailed. 
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9 RAM 

Another feature of the contract requirements was 
the process required for the demonstration of an 
acceptable level of reliability, availability and 
maintainability.  The Contractor was required to 
provide evidence of its understanding of this 
process and competence to comply with it.  
Additionally, the Contractor was required to 
provide detail of the methodology to be adopted to 
ensure compliance with these requirements. 
For each structure, a detailed report was prepared 
that identified key reliability, availability and 
maintainability issues and how they were being 
handled.  Issues identified included: 
 Replacement of defective bearings 
 Service life of paint system 
 Access for inspection of all structural 

elements  

10 CONCLUSION 

The reinstatement of a 150 year old rail line within 
a 1000 year old city has required the 
reconstruction of a number of old rail bridges.  In 
particular the reinstatement of five bridges along 
the length of Dublin’s old Harcourt Street 
embankment presented a particular challenge.  
The work includes raising the level of the existing 
embankment and the bridges to provide the 
required under-bridge clearance.  A key 

consideration in the structural design for this work 
was the capacity of these structures as 
demonstrated by their condition and the 
satisfactory performance over many years when 
the line was previously in service. 
An authority (Light Rail Procurement Authority – 
LRPO) was set up by the Irish government to 
administer the contract.  A general observation 
worth noting is the difficulty those administering a 
design-and-construct contract on behalf of the 
client can have with defining and controlling the 
role they play in ensuring the constructed works 
satisfy the required performance standards.  In 
particular, careful judgement is required in 
deciding the level of monitoring, checking and 
review such an authority should undertake, given 
that the primary responsibility for the design rests 
with the contractor and its designers. 
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APPENDIX A : ROLLING STOCK LOADINGS 

Figure 5 – Horizontal view : 1 bogie = 2 axles = 4 wheels 

 

Loads 
by Bogie 1 2 3 

MLC 199KN 224KN 196KN 
ELC 206KN 238KN 205KN 

 
MLC: maximum load condition 
ELC: exceptional load condition (accidental 

situation) 
 Dynamic coefficient = 1.5 This value was 

specified by the client but is generally in line 
with current bridge design codes. 

 Lateral guide force = 35KN/wheel in a curve R 
= 25m with a speed of 60 km/h
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BENEFITS FROM CURVE EASING—A STRAIGHT TRACK STUDY 
  

P.G. Laird, M Sc, Ph D,  
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SAMROM Pty Ltd, Adelaide 

 
SUMMARY  
The 'Straight Track Study' was completed for Queensland Transport and gives estimates of the additional 
freight train operating costs, track maintenance costs and external costs that result from track imposed 
speed constraints at locations with tight radius of curvature for a standard freight train moving between 
Landsborough and Townsville.  
Operating costs for slowing down freight trains are calculated using parameters from an earlier Smooth 
Running Study completed for Queensland Transport.  The main costs are those of the additional time taken 
by the crew, locomotives, and wagons, the cost of braking to reduce speed and the cost of the extra fuel 
needed for the train to regain speed. The cumulative effects of the speed constraints on a 100 km/h 
standard freight train between Landsborough and Townsville were found to be approximately $2600 per 
haul.  
Estimates of extra track maintenance costs from speed restrictions and estimates for increased 
maintenance costs on sections of track with tight radius curves were also derived from the Smooth Running 
Study.  These costs were estimated as approximately $200 for each standard freight train trip between 
Landsborough and Townsville. 
For each tonne of line haul freight a more competitive rail operator could attract, external land freight 
transport costs would reduce by approximately $16 per tonne.   
 
 
1 INTRODUCTION 
A fully laden freight train that is able to maintain a 
high average speed over long distances is 
efficient and competitive with road transport.  
However, when the alignment of the track 
constrains speed at many locations, then train 
operating costs and track maintenance are high.  
In addition, higher train operating costs and 
extended transit times reduce the ability of rail to 
compete with road for line haul freight.  In turn, 
with more line haul freight on road instead of rail, 
then the impact on net transport externalities is 
increased. 
Modelling work for a variety of freight operations 
as part of “The Smooth Running Study” 
completed for Queensland Transport (Michell and 
Laird, 2002) has provided, inter alia, indicative 
costs for slowing of freight trains prior to a speed 
restriction and then returning to normal running 
speed.   
The present paper outlines "The Straight Track 
Study" completed for Queensland Transport 
(2003) and investigates the benefits of removing 
or easing of curves and produces a simple model 
using similar parameters to those identified in 
“The Smooth Running Study” to evaluate these 
benefits. The model is then applied to a ‘standard’ 
freight train with a trailing load of 1500 tonnes and 
a maximum through running speed of 100 km/h 
operating on the NCL at deviation sites identified 

by Queensland Rail in a 1998 ‘Straight Line 
Diagram’.  
The output includes estimates derived by the 
model of train cost savings and track 
maintenance savings from track straightening to 
achieve a through running speed of 100 km/h.  
For details of the cases when model was 
reapplied to the cases where the maximum speed 
is 90 km/h and then 80 km/h, see Queensland 
Transport (2003).   
Section 2 of this paper reviews the Queensland 
North Coast line, Sections 3 and 4 consider a 
simple model and its results, whilst Section 5 
discusses external land freight transport costs. 
2 REVIEW OF NORTH COAST LINE  
Up to 1986, the Brisbane-Townsville line was 
characterized by having low axle loads with 
numerous speed-weight restrictions.  The track 
straightening completed as part of Main Line 
Electrification (MLE) in the late 1980s, the Main 
Line Upgrade (MLU) of the early 1990s, and other 
works including the Mackay deviation, have 
brought many benefits to Queensland Rail train 
operations. These benefits for the North Coast 
Line (NCL) will now be outlined. 
2.1 The reduction in distances 
The original length of track between Roma St in 
Brisbane and Rockhampton was approximately 
638 km, with a further 703 km to Townsville.  This 
is a total of 1341 km.  
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Between Brisbane and Rockhampton, following 
MLE and MLU track upgrades, Nambour-
Gladstone point-to-point distance decreased by 
14.3 km.  For freight trains not going into 
Gladstone, and using the bypass route at 
Callemondah, there is a reduction in distance of 
3.5 km.  With Nambour at some 82 km from 
Roma St, the present length of Nambour–
Rockhampton track for freight trains is about 
538 km. 
Completion of major new deviations between 
Caboolture and Gympie would reduce the point-
to-point distance by approximately 4 km. North of 
Gympie, with the exception of Mary River–
Mungar, the proposed new deviations give little or 
no reduction in point-to-point distance  
Between Rockhampton and Townsville, MLU 
track upgrades resulted in a reduction of only 
0.89 km.  However, the track changes for a new 
station at Bowen reduced point-to-point distance 
by 5.90 km and track changes for a new station at 
Mackay reduced distance by 4.69 km, a sub-total 
of 11.48 km.  The present length of Rockhampton 
–Townsville track is 692 km.  Thus the total length 
of track between Brisbane and Townsville has 
been reduced by approximately 26 km since 
1986. 
2.2 Faster and heavier freight trains  
Track upgrading work under MLE and MLU 
allowed the maximum weight of a freight train 
behind a locomotive to be increased, in various 
stages, from 750 tonnes to 1350 tonnes. It is now 
1500 tonnes for a 2800 class locomotive.  
Brisbane–Cairns axle loads were allowed to 
increase from a low 15.75 tonnes to 20 tonnes 
and freight transit times fell from 40 hours to 27 
hours.  All MLU bridges and culverts were 
designed to allow for future increases in axle 
loads. 
As a result of the improved train operations, QR 
was able to maintain freight tonnages and live 
stock traffic on its North Coast Line (NCL).  This 
was at a time when rail freight operations came 
under increased competition from road freight. 
Moreover, the upgrading of the North Coast Line 
allowed QR and the former National Rail 
Corporation to introduce, in 1997, a premium NQ 
Direct Service.  
2.3 Passenger train benefits 
To travel between Brisbane and Rockhampton, 
passenger trains in the mid 1980s took some 14 
hours.  In 1989, Inter City Electric services taking 
9.5 hours were introduced, and in November 
1998, electric tilt train services taking 7 hours 
commenced.  These tilt trains have proved 
remarkably successful, and in just over three 
years of operation, had conveyed one million 
passengers.  Without the MLU track straightening 
works it is considered that the Queensland tilt 
train service could not have been effectively 
introduced. 

As well as allowing the use of faster and heavier 
freight trains, MLU reduced track maintenance 
costs, eliminated some level crossings and 
provided improved flood mitigation. Passengers 
have also benefited from the upgrade with 
improved trains and services, and thus the MLU 
has assisted in maintaining the appeal of the 
passenger rail services. 
2.4 The 1992 Maunsell Report 
Despite the gains made by MLE and MLU, the 
Brisbane–Townsville track still has significant 
speed constraints. This partly reflects the fact that 
MLU did not meet the full extent of upgrading 
recommended in a detailed 1992 ‘Evaluation of 
NCL Major Investment Project’ by Maunsells. This 
report considered (Executive Summary, p5) that 
‘Major investment is now essential to ensure that 
QR becomes a successful commercial enterprise 
well positioned to meet the needs of the 21st 
century’. 
Four basic investment options were reported in 
the 1992 Maunsell Report. The full investment 
programme ($912 million) included the following. 
(a) Replacement of all timber bridges and 

strengthening of steel bridges to allow 20 
Tonne Axle Load (TAL). 

(b) Concrete or steel resleepering with 
continuously welded rail (CWR). 

(c) Easing all necessary curves to allow 
100km/h through running. 

(d) Grade easing to 1:75 south of Rockhampton 
and 1:100 north. 

(e) New locomotives, wagons and passenger 
trains. 

The evaluation included a Financial Analysis of 
four basic options with variations (e.g. without 
passenger services) that took into account, inter 
alia, reduction in track, bridge, loco and wagon 
maintenance costs, savings in loco fuel costs and 
loco crew costs.  An economic analysis was also 
undertaken that also took into account cost 
estimates from reduction in road damage and 
road crashes along with employment generation. 
Other factors discussed included noise, 
greenhouse gas emission and a “boost to tourism 
by providing a competitive alternative for the long 
haul”.  
The Maunsell report also gave an estimated 
reduction of 266,000 tonnes of line haul road 
freight due to improved rail freight services 
between Brisbane and Gladstone.  As noted 
above, Main Line Upgrade (MLU) was approved. 
Along with new locomotives, wagons, and 
replacement of hundreds of old wooden bridges, 
MLU included no fewer than 30 rail deviations 
between Nambour and Gladstone, and 15 rail 
(generally smaller) deviations between 
Rockhampton and Townsville.  At an initial cost of 
$526 million, it was basically a modified medium 
investment programme. 
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2.5 Other Reports 
In 1994, the Bureau of Transport Economics 
(BTE) completed a report on the adequacy 
infrastructure of a National Transport Planning 
Taskforce (NTPT). To quote (p63) regarding 
Brisbane – Cairns. “There are deficiencies in 
curvature, track structure, and clearances and, in 
the long term, in passing loop lengths. Average 
speeds and transit times are currently deficient 
and will become more so by 2014-15. Congestion 
currently occurs north of Brisbane (Caboolture – 
Nambour) where freight trains encounter large 
numbers of commuter passenger trains. 
Queensland’s Main Line Upgrade program of 
investments will substantially remedy this.” 
Although MLU made many gains in track quality, 
it was envisaged by the BTE that further 
upgrading would be required after MLU. The 
recommended investment, based on BTE 
considerations of a 1994 Maunsell consultants 
report cited in the BTE report was $445 million. 
The main item was Track/Concrete Sleepers and 
60 kg/m Rail at $280 million, with a further $80 
million each for realignments and urban access. 
The benefit cost ratios for these projects were 
noted (NTPT BTE report, p 74) as 2.0 
(Maintenance), 2.5 (transit times), and 14 (load 
flexibility). 
The Australian Rail Track Corporation's Track 
Audit of the Defined Interstate Rail Network 
(standard gauge - ARTC, 2001) notes that 
benefits from track upgrading may be classified 
as follows: those accruing to the train operators 
(and their customers), the track owner, and the 
wider community due to reduction of external 
costs. The Track Audit (Summary, p 27) 
considered that for an optimal track upgrade 
package, 70% of the benefits were accrued as 
above rail gains (with 40% to the customer and 
30% to the train operator), 5% were below rail 
gains to the track owner, and 25% were 
externality gains. 
2.6 Potential new deviation sites 
In 1998, Queensland Rail produced a 1998 
Straight Line Diagram (S24480) identifying 237 
deviation sites between Brisbane and Cairns.  Of 
these, 174 rail deviation sites were between 
Landsborough and Townsville.  A further 5 sites 
are between Caboolture and Landsborough which 
are the subject of a separate study (Arup, 2003). 
The deviations indicated in this diagram are on 
the basis that the desired maximum speed for 
trains between Caboolture and Rockhampton is 
160 km/h, and, that the desired maximum speed 
for trains between Rockhampton and Townsville 
is 120 km/h. 
With the agreement of Queensland Transport, the 
study was limited to those sites where the 
indicated speed restrictions are less than 100 
km/h for freight trains. This reduces the number of 
deviation sites between Landsborough and 
Townsville to 135.  Speed restrictions are 

indicated by ‘speed boards’ placed at the side of 
the track near the speed restriction. Speed 
boards indicate a maximum speed for a freight 
train (a number in a round disc), and a higher 
maximum speed for a tilt train (a number in a 
rectangle).  The speed restrictions considered in 
this study are for freight trains. 
If a through running speed of 90 km/h is 
acceptable, then the number of deviation sites 
between Landsborough and Townsville is further 
reduced to 119.  In the case of 80 km/h through 
running speed, then a total of 82 sites require 
speed to be decreased to less than 80 km/h. 
For some of the longer potential rail deviations, it 
is convenient to split the proposed deviation site 
into two or more sites. This gives a more accurate 
indication within a given site of the length of track 
that is in need of straightening. 
Most NCL ‘permanent’ speed restrictions are now 
due to tight radius curves.  There are 
approximately 300 curves of radius less than 800 
metres between Landsborough and 
Rockhampton and 250 such curves between 
Rockhampton and Townsville. A minimum curve 
radius of 800 metres is necessary to sustain 
normal train running operations at 90 km/h on 
narrow gauge track. However some locations 
have speed restrictions for special reasons 
including just north of Rockhampton station where 
trains move along the centre of Denison St at 25 
km/h (noted as 15 km/h in 1998). 
Currently, the tilt train averages only 55 km/h 
between Landsborough and Nambour, and 66 
km/h between Gympie and Maryborough West.  
This compares unfavourably with average speeds 
of about 94 km/h between Maryborough West 
and Bundaberg and 107 km/h between 
Bundaberg and Rockhampton.  It is considered 
that freight train operations are more adversely 
affected south of Maryborough West than north of 
Maryborough West. 
3 UNDERLYING ASSUMPTIONS 
In evaluating estimates of benefits from track 
straightening to freight train operators and the 
track owner, they shall be assigned using simple 
models as follows.  For information on the 
calculations, see Appendix A of this paper. 
3.1 Benefits to freight train operators 
These are the benefits that result from less 
variation of the speed of the train, and increases 
in average speed of the train. The benefits are 
evaluated in the “The Smooth Running Study” 
completed for Queensland Transport and are 
outlined Michell and Laird (2002). The data that 
shall be used for the present study follows. 
• less brake use taken as 8.82 c/KWh (12.5 

c/wheel, 80 tonne wagons) and wagon 
maintenance 0.83  c/KWh, plus a nominal 
0.14 c/KWh for damage to freight, to give 
9.79 cents per KWh of braking work; 
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• less fuel use, with fuel costs assumed as 50 
cents per litre; 

• less locomotive and wagon lease costs (as a 
proxy for investment costs) assumed as 
$1.67 per minute saved; and, 

• less crew time (for Driver Only Operation 
with a premium rate) assumed as $1.25 per 
minute saved. 

Further benefits, that shall not be quantified, 
include the ability to run heavier trains with 
additional fuel savings. In addition, wheel flange 
wear is less for haulage over well aligned track as 
opposed to track with tight radius curves. 
The earlier study relied on train specifications, 
route profile and some assumptions about the 
cost of brake blocks and brake block wear.  
These were all independent of gauge, and in fact 
the gauge is of no direct relevance in studies 
such as this.  Only in a very detailed technical 
study might there be some minor variation that 
could be attributed to gauge (e.g. rolling 
resistances due to different running 
characteristics on one gauge compared to 
another).  In the straight track study, which relied 
to an extent on a generalised determination of 
costs, the gauge difference would be of no 
relevance. 
3.2 Benefits to track owner 
The long-term track maintenance costs are 
assumed to be a mixture of long term fixed (train 
independent) costs per kilometre per annum 
(p.a.) and variable (train usage) costs per gross 
tonne kilometre (gtkm).  These costs are 
assumed to be less on tangent track or track on 
gentle curves as compared with track with 
moderate curves or tight radius curves.  The unit 
total cost parameters supplied by Samrom Pty 
Ltd, which are based on data accumulated over 
several years, are as follows. 
New well aligned track, or old tangent track:  
$6000/km p.a. plus $0.00048 per gtkm. 
Old track: curves between 600 and 810 m radius: 
$6000/km p.a. plus $0.0008 per gtkm 
Old track: curves between 400 and 600 m radius: 
$6000/km p.a. plus $0.0012 per gtkm. 
Old track: curves with less than 400 m radius: 
$6000/km p.a. plus $0.0015 per gtkm. 
To calculate the incremental cost of the effect of 
braking prior to a curve, the variable cost for new 
track (i.e. $0.00048 per gtkm) is used over the 
distance the brakes are applied.  
The savings to track owners from track 
straightening which shall be estimated in the 
model are improvement in alignment, and 
reduced track wear and tear due to less braking. 
Other benefits that shall not be estimated include: 
a) A modest reduction in point-to-point 

distance;  

b) Ability to improve flood mitigation and in 
some cases, remove level crossings; and, 

c) Ability to remove some crossing loops, or run 
more trains (note that track upgrading could 
be accompanied by a program to 
progressively extend the length of crossing 
loops). 

4 OUTPUT FROM THE MODEL  
Firstly, it is stressed that these models give only 
approximate estimates for each of the many 
deviation sites.  The assumptions made include 
level track (so ascending grades for north bound 
trains would give different results for south bound 
trains, with the average near the approximate 
estimate).  
As well, fuel use for trains travelling below the 
through running speed are lower than trains at the 
through running speed, with this effect offset by 
the usual speed variations on older track being 
higher than a train travelling at a uniform speed. 
As well, for some braking applications, use may 
be made of the locomotives dynamic brakes, 
which will reduce the wear and tear of the cast 
iron brakes, which were used in the Smooth 
Running Study. 
Note that although new deviations south of 
Gympie involve a small reduction in point-to-point 
distance, we use the existing distance. 
As a check on the simple model, train simulation 
was undertaken by Samrom for two deviations, 
Woondum (Site 26) and Gumlu (Site 173).  The 
simulation suggested that the Excel model was 
slightly underestimating the time saving by 
construction of the rail deviation, and  
overestimating the fuel use.  This effect is likely to 
be more noticeably in the case when deviations 
are closely spaced. 
For the proposed larger deviations it is 
recommended that train performance be 
simulated for trains passing over the existing 
track, and then passing over the new deviation. 
This would require up to date computer track file 
data (which specifies the grade and any radius of 
curvature) for the existing track, and the proposed 
new deviation. 
The summary output for the respective cases of 
maximum speed of 100 km/h with a through 
running speed of 94 km/h follows. The combined 
gains of the track work between Landsborough 
and Rockhampton at 47 deviation sites affecting 
154 km of track for a standard freight train include 
a reduction of transit time of 68 minutes, with cost 
savings of $1150 for the train operators and $114 
for the track owner. The combined gains of the 
track work between Landsborough and 
Rockhampton at 88 deviation sites affecting 136 
km of track for a standard freight train include a 
reduction of transit time for of 68 minutes, with 
cost savings of $1461 for the train operators and 
$94 for the track owner. 
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5 NET REDUCTION IN EXTERNAL COSTS 

Estimates of land freight external costs in 
Queensland based on the ARTC (2001) track 
audit and other sources (Austroads (2000), 
Bureau of Transport Economics (1999, 2000) and 
Laird et al (2001)), were given by Queensland 
Transport  (2003 and Laird et al (2003).  Based 
on these external costs, estimates of reductions 
in external costs may be calculated for each 
tonne of line haul freight diverted from road to rail 
between Brisbane and Townsville.  The input data 
assumes a road distance of 1335 km, a rail 
distance of 1308 km, urban hauls of 80 km for 
each line haul mode, plus an average 20 km 
urban road pick up and delivery for each rail line 
haul. Using external costs as per the study for 
Queensland Transport, there is a net reduction of 
$16.37 for each tonne of Brisbane–Townsville 
freight diverted from line haul road to line haul 
rail. For Brisbane–Rockhampton, the reduction of 
net external costs is then calculated as $7.44 per 
tonne, and for Rockhampton–Townsville at $8.93 
per tonne. 

Given an average payload of 750 tonnes per 
standard freight train, this equates to a saving in 
transport externalities of $12,000 per trip between 
Landsborough and Townsville for each train load 
of freight that was previously moved by line haul 
road transport. 
6  CONCLUSIONS 
Rail has not been adept at promoting and 
justifying significant route upgrading. This 
situation has been made worse in recent decades 
with the shift from government largesse to 
rigorously applied economic principles.  During 
this time, rail has suffered substantial loss of 
market share on the high volume east coast inter-
capital and major regional rail arteries, further 
compounding the problem - a classic Catch 22 
situation.   
The paper outlines a simple model from a 
"Smooth Running Study" for Queensland 
Transport (2003) to give indicative estimates for 
the savings in train transit time, train operator 
costs and track owner maintenance costs that 
would result from replacing sections of poorly 
aligned track with modern alignments.   
Using data extrapolated from a Queensland Rail 
1998 Straight Line Diagram, the model is then 
applied to freight trains with a maximum through 
running speed of 100 km/h operating on the North 
Coast line between Landsborough and Townsville 
with 135 deviation sites.   
For a 'standard' heavy freight train with a 1500 
tonne trailing load hauled by a 2800 class 
locomotive, the aggregate reduction in train 
transit time is about 135 minutes, whilst the cost 
saving to the train operator amounts to 
approximately $2600 for a freight train haul.  

The reduction in track owner maintenance costs 
for the passage of this train over the upgraded 
track as compared with the current track is 
estimated at about $200. 
The estimate of $2600 for additional train 
operating costs compares with a broad estimate 
of total train operator costs of at least $13,000 
(including about $5000 for fuel costs) for moving 
a heavy 1500 tonne freight train with a single 
2800 class locomotive from Nambour to 
Townsville. 
In addition, based on external costs for road and 
rail freight given in a model developed for 
Queensland Transport, there is a net reduction of 
approximately $16 per net tonne of line haul 
freight diverted from road to rail between 
Brisbane and Townsville. 
Overall, the study found that the maximum 
potential benefits for freight movement to be 
derived from straightening of the track between 
Landsborough and Townsville are estimated to 
total $14,800 per train trip or about $19.70 per net 
tonne of freight moved. 
Accordingly, further consideration of more NCL 
rail deviations is recommended. It is also 
recommended that train performance be 
simulated for trains passing over the existing 
track, and then passing over the new deviations. 
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APPENDIX A MODEL PARAMETERS  
 
This appendix gives some information used for 
calculations. For more detail, see Appendix B 
"Parameters used in the model" of the Straight 
Track Study (Queensland Transport, 2003). 
 
For freight train operators 
  
An Excel model is used to calculate additional 
costs to the operator of a ‘standard’ freight train 
using the present track at a potential rail deviation 
site when compared with upgraded track. A 
‘standard’ freight train is one with a trailing load of 
1500 tonnes over a length of 500 metres, hauled 
by a 2800 class locomotive with an assumed 
mass of 114 tonnes. In summary, these costs are 
estimated as a function of:  
 
• the through running speed, v, which is given 

in km/h 
• the lowest speed, u in km/h (generally 

determined by the curve of least radius) 
• the average speed w in km/h on the existing 

track at the deviation site  
• the length L in km of the existing track 

subject to replacement by a deviation  
• the mass of the train M = 1614 tonnes, 
• the length of the train = 0.5 km  
• the average acceleration of the train in 

picking up speed, a = 0.05 m/sec/sec 
• the retardation of the train in braking,  
 b = 0.25 m/sec/sec, and 
• the efficiency f = 0.36 of the locomotive in 

converting diesel to tractive energy. 
From these parameters, and with the use of 
standard conversion factors (including  
1 metre/sec = 3.6 km/h, one kilowatt hour (KWh) 
= 3.6 megajoules (MJ) and 1 litre of diesel 
releasing 38.6 MJ of energy) we find: 
 
• the kinetic energy E in KWh  dissipated in 

reducing the speed of the train from v km/h 
to u km/h  is   

E = M*(v2- u2)/93312 KWh 
 
• the fuel F in litres to regain full speed v km/h 

from u km/h is given by F = E*0.260  
• the time T in minutes saved by the train in 

moving over the new deviation as opposed 
to the existing track is 
 T = Ta + Tb where  
   Ta = 60(L + 0.5)(1/w - 1/v) minutes 
(change in average speed), and 

   Tb = ((v - u)2/v)/18   minutes (increase due 
to less braking and pick up). 

 
From the “The Smooth Running Study", we are 
able to compile the cost C in dollars for use of the 
existing track per deviation site to the standard 
train operator as a function of the costs imposed 
by braking B (including the extra diesel costs at 
50 cents per litre to pick up speed) and the extra 
time, as C  =  B   + 2.92 * T  where 

B = E *0.098 + F*0.5  =  (v2- u2)* 0.00394 
 
Further assumptions are needed to gain an 
average through running speed v km/h from the 
maximum speed. This reflects the fact that 
average speeds are lower than maximum speeds, 
also as shown by the simulation model, it could 
take several kilometres for the train to gain max 
speed from a slower speed. The assumption is 
that for a maximum speed of 100 km/h, the 
average through running speed is 94 km/h. 
 
For the track owner 
 
For the track owner, additional costs are incurred 
due to the present track on possible deviation 
sites with the numerous speed restrictions 
imposed by the current alignment.  The 
movement of heavy freight trains on the sectors 
with tight radius curvature, and the effect of 
braking, give higher maintenance costs. From the 
parameters above, for our standard train, we 
obtain incremental costs.  These costs are based 
on unit costs per gross tonne kilometre (gtkm) for 
a ‘standard’ freight train given in Section 3.2. 
From this, the additional cost Cc of track 
maintenance/train movement can be found. 
 
To find the incremental increase in cost Cm in 
track maintenance from the effect of train braking 
over the distance s (in metres) the brakes are 
applied, use b = 0.25 m/s/s, as above to find  s = 

0.154 (v2- u2).   
 
With M = 1614 tonnes for a standard freight 
trains, and incremental cost at $0.00048 per 
gtkm,  we obtain  

Cm = 0.00012 (v2- u2).    
 
Hence the estimated saving in track maintenance 
costs from proceeding with as specified deviation 
to lift through running speed to v km/s is Cc + Cm.
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SUMMARY 
Developments such as LEADER and TrainStar have pioneered the concept of on-board train state 
estimation.  TrainStar also provides the capability to predict future train velocity.  Both LEADER and 
TrainStar technologies rely on the use of a stepwise simulation that keeps pace with real time.  Following the 
idea of providing estimates of velocity in the future, research at the Centre for Railway Engineering has been 
progressing toward a system that provides estimates of in-train forces in future time.  

The Centre for Railway Engineering has developed neural network models which can predict the longitudinal 
coupler force at a selected position for a given train type in future time.  The systems were developed with a 
capability of providing 50 seconds of future predicted data.  Inputs to the neural network include hypothetical 
future control sequences, measured locomotive control parameters and Global Position System information 
that is linked to a database of track grade and curvature.  The neural network model is ‘trained’ using a 
combination of measured and simulated data.  A new network is required for each wagon position and each 
train type.  Trained networks are stored as matrices of weights in data files and can be quickly loaded for 
use as required.  The networks, when trained, offer a mathematical model that can be used to take on-board 
instrumentation a step further.  The paper presents early results and details of progress in the developments 
of both software and in-cabin hardware.  
 
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.  The focus of this program 
is to repackage research knowledge and 
outcomes from the first 5 years into software and 
product prototypes that can be used in the 
Railway industry. 

When research began in 1994 an operational 
problem was identified in that drivers had little 
feedback from train dynamics in very long trains.  
The use of distributed power meant that train 
dynamic events in the second wagon group would 
rarely be felt or heard in the lead cabin of the lead 
locomotive.  Test programs further confirmed that 
the lead locomotive experiences the least 
dynamics, Figure 1.  The driver has therefore little 
or no physical feedback indicating train behaviour 
and must rely on memory of the past track and 
simulation training to ensure good train 
management.  As a possible solution to this 
problem the idea of a train dynamics monitor 
became the focus of research, as shown in  [1] 
and [2].  

Test data also revealed that the train being a 
large dynamic system could continue responding 
to control actions or disturbances for up to 100 
seconds, Figure 1.  Monitoring dynamic events as 
they occur and reporting them to the driver, while 
useful as a training tool, may lead to further 

problems if the driver attempts to correct or 
reduce the train dynamics observed. Relaying 
train dynamics data via telemetry was presented 
in [2] and systems such as LEADER and 
Trainstar seek to provide similar functionality 
using synchronised simulation.  None of these 
approaches offer any predictive in-train force data 
that can be used for improved train management.  
The Trainstar unit appears to offer predictions of 
train velocity. 

Predictive information is critical to achieving 
improved train management using an interactive 
cabin device.  It is important to remember that 
trains, particularly long trains, differ in important 
ways from other large vehicles such as road 
trains, aircraft and super tankers.  Unlike these 
other vehicles trains can be much longer, are 
guided by rails and may be subject to several 
different conditions of speed restriction, curvature 
and grade at the same time. Improved 
management of the train will therefore depend on 
good predictive information and access to real 
time information on the train state. 

As the prediction of future in-train forces is a 
complex task, the approach of using neural 
networks to provide the predictive information was 
considered.  Neural networks provide a method of 
deriving from measured data a non-linear function 
describing the system measured.  The process is 
known as ‘training’ and begins with a random set 
of weights. Weights are adjusted progressively 
until the network performs with acceptable 
accuracy, Figure 2. 
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Figure 1 – Measured In-Train Force Data: Loaded Train 

 

 

After training, outputs from a neural network can 
be obtained with a single evaluation of the trained 
network, as shown in Figure 3.  The 
computational time required to obtain output from 
a trained neural network is a small fraction of the 
time required for a detailed simulation to complete 
the same task. 

 

 

 

2 DESIGNING THE NETWORKS 
The field of neural networks is still developing with 
a vast selection of network structures and solution 
algorithms available.  Suitable soft-ware can also 
be purchased.  Unfortunately, perhaps the most 
important questions engineers would ask i.e., 
“Which structure /method/algorithm to use?” and 
“How well will it work?”  are not supported well in 
literature or publication. The way neural network 
structures are selected and applied to problems is 
still very much an art.  
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Figure 2 – Neural Network - Training Phase 

 

Input Data

Neural Network

Prediction Data
 

Figure 3 – Neural Network – User Phase 

In considering the problem posed, a forward feed 
network structure was chosen as it was desired to 
construct a neural network system that would 
provide in-train forces as an output variable and 
utilise train control data as input variables.  To 
provide sufficient flexibility in the network to learn 
the non-linearities expected in a train dynamics 
system a structure having at least one hidden 
layer was selected.  A one hidden layer structure 
has two matrices of weights and two sets of 
neurons.  Neurons used for the hidden layer were 
hyperbolic tangent functions.  Neurons on the 
output layer were constant gradient functions. In 
neural network literature this is the recommended 
network structure for function approximation. The 
structure allows the network to produce a linear 
weighted sum of the outputs of the hidden layer 
by means of the second matrix of weights, Figure 
4.  It should be noted that additional hidden layers 
and matrices of weights could be added if 
required for modelling more complex systems.  

Input Data

Weight
Matrix #1

Neuron Layer #1
Hidden Layer

Weight
Matrix #2

Neuron Layer #2
Output Layer  

Figure 4 – Single Hidden Layer Network 

 

 

The method used to train the neural networks 
presented in this paper was the back propagation 
method.  This method allows networks of one or 
more hidden layers to be trained.  The remaining 
choices are concerned with the design of the 
input and output vectors. 

Guidelines that may assist in the design of the 
way in which data is presented to the network for 
practical applications are rare.  Neural network 
designs tend to be problem specific. Anecdotes 
by authors in the field seem to indicate that the 
expectations placed on neural networks should 
not exceed similar expectations placed on normal 
mathematical functions.  A simple rule used in the 
developments behind this paper is that the 
network must be provided access to the same 
input data that would be required by a 
deterministic model with a similar function. In this 
case input parameters must include all the 
parameters that would be needed for a traditional 
train simulation.  A neural structure can 
theoretically be used for multi-variable output but 
from the experiences gained from this project it 
would seem advisable to limit network outputs to 
parameters of the same type.  

For the application described in this paper it was 
desired to predict both velocity and coupler force 
data so two network structures were developed.  
The velocity prediction is used as an input to the 
coupler force prediction network.  This allows the 
coupler force prediction network to have the 
inputs of locomotive notch and velocity, these 
being the normal input variables for calculation of 
power and tractive effort.  A typical input scheme 
is shown in Table 1. 
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Table 1 Typical Input Scheme 

Parameter Inputs Type 

Notch/Dynamic 
Brake 

50 One Real Time Input &   
49s of Future Data at 1Hz 

Velocity (1) 50 One Real Time Input & 49s 
of Future Data at 1Hz 

Brake Pipe 
Pressure 

50 One Real Time Input & 49s 
of Future Data at 1Hz 

Locomotive 
Cylinder 
Pressure 

50 One Real Time Input & 49s 
of Future Data at 1Hz 

Train 
Acceleration 

1 Real Time 

Coupler Force 10 One Real Time Input & 10s 
of Historical Data at 1Hz 

Expected 
elevation 
changes in next 
50 seconds 

5 Calculated at 5 in-train 
positions 

Note 1. Future Data included only in the coupler force network 

3 TRAINING 
One of the main issues with the training of neural 
networks is the selection of training data.  A 
neural network will only be as good as what it has 
‘learned’.  

Early work that examined the feasibility of using 
neural networks to model in-train forces utilised 
measured data.  This was extended to include 
simulated data to ensure adequate diversity 
existed in the data to allow the network to be 
trained properly.  It will be noted in Figure 5 that 
there are frequent stops and starts in the training 
data.  These data were generated using train 
simulation with brake applications included at 
frequent intervals to insure the diversity of the 
data used.  

Training was completed using multi-node super-
parallel computing facilities at the Australian 
National University in Canberra. Velocity 
prediction networks were developed for empty 
and loaded configurations.  Coupler force 
prediction networks were developed for eight (8) 
different in-train positions for both empty and 
loaded trains.  The software was not configured to 
share a single job across several 
microprocessors, rather a single job was allocated 
to a microprocessor node.  This allowed all 18 
networks to be processed concurrently. 

4 RESULTS 
After many re-arrangements of the input structure 
and experiments with different training algorithms 
the networks were successfully trained for velocity 
and in-train force predictions.  The in-train 
positions selected are listed in Table 2.  This 
made for a total of 18 neural networks.  The train 
configuration was a 103 wagon distributed power 
coal train operating on the Blackwater line in 
Queensland, Australia.  Samples of the first 

validation results are shown for velocity in Figure 
5 and force data in Figure 7. 

Table 2 In-Train Positions Selected 

Vehicle 
No. 

In-Train Force Position Description 

1 Rear Coupler Lead Loco Group 

27 Mid Coupler, 1st Wagon Group 

40 Later Half Coupler, 1st Wagon Group 

52 Tail Coupler, 1st Wagon Group 

54 Rear Coupler Remote Loco Group 

77 Mid Coupler, 2nd Wagon Group 

90 Later Half Coupler, 2nd Wagon Group 

105 Tail Coupler, First 2nd Group 

 

Each network provides 50 outputs giving 
estimates of future velocity or coupler force for the 
next 50 seconds resolved at 1 Sample per 
second.  The predictions are updated in real time 
every second.  For clarity only two network output 
traces and one data trace are plotted on each 
graph.  As it is realised that the graph samples 
published will be difficult to interpret in black and 
white paper print, a written interpretation is 
included here.  The grey trace is simulated data 
that was used to train the network.  The light grey 
trace is the neural network output at the start of 
the 50-second prediction and is identical to the 
training data.  The black trace is the neural 
network output predicting 50 seconds into the 
future.  

For validation the predicted output traces should 
be identical to the training data.  The output at the 
beginning of the prediction shows no error as 
should be expected.  The network has correctly 
scaled this to equal the input, (This output is 
actually not required but shows correct network 
functionality).  The 50-second future prediction 
output shows small variations from the training 
data, Figure 5.  These variations include the 
occasional spike and steady errors not exceeding 
5%.  Error magnitudes for the other 49 neural 
network outputs that are not plotted fall within the 
error range of the two traces plotted, (i.e. future 
predictions between 1 and 49 seconds inclusive). 
The prediction of train velocity was considered 
acceptable. 

The coupler data is even more difficult to present, 
Figure 7.  The networks gave good agreement 
with the low frequency and steady force 
components but tended to underestimate impact 
force peaks.  Work has continued since these 
results were produced to improve training 
algorithms and recent results have indicated 
improved accuracy in both steady and impact 
force prediction. 
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Figure 5 – Velocity Time Series Prediction 
Network Output 

 
5 PRODUCT DEVELOPMENT 
The next stage of the development process is to 
implement such a system in a locomotive cabin. 
For the purposes of this paper the prototype will 
be called the Train State Prediction System 
(TSPS). 

Industrial Computer

In-Cabin
Screen
Display

Data Acquisition

Embedded Neural
Network AI System

Locomotive Transducer
Inputs:

Power Settings
Brake Settings

Velocity
GPS Position

GPS Track Plan and
Section Database

User Key Pad
Mode Selection Keys, etc

 

Figure 6 – In-Cabin Train State Prediction 
System, (TSPS) 

The system requires considerable database and 
data acquisition support.  A schematic of the 
system is shown in Figure 6. 

The system requires GPS input to establish track 
position. Track position is used in conjunction with 
a track plan and section information to provide 
grade as an input to the neural networks.  Data 
acquisition provides locomotive data to the 
system in real time. Future control scenarios must 
be selected by the driver.  One scenario could be 
that in the next 50 seconds the driver will increase 
the throttle at 5 notches per minute.  The source 
of future scenarios data and methods of providing 
easily selectable options is an area still being 
developed.  Future scenarios could be simple 
combinations of throttle and brake settings as 
indicated on the prototype screens presented in 
Figure 9 and more simply in Figure 10.  Many 
other alternatives exist including a look-up table of 
the recommended driving practice or the most 
commonly used driver methodology for the 
particular track section.  It is envisaged that the 
driver will be able to modify these suggestions 
and observe the predicted train behaviour before 
having to actually complete the required control 
actions.  

The user interface will be developed in 
consultation with drivers.  The user interface 
envisaged at this stage will be similar to that 
shown in Figure 10. 
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6 FIELD TESTS 
The first in-train evaluation of the system was 
completed on a coal train late in 2002 with the 
system operating in the QR Test Car, Figure 8. 
The test car was located just behind the lead 
locomotives in a distributed power coal train. The 
interface used for these tests, as shown in Figure 
9, is considerable more complicated than what is 
intended for the first prototype. Figure 9 shows a 
‘live’ screenshot from the operating system.  
Technical challenges implicit in developing the 
prototype unit are progressively being resolved.  
The final user interface will be completed after in-
cabin testing and comments from drivers have 
been received. 

 

Figure 8 – Field Tests of Hardware and 
Software 

Work is also being focused on the practical issues 
of how a system such as this can be ‘trained’ or 
‘tuned’ to the target train type at the 
commissioning stage.  There is also the need for 
the software to allow the system to retrain to suit 
new train configurations and track routes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 CONCLUSIONS 
Neural networks have been developed that allow 
future train states to be predicted for a given 
future operating scenario and track topography.  

Work is now well advanced on the hardware for 
the first prototype unit.  

Work is continuing on the practical 
implementation issues and development of the 
user interface. 
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Figure 9 – TSPS Prototype Development Screen 

 

 
 

Figure 10 – TSPS Prototype User Interface 
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SUMMARY 

FreightMiser is an in-cab system that provides optimal driving advice that helps the driver of a long-haul train 
reduce fuel consumption and improve train pacing. In June-August 2003, a prototype version of the system 
was trailed in-service on revenue trains travelling over a 72km section of undulating track. The driver effected 
fuel savings averaged 15% while also delivering the train on-time.  

 

1. INTRODUCTION 

FreightMiser is an in-cab system that provides 
information to help the driver of a long-haul train 
save fuel while maintaining the required 
schedule. The system uses information about the 
train and route to calculate the optimal journey 
profile - that is, the optimal speed and notch 
settings - from the current location to the next 
target location and arrival time. The system 
continuously compares the current location and 
speed of the train to the optimal journey profile, 
and provides appropriate driving advice. By 
following the advice, the driver is able to reach 
each target on time and with minimal fuel 
consumption. 
 
The energy saving principles used by 
FreightMiser are based on the strategies 
developed by the Scheduling and Control Group 
at the University of South Australia (UniSA) in the 
early 1990s [1,2,3]. From 1999-2001, the group 
collaborated with industry partner TMG 
International on an SPIRT (Strategic 
Partnerships with Industry Research and 
Training) grant from the Australian Research 
Council. Part of this project was to develop 
software that would calculate optimal long-haul 
journey profiles [3]. The FreightMiser project 
extends the SPIRT work by applying the journey 
optimisation software in a locomotive cab to 
provide real-time control advice to the train 
driver.  
 
In 2000 the first field test of a FreightMiser 
prototype was conducted on a revenue train, with 
positive results. Since 2002, TMG and UniSA 
have been collaborating on a Rail CRC project to 
further develop the technology and to 
demonstrate the FreightMiser advice system. In 

2003 we installed a data logger on a locomotive 
and recorded journeys with and without 
FreightMiser advice. From the time-in-notch 
information collected by the data logger we were 
able to estimate fuel consumption. For journeys 
with driving advice, the fuel used per Gross Tonne 
Kilometre was reduced by approximately 15% with 
no appreciable increase in journey time. 
 

2. DRIVING EFFICIENTLY  

The problem of finding the best way to drive from 
one stop to the next can be formulated as an 
optimal control problem - we wish to find the 
sequence of control settings that will get the train 
to the next target on time, and with minimal fuel 
consumption.  
 
An optimal train control sequence contains just 
four driving modes [1, 2]: 
 
• power with maximum tractive effort, 
• hold at a constant speed, 
• coast with minimum tractive effort, and 
• brake with maximum braking effort. 
 
There is also a relationship between the ideal 
holding speed and the speed at which the brakes 
should be applied.  
 
On a simple flat track without speed limits, the 
optimal control sequence would be power-hold-
coast-brake, where the duration of the hold phase 
is adjusted so that the journey finishes at the 
correct location. The time taken to complete the 
journey can be adjusted by changing the holding 
speed; as the holding speed is increased, the 
braking speed also increases, and the journey 
time decreases. 
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On an undulating track with speed limits, the 
optimal control sequence is more complicated. 
Calculating the points where the control should 
be changed becomes quite difficult. For most 
journeys, the optimal control sequence requires 
many mode changes [3]. However, there is still 
only one optimal holding speed for the journey, 
and the time taken for the journey can be 
adjusted by adjusting this holding speed. 
 
In practice, the main principles of an optimal 
driving strategy are: 
 
1. Aim to arrive on time. Driving faster than 

necessary and then waiting, or arriving 
earlier than necessary wastes fuel. 

2. Anticipate hills. Where possible, the speed 
of the train should be increased before each 
steep incline and reduced before each steep 
decline. Anticipate the geography in order to 
exploit the potential energy of the train. 

3. Avoid braking at high speeds. Braking 
converts the train’s kinetic energy to heat, 
which cannot be recovered. It is more 
efficient to coast to a lower speed before 
applying the brakes. 

 
These principles are familiar to most drivers. The 
advantage of FreightMiser is that it calculates the 
control switching times precisely, and 
automatically adjusts the switching times if the 
train is running early or late so that the train 
arrives at each target on time. Fuel consumption 
is reduced without increasing journey time by 
increasing the time spent coasting and reducing 
the time spent braking. 
 
Figure 1 shows an optimal journey profile for a 
short journey section. The upper curve is the line 
speed limits; the train speed limit is 80km/h. The 
shaded region at the bottom of the graph 
indicates the track elevation profile. The main 
curve is the optimal speed profile for the train. 
The shading of the speed profile indicates the 
control notch; dark shading indicates power or 
braking, light shading represents coasting.  

For the horizontal parts of the speed curve, the 
power and braking levels are adjusted to give a 
constant speed. On the approach to the decline 
starting at about 203km, the optimal control 
changes from power to coast well before the crest 
of the hill, and the speed of the train drops to 
almost 20km/h. Most drivers would continue 
powering until the top of the hill, and then have to 
brake much earlier on the decline.  At 183km the 
control is again changed to coast before the 
decline, but this time closer to the crest of the hill. 
 
 

3. FREIGHTMISER  

The FreightMiser system performs four main 
tasks, as represented in the block diagram of 
Figure 2. 

 

• State Estimation: monitors the progress 
of the journey to determine the location 
and speed of the train; 

 
•    Train Parameter Estimation: uses 

observations of train performance to 
estimate the values of running resistance 
parameters; 

 
•   Journey Optimisation: uses train and 

route data to calculate the ideal speed and 
control profile from the current location to 
the next target; and 

 
•    Advice Generation: compares the 

current journey state to the ideal profile 
and generates appropriate driving advice. 

 

Figure 1: An Optimal Journey Profile 

Figure 2: Block Diagram of the  
FreightMiser System 



Robert Yee Peter Pudney  Saving Fuel on Long-Haul Trains:  
TMG International University of South Australia  FreightMiser Initial Trial Results 

 42.3 Conference On Railway Engineering 
  Darwin 20-23 June 2004   

For the prototype FreightMiser, we used journey 
optimisation software running on a desktop 
computer to pre-calculate a set of optimal journey 
profiles with different running times. These 
profiles were then loaded onto a laptop computer 
that was used on the train to measure the 
journey state, select the appropriate 
precomputed journey profile, generate the driving 
advice, and display the advice and other useful 
information to the driver. The prototype unit does 
not yet estimate train resistance parameters. 
 
The train data required includes: 
• length, mass and mass distribution, 
• tractive effort curve, 
• braking effort curve, and 
• coefficients of running resistance. 
 
The track data required includes: 
• elevation profile, 
• curves, 
• speed limits, 
• track-side features (for driver display), and 
• geodetic coordinates (longitude and latitude). 
 
On-board the train, a GPS unit is used to 
determine the location and speed of the train. To 
make this possible we had to supplement 
existing track data with geodetic track 
coordinates (longitude and latitude). To do this, 
we first collected a sequence of GPS coordinates 
from a run along the route. We then aligned the 
GPS coordinates with the existing track data by 
matching the curves. 
 
The list of geodetic coordinates and route 
distances is stored along with the standard track 
data. As the train moves along the route, we find 
the closest two track coordinates in the geodetic 
track data and then calculate the distance the 
train has traveled along the route by interpolating 
between these two points. Route distance is then 
used to look up the profile elevation, curve and 
speed limit from the standard track data and to 
look up the optimal speed and control state from 
the pre-calculated journey profile(s). 
 
At the beginning of each journey segment, the 
driver must specify the location of the next target 
and the desired arrival time. A target is any 
location along the trip where the arrival time is 
important, such as a crew change, a crossing 
loop or a transfer point. Once the target location 
and arrival time has been set, the on-board 
software selects the pre-computed journey profile 
that will get the train to the target at the required 
time. 
 

Figure 3 shows the Driver Machine Interface of the 
prototype system. The ideal speed and control 
profile and the track elevation profile for the next 
6km are displayed to the driver, along with an 
indicator that shows the speed of the train relative 
to the ideal profile.  

Figure 3: FreightMiser’s Driver Machine Interface 

The advice displayed to the driver depends on the 
position of the train relative to the ideal profile. If 
the train speed is close to that of the ideal profile, 
the system displays the ideal control setting. If the 
train speed is far from that of the ideal profile then 
the advice is chosen to get the train back in-line 
with the ideal profile. 
 
As the journey progresses, the train may stray 
from an ideal journey profile because of inaccurate 
modelling of the train, external factors such as 
wind, or unexpected delays. If this happens, the 
selected journey profile is automatically changed 
to the profile that will get the train to the next target 
as close as possible to the correct time. Because 
of this adaptive strategy, the FreightMiser system 
is relatively insensitive to variations in train 
performance. 
 
 

4. TRIAL RESULTS 

In June 2003, TMG fitted a GPS data logger onto 
a 3000 horsepower 120 tonne locomotive, and 
measured its performance over a 72km test 
section of track. The data logger recorded the 
position and speed of the train at 100m intervals, 
and also each change of control notch. Using 
these logs, we were able to estimate fuel 
consumption from the measured time spent in 
each notch and the known fuel flow rates for each 
notch. This enabled comparison between baseline 
journeys - normal day to day movements without 
driving advice, against advice journeys in terms of 
fuel efficiency, driving patterns and journey times.  
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Interspersed throughout the baseline journeys, 
we trialed the prototype FreightMiser system to 
provide optimal driving advice over the test 
section. As the mean journey time for the 
baseline journeys was 1 hour, we used the same 
target journey time for the journeys with advice. 
 
The summarised results of the trial are presented 
in Appendix 1. The absolute fuel usage has been 
withheld in order to maintain the confidentiality of 
the operator. The scatter plot of Figure 4 shows 
the salient dimensions of the summarised results. 
The horizontal axis is journey time in hours and 
minutes. The vertical axis is fuel consumption 
divided by the gross mass of the train, and has 
been normalised so that a value of 1.0 
corresponds to the mean fuel/mass of the 
baseline journeys without advice. As the distance 
traveled by each train is the same, the fuel/mass 
ratio is directly proportional to the common fuel 
efficiency metric ‘Litres per '000 Gross Tonne 
Kilometres’. 
 
The hollow points represent fuel consumption 
and journey time for baseline journeys without 
FreightMiser advice; the solid points represent 
journeys with FreightMiser advice.  
 
During the trial we had a variety of trailing lengths 
and masses, sometimes hauled by one 
locomotive and other times hauled by two. The 
round points represent trains hauled by one 

locomotive; the square points represent trains 
hauled by two locomotives.  
 
The horizontal lines on the scatter plot represent 
the mean fuel efficiency of all the journeys with 
and without advice. The mean fuel/mass for 
journeys with advice was 15% less than the 
baseline journeys.  
 
To understand how the fuel savings are achieved, 
we analyse the driving behaviour of every journey. 
This is done by looking at the percentage time 
spent in each control notch. As all journey times 
are constant it is possible to directly compare 
percentage points. For convenience, the notch 
positions have been grouped as shown in Table 1. 
 

Category Notches 
Brake Dynamic Brake 

Low Coast/Idle, Notch 1-2 

Mid Notch 3-5 

High Notch 6-8 

Table 1: Notch Categories 

Figure 5 shows that compared to the baseline 
average the FreightMiser journeys spent more 
time in coasting and other low notch states and 
less time in dynamic brake. Air braking will also be 
reduced, with a commensurate reduction in brake 
shoe wear. 

Figure 4: Fuel Efficiency vs. Journey Time 
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Figure 5: Percentage time in notch. 
 
While there is a slight increase in high notch use, 
we can essentially consider that there is no 
change in the amount of time that the loco is in 
full power. The significant reduction in mid and 
brake usage is balanced by the increase in low 
notch usage. The overall effect is reduced fuel 
consumption.  
In addition to reduced operating and 
maintenance costs there are also external social 
benefits to consider. Although not quantified in 
this study, reduced fuel consumption will lead to 
reduced emissions of greenhouse gasses. 

5. OBSERVATIONS 

The variation in trailing weights meant that the 
number of locomotives used on each train varied 
with the trailing mass. The rail operator's policy 
was to shut down locomotives that are not 
required to haul the load. Looking at the scatter 
plot, and particularly at the results with advice, it 
is not obvious that shutting down a locomotive 
gives better fuel efficiency. Although all trains, 
irrespective of the number of active locomotives, 
are included in the calculation of the total 
averages, we represent them differently on 
Figure 4 because of the effect the power to 
weight ratio has on efficiency.   
This explains why most of the baseline trains with 
two locomotives are below average efficiency 
due to the under-utilisation of available tractive 
power relative to the load. Therefore separating 
the advice journeys according to the number of 
active locomotives and comparing them against 
their respective baselines reveals why efficiency 
improvements up to 30% can be achieved with 
two locomotives.  
For optimal journeys, it is usually better to have 
all locomotives running. Variations in speed 
waste fuel; with a more powerful set of 
locomotives, it is possible to reduce the size of 
the speed fluctuations.  The locomotives 
consume fuel at a greater rate while they are in 

the high notch positions, but spend less time 
overall in these states.  

 

Figure 6: Fuel Comparison for 
One vs. Two Locomotives 

 
Figure 6 shows the predicted, optimal fuel 
consumption for various journey times for a train 
hauled by one or two locomotives. For the same 
journey time, the train with two locomotives uses 
less fuel. While increasing the locomotive power 
increases the scope for saving fuel if the train is 
driven efficiently, it also increases the scope for 
wasting fuel if the train is driven inefficiently. 

6. CONCLUSIONS  

An initial trial of the prototype FreightMiser has 
shown that energy optimisation through on-board 
driver advice is feasible, and the magnitude of the 
fuel savings is significant at 10-20%. 
The next stage is to develop a robust, stand-alone, 
version; this next version will be used for extended 
trials that will prove the technology and validate 
the energy savings. The next version will also 
incorporate on-board calculation of the optimal 
journey profiles, and an improved driver-machine 
interface. 
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APPENDIX 1  
Summary of Baseline and FreightMiser Journeys 

 
 

SUMMARY OF ALL JOURNEYS 
 

TYPE POWER  

(hp) 

DURATION 

(h:mm) 

GROSS 

(tonnes) 

BRAKE LOW MED HIGH NORMALISED 

 (to one) 

Advice 3000 0:59 1031 20.2% 19.3% 16.4% 44.1% 0.85 
Advice 3000 1:01 734 12.0% 48.0% 11.0% 29.0% 0.86 
Advice 3000 1:00 1086 18.9% 18.3% 11.5% 51.3% 0.91 
Advice 6000 1:04 1854 13.7% 43.1% 14.5% 28.7% 0.73 
Advice 6000 1:01 1108 13.8% 44.7% 22.5% 18.9% 0.91 

  Average 15.7% 34.7% 15.2% 34.4% 0.85 

Baseline 3000 0:59 941 24.3% 17.8% 20.6% 37.3% 0.85 
Baseline 3000 0:57 803 20.1% 24.7% 19.1% 36.1% 0.91 
Baseline 3000 0:58 843 22.2% 21.9% 15.6% 40.3% 0.97 
Baseline 3000 1:00 581 18.7% 27.6% 25.7% 28.0% 1.13 
Baseline 3000 1:01 841 20.3% 16.9% 19.9% 42.9% 1.10 
Baseline 3000 1:00 733 22.1% 23.4% 20.0% 34.5% 1.00 
Baseline 3000 1:03 1077 14.1% 18.1% 18.3% 49.5% 0.92 
Baseline 3000 1:03 957 14.9% 27.5% 14.2% 43.5% 0.98 
Baseline 6000 0:58 708 20.1% 47.5% 18.6% 13.9% 1.07 
Baseline 6000 1:00 971 18.5% 35.7% 25.5% 20.2% 1.05 
Baseline 6000 0:59 1114 22.6% 32.5% 24.1% 20.8% 0.96 
Baseline 6000 1:02 1477 24.0% 20.7% 22.9% 32.5% 1.05 

  Average 20.2% 26.2% 20.4% 33.3% 1.00 
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SUMMARY 

The purpose of this paper is to present an outline of the strategy Australian Rail Track Corporation (ARTC) 
implements for the maintenance of the railway infrastructure on its national network. 

ARTC’s approach to railway infrastructure maintenance is founded on a “back-to-basics” philosophy that 
was established and successfully developed and implemented in Victoria since 1999 to upgrade and sustain 
the railway infrastructure thereby increasing network reliability and capacity. 
 
The approach developed, and documented, by ARTC is the 5 Step Holistic Approach to Track Maintenance 
and the Fault Reduction Strategy - Signalling & Communications Systems.  This paper will review and 
expand upon these strategies and their relative success.  
 
ARTC’s “back-to-basics” approach to bridge and structure maintenance ensures immediate and long term 
capability.  The capability-based maintenance methodology dictates that works are only undertaken when 
required to ensure the immediate and long term capability of the bridge or structure, rather than undertaking 
works based on the traditional fixed time period, regardless of whether or not such works are necessary. 
 
ARTC’s infrastructure maintenance costs are low compared to other benchmarks in Australia and overseas 
and this is a reflection of putting into practice a “back-to-basics” approach to infrastructure management that 
is sustainable. 

1 INTRODUCTION 

The paper will present an argument that the 
guiding principles required for railway 
infrastructure maintenance to be agile, predictive, 
effective and cost efficient is for the maintenance 
to have a defined strategic direction and to be: 

• Outcome driven not resource driven; 
• Planned on a Corridor basis not a discrete 

location basis; 
• Implemented according to an agreed Plan; 
• Low in the Reactive component; 
• Scoped to achieve desired Outcomes 
• Innovative to constantly improve Productivity; 
• Delivered according to an agreed Budget; 
• Delivered to defined to an agreed Quality; 
• Driven by Key Performance Indicators; 
• Audited to confirm Outcomes. 

ARTC, together with its Maintainers, working in an 
Alliance, operate using the strategic direction 
provided by the 5 Step Holistic Approach for the 
track structure and the Fault Reduction Strategy 
for Signalling and Communications together with 
these guiding principles listed above to ensure that 
the agreed maintenance outcomes are achieved. 

2 TRADITIONAL RAILWAY INFRA-
STRUCTURE MAINTENANCE PRACTICES 

In the past, and even today in many railways the 
traditional maintenance practices remain relevant. 
Many rail maintainers model their maintenance 
strategy on what is termed a ‘traditionalist’ 
infrastructure maintenance application. The 
traditional approach is centred about breaking the 
corridor into maintenance manageable discrete 
sections (or ‘lengths’) and an individual group 
given responsibility for those specific sections or 
lengths, whilst a roving project team undertakes 
responsibility for major periodic maintenance 
(MPM) project work, such as resleepering and 
rerailing.   
Even though there are defined operational 
requirements and standards for each type of 
mainline track, on many railways routine 
maintenance works are regularly planned and 
undertaken on a section basis without a strategy 
that is applied consistently over the entire corridor 
length. Thus over a corridor there may be 
considerable difference in the outcome of the 
maintenance and even the resultant standard of 
the infrastructure due to differing priorities of the 
individuals responsible for each specific section.     
An example of the traditional approach can be 
shown by the relationship that exists between track 
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and adjacent drainage works. Generally, track and 
adjacent drainage works are regarded as routine 
maintenance and the works undertaken are solely 
at the discretion of each Team in each section, 
and therefore the maintenance outcomes are often 
highly variable.  Similarly, some sections of track 
may remain mechanically jointed whilst other 
sections are continuously welded due to a section 
management engineering desire or local strategy 
for dealing with specific problems.  
The traditional approach provides no overall 
corridor strategy that is aimed at bringing the 
corridor infrastructure up to a pre-determined 
commercially driven performance levels that will 
ensure the reliability, capacity and economic 
viability of the corridor meets the customers’ 
requirements.  Under the traditional approach, 
whilst MPM works are undertaken cyclically 
(typically ballasting, resleepering and rerailing) 
most other work is left to the section team to 
organise and undertake using its own resources 
and prioritisation.  
Often using the traditional approach to routine 
maintenance and MPM works, there is little co-
ordinated approach or planned cohesion to ensure 
that the infrastructure works holistically.  Whilst a 
maintainer may have a desire that an entire 
mainline track be converted from timber to 
concrete sleepers, activities in each section are 
often undertaken on a disaggregated basis due to 
the traditionalist approach. As such, widespread 
disconnections are created in the track.  Typical 
and unfortunate results from the traditional 
approach that are common in Australia include: 
• Sleepers that are of variable strength and 

mass from each other being inserted into the 
track resulting in highly variable track 
modulus – it is common on some corridors 
that many sections of track have steel and 
concrete sleepers interspersed with the 
original timber sleepers;  

• Track drainage that is left unattended and 
hence results in variable track support 
mechanisms and the ability to transfer and 
accept loads, further accentuating the 
variables in track modulus; 

• Rail fastenings that are variable throughout 
the track, often with adjacent fastenings being 
resilient or loose dog spikes and anchors, 
further creating variables to track modulus 
and track lateral strength; 

• Rail joints that are a mixture of welded and 
discontinuous mechanical (plated) resulting in 
impacts and stress raisers causing track 
instability and variable track modulus; 

• Rail surface that is variable with uncontrolled 
cross sectional profile resulting in higher rail 
wear and additional lateral loadings due to 
bogie steering problems; and, 

• Rail surface with longitudinal roughness from 
corrugations and peaked and dipped welds 
resulting in rail fatigue and additional impact 
loading into the track structure. 

• Discipline demarcation between track & civil 
works and those of signals & 
communications.  This results in work being 
overlooked, not reported and left undone in all 
disciplines due to the attitude of “It’s not my 
job….”   

The consequences of the above result in the 
necessity for continued high maintenance input 
and a growing, rather than reducing, recurrent cost 
base. 

3 ARTC’S DEFINED CORRIDOR 
STRATEGIES–OUT WITH THE 
TRADITIONAL APPROACH! 

ARTC’s approach is to apply a planned and 
consistent maintenance strategy across the entire 
corridor. That means a strategy that co-ordinates 
and prioritises work practices over the entire 
corridor to bring the whole corridor up to one 
consistent and acceptable standard, whilst 
eliminating or minimising the problems outlined 
above.  This approach minimises the maintenance 
input and cost and lifts the infrastructure reliability 
of the network. 

Whilst responsibility for a section of track may be 
allocated, the traditional approach often promotes 
the demarcation problem and the lack of a holistic 
view of the infrastructure’s maintenance needs to 
improve reliability and capability. 

ARTC has found that the lack of a defined 
responsibility for the performance of the overall 
railway corridor provides for an infrastructure that 
is of variable quality and requires maintenance 
resources much higher than is necessary. 

ARTC therefore sets a corridor wide strategy and 
develops its maintenance plans around the 
defined and documented strategy.  Network-wide, 
the strategies are the same except that priorities 
will differ due to the current and actual state of the 
asset. 

ARTC has developed and implemented Strategies 
that are defined for: 

Track & Civil Maintenance 

 – Five Step Holistic Approach 
 
Signals & Communications 

– Fault Reduction Strategy 
– SPAD reduction Strategy 

Bridges & Structures 

– Capability Strategy 
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4 THE FIVE STEP HOLISTIC APPROACH  
The Five Step Holistic Approach is based around 
managing the track as a system and not as 
individual components.  Each of the components 
of the system interacts upon each other.  
Strengthening only one component of the system 
to a level well beyond the strengths of the other 
components will provide only incremental and 
inefficient overall strength improvement.  Practice 
has shown that strengthening one track 
component only may degrade that component and 
other track components quickly resulting in overall 
less track strength and capability. 
To strengthen track effectively and cost efficiently 
so it behaves predictively, the effect of improving 
only one part of the track structure needs to be 
reviewed with respect to its effect on other 
components of the track structure.  Often, the 
effects on other components will result in their 
rapid degradation unless corrective action is 
undertaken. 
The Five Step Holistic Approach requires each of 
the components of the track structure to be 
evaluated and remain in harmony strength-wise, 
with each other, so as to ensure overall predictive 
behaviour.  It is inefficient and wasteful to have 
any component of a greater comparative strength 
than other components of the track system. 
The five critical elements of the track structure to 
be harmonized to ensure predictable track 
behaviour include: 
Rail  

• Sufficient strength to carry the axle load 
required 

• Rail head smooth and free of defects > 
0.15mm in height or depth. This reduces P1 
and P2 impacts into the rail support structure; 

Fastenings 
• Need to be resilient to provide track continuity 

and both lateral and vertical rigidity. Resilient 
fastenings also improve track modulus and 
therefore capability. 

Sleepers 
• To be adequate in strength to transfer the 

load from the rail to the ballast.  
• To be spaced sufficiently to prevent excessive 

rail bending. 
• Be of uniform spacing to uniformly transfer 

the load 
• To be uniform in bending strength, size and 

mass so as to transfer a uniform load to the 
ballast and formation. 

Ballast 
• Not to hold water so as to carry the load from 

the sleeper to the formation 

• Be of sufficient depth to spread the load to the 
formation to prevent localised formation failure 
and the formation of ballast pockets in the 
formation. 

Formation 
• To not hold water and be well drained and 

capable of accepting the load 
• Ensure water runs away from the track 

formation and not into it. 
The Five Step Holistic Approach requires the overall 
capability of the final track to be determined as a 
Track Modulus value.  Track strength is determined 
as Track Modulus – measured as deflection of the 
track for a given load value.  The track is required to 
have a minimum Track Modulus to meet the 
requirements of the loads applied to the track. 
Low track modulus infrastructure will become 
unstable quickly.  High track modulus infrastructure 
will maintain its rigidity but the track components 
may wear quickly, especially rail due to high rigidity, 
e.g. rail on concrete sleepered track is more 
susceptible to wear than rail on timber sleepers 
given a similar maintenance effort.  There is an 
optimum track modulus range that track should be 
sustained at to minimise wear and maintenance 
input and provide predictable behaviour.  
4.1 Case Study Example 

A simple replacement of timber sleepers with 
concrete sleepers with minimal other works, has 
found that:   

• Whilst the heavier concrete sleepers will 
initially improve the track strength, if the 
impacts generated by rail head discontinuities 
such as corrugations and peaked/dipped 
welds are not removed this will damage the 
sleepers, pulverise the ballast and generate 
track instability. 

• If drainage of the ballast and formation is not 
improved, the heavier concrete sleepers will 
simply sink into the ballast and create mud 
holes and track instability. 
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Example solution:  When upgrading track with 
concrete sleepers  
• Ensure that the rail head is smooth by 

grinding and weld straightening if necessary 
(<0.15mm discontinuities);  

• Ensure ballast is adequately drained and of 
sufficient depth and strength to transfer and 
spread load to the formation; 

• Ensure formation is adequately drained and 
does not hold water and has sufficient 
strength when drained to accept the load. 

A common oversight by many railways when 
installing concrete sleepers is not to address rail 
smoothness and drainage – This is often a mistake 
made by railway engineers where concrete 
sleepers are installed in lieu of timber sleepers.  
Timber sleepers are much less rigid than concrete 
sleepers and will absorb, or even mask, poor 
running rail surface.  Concrete sleepers tend to 
accentuate the rail roughness due to their overall 
higher mass and flexural capability. 
When track has variable capability tasks, from the 
high axle loads and train frequency such as on 
coal and mineral lines to the low frequency 
medium axle loads on lines of less demand, it is 
appropriate to vary the priorities within the 
implementation of the 5 Step strategy, but not the 
strategy itself.  The desire is to raise each track up 
to the required capability level and keep it 
sustained at that level for the minimum recurrent 
maintenance cost. 
For example – High volume mineral lines need a 
priority on elimination of impacts into the track 
structure emanating from rail roughness.  
Additionally, it is paramount to maintain a stable 
and uniform track modulus so all sleepers need to 
be equally spaced, have the same flexural 
capability (so uniform size and material type is 
important) and the formation needs to be able to 
accept this uniform load in a manner that does not 
promote non-uniformity.  So therefore mud holes 
and ballast pockets need to be addressed and a 
plan put in place to eliminate these on a priority of 
effect basis before the traffic task overtakes the 
maintenance effort and the track falls into disrepair 
and speed restrictions need to be imposed. 
On lighter lines, the priority is less about rail 
roughness (although this will need to be 
addressed) but more on raising the whole of the 
track modulus so as to permit an immediate 
reduction in maintenance input.  ARTC’s priority 
therefore is for uniformity in sleeper type, together 
with whole scale improvements in track, ballast 
and formation capability. 
Over the past 5 years across its network, ARTC 
has taken the approach that infrastructure works 
and projects were undertaken to bring the track up 
to the necessary capability level as determined by 
the Australian Transport Council (ATC) in 
November 1997. 

Other works undertaken at the same time as part 
of the holistic approach were designed to enable 
the attained capability to be sustained at a 
progressively lower cost. 
Track capability on the entire ARTC owned and 
leased network has been raised to the ATC 
standards and sustained since the year 2000.  The 
ATC standards relate particularly to axle load and 
speed combinations and include: 
• 21 to 23 Tonne Axle Load @ 80   kph 
• 19 to 21 Tonne Axle Load @ 115 kph 
• Less than 19 Tonne Axle Load @ 130 kph 
 

5 FAULT REDUCTION STRATEGY—
SIGNALS AND COMMUNICATIONS 

ARTC has implemented a Fault Reduction 
Strategy aimed at maintaining and/or improving 
the performance of the signals and communication 
systems on its network and reducing the reactive 
component of Routine, Corrective and Reactive 
Maintenance (RCRM).  Led by the ARTC Asset 
Manager together with each of the Maintainers, a 
formal group in each maintenance jurisdiction has 
been established to address one of the greatest 
challenges that a railway with ageing signals and 
communication infrastructure has, and that is the 
management of faults to be within a tolerable limit 
so as to ensure train delays are kept within agreed 
Key Performance Indicators (KPI). 
The Groups are responsible for addressing each of 
the faults, to establish fault trends and determine 
the most appropriate means for fault correction 
including the most efficient means to undertake 
maintenance.  As signals and communication 
faults quite often require reactive maintenance 
rather than planned maintenance, the cost for the 
corrective works is generally higher in resource 
allocation, time spent on responding and 
attendance and hence overall higher opportunity 
and monetary cost than for planned corrective 
works.  The aim is to reduce the reactive 
component of maintenance and replace this with a 
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planned approach to signals and communications 
maintenance.   
The Groups also feed findings and 
recommendations into the long term Strategic 
Maintenance Plan from which is devolved the 
Annual Maintenance Plan for each jurisdiction.  
The Group then overviews the outcomes from the 
Annual Maintenance Plans as they are rolled out 
and provides recommendations for alteration, 
improvement, approach or frequency of the 
maintenance tasks to the Alliance Management 
Team responsible for the execution and outcomes 
of the Annual Maintenance Plan. 
Signals and Communication fault reporting is 
predominately through the Train Control Report 
(TCR) process.  TCR’s are generated by Train 
Controllers when an actual or apparent fault in the 
operation of the signals and communication 
system is identified.  The TCR is then distributed 
immediately to the Maintainer for correction and 
copied to the ARTC Asset Manager.  Obviously 
some TCR’s are not system faults and are 
therefore not attended by the Maintainer.  Others 
are faults or suspected faults and are attended.  
As traffic growth occurred, opportunity and 
monetary cost of attending to TCR faults was 
steadily rising on the ARTC network, as were train 
delays, and it became clear that different 
management techniques were required to deal 
with and close-out TCR’s. 
The Fault Reduction Strategy Group formed to 
address TCR’s and signals and communication 
faults has a major role in determining fault trends, 
repeat fault locations, root cause analysis, fault 
close-out reports, “No Fault Found” reports and 
resource allocation.   
Having a consistently focused approach to fault 
reduction and the prevention of repeat faults has 
enabled long term strategic maintenance plans 
and annual plans to be developed that address 
those critical elements of the signals and 
communication infrastructure.  This has helped 
improve overall availability and reliability of the 
signals and communication systems on the ARTC 
network and keep train delays within the agreed 
KPI limits. 

6 SPAD REDUCTION STRATEGY 
The problem of signals passed at danger (SPADs) 
has historically been the focus of much research.  
A SPAD incident is a major safety breach on a 
railway and for this reason measures aimed at 
reducing the frequency of SPADs and mitigating 
their consequences have also been at the forefront 
of railway industry safety activities. 
A SPAD incident can occur due to human factors 
associated with the train driver or due to an 
infrastructure issue.  Whilst ARTC has been 
working with its customers to assist on driver error 
factors, the elimination of SPADs due to 
infrastructure causes is a major issue and focus for 
ARTC. 
ARTC takes the incidence of SPADs very seriously 
and has in place activities which seek to: 
• Improve the design, visibility and readability of 

signals so as to mitigate, at least in part, 
driver error issue; 

• Improve the standardisation, visibility and 
readability of trackside signage; 

• Improve the understanding and management 
of the existing signalling (train protection) 
systems by maintenance staff – i.e. staff 
training; 

• Work with the Maintainer to select staff and 
train staff in a way that minimises and 
mitigates the risk of human error in the 
maintenance of train protection systems; 

• Understand the root cause of each SPAD 
incident and ensure actions are put into place 
to assure that repeat causes do not occur – 
this can range from a local infrastructure 
issue or a system wide issue such as a 
materials type or a maintenance procedure; 

The issue of an infrastructure failure/fault 
investigation following a SPAD falls within the 
sphere of the Fault Reduction Strategy Group 
formed to address TCRs.  The infrastructure fault 
or failure that resulted in a SPAD becomes a 
priority of the group as the overall safety of the 
train protection systems is the overriding issue to 
the successful and ongoing operation of any 
railway system. 
 
7 BRIDGES AND STRUCTURES—

CAPABILITY STRATEGY 
ARTC approach bridge and structure maintenance 
with a requirement for immediate and long-term 
capability.  The capability based maintenance 
methodology has works only undertaken when 
required to ensure immediate and long-term 
capability of the bridge or structure.  This differs 
from a more traditional maintenance approach 
where works are undertaken based on the fixed 
time period, regardless of whether or not such 
works are necessary. 
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ARTC established its maintenance requirements 
by initially undertaking a rating study of all bridges 
and structures to determine their load capability.  
Most bridges and structures on the ARTC network 
have an age profile of greater than 50 years and 
hence were designed using working stress design 
practices considered less efficient (conservative) 
than current design methodologies.  Using modern 
ultimate limit state design methodology as per HB 
77.2-1996: Australian Bridge Design Code rather 
than the working stress design method, structures 
were assessed and re-rated.  The re-rating 
exercise resulted in many of the bridges and 
structures being rated to have a higher load 
carrying capability than previously identified.  
ARTC’s requirement was to achieve a minimum 
design rating of 25 tonnes for any train 
configuration at the maximum speed permitted for 
that location.  Those bridges and structures that 
did not achieve the 25TAL requirement were then 
upgraded to permit this capability. 
Detailed inspections of bridges and structures 
were then undertaken to ensure: 
• Design drawings were actual reflections of 

what was in the field; 
• Serviceability of the structural systems and 

their components were as required for the 
particular rating; 

• Age related structural degradation such as 
corrosion and fatigue cracks did not detract 
from the rating; 

• The physical condition and general context of 
the bridge was noted, and any potential 
problem or situation that might affect the 
structure or its surroundings, and factors that 
could influence the development of the 
management recommendations for the 
structure were taken into consideration. 

Adjustments of some bridges and structures were 
required to account for these factors. 
ARTC, with assistance from SKM, then determined 
the frequency levels that bridges and structures 
should be examined to determine maintenance 
plans and overall structural adequacy.  Most 
structures in Victoria, for instance, had previously 
been specified for detailed structural inspection on 
an annual basis.  This was an obvious hangover 
from the days when most structures were timber 
and clearly was not required for all structures.  A 
frequency was determined based on structure type 
(material, age, span etc), which effectively saw 
detailed inspections for nearly all structures 
increase in time periodicity.  As a means to 
mitigate the risk of increasing detailed inspection 
periods, routine inspections were introduced as 
part of the track maintainers responsibility so that 
now, the bridges are looked at more often with 
detailed structural inspections undertaken at 
periods more relevant and aligned to structure type 
than aligned to a annual timeframe. 

External consultants skilled in looking at structural 
elements now undertake detailed inspections.  
ARTC have found that the many consultants 
available to undertake this type of work provides a 
competitive price for the inspections and permits 
ARTC to choose consultants with the necessary 
and up-to-date skills to undertake this work.  
Rather than carry its own skilled resources to 
undertake the detailed inspections, ARTC would 
rather have an experienced engineer work with the 
consultants and co-ordinate their activities and 
overview, and question if considered warranted, 
the outcomes received. 
ARTC is currently developing a database and 
decision matrix that allows for rapid retrieval and 
manipulation, and the filtering of desired 
information into attractive, easy-to-read formats for 
all bridges and structures. The database has six 
sections:  
• Bridge description – including links to digitised 

drawings;  
• Bridge rating – including links to design 

details;  
• Bridge condition – including historic condition 

details;  
• Treatment plan worksheet – to keep record of 

works proposed and actually undertaken,  
• Notes and details – to supplement all of the 

above, and  
• Photos - to keep a clear historic record. 
The user can view these sections for each bridge 
in the database. The matrix style treatment plan 
worksheet helps the maintainer/planner to readily 
determine what work is required and when. Filling 
in the various categories on the worksheet allows 
comparison of the different variables and 
management options for each bridge. The net 
effect is a standardized decision process. 
The approach that ARTC has undertaken to bridge 
and structures management has considerably 
streamlined the resources required to manage and 
maintain bridges and structures, whilst ensuring 
that these critical infrastructure elements are 
managed and maintained for the long-term. 
8 CONCLUSION 
ARTC’s infrastructure maintenance strategies are 
principled on a “back-to-basics” approach.  The 
Five Step Holistic Approach to Track Maintenance 
is a commonsense approach to track management 
– treat the track as one whole structure not 
individual elements.  
The approach that ARTC take to the management 
of signals and communications, including SPADs 
due to infrastructure is structured and readily 
understood and embraced by the staff and 
maintainers. 
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ARTC’s bridge and structures management 
reflects a modern, cost effective and safe 
approach to these critical elements of railway 
infrastructure. 
ARTC’s mainline railway infrastructure 
maintenance costs are much lower than that of all 
other railways in Australia, and this is a reflection 
of putting into practice a “back-to-basics” approach 
to infrastructure management.  As traffic on the 
ARTC network rises, so will its maintenance costs, 
but not in a linear manner but in a planned and 
controllable way, because the maintenance input 
requirement can be predicted, scoped and 
controlled for outcomes required for all aspects of 
the railway infrastructure.  
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SUMMARY 

With the current business environment being as competitive as it is, there has been a need in the rail 
industry to assess, re-evaluate and refocus business strategies and work practices to meet those 
challenges.  Queensland Rail (QR) has been no exception.  With a focus on improving current strategies 
and pursuing “New Horizons” in business, QR has seen unprecedented changes over the recent years.  
Since 1997 there has been a gradual change in the way QR conducts its business.  One of the major 
changes was the shift from being District-based to being product-centred.  The result of this was the 
formation of the different product lines in April 2002 with Mechanised Maintenance Resurfacing being one of 
them.  Previously, different Districts had their own resurfacing and resleepering machines and work teams, 
but this changed with resurfacing operations being grouped under one manager and being delivered for the 
whole State instead of by Districts.  This product line approach to business has resulted in significant 
benefits to QR. The benefits include: 

 
• Maximising utilisation of assets 
• Reduced maintenance costs 
• Flexibility in working programs and rostering 
• Improved management of assets and personnel 
• High mobility of work teams 
• The establishment of self-sufficient teams 
• Increase in production 
• Better safety records and reduction in injuries 
• A customer focused approach 
• Better forward planning to improve business strategies 
• Rationalising staff and skills base.  

 
This paper describes the initiatives that have been taken and some of the principal benefits that have been 
achieved. 

1 INTRODUCTION 

In business, breaking new ground and meeting 
new challenges requires an honest look at the 
current work practices and then making a 
commitment to be innovative and outward looking. 
The principal objectives of the Resurfacing 
Management Team are to be both innovative and 
solution focused. 
This commitment by QR’s Resurfacing Division to 
pursuing “New Horizons” has meant that “old” 
practices and procedures have been re-evaluated 
and changed where necessary. The list of 
procedures and practices evaluated and assessed 
for the purpose of improving and implementing the 
new approach include: 

 Reaching a better understanding of District 
needs with regards to speed restrictions and 
response, programmed work and chase work; 

 Delivering cost benefits associated with 
acquiring new assets; 

 Assessing the availability of skilled labour 
within QR; 

 Focusing on increasing the current asset 
utilisation; 

 Understanding the maintenance costs of “old” 
assets; 

 Better understanding the rostering system for 
work teams within QR; 

 Learning lessons from top performing 
corridors within QR; 

 Looking at individual machine performances 
per corridor; 

 Evaluating methods of collecting and storing 
field data; 
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 Learning from other rail businesses within 
Australia and abroad. 

 
After researching and documenting the above 
work practices and procedures, new strategies 
were proposed. These were trialled for a period, 
then reviewed when necessary and finally adopted 
as standard business practice within QR. 
As with every new idea, proposal or innovation, 
there has to be a beginning, a benchmark or an 
instigator from which to commence. Resurfacing is 
not a new idea or business concept. It has been 
around since the railways began and yet the 
concept of having product based business within 
the railways is a new direction for QR.  
The change in direction and the implementation of 
these changes within the QR business has been 
long in coming but very timely. With the current 
competitive market and the need to “move with the 
times,” these changes have been necessary and 
are proving to be very worthwhile for QR. 
The following pages outline, for the reader, the 
history of where QR has come from, what it has 
done to reach “New Horizons for Rail” and where it 
is headed in the future. 

2 NOTATION 

QR – Queensland Rail 
ISG – Infrastructure Services Group 
PMS – Programmed Maintenance Services 
Resurfacing – Mechanised Maintenance 
Resurfacing 
MRT – Mechanised Resurfacing Team 
 

3 BRIEF HISTORY 

Mechanised Resurfacing “gangs” have been 
operating within the QR infrastructure maintenance 
organisation since the 1960’s.  These “gangs” 
historically have been managed as part of the local 
Infrastructure District structure.  In 1995 the 
centralised Manager Infrastructure Projects and 
Services (MIPS) division was formed within the 
former Freight Group regime to manage eight of 
the total twenty-three teams.  These “gangs”, in 
1998, then were placed under the stewardship of 
the Infrastructure Services Engineer—South for 
the southern half of the State, whilst the previous 
MIPS “gangs” in the northern regions were 
generally handed back to the Infrastructure 
Districts.   
In July 2000 another restructure within ISG saw 
these eight mechanised “gangs” focused on 
maintenance placed under the management of the 
Programmed Maintenance Services (PMS) 
Division.  These “gangs” historically always have 
been a nine to eleven person team who had 
separate track and trade competencies.  Thus, 
plant maintenance support from dedicated fitters 
and electricians were sought from outside the 
Division.  This caused some issues with regards to 

the availability of these tradespersons.  If there 
was an emergency and a fitter or an electrician 
was required, a search would be made to bring 
them to the field. This was very uneconomical. 
Since the inception of the PMS Division, six 
resurfacing “gangs” were added progressively to 
the team by February 2002 with an additional two 
teams added on 5 May this year (2003).  As noted 
above, today PMS Division has a total of sixteen 
resurfacing teams with fourteen operational 
resurfacing consists. 
Historically “gangs” have been associated with 
ISG. However, with the continuing change in 
business focus to self-managed accountability, 
there has been a move towards the inception of 
teams and a team mentality towards operations. 
The former reporting structure at the formation of 
the PMS Division was based on geographical 
delineation of North and South.  Each reporting 
manager had a combination of resurfacing and 
resleepering teams and associated machinery. 
April 2002 saw modifications to the business 
direction, leading to the present adaptation of a 
product focus.  Streamlining the operation, with 
different managers responsible for products, lead 
to all maintenance focused resurfacing functions 
being brought together under one section and one 
manager.  It also required assets to be transferred 
to an appropriate team environment and cost 
centre.  
Book keeping and accurate data recording always 
has been an issue in QR.  The collection of data in 
the field traditionally was done on paper.  At the 
end of a working day, the supervisor would fill out 
the necessary documents and send them into the 
office after a few days or at the end of the project. 
The challenge then was to keep notes clean, in 
one location for future reference and make the 
paper long lasting for durability.  

4 EVALUATION PROCESS 

The beginning of the process of striving for “New 
Horizons for Rail” in QR’s resurfacing business 
began with a long, hard, honest look at current 
work practices and procedures. A resurfacing 
management team worked tirelessly looking into 
various factors that had the potential to reduce 
costs and increase effectiveness and productivity.  
 A focus on increasing the current asset 

utilisation — With assets allocated to each 
corridor the question was raised whether or 
not this was cost effective. It seemed logical 
to move these assets around the different 
corridors rather than keeping them in one 
corridor, where the asset could be utilised 
only when work was available in that 
particular corridor. 

 Better understanding of costs — In 
addressing this issue of costs a few factors 
were assessed and these included: total 
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maintenance costs, machine performance, life 
cycle costing and machine reliability. 

 Assessing individual machine performance 
per corridor — This process involved looking 
at the performance of each machine and 
determining if one particular machine was 
effective in a particular corridor. Some 
machines allocated to a particular corridor 
seemed to perform under capacity. 

 Learning lessons from top performing 
corridors — Particular corridors within the QR 
network seemed to be performing 
exceptionally well. Their work practices and 
procedures were evaluated and examined to 
see what best practices could be used in 
other corridors.  

 Better understanding of the rostering system 
for work teams within QR — A comparison 
was made of the current working schedule of 
nine days work and five  days off, with a 
seven  days work & seven  days off roster. 
The cost benefits of implementing this seven 
day roster compared to the nine day roster 
was quite substantial and was worth further 
research.  

 Cost benefits of acquiring new asserts — The 
cost of purchasing new asserts was re-
evaluated and the benefits and effectiveness 
of such a large expenditure was addressed 
with a view to maximising the usefulness of 
the asset.  

 Understanding the maintenance costs of “old” 
assets — The work practices and procedures 
associated with the maintenance of old assets 
were re-evaluated.   

 Assessing the availability of skilled labour 
within QR — The total skilled labour force 
was examined and evaluated to see if the 
work force could be utilised better. It was 
noted that, in some corridors, for example in 
regional areas, work teams had very limited 
work to complete. 

 Better understanding of District needs with 
regards to speed restrictions and response, 
programmed work and chase work — The 
object of this was to understand better the 
needs of the District to plan effectively and 
program works so as to better utilise the 
assets. 

 Learning from other rail businesses within 
Australia and abroad — With a desire to learn 
from other rail providers, the team looked 
domestically and overseas at what other 
companies were doing.  John Holland in 
Western Australia was consulted and visits 
were made to discuss and learn about its 
work practices and procedures.  Also the 
business practices of Plasser and the Rail 
Infrastructure Corporation in New South 
Wales were examined. 

 Capacity Dynamics study — This study was 
conducted within one of QR’s busiest rail 
networks—The Blackwater system.  The 
purpose of this is study was to determine and 
plan track possessions and network capacity. 
By determining the capacity of a network and 
accounting for all possession times, plans can 
be designed to fit maintenance works around 
trains.  This leaves the trains running 
according to schedule with maximum capacity 
while maintenance works are carried out  

5 IMPLEMENTATION PROCESS 
After due research and data collection, based on 
the above topics, the task of designing a plan of 
attack and implementing it was the next hurdle.  
From all collected information, theories were 
formulated as to the reasons why problems existed 
if any and then solutions proposed.  The following 
lists the initiatives that were proposed and then 
implemented: 
5.1 Subsidiary Agreement 
With the need to change the “culture” of the work 
force with regards to work schedules and work 
locations, it was very obvious that a new industrial 
agreement had to be implemented which would 
make programs and the staff conditions more 
flexible.  
A committee was set up composed of Union 
representatives, staff representatives and 
management.  This team discussed the issues 
involved, the changes necessary and came up 
with a proposal to be presented to the staff.  The 
final proposal was sent out to the staff and they 
were given the opportunity to vote on whether or 
not to support adoption of the same.  The result of 
the final vote, which took place in April 2003, was 
that 87 % of the staff were in agreement.  This new 
subsidiary agreement was then implemented on 
19 May 2003, permitting a flat cost structure based 
on rostering 152 hours in 28 days. 
5.2 Self Sufficient Teams 
During the evaluation process it was noted that a 
team depended on other Divisions within QR to 
provide support.  This process was successful 
when the expertise was available but, on 
numerous occasions, machine breakdown time 
was quite substantial.  So the need for self-
sufficient teams was recognised. Thus fitter 
operators and electrical fitter operators were 
introduced into the team as part of the total 
number of team members.  This added flexibility to 
the teams with regards to operations and travel.  
The size of the team was evaluated, based on the 
expertise requirement for each consist and a 
proposal was made to reduce the size of the team 
to make it more flexible and mobile.  After 
discussion and evaluation, the decision was made 
to create teams of only six members to include a 
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mixture of operator maintainers, fitter operators 
and electrician fitter operators. 
5.3 Electronic System Approach 
Traditional paper based systems were replaced 
with electronic data collection. The benefits of this 
include: 
 Flexibility in the use of the stored data.  With 

easier access and use of stored data any 
information can be presented and used as 
desired. 

 Reduction in field time associated with 
recording of information on paper by staff. 

 Up skilling of staff with Personal Computer 
knowledge.  This makes our staff more 
marketable and allows flexibility to cross-train 
between teams and between divisions within 
QR. 

5.4 Asset Utilisation Through Double 
Shifting of Crews 
During the research process it became very 
obvious that the existing assets were not utilised to 
their full potential.  This was due mainly to the fact 
that each team had a typical nine days work, five 
days leave schedule, and during this leave time, 
the machine sat idle waiting for the crew to return 
to work.  To eliminate this idle time, a double 
shifting of crews seemed the only way to maximise 
the utilisation of the machine.  Hence, the 
implementation of the even seven day’s work and 
seven days off roster for the crew.  
The implementation of this arrangement meant 
that working two crews on one consist would free 
the other consist. This extra machine could be 
shutdown or sold to other Divisions thus reducing 
costs to Resurfacing. The option of shutting down 
older machines was now possible with this new 
schedule. 

6 RESULTS 
The results of being “New Horizon” minded have 
brought considerable benefits to QR’s Resurfacing 
business unit in particular and to QR in general.  
The full extent of the benefits is yet to be seen but, 
for now, these are the measurable and obvious 
benefits: 
6.1  Asset Utilisation 
The benefits of asset utilisation have been 
remarkable in terms of the overall costs and 
productivity in Resurfacing. From the initial 
restructuring within QR in 1999, the number of 
resurfacing teams has decreased from twenty 
three teams to only sixteen teams at the present 
time.  Additionally, the number of machine consists 
has decreased from twenty-three to only fourteen 
at September 2003.  This is because two teams 
are now being double-shifted.  Two more teams 
are to follow, which will reduce the number of 
consists to only twelve. 

Figures 3 and 4 show the cost savings in 
percentage terms associated with double shifting 
of teams.  It is worth noting that with the reduction 
of machines through double shifting of teams, the 
total production continues to increase as shown in 
Figure 2. This increase is in the order of an extra 
90 kms of resurfacing per consist per year. 
4.2 Reduction in Overall Costs 
The financial benefit to Resurfacing in particular 
and QR in general has been remarkable.  Over the 
first year of implementation (2002–2003), a cost 
saving of $5 million was recorded within the 
resurfacing budget and for the next financial year 
(2003–2004) with a budget of $20 million, it is 
anticipated that Resurfacing will save another 
$2.5 million.  This is a total saving of $7.5 million in 
the first two years of the implementation of the 
“new” business practices and procedures. 
Figure 3 represents the percentage savings of the 
total expenditure of two teams.  In the 2001/2002 
financial year, the two teams operated as separate 
business units with two separate machines.  Then, 
with the implementation of double shifting and 
asset utilisation, the two teams became one and 
operated one machine.  
In the first year of double shifting teams, there was 
a cost saving of twenty percent, and in the second 
year it is expected to be twenty four percent.  This 
means that within the first two years of 
implementing double shifting teams and asset 
utilisation, Resurfacing in particular and QR in 
general will have saved forty four percent in 
expenditure.  
Figure 4 shows the percentage total plant 
maintenance cost savings of two teams.  The 
implementation of double shifting in the 2002/2003 
financial year resulted in an overall Plant 
Maintenance Cost saving of twenty two percent. In 
the 2003/2004 financial year, it is expected that 
this saving will increase to thirty percent resulting 
in a massive fifty two percent saving over the two 
years since implementation.  
6.3 Self Sufficient Teams  
The dynamics of the team has changed from being 
dependent to being interdependent.  Within each 
team there is all the expertise needed to run the 
operation as its own business unit.  There no 
longer is any need to be looking to other Divisions 
for support when machines break down.  Each 
team has, within it, a fitter operator and an 
electrical operator who have a mixture of track and 
trade competencies. 
Being only six persons the team is very mobile and 
it creates an environment in which personal 
development and exceptional individual 
achievement is recognised easily by management.  
Also, within each team, there is a sense of 
“ownership” and responsibility because of the team 
being structured as a small business unit.  Each 
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team has its own cost centre and an annual 
budget with which to work.  

6.4 Better Planning and Programming of 
Works 

The need to be better informed, when it comes to 
planning works, has taken on a new dimension. 
Resurfacing has realised that to be effective and 
efficient, in its operation, it needs to be well 
informed with regards to the operations of the 
other major players within QR.  This is particularly 
important when it comes to track possession 
planning.  
Resurfacing has put in place the services of five 
dedicated planners, all across the State, for the 
sole purpose of planning resurfacing programs and 
track possession planning for each network. Their 
role is to liaise with the customer and Network 
Control Operations with the aim of looking at short 
and long term planning of the State’s resurfacing 
need.  
Resurfacing has made a commitment to attend all 
possession planning meetings and plan works to 
accommodate broader requirements instead of 
requesting possession of the track on an ad hoc 
basis.  
Also, the use of the electronically collected data to 
plan machine maintenance instead of work 
requirements has been very useful. With a wealth 
of knowledge now being compiled electronically, 
the potential to use this data in future to predict 
maintenance works and plant maintenance is 
considerable. 

4.5 Better Safety Records 
Each team being a business unit has resulted in 
the teams becoming more responsible with respect 
to safety.  It now is realised that a breach in safety 
could cost them a lot of time and money and that 
this will be reflected in their annual financial 
reports.  
Also, there has been a major focus on safety and 
safe working practices with a determined effort to 
improving safety in all aspects of the job.  The 
introduction of Site Safety representatives on each 
job site, safety improvement committees for each 
team,  Job Safety Analysis, localised Risk 
Assessment and Safety Messages of the week, 
has increased the awareness and acceptance of 
safety as a core skill.  
Thus, over the years that these work practices and 
procedures have been evaluated and 
implemented, the safety records have improved 
and, to date, several teams have outstanding 
safety records as presented in Figure1.  Of 
particular   interest is the fact that, at August 2003, 
six of the fourteen teams have been accident free 
for over seven years!  

 
 

5.6 Electronic System Approach 
The traditional recording of field data on paper has 
been replaced with electronic databases.  Every 
supervisor within the team has been trained in 
basic computer skills and provided with a 
computer to input electronically the field data into 
the computer at the end of each day’s work.  
The challenge has been to identify a suitable 
database system and QR has designed a selection 
of database softwares that now are in use. Of 
these databases, the one that is used extensively 
by Resurfacing is called the IMAC (Infrastructure 
Maintenance And Construction) system. With 
IMAC, the following data can be accessed and 
presented easily:  
• History of all tamping locations 
• Costs per works completed 
• Breakdown of the working of each machine, 

for example—work time versus travel, 
standby time, track possession history etc.  

• Safety records 
• Production statistics  
• Defect maintenance records 
 

 

 
 

Figure 1: Safety Record for August 2003 
 

Presented on in Figure 5, are a few of the 
examples of the type of input data associated with 
IMAC. 

 
Figures 6 and 7 show sample Field Summary 
Reports for one of the teams. Due to the detailed 
data entry requirements, the ability to collect 
accurate data is very much a possibility. 
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In addition to IMAC, QR also has developed other 
data management systems that are now 
operational. These are: 
QMS – Integrated Quality Management  System 
PRS – Performance Reporting System 
APS – Activity Planning System 

6.7 Customer Focused 
With the restructuring and the change in business 
direction within QR, Resurfacing has had to re-
establish itself, with a new outlook and new goals. 
Thus, being a unique area with its own Cost 
Centre and own budget, Resurfacing has enabled 
a shift from cost based work to unit rates for work 
done.  
This has allowed Resurfacing to bid for outside 
contracts and be competitive in the external 
business market.  To date, Resurfacing has 
tendered for maintenance works in Western 
Australia and is looking to identify other potential 
customers for future work. 

7 THE FUTURE 
The future looks bright for QR’s Resurfacing as it 
moves into “New Horizons for Rail”.  The 
implementation of these new practices and 
procedures has showed positive results and it is 
now a matter of moving on to higher ground.  It is 
time to monitor the current initiatives and evaluate, 
assess and improve where necessary.  
So with all these changes in place one must ask 
the question, what is ahead for QR’s Resurfacing? 
The following summary outlines what Resurfacing 
is striving to achieve in the future as it enters into 
“New Horizons for Rail“:   
1) To be the QR’s sole resurfacing supplier—At 

the current time, Resurfacing attends to all 
the maintenance resurfacing, and provides 
backup for Ballast Cleaning and Formation, 
Plant Construction Division and Resleepering 
when required within QR.  The proposal is for 
Resurfacing to attend to all the resurfacing 
needs of QR.  This is an ambitious vision and 
yet the plan is to put all resurfacing machines 
in a pool and to be able to shift the machines 
around wherever necessary.  With one 
Division in charge of all resurfacing within QR 
the planning and maintenance works can be 
planned efficiently and effectively.  
In addition, the assessment of the capacity 
within QR can be determined easily under 
one umbrella and this should assist with the 
objective to supply external markets. 

2) Automatic Field Data Entry 
The current method of inputting data into 
computers by supervisors in the field is too 
time consuming and is prone to human error. 
The vision is to be able to link the machine 
automatically to a remote computer, which 

collects the data and saves it for e-mailing at 
the end of the day.  The option is there also to 
send it from the machine at the completion of 
each job, at a press of a button, via wireless 
communication. 

3) Effective Plant Maintenance 
With the data that is collected using IMAC 
and the other relevant databases, the plan is 
to collect the data and undertake more 
predictive and planned maintenance on 
mechanical plant. The objective of this is to 
encourage a preventative maintenance 
philosophy rather than a reactive one. In this 
way, parts of machines can be replaced 
before they fail and cause downtime and 
potential incidents or accidents. 

4) Better Track Possession Plans 
Being transparent with daily operations and 
letting work processes and procedures be 
open to discussion, make other Divisions 
within QR aware of the production and 
business strategy of Resurfacing. As a result 
of this, it is anticipated that there will be more 
integrated planning with other Divisions for 
the maximisation of possession times and 
better utilisation of assets. 

8 CONCLUSION 

QR’s Resurfacing has taken the lead in going into 
“New Horizons for Rail” by looking at its long 
history, evaluating its business processes and 
practices and proposing strategies to improve or 
change its business direction.  These strategies 
then have been tried & evaluated to gauge their 
feasibility and now have been implemented.  
The whole focus of all these strategies has been 
on the importance of “Sweating the Assets”—or in 
other words to achieve the maximum utilisation of 
all available assets.  Research and study has 
found that the benefits of utilising assets to their 
full potential will bring handsome rewards to those 
who are willing to step out of the mould and look to 
“New Horizons” in business.  In QR, Resurfacing is 
in the forefront of making such changes. 
Though the full savings and long term benefits to 
Resurfacing in particular and QR in general cannot 
be determined accurately yet, the predicted cost 
savings as a result of “sweating the assets” look 
very positive. With a determination to be a 
forerunner in “New Horizons for Rail”, Mechanised 
Maintenance Resurfacing will keep striving 
forward.  Learning from past and present 
experience, the way ahead seems bright. 
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Figure 2: Total Production in kms for MRT No 23 & 14 
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Figure 3: Percentage Total Expenditure savings for MRT No 23 & 14 
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Figure 4: Percentage Total Plant Maintenance Costs savings for MRT No 23 & 14 



Max McFadzen/James Hemetsberger Sweating the Assets 
Queensland Rail 

 44.8 Conference on Railway Engineering 
  Darwin 20-23 June 2004 

 

Figure 5: Sample Data Input screens for IMAC 
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Figure 6:  Resurfacing Report 
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Figure 7: Sample Field Summary Report 
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SUMMARY 

Over the past two decades, the rail industry has taken dramatic steps to reform, reorganise and modernise 
with wide ranging technological improvements introduced along with major organisational changes and 
industrial reforms. While these have provided considerable reductions to the cost base of railway operations 
thereby leading to freight rates reductions, rail’s market share, with one major exception, has remained static 
and on some corridors has actually decreased.  

This paper will review some, often overlooked, key indicators that highlight the improved performance of the 
rail freight industry and look at one particular area - rail’s integration with the wider supply chain. A number 
of case studies will be highlighted to demonstrate that the process of integration is already under way, but 
that the rail industry needs to take greater steps to exploit the opportunity for further integration in order for it 
to continue to expand into the future. 

Many customers now see the rail line-haul component as only a small part of the service they require. If line-
haul costs and service are now in better shape, what can be improved to ensure customers are completely 
satisfied with the rail’s service levels? The potential for better integration of urban passenger services will 
also be investigated briefly.  

1.0   INTRODUCTION 

Rail has made considerable advances in both the 
technical efficiency and organisational delivery of 
its services. This has been well established and 
well documented by Inquiries such as those 
conducted by the Neville Committee and the 
Productivity Commission [1] [2] and some specific 
examples are highlighted into 2.0 of this paper. 
These reforms and improvements are placing rail 
in a strong position to deliver competitive 
transport services and capture greater market 
share.  
However, overall rail’s performance has been 
mixed. On some corridors and with some specific 
tasks rail has shown that it can perform extremely 
well. The most graphic example of this is on the 
East-West corridor where rail’s market share has 
risen in recent years to over 80%. [3] 
Rail has captured some very short haul bulk 
movements such as a 35km haul of woodchips in 
Western Australia, where surprisingly at the same 
time rail has been unable to capture 100km hauls 
of the same commodity. 
In South Australia rail has captured a 100km haul 
of hay to the Port of Adelaide. [4] 
Both these examples challenge the common 
misconception that rail is destined to moving only 
long distance or bulk freight. 
In fact these examples highlight the need for the 
rail industry to think outside the box and the fact 
that pigeon holing rail into specific tasks will 

ultimately inhibit the growth of the industry. The 
ultimate challenge to this misconception is the 
North South corridor. Here reform to date 
(including new locomotives, rolling stock etc) has 
been unable to halt the slide in market share on 
the Sydney Melbourne corridor and the stagnation 
on the Melbourne to Brisbane run.  
This in part will be addressed by implementation 
of part of the ARTC Track Audit [5] as agreed by 
the Australian and NSW Governments [6]. 
Clients’ perceptions of service now extend well 
beyond the traditional line-haul and many of them 
having businesses where the line-haul is a minor 
component of the total value chain. Rail’s 
projected clients such as those in the freight 
forwarding industry, as distinct from easy to 
satisfy “bulk” clients, need services that are 
compatible with their distribution networks.  
 

Figure 1: Rail Market share versus distance – 
comparisons [7]

East West 
 
 
 
 
North – South 
 
                         Woodchips 
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Figure 2: Non-bulk Interstate Freight Rate Index [8] 
 

2.0  REFORM AND PRODUCTIVITY 

The rail industry has been given little credit for the 
transformation it has made over the last two 
decades or so. It is therefore worth reviewing 
some of its success and achievements in order to 
demonstrate that rail has created the necessary 
platform to further integrate with industry and 
expand its role in the national transport and 
logistics chain.   

2.1 Freight Rates 

Figure 1 shows freight rates for non-bulk 
interstate traffic based on cents per nett tonne 
kilometre and using a CPI weighted index for both 
road and rail freight. It clearly shows that both 
modes have achieved very real reductions over 
the last four decades. 

Though the rail rates are only terminal to terminal 
and road is point to point, this graph does 
highlight the fact that if rail can further improve the 
way in which it interfaces with other links in the 
supply chain, then the disparity it enjoys in price 
over road transport can be better exploited.  

If we are looking for evidence of these rate 
reductions then we can use the SCT story as an 
example. SCT which was the pioneer of private 
national open access operations in 1995, claims 

that rail freight rates have come down from $200 
to $130 a tonne since it commenced operating [9]. 
This is in line with similar claims by the Western 
Australian Department of Transport that rail freight 
rates into WA have reduced by up to 40% as a 
result of direct competition on the East West rail 
link since 1995 [10]. 

Freight rate reductions benefit the end customer 
and to achieve such freight reductions, obviously 
cost reductions and productivity improvements 
are required   

2.2 Labour Reform 

A major factor in reducing the cost structure of the 
industry has been the huge reduction in rail 
employee numbers that has occurred over the last 
two decades. Direct employment is estimated to 
have reduced by over 50% across the combined 
operating sectors of the industry during this period 
[11] and it is hard to imagine another industry that 
has seen such a rapid reduction in its workforce 
over such a relatively short time span. 

As an example, Figure 3 charts Government 
freight rail employees in New South Wales and 
indicates that the reductions in employment that 
started in the 1980s continued within the freight 
sector throughout the 1990s. 
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Figure 3: NSW freight rail employee numbers 1990-1997 [12] 

Despite this huge reduction in employee numbers, 
productivity per employee increased substantially. 
Between 1990 and 1997 FreightCorp employee 
numbers reduced by 71.8% yet over a 
comparable period between 1988/89 and 
1996/97, the haulage of coal by rail in NSW alone 
by FreightCorp increased by 82% from 31.5 
million tonnes to 57.4 mt [13]. 

Further evidence of improved productivity can be 
seen in Figure 4 which indicates the major 
improvement in employee productivity achieved 
by National Rail on the interstate rail freight task 
over the decade between 1991 and 2001. 

 

Figure 4: National Rail - Average employee 
productivity, 1989/90 and 2000/01 (Million net 
tonne kilometres per employee p.a.) [14] 

 

2.3 Technological Improvements 

A reduction in employee numbers on its own 
cannot achieve these improved productivity levels 
unless accompanied by technological 
improvements. More powerful locomotives, 
improved axle loads, better rostering of 
locomotives and improved asset utilisation are 
also major contributors. 

Between 1994 and 2002, Pacific National  
locomotive productivity improved by nearly 75% 
on that achieved by Australian National in 1994 
(and AN was one of the better performers at that 
time). Specific fuel consumption (fuel per unit of 
work) fell almost 50% over a similar period and 
PN’s figures are not that far removed from USA 
best practice fuel rates [15]. 

Further evidence of improved locomotive 
productivity is provided by the BTRE which shows 
that over the last five years the national rail freight 
task has grown by around 32%, while over the 
same period the number of locomotives owned by 
rail operators has remained static [16]. 

2.4 Track Maintenance Costs  

Looking at cost reductions and productivity 
relating to track, Australian Rail Track Corporation 
(ARTC) has reduced real infrastructure 
maintenance costs down from $53.2 million in 
1998/99 to $35.7 million in 200/02 - a 33% 
reduction over 5 years. Over the same period 
revenues have increased by 7.8% from $87.4 
million to $94.2 million [17]. 
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Figure 5: Rail Freight Market Share Eastern State to WA [3]
 

There is no evidence to suggest that these cost 
reductions have negatively impacted on the 
reliability and performance of the network 
infrastructure.  

2.5 Market Share and Reliability 

Figure 5 shows the market share of the land 
freight task that rail enjoys from the Eastern 
States to Western Australia. For the year 2002/03 
East West market share averaged 80%, up from 
78.9% in 2001/02 and peaking at 82% in 
November 2002. Over the same period, gross 
tonnages on the corridor increased westbound by 
6.9% and eastbound by 9.5% [3]. 

Transit times have been cut by around 2 hours 
between Melbourne and Adelaide and 2.5 hours 
between Adelaide and Perth. Of those trains 
entering the ARTC network on time, 97.5% of 
them exit the network on time [3]. 

3.0 INTEGRATION IS THE KEY 

Integration with industry is nothing new for rail.  
Rail has a long history of providing door to door 
service for its customers with individual sidings 
and integrated rail/road delivery services. With the 
post-war deregulation of the road transport 
industry and the ‘bigger is better’ mentality of 
most government owned rail operators, these 
niche markets were often neglected and rail 
appeared to have lost its way.  

Industry specific sidings became expensive to 
service with low utilisation of expensive rolling 
stock and high labour costs. Rail created 
centralised “depots” and intermodal terminals to 
reduce these costs. Government neglect of our 
rail systems saw a dramatic drop in investment 

levels and service delivery. Clients were therefore 
required to adapt and bought new equipment, 
which more often than not included road vehicles. 

The rail freight industry is now attempting to get 
industry closer to rail with the development of 
facilities that “integrate with” distribution centres or 
other facilities of added value to the supply chain. 
To a limited extent, industry is being encouraged 
to site closer to rail, while rail is providing the 
infrastructure to move closer to industry. 

 
Figure 6: SCT refrigerated on a Perth to   
Melbourne service near Port Augusta.  

In Victoria some examples include the SCT facility 
at Altona, the CRT facility at Altona and Austrak in 
Somerton (adjacent to the Hume Highway and the 
Melbourne to Albury standard gauge railway) as 
well as the improved access to the Port of 
Melbourne. These facilities encourage 
development of a closer working relationship 
between the distribution networks and rail while 
optimising the value added by proximity. 

A recent analysis by the Department of Defence 
of Australia’s railway infrastructure and operations 
concluded that: 
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“The emergence of integrated logistics providers 
(also referred to as lead logistics providers) has 
fundamentally altered the national freight market. 
The ability of these firms to seamlessly transfer 
freight across a variety of transportation mediums 
has resulted in resurgence in the rail’s industry 
competitiveness.” [18] 

Rail is being required to perform in a way that 
surpasses the line-haul reliability test. It is 
required to deliver a service that can be integrated 
within a supply chain. Freight clients need total 
supply chain costs to be minimised within 
boundaries of reliability and timeliness. . 

While the supply chain includes the line-haul, this 
often constitutes only a small proportion of total 
costs of the chain. Time and cost are most 
impacted by the efficiency of the node points in 
the supply chain. These are the points where rail 
interface with other transport modes and 
components of the chain including, for example, 
the distribution centre or factory. 

This node has been a rail ‘intermodal’ terminal 
designed to fit road based freight forwarders. Rail 
terminals that suit a single (bulk) commodity have 
been the most successful. 

Integration has never really gone away and the 
intermodal terminal is an excellent example of the 
rail industry inter-facing with other legs in the 
supply-chain, but it is obvious that this is 
insufficient if rail wishes to continue to expand its 
market share.  

3.1 The Bulk Handler 

Integration does not necessarily mean that any 
additional physical interaction is required between 
the various components of a given supply chain.  

The benefits of systems integration and 
information may often yield results on a par with 
or greater than any physical integration. In time of 
course they may also highlight potential 
enhancements to the physical side of the chain 
that may also bring additional benefits.    

3.1.1 The West Australian Grain Logistics 
Chain 

In 1997, the key stakeholders in the West 
Australian grain logistics chain joined together 
with a planning software developer and 
introduced animated planning tools linked across 
the various components of the chain via the 
Internet.  

These tools were used to assess the capacity 
requirements of the chain by identifying 
constraints and bottlenecks. This enhanced the 
overall logistics performance of the industry and 
allowed informed decision to be made when 
planning transport capacity. 

In 1997 AWB was looking to maximise the 
logistics performance of the supply chain in the 
first months of the shipping year when world 
market prices were at their peak. There was a 
need to position as much grain for export as could 
be extracted from the logistics chain. 

The ability to achieve greater throughput from the 
logistics chain at a time of higher world grain 
prices resulted in a major revenue benefit in 
excess of $2 million [19]. 

3.1.2 AusRailLoader 

A more engineering orientated integrated solution 
towards improving the integration between rail 
and the grain logistics chain was launched 
recently by grain handler and marketer, Ausbulk.  

The AusRailLoader has been developed to speed 
up grain loading at up country grain storage 
terminals. It is seen as an alternative to the high 
cost of installing fixed rapid outloaders at its 
country silos. 

Ausbulk has invested $7 million in building seven 
of the mobile fast rail loaders and modifying 60 
rail served concrete silos. The aim is to improve 
the viability of the South Australian rail network 
and radically improve grain despatch and logistics 
from country silos.  

 
Figure 7: The Ausbulk AusRailLoader during 
trials at Karoonda (SA). 

The loader locks on to suitably modified concrete 
grain silos with gravity feeding the grain onto a 
diesel hydraulic driven conveyor belt, which then 
feeds into the rail wagons. The mobile 
AusRailLoader can load rail hoppers at a rate of 
up to 1,000 tonnes per hour, compared to around 
250-300 tonnes per hour of conventional 
outloaders. 

This will also assist rail operators by creating 
savings in crew time and greatly improving asset 
utilisation of wagons and locomotives. Ironically it 
was the grain handler and not the rail industry that 
came up with this innovation and it demonstrates 
the ability of one part of the chain to think beyond 
their own immediate requirements [20]. 
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3.2 The Regional Terminal 

There was a time when every country town of any 
size had a railway station that had its own siding 
and was often staffed around the clock.  

The decline of the rural railway and the removal of 
much of the infrastructure attached to these 
railways are symptomatic of a general rural 
decline, to some extent has been abetted by 
advances in road transport and road quality. Rural 
dwellers think nothing of driving 100 kilometres to 
‘stock up’ when in the past all their purchases 
would have been made at the local store.        

Therefore as rural life retreats to fewer local 
centres it is not unreasonable to expect a similar 
development within the rail industry.  

There are a number of established regional 
terminals in New South Wales and Victoria, most 
of which have originated from long held traffic 
flows and which have failed to expand beyond 
this.   

An interesting case study of ‘Greenfield’ 
integration between industry and rail is the 
recently opened regional rail terminal at Bowmans 
in South Australia’s Mid North. It was the 
customer’s foresight that brought the project to 
fruition, which project took well over 3 years to 
commission. 

The $2.1 million intermodal terminal is located at 
Bowmans in SA’s Mid-North adjacent to the 
ARTC Adelaide to Perth main line. It has the 
potential to reduce transport costs for regional 
producers and is also helping reduce truck 
numbers in metropolitan Adelaide.  

The new terminal is a joint venture between 
Patrick Portlink and local agri-business Balco 
ARTC and Transport SA assisted in the 
establishment of the terminal through the 
provision of materials and other ‘in kind’ services. 

Figure 8: Loading containerised hay at the 
Bowmans regional intermodal terminal. 

The terminal commenced operations in June 2003 
and sees between three and five trains per week 
operated by Australian Railroad Group running 
between Bowmans and Port Adelaide. Each train 
carries twenty to thirty containers, mainly 40 feet 

in length, destined for export either via Port 
Adelaide or Melbourne. Early estimates were for 
300 containers per month passing through the 
terminal, but this figure has already doubled and 
the terminal is on track to reach its throughput 
target of 1200 containers per month by Christmas 
2004. 

Balco is a leading exporter of oaten hay, a 
business that sees almost 700,000 tonnes of 
processed hay exported from Australia per annum 
much of it destined for dairies and feedlots in 
Japan, Taiwan, and Korea. 

The company recognized the need to develop an 
international container depot and rail terminal at 
Bowmans and while its adjacent hay processing 
plant is the main traffic source at present, Balco 
and Patrick Portlink are encouraging other 
regional agri-producers to use the site as their 
inland rail port. A number of local exporters are 
already using the terminal and inbound traffics are 
also being pursued.  

One such traffic is some 3000 containers of feed 
for fish farms at Port Lincoln imported through 
Melbourne. Rather than transhipping from rail to 
road in the Adelaide metro area, transhipment 
would occur at Bowmans, reducing the number of 
truck movements in the Adelaide metropolitan 
area and also reducing the driving hours for the 
road transport leg to Port Lincoln allowing drivers 
to complete a round trip in one shift [4].    

Bowmans is only one example and other 
terminals have been brought on stream in recent 
years. Examples of these are the FCL terminals at 
Parkes and Blayney in western NSW and the 
Freight Australia railhead at Tocumwal. All three 
terminals again putting paid to the myth that rail is 
only suited to long distance and bulk-haul traffics.  

3.2.1 Missed Opportunity 

Some five years ago in South Australia, 
Woolworths opened a major regional distribution 
centre that serves most of South Australia and the 
Northern Territory. It is located on vacant land at 
Monarto South, about 500m metres away from 
the ARTC Melbourne to Adelaide main line. There 
is no rail spur built into the facility and in fact there 
has never been any plan to do so. With hindsight 
the Woolworths facility could have been an 
opportunity for rail to integrate with a large 
distribution centre. 

Anecdotal evidence suggests that in the 1980s, 
Woolworths had some bad experiences with rail 
and it seems that legacy still clouds the 
perception of rail today.  

3.3 Interstate/ Intermodal 

It could be argued that intermodal rail freight by its 
very nature is already well integrated with 
business and industry - but is this integration with 
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the supply chain or simply with other modes of 
transport? 

The almost evolutionary process of Toll and 
Patrick taking over the National Rail and 
FreightCorp businesses, and now Tasrail and 
Freight Australia, is the most convincing example 
of rail’s improved performance adding value to the 
overall supply chain. Both companies already 
have extensive transport interests covering just 
about every facet of the logistics supply chain 
from warehousing and road transport through to 
ports. They obviously saw the benefits for further 
integration of their various interests with rail. 

3.3.1 Melbourne - Adelaide intermodal   

Prior to the creation of Pacific National, Patrick 
Corporation had already taken the first steps 
down this path to integration when they 
commenced their intermodal rail services between 
Melbourne and Adelaide in 1997. Now in its 
seventh year of operation and targetted solely at 
shippers, this service provides a landbridge for 
goods from South Australia being exported 
through the Port of Melbourne with some imported 
goods flowing in the opposite direction. At the 
time the service was established, Patrick saw this 
as a value added extension of their existing 
stevedoring operations, providing shipper’s with a 
one-stop-shop for their transport and logistics 
needs, rather than solely a single profit centre. 

3.3.2 Cars by Container 

While interstate volumes continue to grow over 
most of the ARTC network, the integration of the 
Toll and Patrick supply chains, and their purchase 
of the Pacific National business, continues to be 
the largest single opportunity to effect benefits 
across the board.   

Figure 9: A Toll Autobox that will travel on 
low-height 5-pack wagons between Melbourne 
and Brisbane. 

Pacific National has recently announced that 
starting in May 2004, it will commence carrying 
28,000 new cars per annum on the Melbourne to 
Brisbane corridor and 17,000 per annum on the 
Adelaide to Brisbane corridor.  

Originally pioneered by TNT and Toll Rail in 1999, 
the vehicles will be loaded into 53’ long 10’6” high 
container - dubbed ‘autoboxes’ or ‘cartainers’ and 
carried on 24 specialised low-deck height five-
pack wagons. 

Each five-pack wagon will carry 5 containers with 
six cars in each, running on a round weekly cycle 
between Adelaide and Brisbane and three times a 
fortnight between Melbourne and Brisbane.  

The cars will be delivered from manufacturing 
plant to dealer in the containers with local delivery 
from Pacific National terminals being undertaken 
by purpose-built, low-height prime overs and 
trailers. [21]  

What is interesting about this traffic is that it is on 
the troubled North-South corridor where rail has 
struggled to maintain market share due to chronic 
under-investment in infrastructure [22]. This is a 
positive example where the combination of 
innovative thinking, better integration and rail’s 
positive disparity over road on freight rates can 
provide competitive rail solutions and can be 
further enhanced if appropriate levels of national 
infrastructure funding are forthcoming.    

Rail’s projected clients such as in the freight 
forwarding industry, as distinct from those easy to 
satisfy “bulk” clients, need services that are 
innovative and compatible with their distribution 
networks. 

3.3.3  Freightlink 

Integration is a cornerstone of Freightlink’s 
philosophy with the commencement of services 
between Adelaide to Darwin. Integration of its 
services - rail and terminal operations - with 
shipping services at the Port will create new 
seamless, multi-modal service. Integrated rail, 
road, sea and port services include a “single-
invoice’ supported by a through bill of lading on a 
‘door to door” basis. [23]  

Opportunities will be created to improve the total 
supply chain. A 40 hectare business park precinct 
is being established adjoining the Port and railway 
in Darwin, with the aim of creating new 
opportunities for “value-adding” services.  Toll has 
already announced a $17 million warehousing 
and terminal investment here.  

Freightlink believes that this multi-modal 
combination provides significant opportunities for 
total cost savings, while reducing delivery time for 
cargo between Asia and the Southern States of 
Australia. Benefits of the service will include:  

• Customised supply chain design  
• Cost competitive supply chain  
• Frequency of service  
• Alternative supply chain 'Value-adding’ 

services  
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4.0 URBAN PASSENGER  RAIL 

While the greater part of this paper has been 
devoted to rail freight, it is worth looking at 
opportunities for better integration of urban rail 
passenger services. Passengers need services 
that are compatible with their other activities. They 
all need integration with their “beyond line-haul” 
activities. 

At an AusRail conference several years ago the 
analogy was made by one speaker that there 
wasn’t such a great deal of difference between 
the rail passenger and freight businesses. He 
provided a slide that showed one of his coal trains 
sitting beneath a towering loader with coal 
streaming down into high-capacity wagons. His 
next slide featured the HKMTR and its policy of 
building apartment blocks above its railway 
stations and the stream of commuters heading 
down from their apartments into a waiting train  

For passengers, speed of travel or frequency of 
service does not necessarily define rail’s success. 
In Australia, passengers want more than just the 
privilege of standing in the rain for a fast train. 
They want convenience, comfort and the ability to 
do other things at the ends of their journey. 

Urban growth has progressively outgrown our 
train and tram networks. Road technology often 
remains more attractive and provides greater 
personal freedom despite the environmental, 
social and economic costs. Train and tram 
services have been supplemented and sometimes 
replaced with buses, but again little has been 
spent to streamline rail’s position in the new 
passenger travel patterns. 

Passengers need to access their home or work 
comfortably. They also need to perform other 
tasks during the journey, such as shopping, eating 
or relaxing. Historically, the car has satisfied this 
task. To expand, rail must compete by supplying 
this level of convenience. 

4.1 Integrating Urban Passenger Rail 

Melbourne 2030 and other capital city plans 
recognise the value of integrating commercial, 
retail, recreational and residential activities around 
or close to public transport. Part of the 
“sustainability” agenda is to reduce the amount of 
transport, but where it is needed for public 
transport to play a greater role. 

Historically, retail developments have provided 
the impetus for development around public 
transport nodes such as at Indooroopilly, 
Bankstown, Box Hill and Salisbury. 

Residential developments have more recently 
been dominant around such centres as 
Strathfield, South Yarra and Cottesloe. In 
Melbourne, Victoria Harbour, Box Hill and 
Vermont centres are being linked to existing rail 

services through network extensions, as will the 
southern suburbs of Perth. 

Melbourne 2030, a major strategic policy 
formulated by the Victoria government in 2002 
emphasises the critical role that rail will play in the 
future development of Melbourne: 

 
Figure 10: Melbourne 2030 Integrated 
Transport Plan & Train Plan 

 

Figure 11: Capital city plans recognise the 
value of integrating commercial, retail, 
recreational and residential activities around 
or close to public transport. 

 

 

•Train plan is central to Melbourne 2030 
measures such as growth of activity 

centres and Transit Cities and ensuring 
integration of the rural and regional rail 

network. 

•It will include: 

•additional express services 

•maximising the capacity of the 
existing network 

•development of transport 
interchanges 

•improved passenger facilities and 
information” 
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In Melbourne, the 2030 Plan includes plans for 
the accelerated development of Transit Cities. 

This is the vision of Transit Cities: 

     Imagine having a world-class train station, bus stop 
and taxi rank a few minutes walk from your door. Imagine 
easy access to a range of shops, services and job 
opportunities. Imagine more housing choice to suit your 
lifestyle. 
     By encouraging higher-density development around 
public transport nodes, the Victorian Government’s 
Transit Cities program delivers exactly that. 
     The Transit Cities program is a joint transport and 
land-use initiative to create well-designed, well-located 
and well-connected developments at strategic locations 
across Victoria. 
     It promotes diverse land use (medium-density housing, 
shops, offices, cafes, libraries, education facilities) to 
create vibrant communities where people have easy 
access to the staples of modern life. 

Figure 12: Melbourne’s Transit Cities 

Unfortunately while it is critical to undertake 
forward planning, such lofty ideals are almost 
three decades and numerous political changes 
away.  

In Australia our attitude to urban rail transport is 
one of the worst in the world. There is such a 
backlog of investment that current projects are 
only bringing systems, such as those in 
Melbourne and Sydney, up to a standard they 
should have been at 20 years ago. 

Innovative thinking often passes by all levels of 
Government, no better highlighted than the 
current and recurring push to take rail out of 
Australia’s largest regional city, Newcastle. An 
option for development in Newcastle would be to 
incorporate the rail corridor into the urban design 
and sell the air space over the corridor, a strategy 
so skilfully adopted by the HKMTR, and with 
positive financial results. 

The success of the HKMTR’s policy of integrating 
its urban rail network with property development 
has been well covered in the past. But just to 
demonstrate that there can also be a micro-level 
of integration, here is a sample of press releases 
already put out by HKMTR this year [24]. It is very 
hard to imagine a similar approach from any of 
Australia’s urban rail operators.  
 

 
  

• (11/03/2004) 
PCCW NETVIGATOR and MTR Provide 
Wireless Broadband Service At All Airport 
Express Stations 

• (08/03/2004) 
Airport Express service enhanced Trains 
to depart every 12 minutes 

• (04/03/2004) 
Enjoy the conveniences of MTR Shops 
and take advantage of a superb deal at 
the Mandarin Oriental Macau 

• (12/02/2004) 
MTR Hong Kong Station - A must-visit 
place for lovers on Valentine's Day 

• (09/02/2004) 
MTR Tung Chung Cable Car Project Full 
Steam Ahead 

• (07/02/2004) 
Express your love this Valentine's Day at 
MTR Hong Kong Station 

• (05/02/2004) 
Seven MTR stations to offer free Internet 
service 

While there have been attempts at improved 
integration by most metropolitan rail networks in 
Australia such as integrated ticketing, timetabling 
and modal integration, these have usually been 
piecemeal in their application and have not 
tackled the greater malaise inhibiting the 
improvement and expansion of these networks    

5.0  CONCLUSION 

The rail freight industry is coming to grips with the 
idea that it is only one element of a much longer 
supply chain. In the past rail has erroneously 
thought itself to be an end unto itself. 

Through better supply chain and modal 
integration, there is scope for rail to become a 
much bigger player in the transport industry. 
While rail can boast that it has market domination 
in some sectors of the transport market, across 
Australia it succeeds in capturing only a small 
fraction of the market it could service. 

One way of addressing this challenge is to bring 
its customers closer to its services, provide 
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services at the origin/destinations that enhance 
the freight or passenger experience, better 
understand its customers' needs and bridge the 
gap that is currently provided by road. 

Rail’s focus therefore will need to concern itself 
with services that compliment the activities of its 
customers at the nodal points while continuing to 
build on the quality and reliability of its line-haul 
strengths. 

There also still remains a need for better 
government understanding of the infrastructure 
needs and of the benefits of greater integration. 
Transport planning decisions are still often made 
ad hoc, with little or no thought being given to the 
particular elements of a given supply chain and 
are a decade or more out of step with rail’s 
improved performance as evidenced by 3.2.1. 

Road congestion will be a major factor in 
determining the need for rail to play a greater 
integrated role in the various transport supply 
chains. While there is considerable data available 
while it is taking longer than necessary for 
Government’s to catch up with the fact, there is a 
price to pay for increased congestion in cities and 
port areas.  

As evidenced in this paper, rail has more than 
proved its ability to adapt to new challenges and 
new horizons. All industry stakeholders should 
now recognise this fact and work with the rail 
industry in ensuring that this ability is capitalised 
upon to provide improved integrated transport 
solutions for the benefit of the wider community.    
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SUMMARY 

The Australian Rail Track Corporation (ARTC) is completing its fifth year of railway infrastructure 
maintenance alliancing and is pleased with the outcomes achieved for all parties. 
For the ARTC, the outcomes achieved have been improvements in reliability and transit time whilst 
achieving real reductions in the costs of maintenance, whilst our Customers (Train Operators) have 
continued to enjoy improved infrastructure and operational yields. 
For ARTC's Alliance partners, they have enjoyed higher productivity, higher staff satisfaction whilst 
improving their overall returns. 
This paper will outline the approach to establishing these alliances, the establishment and setting of Key 
Performance Indicators and outcomes expected/required from the Alliance, Alliance staffing and culture 
issues.  This will include some discussion on the culture that is best sought and suited by both parties to 
ensure a successful Alliance, an Alliance that delivers. 
 
1 INTRODUCTION 

ARTC is a company created as a result of the 
Commonwealth and mainland State Governments 
Inter-Government Agreement in 1997 for the 
establishment of a 'one-stop shop' for rail 
operators seeking access to the interstate 
standard gauge rail network between Brisbane 
and Perth.  

The company commenced operations on 1 July 
1998 and will have been operating for six years on 
1 July 2004.  The shareholders of ARTC are the 
Federal Minister for Transport & Regional Services 
and the Federal Minister for Finance.   

Over the six-year period, ARTC has brought a new 
approach to the way in which railway infrastructure 
is managed in Australia.  In that period ARTC has 
upgraded the Defined Interstate Rail Network 
(DIRN) from Albury to Kalgoorlie and Broken Hill 
via Melbourne and Adelaide to meet the Australian 
Transport Council (ATC) standards; reduced the 
cost of infrastructure maintenance to be the 
Australian and an international benchmark, and 
sustained all these achievements and gains.   

ARTC has recently commenced bringing the NSW 
DIRN infrastructure under its management and it is 
intended to transform that infrastructure over the 
next five years to the same ATC standards, so that 
Australia-wide there will be one uniform standard 
upon which rail transport can continue to grow. 

 

 

1.1 ARTC Charter 

Some background to ARTC’s charter is considered 
necessary is driving the organisation.  Essentially 
ARTC was formed to: 
• Provide efficient and seamless access for 

train operators to the interstate rail network. 
• Improve infrastructure through better asset 

management, and managing the 
infrastructure under a ‘whole of corridor’  
strategy aimed at bringing infrastructure up to 
a customer-desired level, not incrementally 
but essentially at one time; 

• By managing and investment in interstate rail 
through direct self-funding or as the railway 
“investment arm” of the Commonwealth. 

• Increase rail’s share of the interstate freight 
market by attracting more customers by being 
customer-focused and giving the customer 
the service and reliability they require; 

• Promote operational efficiency and uniformity 
of operating, technical and safety standards 
and practices on the interstate rail network – 
This has been a long task and ARTC has 
been involved in the development of National 
Codes of Practice and is currently rolling 
these out across its national network;  

• Foster a commercially viable Australian rail 
industry, thereby contributing to an efficient 
national transport system.  

Generally, the rail industry in Australia has 
operated inefficiently and with large subsidies from 
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governments.  Competition has not been strong in 
many sectors of the industry and this has further 
created, and encouraged, inefficiency.  ARTC’s 
policy is to promote competition and build a strong 
and viable, commercially based rail industry less 
reliant on government subsidy; 

• Operate the business on commercially sound 
principles.  ARTC therefore is operated as a 
commercial venture under the Company’s Act 
and operates profitably and without 
government subsidy. 

 

 

2.0 THE CHALLENGE FOR RAIL IN 
AUSTRALIA 

Rail’s market share of interstate intermodal 
markets in Australia had been declining for some 
years on the east/west corridors from Sydney and 
Melbourne to Perth.  Following the introduction of 
the National Competition Policy in 1995, 
Specialised Container Transport (SCT) became 
the first private rail operator to gain access to a 
part of the DIRN when it started a Melbourne to 
Perth freight service in July 1995.  To achieve this, 
SCT had to have access agreements in place with 
AN Track Access, The Public Transport 
Commission (Victoria) and Westrail.  This was the 
catalyst for growth on the east/west corridor.

 

Since 1995/96, Road v Rail land freight market 
share has risen from 62.5% to approximately 81% 
(early 2004). Since ARTC’s formation, land freight 
market share attracted to rail has risen over 
12.5%.  The overall land freight demand has risen 
by approximately 8% over that period so most of 
the gains have gone to rail.  But why has rail 
improved its position in the east/west markets?  
This has been due clearly to a number of factors: 
• Increased level of above-rail competition, 

resulting in service quality and delivery 
improvements 

• Improved transit times, reliability/availability 
of the infrastructure which provide improved 
yield to the above-rail operator through 
improved asset utilization, less fuel 
consumed and fewer crew requirements; 

• Lower infrastructure maintenance costs 
which provide improved yield below-rail as 
infrastructure costs have reduced thus 
allowing the cost of access to decrease in 
real terms; 

• By rail operators providing tailored and niche 
services (e.g. SCT’s warehouse to 
warehouse service, and Pacific National’s 
Trailerail services). 

ARTC has contributed to the east/west growth 
using the corridor asset management approach 
and providing reliable and available infrastructure 
with reductions in transit time achieved by 
eliminating many permanent speed restrictions 
and keeping temporary speed restrictions around 
1% of total track kilometres rather than the 
previous 5% to 8%. 
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The challenge for rail in Australia now is to sustain 
the market share east/west and to grow the 
market share on the north/south corridors 
between Melbourne and Sydney and Melbourne 
and Brisbane.  Road v Rail land freight market 
share on the north/south corridors has been 
falling, not growing, for many years, with 
intermodal market share between Melbourne and 
Sydney now as low as 10% (and dropping) and 
21% on the longer Melbourne to Brisbane 
corridor. 
How is the increase in rail’s modal share to be 
achieved?  ARTC’s Agenda for the north/south 
corridors over the next few years is to provide the 
rail operators with following improvements based 
on ARTC ‘whole of corridor’ management 
philosophy. 
• Improved service reliability 
• Improved service transit times 
• Improved above and below rail yields 
• Improved infrastructure to give rise to the 

above 
• Improved efficiency of access to eastern 

seaboard ports 
The obvious aim of these improvements is to 
increase rail’s modal share on the north/south 
corridors. 
3. MAINTENANCE ALLIANCES—A 

SUCCESS FOR ARTC 

Railway infrastructure maintenance is an 
expensive business. ARTC has been working 
actively towards reducing costs in the business of 
railway infrastructure maintenance.  Railway 
infrastructure maintenance is an expensive 
pastime with costs per track kilometre per annum 
ranging from $5,000 per track kilometre to 
$60,000 per track kilometre per annum for 
mainline track on the DIRN.  For some 
metropolitan electrified lines, whole of 
infrastructure maintenance costs can rise to be 
greater than $150,000 per track kilometre per 
annum in busy suburban areas. 

Average infrastructure maintenance costs on the 
ARTC network in WA/SA/Victoria are less than 
$8,000 per kilometre per annum (excluding capital 
investment), and this is being sustained through 
our Maintenance Alliances. 

In late 1997, the Australian National Railways 
network in Western Australia, South Australia and 
the Northern Territory, later inherited by ARTC, 
was costing in the order of $23,000 per track 
kilometre per annum.  The Victorian network, now 
leased to ARTC, was costing the Victorian 
Government in excess of $26,000 per track 
kilometre per annum.   

ARTC was established to operate commercially, 
profitably and without government subsidy.  To be 
viable therefore, ARTC needed the total track 

maintenance budget not to exceed $10,600 per 
track kilometre per annum (excluding capital 
investment), or approximately 43% of the then 
actual track maintenance cost.  Definitive 
decisions needed to be made regarding 
investments to reduce recurrent costs, and the 
whole strategy for railway Infrastructure 
Maintenance and Asset Management needed to 
be reviewed.  
At its formation as Track Access in late 1997, the 
organisation was a partially informed purchaser.  
There were benchmarks for: 

• Price – maintenance cost per track kilometre 
per annum 

• Quality  – established standards 
• Reliability – on-time train entry and exit  
• Availability – infrastructure availability limits 

and speed restriction limits 
• Frequency – what needed to be done when 

e.g. inspections 
• Safety – statutory regulations had been 

established 
The organisation knew where it wanted to be:  
• A broad knowledge of what was required to 

undertake railway infrastructure maintenance  
• What outcomes were required and stretch 

targets to achieved in time 
• What standards needed to be complied with  
• What the critical resource inputs were 

including management, technical and 
workforce 

• It was known that the market could provide 
the services/works required 

But … whilst there was a benchmark for price, 
there was uncertainty on how the market would 
price the services/works.  So to test the market it 
was determined to go to the market for a Lump 
Sum – All Risks to Contractor, tender for railway 
infrastructure maintenance. 
The market response to the Lump Sum All Risks 
tender was encouraging. 
• Price fell within the set benchmarks  
• Responders provided warranties for 

compliance with safety and quality standards  
• Responders obviously saw there was much 

opportunity to improve efficiency and cut 
costs while maintaining acceptable safety 
and quality. 

As a result of the tender, Track Access/ARTC 
awarded Lump Sum All Risks contracts for 
Infrastructure Maintenance.  However the 
inevitable occurred: 
• Adversarial relationships between Client & 

Contractor developed; 
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• Scope definition and scope creep developed; 

• Latent condition claims developed; 

• It became difficult to control relationships and 
cost creep  

• Lump Sum Benefits  

• All risk to contractor  

• Guaranteed price (more or less)  

ARTC’s inaugural CEO, David Marchant, had the 
vision to see that moving to an Alliance using the 
Lump Sum price as the Target Cost and 
identifying and sharing risk should result in overall 
lower costs.  This approach has proven to be 
correct and is a real winner for both ARTC and 
the Alliance partners. 

4 ARTC’S ALLIANCE PHILOSOPHY 
ARTC’s CEO has inspired the alliance philosophy 
with his approach to alliancing by the succinct 
statement that Alliance partners  
“….need to not only sleep in the same bed, but 
share the same dream”. 
An alliance for railway infrastructure maintenance 
is a good example for an alliance structure as 
scope is not clearly defined, and there are 
variable and changing activities.  This is a risky 
environment for a lump sum contract for both the 
provider and purchaser.  However, to make an 
alliance work successfully in such a changing 
environment there are a number of guiding 
principles that need to be fulfilled: 
• Allocation of risk to the partner best able to 

control, manage and mitigate that risk.  For 
the purchaser there is financial, planning, 
latent conditions, and competence risk, whilst 
the provider carries risks associated with 
delivery, logistics, and competence.  Other 
risks such as supply can be managed jointly. 

• A cost plus arrangement is established with 
the provider, with pre-agreed values 
determined for recovery of corporate 
overhead and direct overhead and costs.  
Routine Corrective Reactive Maintenance 
(RCRM) costs are pre-determined annually, 
whilst Major Periodic Maintenance (MPM) and 
capital works are undertaken with actual cost 
recovery against target estimates.  When the 
target estimate is exceeded then ARTC 
carries the full cost.  When target estimates 
are bettered, the under spend is shared 50/50 
between the ARTC and the provider 

• It is essential to develop a relationship that 
has common goals/objectives to work 
together to develop a win/win for each 
partner.  The relationship between partners 
on a corporate as well as personal basis must 
remain respectful and strong; 

• Each partner needs to understand what 
constitutes a “Win” for the other – what does 
each partner really want out of the Alliance, 
and actively wok to ensure that Win occurs for 
the partner.  The provider needs to ensure 
that his reward/upside is in alignment with the 
purchaser’s aspirations and vice-versa; 

• There needs to be developed a relationship of 
trust between partners.  Breakdowns in trust, 
the build-up of negative partisan perceptions, 
questioning of one another’s motives, 
festering conflicts, and feelings of disrespect 
and coercion need to be avoided; 

• The formation of an Alliance Board and an 
Alliance Management Team for joint 
management and problem solving needs to 
be promoted.  Over time the provider can 
become involved in longer term planning/with 
longer term reward sharing and therefore part 
of overall husbandry agenda; 

• An Open Book process needs to be 
developed that provides a basis for consistent 
benchmarking and integrity on cost drivers 
and establishing objectives for future 
productivity; 

• The purchaser needs to maintain 
benchmarking and outcome agendas, and if 
possible, align the provider in these activities; 

• Rewards for the provider should be in 
alignment with the returns achieved by the 
purchaser; 

• The legal and financial terms and conditions 
of the alliance agreement need to be 
understood and agreed clearly by both 
partners so that accountability and 
responsibility is clear; 

• The management culture needs to be 
husbanded carefully.  The roles of each 
partner need to be well defined to ensure 
clear lines of accountability and responsibility 
and to drive for superior benefits and 
outcomes; 

• Establish common ground rules for working 
together; 
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• The purchaser needs to maintain intellectual 
property; asset information and asset 
condition; and lead in strategy development 
or it may find it loses the ability to be an 
informed purchaser; 

• Audit the alliance relationship on a regular 
basis to identify and correct issues that could 
damage the alliance. 

Whilst meeting all of these conditions is not an 
easy task, it is necessary to achieve a working 
and lasting alliance.  Many engineers have been 
accustomed to working in an adversarial 
arrangement and are thrust into an alliance 
partnership.  Whilst these persons work hard at 
developing the relationship, the development of 
mistrust, partisanship, hidden agendas and other 
motives, dominance and lack of respect can often 
cause an alliance to fail because the partners are 
unable to work together effectively. 

5 ALLIANCE CULTURE MANAGEMENT 

ARTC and its alliance partners have worked 
together actively to overcome the difficulties of 
putting into operational practice essentially a “soft” 
relationship to be managed systematically to 
achieve superior outcomes and benefits for both 
partners.  When problems arise in the alliance, 
there is a systematic review undertaken to find the 
root cause of the problem so to not simply 
address the symptoms. 
Some very critical factors that ARTC has found 
that need to be attended to include: 
• In alliance management, the need to move 

from adversarial to co-operative, within 
parameters of fundamentals of budget 
integrity, performance outcomes, and ARTC 
corporate objectives. 

• Management requires a lot of coaching to 
obtain behaviour attributes that work 
positively for the alliance. 

• Remove the Them and Us culture and move 
to a We can do it culture. 

• Management from the provider and 
purchaser need to work closely together to 
solve alliance related problems. 

• Focus management on value adding to each 
other to achieve overall objectives, and then 
reward them accordingly. 

6 KEY PERFORMANCE INDICATORS 
KPI’s form part of any Maintenance or Project 
Alliance Agreement that ARTC enters into.  These 
KPI’s are guided by ARTC’s Corporate Objectives 
built from defined targets for Transit Time, 
Reliability, Sustainability, Safety, Productivity/ 
Yield, & Customer Satisfaction. 
The KPI’s that form the essential base of ARTC’s 
alliance agreements for railway infrastructure 
maintenance include: 
• Temporary speed restrictions:  Maintained to 

defined limits which include percentage of 
track under speed restriction which are then 
translated into time lost per train path, which 
is really the most important factor for ARTC’s 
customers 

• Occupational hand-back:  The Provider must 
make the infrastructure available when it has 
been agreed it will be available.  Delays to 
customer’s trains due to late hand-back 
following maintenance or project work are not 
tolerated. 

• Operational Safety:  ARTC’s strict safety 
requirements cannot be infringed; 
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• Occupational Health & Safety: This is a good 
indicator of overall management “health” and 
therefore is monitored closely with low Lost 
Time Injury Frequency Rate (LTIFR) levels 
set.  Currently ARTC’s maintainers have 
LTIFR levels well under industry traditional 
standards; 

• Train delays due to infrastructure failure: 
Failures are expected but must be within a 
defined limitation that ARTC’s Customer’s can 
tolerate; 

• Quality of work:  QA and QC must remain at 
agreed levels; 

• Productivity & efficiency gains:  Learning 
curves are tolerated but improvements are 
planned and expected.  ARTC’s providers 
have improved productivity by more than 28% 
over five years and are currently operating at 
a compounding 1% per annum; 

• Customer complaints such as rough ride 
reports etc:  An agreed maximum number of 
complaints based on an improvement 
annually. 

• Budget integrity – All RCRM, MPM and 
capital works must remain within the pre-
agreed financial framework. 

A bonus scheme based on a percentage of 
turnover operates on a sliding scale for 
achievement of the KPIs.  Weightings are applied 

to the various KPIs depending on the level of 
concern that both parties pre-agree. 

7 CONCLUSION 
ARTC operates its business on commercially 
sound principles and is promoting growth in the 
rail industry for all suppliers by presenting 
opportunities to the broader rail industry.  The 
promotion of competition has brought cost 
efficiency. 
The alliance approach to infrastructure 
maintenance has removed confrontational and 
adversarial style management and has provided 
returns for ARTC and the providers through better 
allocation of resources, reduced time in managing 
contracts and the overall cost of delivery. 
The improved relationships between stakeholders 
often have meant enhanced returns for all parties.  
The sharing of human and information resources 
between stakeholders has helped deliver the 
desired outcomes and improved returns.  Overall, 
ARTC is very pleased with the alliance approach 
to railway infrastructure maintenance as these 
relationships really do work to achieve a win/ win 
for all parties. 
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SUMMARY 

The MTR Corporation in Hong Kong has developed a process for outsourcing infrastructure maintenance 
within an environment where it has not been done before. In this paper, the authors will describe how the 
approach taken by MTR Corporation was influenced by the worldwide trend towards outsourcing and then 
tailored to the unique conditions in Hong Kong. Comparisons will be made of the differing economic, 
technical, political and regulatory environments impacting railway infrastructure outsourcing in Hong Kong, 
Australia and the UK.  
In determining the appropriate package selection for outsourcing, the structured analysis of the risks 
involved and implementation of mitigation measures will be explained. 
An industry review with the pre-qualified tenderers was used to align the Corporation’s requirements with the 
ability of the market to deliver, such that the final specification optimised the risk / cost balance. This industry 
review then set the scene for building partnering within the contract such that the mutual objectives of both 
the Corporation and the successful contractor, Barclay Mowlem, could be achieved. 
MTR Corporation operates one of the most densely utilised mass transit systems in the world, carrying on 
average 2.3 million passengers each weekday.  
 

1 INTRODUCTION 

The Mass Transit Railway Corporation was set up 
in 1975, wholly owned by Government to build, 
operate and maintain, on prudent commercial 
principles, a mass transit railway having regard to 
the reasonable requirements of the public transport 
of Hong Kong. 
The first section of the railway opened from Shek 
Kip Mei to Kwun Tong in 1979. The MTR network 
now comprises 6 lines with a total route length of 
87.7 km, 49 stations and carries around 2.3 million 
passengers each weekday. It has 1050 passenger 
rail cars which are maintained in 5 depots. The 
Corporation was listed on Hong Kong Stock 
Exchange in October 2000. 
MTR uses outsourcing, where applicable, as a 
strategy to ensure long term cost competitiveness. 
The construction of the new Tseung Kwan O Line 
(TKL), which opened in August 2002, provided the 
opportunity to extend outsourcing to infrastructure 
maintenance. 
MTR has a financing model, which requires no 
subsidy from Government for its operations i.e. 
MTR is responsible for funding its own operations, 
maintenance, renewal and upgrading.  
This financial and operational independence has 
enabled MTR Corporation to develop its operation 
and maintenance practices based on the best 
interests of the Corporation and its passengers. 

2 MTR OUTSOURCING HISTORY 

From the beginning of its operation, MTR has 
outsourced certain maintenance activities, such as 
lift & escalator maintenance and cleaning, as the 
markets for such maintenance in Hong Kong are 
skilled and competitive. 
Capital works and modifications have been carried 
out either in-house or by contractor depending on 
the particular engineering discipline. For example 
telecommunications and civil have been mostly 
outsourced whereas track, overhead line and 
signaling have been undertaken mostly in-house. 
This is a reflection of the level of competency, 
availability of experienced contractors and cost 
competitiveness of these disciplines in Hong Kong. 
Even within a technical discipline the work may be 
done in-house or outsourced depending on the 
individual project evaluation. 
The past policy of outsourcing infrastructure 
maintenance was to outsource items on an “as-
required basis”, generally for small packages of 
work. This was partly because MTR generally 
recruited its own maintenance staff so lacked a real 
need to outsource infrastructure maintenance and 
as the market for railway infrastructure 
maintenance in Hong Kong has been small 
compared to other countries, so infrastructure 
maintenance companies have not been set up. 
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This has led to a “chicken and egg” situation in 
Hong Kong where, due to the minimal infrastructure 
outsourcing a market has not developed which 
resulted in a lack of competition and skills and 
hence a reluctance to outsource by the railways. 

3 A NEW OUTSOURCING STRATEGY 

3.1 Drivers 
 

From the beginning of its operation, MTR has 
outsourced certain maintenance activities, such as 
lift and escalator maintenance and cleaning, as the 
markets for such maintenance in Hong Kong are 
skilled and competitive.  
Approaching the new millennium it was realised 
that to continue to improve corporate cost 
competitiveness, outsourcing is a valuable 
technique, which has been adopted worldwide 
across almost all industries. Therefore the question 
was not “if” but “how” to increase the amount of 
outsourcing and bring it to those infrastructure 
disciplines, such as track, signalling and overhead 
line. 
Looking forward, the future expansion of railways in 
Hong Kong and the Pearl River Delta will bring an 
increase in scale, which will enable the 
development of, and maintain a healthy 
infrastructure contracting capability.  
Outsourcing will also assist to bring in new ideas 
and best practice, which can further increase cost 
effectiveness. 
3.2 The New Outsourcing Strategy 

A new corporate strategy was developed and 
required that outsourcing must: 
• bring sustainable financial benefits 
• align with other corporate strategies (eg. 

human resources) 
• enable the Corporation to retain control of its 

business 
• enable the Corporation to maintain technical 

and operational expertise 
In order to implement this policy, the Operations 
Division approach was to : 
• incorporate a maintenance Option into new 

Projects 
• bundle or expand existing contracts for 

economy of scale 
• use the difference between “turnover rate and 

productivity” to make space for outsourcing 
• implemented a structured assessment process 
• ensure the “3 tests” were satisfied before 

proceeding with an outsourcing activity 
 
 
 

3.3 The “3 Tests” 
The “3 tests” are: 
Financial – that sustainable financial benefits can 
be achieved from the outsourcing, not just a one-off 
saving 
Technical – that technical competency exists in the 
market and that safety & quality will not be 
compromised by outsourcing 
Human Resources (HR) - that existing staff can be 
redeployed within the business and that existing 
core competency will be retained in house 
4 TKL INFRASTRUCTURE MAINTENANCE 

CONTRACT STUDY 
4.1 Background 
As this would be the first time in Hong Kong that 
railway infrastructure maintenance had been 
bundled into a single package, it was necessary to 
conduct a thorough study. This involved 
determining the technical scope, ensuring that 
safety and quality would not be compromised, a 
review of the results of UK infrastructure 
maintenance outsourcing, and an organisational 
impact analysis. 
The new Tseung Kwan O Line (TKL) commenced 
operation in August 2002 and took over part of 
existing Kwun Tong Line (KTL). A new signalling 
system was installed on the new line and also on 
part of the existing KTL. This was a complicated 
extension to the railway involving integration of the 
new line into the existing Eastern Harbour crossing 
and diversion of existing services to the new Tiu 
Keng Leng Station. 
Maintenance agreement Options were included in 
the Tseung Kwan O Extension (TKE) construction 
contracts for track, overhead line, signalling and 
trackside auxiliaries to give MTR the option to 
outsource these activities on completion of the 
works, rather than recruit staff to do it in house. 
Prior to the time to exercise the Options, the 
strategy was reviewed and this review revealed that 
many interface issues would arise if the Options 
were exercised, likely resulting in cross contract 
claims. Also the contractors were unlikely to keep 
sufficient skilled resources as the size of the 
individual Options was relatively small. 
Therefore a different strategy was adopted which 
was to pursue “bundling” of infrastructure 
maintenance  
4.2 Risk Management 
Safety & quality assurance are critical 
competencies to be ensured as well as the impact 
to the business of engaging contractors to do 
maintenance on safety and mission critical 
equipment. It is the Corporation’s policy that these 
cannot be compromised by outsourcing.  
It has to be acknowledged that the operation of a 
railway involves risk and that the objective of this  
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risk assessment is to ensure the risk is no greater 
than if the maintenance is undertaken in-house.  
The Corporation maintains a comprehensive 
Hazard Register for each railway related hazard 
and this was used as the basis for the assessment. 
The generic implications of infrastructure 
maintenance outsourcing were identified together 
with the effect on the risk profile of using a 
contractor for the individual technical disciplines. 
A 4-element quantified risk analysis was carried out 
to identify the technical and business risks. This 
was then used to develop risk removal or mitigation 
strategies, which could be incorporated into the 
specification or into MTR’s internal management 
procedures. 
The 4 elements are: 
• The specific risks of bundled infrastructure 

maintenance 
• The generic risks of maintenance outsourcing  
• The specific technical risks for individual 

systems and their integration 
• The specific risks associated with contractors 

staff obtaining Railway Qualifications 
Each element was assessed for the TKL 
Infrastructure Maintenance contract and for each 
individual risk item within that element, a Risk 
Assessment Table (Figure 1) was completed. 
Using a simplified Risk Matrix (Figure 2), the 
relative risk level was found from the predicted 
frequency and severity. Where possible, controls 
were introduced by inclusion in the specification or 
in the detailed scope of works. 
 
Identification No. number 
Risk Area Individual risk item 
Effect / Consequence Description of the effect 

or consequence of the 
un-mitigated risk 

Original Risk 
• Frequency 
• Severity 
• Risk classification 

Assessment in 
accordance with the Risk 
Matrix for Maintenance 
Outsourcing 

Safeguards Description of safeguards 
to be applied to eliminate 
or mitigate the risk 

Residual Risk 
• Frequency 
• Severity 
• Risk classification 

Assessment of the 
residual risk in 
accordance with the Risk 
Matrix for Maintenance 
Outsourcing 

Action Owner Person responsible for 
managing the safeguards 

 

Figure 1 – Risk Assessment Table 
 
 
 
 

 
  Severity 
  Low Medium High 

High M2 M1 M1 

Medium M3 M2 M1 
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Low M4 M3 M2 

 
M1 

Risk must be reduced – include 
proactive planning and management 
requirements in the specification 

 
M2 

Risk must be reduced if it is practicable 
to do so - include relevant requirements 
in the specification, high priority items 
for on-going monitoring 

 
M3 

Risk is tolerable - include relevant 
requirements in the specification unless 
not cost effective, medium priority items 
for on-going monitoring 

 M4 Risk is acceptable 
 

Figure 2 – Risk Matrix for Maintenance 
Outsourcing 

 
4.3 Industry Review 
A novel process was used in the tendering for the 
TKL IMC to assist in reducing cost and technical 
risk to the Corporation and the successful tenderer. 
Termed “Industry Review” it is a process to ensure 
the tenderers and the client are aligned before 
issue of the particular specification.  
The process was introduced successfully by MTR 
in the procurement of specialist engineering trains 
and the TKL IMC was the first time it was used for 
an infrastructure contract. 
The process comprises 5 steps: 
• outline technical requirements of the contract 

requirements discussed with each with pre-
qualified contractors 

• a draft specification is sent to each tenderer for 
them to comment, line by line 

• the tenderer ranks each clause with level of 
ease / difficulty to comply on a scale of 1 – 4 

• a meeting is held with each individual tenderer 
to discuss their comments at which each party 
explains their key constraints and objectives. 
The objective is that barriers and difficulties, 
which usually result in increased costs are 
removed 

• the Corporation takes into account the 
comments received from each tenderer and 
re-writes the specification for issue 

MTR Corporation obtained a number of benefits 
from the industry review process: 
• it allowed the Corporation to identify what the 

market is capable of delivering, this being of 
considerable benefit where the services are 
not widely available 
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• it allowed both the client and contractor an 
early opportunity to determine how their 
corporate cultures could work together and 
forms an early start to the partnering process 

• the common understanding of the 
requirements at this early stage reduces 
questions in tendering period 

• it allows both parties to identify and 
understand each others “immovable” issues 

Of course the process produces some challenges. 
It takes some time to go through the process, 
typically adding 2 – 3 months to the tendering 
period. More importantly it requires openness on 
both sides to discuss the challenges faced by the 
specification and move towards a common 
understanding. 
Overall, in the case of the TKL Infrastructure 
Maintenance Contract it was considered an entirely 
successful process and all the benefits described 
above were achieved. 
 
5 THE UK RAIL MAINTENANCE INDUSTRY 
Following privatisation by the UK government in 
1993, the previously nationalised British Rail was 
divided into two main elements. The first consisted 
of the national rail network (track, signalling, 
bridges, tunnels, stations and depots) with the 
second element being the operating companies 
whose trains run on that network.  
The national rail network was owned and operated 
by Railtrack plc but, in October 2001, due to 
financial difficulties, the company was placed into 
railway administration by the Secretary of State for 
Transport, Local Government and the Regions. 
Network Rail Limited took over the operation of the 
network on 3 October 2002. 
The privatisation of the railways was a political act 
in an attempt to bring the same private industry 
practices to the railways, which had been 
successful in the privatisations of other state owned 
assets such as British Airways and British Telecom. 
It was expected that through this process, 
increases in efficiency could be gained, the 
stranglehold of the labour unions could be broken 
and the reliance on Government for subsidy could 
be reduced. 
As part of the privatisation process, infrastructure 
maintenance companies were set up to manage 
the maintenance and renewal of the network and 
over a number of years were bought out by 
established companies such as Balfour Beatty, 
Jarvis, AMEC etc. 
Tenders for geographic maintenance or renewal 
areas (Infrastructure Maintenance Contract areas) 
were periodically awarded by Railtrack. 
There have been difficulties reported in the UK 
arising from the amount of accountability for system 
performance and self audit which were devolved 
from the client (Railtrack) to the maintenance 

contractors. This meant that the client lost sight of 
the condition of the asset and the amount and 
standard of maintenance being undertaken.  
The following extract from the Ladbroke Grove Rail 
Enquiry, Part 2 Report by Lord Cullen, is an 
example of some of the deficiencies identified in the 
UK : 

“the evidence in regard to the use of 
contractors, most notably by Railtrack, was 
a source of considerable concern. I find, 
first, that the current process for award of 
contracts was not being operated with due 
regard to the amount of training and 
preparation of the contract workforce. 
Secondly the controls in place for the 
management of the work of contractors 
and sub-contractors were inadequate. 
Thirdly, there is a need for immediate and 
sustained improvement by the industry in 
the manner in which the employees of 
contractors and sub-contractors are 
controlled. Fourthly, the argument for 
reduction in the number of contractors is 
well founded. Further, it is clear that 
contractors should work to exactly the 
same safety standard as those directly 
employed. Competence is of vital 
importance” 

A train derailment near Hatfield on 17 October 2000 
led to the loss of four lives, with 70 people injured. 
The immediate cause of the derailment was the 
fracture and subsequent fragmentation of a rail. 
Railtrack, as infrastructure controller, had overall 
responsibility for maintenance of the track and 
ensuring it could be used safely. To achieve this 
they had a standard contract with a maintenance 
contractor which, within the framework of Group 
Standards, provided for rail maintenance, renewal 
and replacement as required, and other emergency 
measures such as speed restrictions. Prior to the 
derailment there were proposals to renew that 
length of rail and the most recent visual inspection 
had been during the week prior to the derailment. 
This incident resulted in the application of hundreds 
of temporary speed restrictions resulting is massive 
disruption to rail services across the country. 
By the end of 2002, Railtrack had also taken 
account of the lessons learned from Lord Cullen’s 
report and the Hatfield derailment and implemented 
a series of structural improvement actions 
including: 
• Setting detailed engineering policies, 

specifications and key work instructions for 
maintenance renewal and enhancements 

• Specifying the technical competencies 
required to work on its infrastructure 

• Direct control of examination of the network 
and automate where possible 
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• Taking charge of asset information including 
current condition data and infrastructure 
records 

• Making or controlling work decisions and 
prioritisation 

Network Rail (formerly Railtrack) has extended its 
policy of “Direct control of examination of the 
network” and “Making or controlling work decisions 
and prioritisation” by taking back two Infrastructure 
Maintenance Contract areas to execute the works 
by Network Rail staff in 2003. 
The purpose of this was to ensure that Network 
Rail becomes an informed client who has sufficient 
technical knowledge of the work it is outsourcing 
and has the practical understanding of the cost 
drivers of the maintenance works it is specifying. 
In a major extension of this policy to gain technical 
and cost control, Network Rail announced in 
October 2003 that it would take over all remaining 
Infrastructure Maintenance Contract areas and 
execute the works by Network Rail staff. However, 
track renewals contracts remain outsourced. 
6 THE AUSTRALIAN RAIL MAINTENANCE 

INDUSTRY 
Maintenance Outsourcing of railway infrastructure 
in Australia commenced in 1996 when the Western 
Australia Government released the permanent way 
maintenance of Standard Gauge lines and country 
Narrow Gauge freight and passenger lines to two 
outside organisations.  
This soon was followed by the NSW Government 
when in 1997, through the Railway Corporation of 
the day, it commenced outsourcing the 
maintenance of the Sydney Metropolitan Railway to 
private contractors. Maintenance responsibility in 
this state included all railway engineering 
disciplines.  
The Victorian Government, on the other-hand in 
1998 elected to call tenders for a 25 year leasing 
out arrangement of the railway network, the new 
owners in-turn responsible for maintaining the 
asset. 
This was a new concept for State Governments.  
Government owned railways had in the past, been 
the provider of employment for large numbers and 
so community sentiment was generally against this. 
It was not popular with the various industrial unions 
who could only see a decrease in membership 
numbers. Support from remaining Government 
infrastructure maintaining bodies was not 
forthcoming as they were now competitors and 
went out of their way to impede the process.   
The only other railway in Australia where 
maintenance to the railways was being undertaken 
by someone other than the owner was by a major 
Iron Ore producer in the Pilbara region of Western 
Australia. This company had others doing the 
maintenance since 1968 using various styles of 
contracts, which changed as relationships between 

the two matured and when contract negotiation for 
renewal occurred. 
As a result, implementation of projects was difficult. 
The governments expected cost reduction from 
competition between the contractor and remaining 
government maintaining groups and from the 
contractor’s better planning processes and 
improved methods in the way of doing their work. 
They also expected transparency on where money 
was spent and looked for better use of their 
maintenance dollar.  
In both States an Alliance type of arrangement was 
selected to administer the contract This style of 
contract allowed for conflict to be settled more 
amicably and quickly when a misunderstanding 
concerning the contract detail existed and provided 
for more flexibility in contract manipulation for 
driving performance.  
Hiring of labour was always difficult, particularly 
Signalling and Power Engineers and Technicians. 
Many had been attracted to Europe where major 
replacement of redundant railway infrastructure 
was taking place. In one Australian state when the 
contract was agreed and the government 
commenced laying off employees, they placed a 
restriction on those taking the redundancy package 
working for the successful maintenance contractor. 
In the short term to overcome the shortage 
difficulty, it became necessary to engage contract 
labour particularly Signalling and Power 
Technicians. 
Generous service rewards appeared to have been 
paid to government employees when made 
redundant which resulted in them moving away 
from the industry to find something new. Setting up 
their own business i.e. railway consultancies were a 
normal occurrence when redundancies were paid. 
Subsequently, where it was felt there would be an 
abundant supply of workers to employ, those only 
with very few skills were available.  
In some States finding suitable premises for 
administrative staff, warehousing purposes and the 
various depots necessary to support the workforce 
was difficult. Locating premises near the operating 
railway exacerbated the difficulty. Western Australia 
posed few difficulties because of the vastness of 
the State. However in NSW, particularly in the 
Sydney Metropolitan area, land for depots was 
scarce.   
All outsourcing projects included the provision of 
some permanent way spares. Various spares for 
other infrastructure were either purchased or supply 
agreements entered into. This required the 
contractor investing a lot of money in specialized 
spares and equipment.   
Training of Government railway employees was 
done in-house. In the late 1990s various 
accreditations for undertaking specific railway 
maintenance activity was commencing to become 
an essential prerequisite for employment.  
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This added to the difficulty for the contractor 
particularly when dealing with, for example 
substation access, where specific training was 
necessary and where this training previously was 
undertaken in-house. In some cases, to overcome 
this, the contractors had to develop their own 
training courses and have the courses approved by 
the various training bodies, usually the same 
bodies denying access to courses. 
Releasing intellectual property to a contractor is not 
something done everyday. However, in order to 
undertake the maintenance work, the contractor 
required access to this information or needed to 
develop similar documents in order to satisfy the 
clients that the correct quality measures were 
assured and that they were not going to be 
compromised.  Work Method Statements for 
instance had to be developed covering all 
disciplines and agreed by both government and the 
statutory bodies. 
7 MTR’s APPLICATION OF THE LESSONS 

LEARNED 

The MTR determined that for its infrastructure 
maintenance outsourcing that the lessons learned 
from the UK should be applied for the benefit of the 
Tseung Kwan O Line (TKL) Infrastructure 
Maintenance Contract (IMC).  
A series of controls were applied in the TKL IMC: 
• bundling the scope of works into larger 

packages reduces number of contractors. 
Hence for TKL all works were bundled into one 
package 

• client to remain accountable and technically 
knowledgeable for asset performance 
including keeping ownership of the asset 
register 

• specify key competency and minimum training 
and qualification requirements of the 
contractors staff in the Specification 

• active management of the contractor, through 
a high level of safety and technical audits etc. 

• specify inputs as well as outputs ie. specify 
maintenance tasks and frequencies and 
include performance based “incentive” scheme 
to ensure focus on customer service targets 
and safety 

• immediate response  to failures to be retained 
by MTR Rapid Response Unit 

By outsourcing only the TKL, the MTR would be 
exposing only a small proportion of its infrastructure 
assets to a contractor. This allowed a controlled 
environment to ensure all applicable factors were 
taken into account and that MTR retained its core 
competencies to ensure that maintenance was 
carried out to the necessary standards of safety 
and reliability. 

 

It is a validation of MTR’s decision to apply the 
lessons from Ladbroke Grove that there was great 
similarity between the controls implemented by 
MTR on the TKL IMC and the improvement 
strategies subsequently adopted by Railtrack.  
Partnering is extensively used in the UK and shows 
real promise to improve the client / contractor 
relationship and create a “win-win” situation based 
on trust and mutual respect.  
The key learning point was that careful application 
and relationship management are necessary and it 
is not a “magic bullet” which will solve or eliminate 
all contractual problems.  
Recently, partnering was recently applied 
successfully in MTR Tseung Kwan O Extension 
construction contracts and therefore considered a 
key strategy to pursue in the subsequent 
maintenance contract. 
Key partnering initiatives were included in the TKL 
IMC relating to the use by the successful contractor 
of the Corporation’s assets and facilities, which is 
especially important given the relatively small 
railway support industry in Hong Kong. 
Examples included the use of MTR engineers 
trains, workshop space, access to purchase spares 
from MTR stores, access to use existing technical 
procedures, an allocation of free training and a joint 
project team office without an physical division 
between the staff of MTR and its contractor. 
This minimised mobilisation costs, ensured a 
consistent standard and provided a firm foundation 
of mutual co-operation for the common goal. 
There have been difficulties reported in the UK 
arising from the amount of accountability for system 
performance and self audit which were devolved 
from the client (Railtrack) to the maintenance 
contractors. This meant that the client lost sight of 
the condition of the asset and the amount and 
standard of maintenance being undertaken. 
MTR formed the view that the client must remain 
accountable for asset performance and that the 
contractor is primarily a resource of the client to 
achieve objectives. The client can transfer 
responsibility for performing tasks, but not 
accountability to manage asset performance. 
8 CONCLUSIONS 

The history of outsourcing of railway infrastructure 
maintenance in the UK and Australia show some 
striking similarities. Both countries’ governments 
used outsourcing as a political tool to restructure 
the whole industry at one time at a state or 
countrywide level with the expectation of cost 
savings whilst fundamentally changing its 
relationship with its former employees. 
The MTR Corporation embarked on its outsourcing 
journey as an internal strategy to be used where 
applicable to ensure long term cost 
competitiveness whilst maintaining high levels of 
safety and reliability. It did this within the framework 
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of an organisation where the majority of 
maintenance remains in-house. 
The construction of the new Tseung Kwan O Line 
(TKL), which opened in August 2002 provided the 
opportunity to extend outsourcing to infrastructure 
maintenance without a fundamental change in its 
relationship with its employees as all are retained to 
maintain the existing network. 
The TKL Infrastructure Maintenance Contract was 
successfully awarded in November 2002 to Barclay 
Mowlem (Hong Kong) Limited at a cost which was 
within the Engineer’s estimate and below the cost 
of undertaking the work in-house. The maintenance 
service commenced smoothly on 1 July 2003. 
This contract set a milestone in the use of 
outsourcing within MTR and Hong Kong, being the 
first award of an integrated railway infrastructure 
maintenance contract. 
Barclay Mowlem has had an 11 year association 
with the MTR and constructed the TKL trackwork 
and overhead line. This included maintenance 
responsibility during an Enhanced Defect Liability 
Period; part of the construction contract. This has 
enabled Barclay Mowlem to develop a detailed 
understanding and knowledge of the infrastructure 
and what is required to maintain it. 
Of course the relationship that had developed over 
the 11 years meant that the MTRC understood 
Barclay Mowlem’s culture, which also assisted the 
transition into outsourcing the maintenance. The 
great care taken to ensure all safety, quality, 
technical, human resource and cost factors were 
taken into account during the evaluation and 
tendering stage has been validated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Some valuable learning points have been validated 
from this exercise, in particular the adoption of a 
systematic process that fully involves the client and 
the tenderers to ensure that safety and quality are 
not compromised.  
There is now a viable source of local infrastructure 
maintenance contracting in Hong Kong, which 
would not have developed without the MTR acting 
as the 1st mover. This will be to the Corporation 
and Hong Kong’s benefit when further infrastructure 
maintenance outsourcing is undertaken. 
The process of Industry Review has been greatly 
beneficial to align MTR and contractor 
understanding of the requirements and fine tuning 
of the specification for mutual benefit 
MTR continues to ensure that it remains in control 
of the asset and that accountability for safety, 
quality and technical performance is retained by the 
Corporation.  
The Corporation has engaged Barclay Mowlem to 
maintain the TKL infrastructure within a framework 
that encourages participation in safety and 
technical decision making which was once solely 
the preserve of MTR. The contribution of an 
experienced contractor is valuable in driving 
continuous improvement. 
MTR has applied best practice from its experience 
of the railway outsourcing in the UK and combined 
it with the local capabilities and environment in 
Hong Kong. 
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INFRASTRUCTURE MAINTENANCE AND OUTSOURCING –  
THE WESTERN AUSTRALIAN EXPERIENCE 

Jelle Sibma, Assoc. CE, Civil Infrastructure Manager, WestNet 

 Antonio Notte BE, MIEAust, Infrastructure Services Manager, WestNet 

 

SUMMARY 

On July 10, 1996, Westrail, the Western Australian Government Railways, entered into Infrastructure 
Maintenance Services Agreements with John Holland Construction and Engineering Pty Ltd and Civil and 
Mechanical Maintenance Pty Ltd. 
The award of these contracts culminated a process of reform, started in 1995, which set out to create a 
modern Westrail – a financially independent Westrail, free from government subsidies. 
For Westrail’s Civil Infrastructure Group, this reform included, inter alia, the outsourcing of its primary 
function – the maintenance of the whole of its track infrastructure. 
What followed was many months of deliberations on what form the outsourcing would take, the form of 
contract, the tender process – including evaluation and selection of preferred tenderers, and finally 
negotiations which led to the signing of contracts. 
This paper outlines: 
• How and why these contracts were established; 
• The strategic process in selecting the “partnering” form of contract; 
• The experience to date, including the impact of privatisation of Westrail’s freight business; and 
• What does the future hold for the outsourced track infrastructure maintenance in Western Australia. 
 

1. INTRODUCTION 

The Australian Railroad Group (ARG) is one of the 
largest private rail freight operators in Australia, 
providing rail services across the country carrying 
about 45 million tonnes of rail freight annually. 
WestNet Rail Pty Ltd (WestNet), a subsidiary 
company of ARG, provides and controls access for 
above rail operators on approximately 5,000 
kilometres of track located in the South West 
corner of Western Australia. Figure 1 shows the 
WestNet network. 
WestNet came into being following the 
privatisation and sale of the freight business of the 
Western Australian Government Railways 
(Westrail) on December 17, 2000. 
Prior to this, on July 10, 1996, Westrail awarded 
major five year civil infrastructure maintenance 
services contracts, leading the nation on 
outsourcing of track maintenance work to the 
private sector. 
$250 million contracts were awarded to John 
Holland Construction and Engineering Pty Ltd 
(John Holland) and Civil and Mechanical 
Maintenance Pty Ltd (CMM). 
Some 8 years on, what is the Western Australian 
experience? 
 

 
 

 
Figure 1: WestNet Network 

 
Note: ARG is a joint venture between Western 
Australian company Wesfarmers Limited and 
international rail operator Genesee & Wyoming 
Inc. 
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2. THE MODERNISATION OF WESTRAIL 

As background to the events that were to change 
the infrastructure maintenance services 
arrangements in the then Westrail, an 
understanding is required of what was occurring 
within the National Rail Industry and to Westrail in 
particular during that time. 
The significant changes that occurred to Westrail 
during the 1995/96 period were inspired and 
driven by a number of external and internal factors. 
The key external factors included the Hilmer 
Report [1], which fundamentally recommended the 
opening up of government monopolies to 
competition, and the Western Australian State 
Government’s objective to free Westrail from 
taxpayer subsidies and make it financially 
independent. 
The key internal factor driving change within 
Westrail was the fundamental desire of senior 
management to centre a ‘modernised’ Westrail 
around its core business of: 
• transport of bulk freight; and 
• transport of passengers. 
Westrail accepted the challenge posed by these 
factors and in May 1995 announced the 
government approved “Right Track Program”, 
which set about to create a modern Westrail. 
A summary of the major decisions made in the 
1995 program for the modernisation of Westrail 
and the anticipated effect on the staffing, structure 
and infrastructure of the Western Australian 
railway system was published in May 1995 [2]. 
An essential outcome of the modernisation 
program was to ensure Westrail’s customers 
would enjoy competitive charges for rail services 
performed. 
The five year Grain Freight Agreements, signed at 
the end of 1994 between Westrail and its major 
grain customers, was an example of benefits from 
Westrail’s productivity improvements flowing onto 
customers. 
This was directly relevant to Westrail’s Civil 
Infrastructure Group, as the condition, 
performance (ie reliability) and cost to maintain 
roundly 3,500 kilometres of narrow gauge grain 
lines was a key component to achieve that 
outcome. 
To achieve the objectives of Westrail’s Right Track 
Program, it was recognised that Westrail’s cost 
structure had to fundamentally change.  It would 
be necessary to change from a high level of fixed 
costs (represented by capital and labour) to a high 
level of variable costs (represented by outsourcing 
of non-core activities and the rationalisation of 
non-essential assets). 
For Westrail this included: 

• Modernising the locomotive fleet (purchase 24 
new locomotives and reduce the total to 67); 

• Reducing the wagon fleet size and outsourcing 
repair and modification work; and 

• Outsourcing all plant and equipment 
maintenance. 

For Westrail’s Civil Infrastructure Group, the 
program included: 
• Outsourcing all caretaker maintenance 

activities; 
• Outsourcing all resleepering, construction and 

maintenance of centreline structures functions; 
and 

• Outsourcing track machine operation. 
It is relevant to note that this decision to collapse 
the “in house” Westrail Civil Infrastructure Group 
was not made as a consequence of the Group not 
being effective or efficient in the delivery of these 
services. 
On the contrary, the Civil Infrastructure Group had, 
like many of its counterparts in Australia and 
overseas, already undergone major change to its 
maintenance practices over time. For example: 
• Introduction of mechanisation in the early 

1960’s with plant and equipment (tamping 
machines) replacing manual methods. 

• Introduction of ‘cyclic’ maintenance in the 
1970’s - undertaken by specialised teams (eg. 
Resleepering Teams) and replacing the 
traditional ‘home town’ group of railway 
workers. 

• Open competition and deregulation of ‘less 
than container load’ traffics in the 1980’s with 
major capital investments in track upgrading 
(eg. Kwinana to Koolyanobbing concrete 
resleeping and rail replacement between 1980 
– 1984 and the re-railing of many of the 
narrow gauge grain lines from light 30/31kg 
rail to 41kg and 47kg rail). 

However, it was the need for a ‘flexible’ labour 
force (to achieve the fundamental change from 
fixed costs to variable costs) and the then State 
Government’s commitment to workplace reform 
that inspired the decision to outsource, which 
would result in significant civil maintenance staff 
reductions to be announced in May 1995.  The 
State Government, in effect, championed the 
private sector to achieve the required reforms 
more effectively than government departments, 
they being encumbered by deficient industrial 
arrangements. 
From a then Westrail Civil Infrastructure Group 
workforce of 564 (May 1995), the Right Track 
Program proposed to reduce this number to 184 
over a period of three years (ie. by 1998). These 
figures include all caretaker maintenance field 
resources, production teams and management 
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personnel. (Today, the WestNet Civil Infrastructure 
Group Workforce is less than 60.) 
As for selecting the vehicle for organisational 
change, the Right Track Project Team considered 
three options for delivering the changes identified: 
• CONTINUOUS IMPROVEMENT (based on 

TQM principles) – considered incapable of 
delivering the changes necessary within the 
time required. It would be an arduous process 
with severe industrial issues and disruption, 
and there was no guarantee of a successful 
outcome. 

• PRIVATISATION – leave the ‘new owner’ to 
create the changes necessary for Westrail to 
compete in the market place. However:  
- Westrail people best understood the 

business and a clear plan of what was 
necessary had been identified; 

- Westrail was not attractive to sell at the 
time and privatisation may or may not 
have been on the horizon; and 

- Certainly, the experience of other 
industries that relied on privatisation, to 
cure its problems, had not always been 
successful. 

• RE-ENGINEERING - an organisational 
restructure, in a dramatic manner, controlled 
and directed by a small specialised Project 
Team.  To succeed, re-engineering required 
commitment and support from the highest 
levels of the organisation – indeed from State 
Government level. This, then, was Westrail’s 
Right Track Program. 

3. IMPLEMENTATION OF THE RIGHT TRACK 
PROGRAM BY THE CIVIL 
INFRASTRUCTURE GROUP 

The Right Track Program outlined a three year 
program for the changes to be implemented. 
However, what became evident early, with the 
public announcement of downsizing / outsourcing 
and the impending reduction of staff, was an 
immediate desire for employees to be released 
under the ‘severance scheme’ that was on offer as 
part of the program. 
Under the State Government’s Public Sector 
Management Act 1994, retraining and 
redeployment was to be a priority option in 
assisting displaced employees. 
In practice this option was the least attractive to 
employees, and most chose the ‘severance’ option 
in the early period. 
Although the severance arrangement was on a 
‘selective and voluntary’ basis, but on the 
understanding that Westrail would not release 
specialist employees who possessed skills 
required for the ‘future’, it was difficult to 
implement.  This was primarily due to the 

uncertainty that lay ahead because the 
‘outsourced model’ had yet to be decided. 
It became clear to the management team that time 
was of the essence as there was reluctance by 
Westrail to hold back employees who had made 
the effort to find alternative outside work. 
It was an unfortunate consequence that many 
skilled employees were lost to outside the rail 
industry during this period.  
This was not foreseen at the time and was to 
adversely effect the outsourcing arrangements in 
Western Australia in the early and formative years. 
It became very evident that the new ‘arrangement’ 
had to be implemented sooner than the three 
years proposed. 
In addition, it was clear that the responsibility for 
ensuring that the track remained ‘fit for traffic’ and 
for safety and emergency response remained with 
Westrail and could not be ignored during this 
outsourcing period. It was considered that 
although the Right Track Program indicated a 
three-year change period, little more than twelve 
months could be allowed to have the new 
arrangements in place. This determined the 
manner in which the work scope would be offered 
to contractors. 
There were two immediate tasks that had to be 
implemented by the management team. 
Firstly, a review of the existing civil maintenance 
program was required to assess the existing 
maintenance strategies and practices and to 
identify the scope of work to negotiate the “future” 
contracts with external contractors – THE 
BUSINESS PLAN. 
Secondly, a decision was required as to what sort 
of contract to adopt. How was the work to be 
outsourced – THE CONTRACT FORM? 
An overview of these important considerations, 
which were to become the key fabric on what was 
to unfold over the next five years, follows. 

3.1 The Business Plan 

As already noted, the modernisation program 
sought to introduce competition and flexibility of 
resources into the activities of the Civil 
Infrastructure Group by outsourcing all civil 
maintenance functions. 
A key outcome of this outsourcing was to move 
from REACTIVE to PREVENTATIVE maintenance. 
An independent audit [3] of Westrail’s track 
infrastructure in July 1995 confirmed Westrail’s 
own conclusion that:  

• The network required an urgent ‘catch up’ re-
sleepering program; 

• The low-tonnage grain lines were most at risk; 
and 
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• The track maintenance and business 
strategies of the civil infrastructure and 
operating groups required integration.  

What followed was a major study [4] on how track 
maintenance should be delivered in the future. 
The recommendations of the study not only 
presented a long-term vision and strategy for the 
3,500 kilometres of narrow gauge grain network, 
but importantly developed a scope of works for the 
proposed external contracts. 
A key element of the study was to focus upon 
Westrail’s business requirements to derive the 
required track structure and condition to meet the 
above rail operating requirements, rather than 
determining track structure and condition in 
relative isolation to the business requirements. 
There was a perception – and certainly not without 
some truth – that track maintenance programs 
were driven by available resources rather than 
business requirements. However, it was clear that 
if a sound business case could be made for a track 
program relevant to business requirements, the 
funds required would be made available. 
The key recommendations from the study, which 
formed the basis of the business plan, were: 

• A massive capital investment of over $150 
million into re-sleepering the narrow gauge 
grain lines (in a 1 in 4 steel/timber pattern) 
and joint elimination. 

• Caretaker field resources (regional 
maintenance teams) to be dramatically 
reduced to comprehend (and justify) this 
capital investment. 

The business plan achieved the following 
objectives:  

• Satisfied business operational requirements. 

• Developed a long-term least cost track 
investment strategy and plan. 

• Defined the scope for civil maintenance work 
upon which tenders could be sought. 

It is interesting to observe that the 1995 study was 
based on a five-year average grain task of 5.1 
million tonnes per annum. This year 2003/04, 
WestNet is expecting to double that volume of 
grain, and with the investments in the track 
structure completed between 1996-2001, expect to 
cope well with the task. 
Suffice to say that the studies and reviews 
undertaken allowed the Westrail’s Civil 
Infrastructure Group to understand where it had 
come from and what direction (and how) it wanted 
to go. Certainly, a business plan is considered 
essential when contemplating an outsourcing 
program such as that proposed at the time. 
The Civil Infrastructure Group’s business plan 
allowed, for example: 

• A Resource Plan for the Network (field staff 
requirements) to be derived (over a five year 
period), for before, during and after the 
investments. 

• The identification of a timetable and 
investment spectrum for the major projects to 
be undertaken over a five-year period. 

• Support  (both financial and technical) for the 
recommendations of the study to be secured. 

Clear business strategies must be the basis for 
outsourcing (it must never be only about 
downsizing the workforce) and the business case 
needs to be confirmed after the contractual details 
(rates) are finalised. 

3.2 The Contract Form 

How was the work to be outsourced and what 
contract model to select? The Project Team set up 
to implement the changes within the Civil 
Infrastructure Group considered three options: 

• A ‘conventional’ contract – based on 
functional outsourcing, schedule of rates, 
supported by writing ‘tight’ specifications. 
However, as mentioned earlier, for an all-
encompassing contract arrangement, and one 
where the relationship with the contractor was 
to be long-term and seeking mutual benefits, 
this was clearly not the way to go. 

• A ‘performance’ type arrangement - with 
specific financial and productivity based key 
performance indicators (KPI’s) included in the 
contract, with penalties for non-delivery, and 
where risk would be directed to the 
contractor. 

• A ‘partnering’ concept – based on 
‘outsourcing’ the business process. The work 
would be tendered on a complete package 
and seek a partnership or ‘alliance’ type 
arrangement. It was envisaged that both 
parties would co-operate and work together 
and where the risk would be ‘shared’ between 
the two parties. More importantly, the contract 
document would be written in such a way as 
to support such a relationship. 

In 1995, examples of outsourced track 
maintenance contracts in the Australian railway 
industry, or indeed anywhere else in the world, 
from which to take a lead, were far and few 
between.  
However, it was known, for example, that British 
Rail were experimenting with the 
commercialisation of permanent way maintenance. 
Under their privatisation model, Commercial 
Service Groups  were established, the managers 
of which had to learn new skills as they moved 
from the traditional management of production to 
the management of contracts. 
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Hill-Smith [5], Network Civil Engineer, British Rail, 
made the following observations:  

“There is a substantial learning curve to climb 
by both parties to the contract. 
On the one hand, the knowledge and 
experience of undertaking Permanent Way 
Maintenance on an operational railway is not 
available with existing contractors, but on the 
other hand, railway Permanent Way staff are 
not experts in managing contracts. There will 
have to be a properly managed transition and 
mobilisation of the Contractor to minimise 
risk.” 

Also, locally, Hamersley Iron, a privately owned 
and operated purpose built iron ore railway in the 
Pilbara region of Western Australia, had an 
outsourced arrangement for track maintenance, 
from which valuable insight from their experiences 
was gained  
Service Level Agreements had been in the market 
place for some time. However, these were 
generally industry, subject specific (eg. in the 
Information Technology industry), and considered 
not directly applicable to the tasks as diverse as 
found in the rail industry. 
In essence, it was realised that a contract form that 
suited Westrail’s specific circumstances and 
requirements needed to be formulated. Whatever 
the model, it had to comprehend as a minimum:  

• Risk (both in terms of Rail safety and 
Occupational Health and Safety); 

• Value for money (long term); and  

• Maintaining or, preferably, improving the 
existing service. 

As previously stated, the Right Track Program 
required outsourcing of the various functions over 
a three-year time frame. However, as also 
indicated earlier, Westrail were losing staff rapidly 
following the announcement to outsource. The 
changes had to be made within twelve months. 
How, then, to prepare a tender document?  Should 
Westrail stay with the ‘traditional’ form of civil 
contracting? For example: 

• Write a detailed specification - as ‘tight’ as 
possible; 

• Ensure the terms and conditions of the 
contract covered all possible eventualities; 

• Supervise closely, check all work before 
payments, and ensure the detailed contract 
specifications are adhered to; 

• Establish an administrative team to manage 
the contract; and 

• Ensure marketplace competition remained 
open by setting relatively short contract terms. 

The Westrail Civil Infrastructure Group had the 
expertise to write such contracts for specific 
resleepering, rerailing or resurfacing projects. 
However, the Group could not say the same for 
the outsourcing of Mobile Teams and Caretaker 
Gangs. How do you write specifications about 
packing sleepers, tightening fishbolts, attending to 
heat buckles or supervising firebreak contracts? 
The Project Team decided functional outsourcing 
was not the way to go – it would be piecemeal and   
cumbersome, it would rely on conventional client/ 
contractor roles, and be difficult and expensive to 
administer. 
On the other end of the scale, were performance 
contracts, but was Westrail prepared to go so far? 
An  ‘Industry Briefing’ conducted early in the 
outsourcing program had alerted industry to 
Westrail’s intention to outsource civil maintenance 
services, and sparked responses in terms of how 
industry perceived the role it could play. The 
proposals received covered the full gambit of 
contract forms, from traditional to full performance/ 
alliance type relationships. 
Some critical questions were asked.  
Could the marketplace deliver? 
Did the private sector within the railway industry 
have the expertise and competence that the public 
railways had accumulated in the specialised areas 
of railway infrastructure maintenance? 
Could Westrail be confident that the work would be 
up to standard? 
How could Westrail be assured that the tendered 
price would “stick” and that extras would not be 
claimed? 
The pre-qualification outcome (which saw 7 
organisations out of a field of 23 short listed) 
offered Westrail a first insight as to the experience 
and general maturity of the rail industry, 
particularly in terms of provision of track 
maintenance services. 
It raised sufficient doubt as to the competency of 
railway contractors to provide a full maintenance 
service from the onset. Westrail was not 
comfortable in pursuing a full performance type 
contract at this point of time. 
It was decided that Westrail would: 

• Outsource the total package of civil 
maintenance functions – that is, both the 
caretaking functions as well as the more 
traditional capital expensed functions, such as 
resleepering, rerailing, etc. 

• Seek a ‘partnership’ or ‘alliance’ type contract 
based on cooperation rather than the 
conventional (and often adversarial) 
contractual relationship for a minimum term of 
5 years. 
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• Choose a ‘partnering’ contract, both in 
framework and in spirit, where the legal 
relationship of owner and principal contractor 
remains. 

• Include ‘partnering’ clauses within the terms 
and conditions of contract but not as legal 
conditions. The schedules to the contract to 
be completed on the forming of the contract 
once the successful tenderers were known. 

• Seek the ‘middle ground’, with a two stage 
strategic transfer of responsibility to the 
contractor. 
It would neither be a ‘lump sum’ (Schedule of 
Rates) nor a ‘cost plus’ (with management 
fee) contract, but a contract containing both  
- an HOURLY RATE for caretaker 

maintenance work (all inclusive of plant, 
equipment, overheads, direct operational 
costs and margin); and 

- UNIT RATES for the defined work such as 
resleepering, rerailing and resurfacing. 

Progress in two stages, allowing a transition 
period between Stage 1 responsibilities 
(where inspection and fault identification 
remained with Westrail) and Stage 2 
responsibilities (where inspection and fault 
identification transferred to the contractor) 
Clearly, define Westrail and contractor 
responsibilities under Stage 1 and Stage 2 
with both parties to share responsibility and 
risk. 

• Consider full performance as an option for 
later, but considered not likely to be before 
the first term of the contract. 

• Divide the Westrail Network into 3 distinct 
areas essentially based on synergy in 
operational, technical and geographical 
terms. 

 
 
Figure 2: Contract Areas 

• Attempt to select three contractors – one for 
each area as this was considered a 
manageable number offering both diversity 
and competition. 

• Divest all plant and equipment and track 
materials (with the exception of rails and 
sleepers) to the contractors to avoid being ‘in 
aid’. 

4. PROCESS TO AWARD OF CONTRACT 

The events as they occurred in the heady days of 
late 1995 to June 1996 are briefly described 
below. 
Suffice to say that as the process developed, the 
‘partnering’ concept that was to become the 
characteristic of these contracts was put to the 
test. 
The key steps in the process were:  

• Prequalification - short-listed ‘eligible’ 
tenderers, testing the industry in terms of 
what they could deliver. 

• Request for tender (RFT) – later described 
as the ‘first surprise’ by some tenderers, 
because it revealed for the first time what 
‘strategic relationship’ and contract form 
Westrail had in mind. 
The RFT included the terms and conditions of 
the proposed contract, and requested the 
tenderer to indicate their willingness to 
comply. 
It outlined a scope of work, rather than a 
definitive specification. It also included a 
questionnaire for the tenderer to respond to, 
cost models to provide hourly and unit rates 
and tender evaluation information. 
Essentially, the RFT provided the introduction 
of a ‘partnering’ approach. 

• Evaluation of tenders – the primary criteria 
evaluated was ‘capability’ and ‘partnering 
potential’ with ‘compliance’, ‘cost’ and ‘risk’ as 
the secondary criteria. 
From a pool of seven pre-qualified tenderers, 
a rigorous evaluation process provided only 
two preferred tenderers with whom Westrail 
was prepared to go forward with. 

• Selection of ‘preferred’ tenderers – John 
Holland was selected for Contract Areas 1 
and 2 and CMM for Contract Area 3. This 
signalled that Westrail, having made a 
decision upon the tender material it had 
evaluated, now wished to engage in direct 
discussions/negotiations. 

• Negotiations – held over an intensive six 
week period with both John Holland and 
CMM. The manner in which all parties 
engaged in this process ensured that a 
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partnering spirit was formed and expressed in 
the final document. 
An ‘open book’ policy was implemented to 
discuss the basis of all costs and pricing, 
including margins. The process in itself 
underpins the openness of this Contract 
arrangement. 

• Award of contract – upon the successful 
outcome of negotiations contracts were 
awarded to John Holland and CMM. 

The final contract documents between Westrail 
and John Holland and Westrail and CMM are 
essentially agreements as to the behaviour of both 
parties during the 5-year contract term. 
It is a relatively simple document, yet it addresses 
the more than 350 issues, problems and 
constraints, (legal, operational and technical) that 
were work-shopped before the preparation of the 
RFT Document. These issues were subsequently 
tested during the ensuing negotiations and 
engagement of the successful tenderers. 
5. FRAMEWORK OF THE CONTRACT AND 

REVIEW GROUP 
Both the John Holland and CMM Contracts were 
essentially similar. The contract documents 
comprise both terms and conditions (the legal 
portion), and 23 schedules shown 
diagrammatically in Figure 3. 
 

 
Figure 3: Contract Document Framework 

 
The terms and conditions are essentially fixed.  
The schedules are a ‘live’ part of the document 
and relate to all those events that form part of the 
working or ‘doing’ part of the contract. 
The schedules include, for example, delegation of 
authorities, resource levels, remuneration, dispute 
resolution, etc. 

The schedules also refer to supporting documents, 
for example, technical instructions, codes of 
practice, environmental plans and others. 
Following award of contract, mobilisation occurred 
for both contractors. An immediate task was 
negotiating the sale of all of Westrail’s vehicles, 
plant and equipment and small tools. 
This included Westrail’s narrow and standard 
gauge track surfacing machines. 
Partnering workshops, to introduce the new 
arrangements, were conducted with both the John 
Holland and CMM staff during this mobilisation 
period. 
Westrail was now ready for the contractors to 
transition to the Stage 1 level of responsibility. 
At the same time, a Review Group was 
established for each of the contracts in accordance 
with the contract terms and conditions. Each 
Review Group comprised two representatives from 
the client and two from the contractor with the 
senior Westrail representative as chairperson. 
The functions and powers of the Review Groups 
are clearly defined within the contract terms and 
conditions. They are primarily to monitor and 
review the provision of services, to facilitate a 
cooperative/partnering working relationship 
between the parties and to make necessary 
adjustments to the services as considered 
necessary. 
It was expected that the Review Groups would 
play a pivotal role in the success or otherwise of 
the outsourced arrangements 
In summary, the contracts were negotiated 
agreements where all parties had input and 
agreement into the final document. This remains a 
forerunner in the industry, and certainly the basis 
of how commitment, understanding and the 
partnering sprit is initiated from onset. 
Yes the owner did define the work; determine the 
resource (manpower) level and where the 
caretaker teams would be located. The owner did 
‘agree’ on plant and equipment and support items. 
And most importantly, Westrail, on the basis of a 
financially proven business plan, did provide a 5- 
year blueprint for the 5,000 kilometre network. 
This enabled Westrail to remain in control, as an 
‘informed client’, during this critical time of change. 
The whole process became a fundamental link to 
the modernisation program, to establish a 
refurbished network with defined 
technical/operating standards, and where the new 
infrastructure contractors were to be essential 
parts of the outcome. 
Importantly, by providing the new contractors with 
a ‘balanced’ scope of work - both construction 
work (in which they were experienced) and 
caretaker work (which was relatively new), allowed 
them to become established and accustomed to 
their new maintenance roles. 
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6. CHALLENGES, EXPERIENCES AND 
OUTCOMES 

6.1 The Early Years: July 1996 to December 
1997 

The first 12 months of the contract, for both 
contractors and Westrail, was a testing period. 
Westrail personnel had to change from ‘doers’ into 
contract managers, and the contractors had to 
grapple with the new way of working, often without 
the local knowledge that had been lost during the 
outsourcing period. 
The magnitude of this historical ‘cultural change’ 
should not be underestimated. 
Re-establishing a workforce with the required skills 
and commitment to provide infrastructure 
maintenance service to over 5,000 kilometres of 
network, as diversely spread as the Westrail 
network, was a major challenge for the new 
contractors and Westrail. 
The mobilisation task in itself was enormous in the 
time frame allowed. 
For example, in the John Holland case, it required 
the recruitment of some 30 
management/supervisory staff and 205 field staff. 
In the CMM case, mobilisation required the 
recruitment of 25 management/supervisory staff 
and 72 field staff. 
Mobilisation also required the planning and fit out 
of 8 regional offices (5 in the narrow gauge and 3 
in the standard gauge areas); the negotiation and 
purchase of some $10 million worth of vehicles, 
plant and equipment; the establishment of supply 
warehouses and the development of procedures 
and processes for the effective operation of the 
organisation. For Westral’s part, the management 
of the downsizing of the existing workforce and 
transition to the contractor, and the establishment 
of a new structure for contract management with 
changed roles, was a significant undertaking. 
Early ‘partnering’ workshops were held between 
Westrail and the respective contractors, with mixed 
success. 
It would be fair to say, on reflection, that there 
were real difficulties in this early period. Westrail 
personnel no longer were in direct control of field 
groups – they had to change from ‘hands on’ type 
supervisors into contract managers. Westrail 
retained responsibility for track inspection and fault 
identification (rail safety), work planning (short 
term, annual and long term) , preparation of capital 
and operating budgets (financial control) and 
ultimately remained accountable for contractual 
outcomes. 
The two contractors had to change from being 
traditional ‘construction’ type contractors to 
becoming a cooperative and competent ‘service 
provider’, working closely with the client. 
This type of contract arrangement envisaged was 
never going to occur overnight, and success of the 

new arrangements would depend on the 
willingness and capability of people from both 
sides to accept their new roles. Hence, the 
emphasis on ‘capability’ and ‘partnering potential’ 
in the evaluation phase of the tendering process. 
It was stated from the onset (and emphasised at 
the partnering workshops) that the approach that 
Westrail was taking was the first of its kind in 
Australia and presented a very rare example of 
railway contracting anywhere in the world. 
It was a new concept resulting from a new 
approach, and time was to test its 
appropriateness. Clearly both Westrail and its 
partners, John Holland and CMM, stood to gain 
from the success of this venture, and failure was 
not a considered outcome. For example, as 
testament to the commitment, Westrail and John 
Holland management agreed from the onset that 
the regional offices would house both Westrail and 
John Holland staff (albeit with a ‘wall’ between) to 
emphasise the need for both parties to work 
closely together. 
It is interesting to note that, today, these 
arrangements are still in place, but for all practical 
purposes, there may well be no barrier – in some 
regional offices, the ‘walls’ have actually been 
removed. 
It was incumbent on the respective project leaders 
(Westrail’s infrastructure managers and the 
contractors’ project managers) to provide support, 
direction and encouragement to the groups. All 
had to be reminded that the contract was framed 
around processes and relationships.  
The greatest danger was to fall back to the ‘them’ 
and ‘us’ attitude, as unfortunately it did too early in 
some areas. 
It was the key people who would make this 
arrangement work, most notable the respective 
Regional Perway Superintendents – and not the 
words of the Contract. 
There is no doubt that the first 12 months saw a 
downturn in overall maintenance performance in 
both contract areas as all parties grappled to come 
to terms with the new environment. 
During this early period, there were 2 main line 
derailments attributable to the contractor’s 
inexperience and shortcomings. 
However, by the end of the first 12 months, there 
were some real positive signs that things were 
starting to turn around. 
For example, in the John Holland Contract the re-
sleepering, and the joint elimination projects were 
operating to a high level of efficiency. 
Within 12 months, John Holland was doing what 
had not been possible under the old Westrail 
regime, with productivity, safety and costs all well 
improved. 
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In the regions, better ‘alignment’ between key 
client and contractor people was fostering a 
climate of ownership and combined responsibility. 
By the end of December 1997 – especially in the 
John Holland Contract, a different ‘mood’ 
enveloped the contract. The culture shock had 
dissipated, both sides were working together and 
the introduction of new work practices and quality 
control were having a positive result. 
Performance overall – in major projects, minor 
works and caretaker maintenance improved 
dramatically. Both sides now worked together to 
achieve common objectives. This turnaround in 
overall performance is referred to as the ‘J-curve’. 
Figure 4 shows the ‘J-curve’ of actual performance 
diagrammatically against the expected 
performance. 
 

 
Figure 4: Contract Performance – the “J” Curve 
 
Reasons for the marked improvement included: 
• Acceptance by Westrail personnel that this 

was the new way, there was no going back; 
• Familiarisation with the process – each party 

had defined roles and responsibilities; 
• Trust and teamwork – expressed for example 

where Westrail Perway Supervisors would fill 
in for their counterparts, and vice versa, for 
periods of absence; 

• Regular and disciplined communication 
process. For example: 
- Fortnightly planning/ scheduling sessions 

by respective Westrail and contractor 
regional superintendents; 

- Fortnightly operation meetings between 
senior Westrail and contractor engineering 
staff; 

- Monthly review meetings at regional 
offices attended by the respective Westrail 
and contractor senior managers; 

- Three monthly reviews for managers often 
held at regional centres; and 

- Open dialogue between the respective 
personnel to sort out any problems. 

• In the John Holland case, the implementation 
of a Joint Risk Management Committee – a 
partnership between Westrail and John 
Holland into the reporting, investigation and 
actioning of all aspects of rail safety, work 
safety and environmental issues. 

• KPI’s were NOT thrust forward from Day 1 to 
be the measure of success. From the onset, it 
was Westrail’s position that the initial focus 
was to concentrate all effort on moving the 
contracts in the right direction and only 
implement a small number of essential KPI’s. 
The selected KPI’s  centred on:  
- Safety measures; 

 all aspect of Occupational Health and 
Safety 

 all aspects of Railway Safeworking 
- Productivity measures of the major works 

only. 
It was agreed that other relevant KPI’s would 
be introduced progressively. 

6.2 The Consolidation Period (January 1998 to 
December 2000) 

The period from 1998 (some 18 months from 
commencement of contract services) saw further 
improvement in the behaviour of all parties. This 
was again most evident in the John Holland 
contract. 
In the John Holland Contract, the project 
production teams (there were 3) involved in the 
capital resleepering and track welding programs 
had performed to high levels of safety, productivity 
and work standard, and had displayed excellent 
cooperation with Westrail. 
In addition, during this period, the John Holland 
maintenance effort in the field, in both the urban 
and regional areas, together with the engineering 
and administrative support from the regional and 
Perth offices, had improved such that the Review 
Group [6] concluded that John Holland had 
attained “Stage 1” level of responsibilities as 
described in the contract. 
Furthermore, there was excellent response and 
cooperation during emergency incidents that 
included 2 running derailments of 30km total 
damage, and record flooding in the Northern Grain 
Region on two occasions, April 1999 and again in 
June 1999. 
In those incidents, all three John Holland project 
teams were deployed as allowed for in the contract 
clauses related to emergency operations. 
Overall, the performance during this consolidation 
period vindicated the confidence expressed by the 

July 1996 Oct 1996 Mar 1997 Jan 1998

Actual Performance
           ‘J’ Curve

Expected 
Performance
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Review Group (for the John Holland contract) [7], 
particularly in respect to the partnering 
relationship. 
Importantly, the contract document had been 
tested and proven to be a practical document. It 
should be seen as testimony to the partnering 
relationship that the document has not been used 
to arbitrate on any major issue, but instead seen 
as a reference document for scope definition and 
responsibility. 
The following key performance indicators sum up 
the period July 1996 to December 2000: - 

6.2.1 Safety 
6.2.1.1 Occupational Health and Safety  
 
Figure 5 shows the Lost Time Incident Frequency 
Rate (LTIFR) reducing substantially against a 
reducing target since the start of outsourcing. 
 

 
Figure 5: Lost Time Incidents 

 
6.2.1.2 Derailments 
 
Figure 6 shows the derailment statistics (both total 
and track caused numbers), from the start of 
maintenance outsourcing against a backdrop of 
increasing gross tonne kilometres. 
 

 
Figure 6: Derailment Statistics 

 

6.2.2 Finance 
 
Figure 7 shows actual operating expenditure (as a 
percentage of the 95/96 year) for civil 
infrastructure maintenance for the fiscal years 
95/96 (before outsourcing) and 99/00 (before 

privatisation) and the calender year 2002 (one 
contractor only). 
 
 

Figure 7: Actual Operating Expenditure 

 

6.2.3 Productivity 
During this period of consolidation, productivity 
improved significantly.  For example, in the John 
Holland case, the total cost per sleeper insertion 
decreased substantially over this period and 
continued to decrease despite reducing volumes. 
Figure 8 shows both the total cost per sleeper 
insertion (includes all labour, material and sundry 
costs) against the backdrop of total sleeper 
insertions per year; 
 

 

Figure 8: Resleepering Rates 

 
In the CMM case, some 540,000 sleepers were 
inserted between 1996 and 2000 in the standard 
gauge tracks (Kalgoorlie-Leonora and Kambalda-
Esperance). However, the resleepering occurred 
as two distinct projects with the cost per sleeper 
negotiated separately not allowing a similar 
comparison as for the John Holland case.  

6.2.4 Labour Flexibility 
 
From the outset, WestNet has determined the field 
resource levels. Figure 9 shows the contractor only 
field resource levels provided during the two- 
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contractor phase and, more recently, with the one 
contractor against the backdrop of percentage 
turnover. The labour flexibility demonstrated by 
this graph would not have been possible before 
outsourcing. 
 

 

Figure 9: Contractor Field Resources and 
Turnover Rates 

6.2.5 Satisfaction Rating 
 
As part of the contract review process, the Review 
Group for the John Holland contract surveyed key 
personnel from both WestNet and John Holland to 
gauge overall performance of the outsourced 
arrangement. – a view from the ‘coal face’. The 
survey consisted of a series of questions, one of 
which was to rate performance as a score from 10. 
The results from the Review Group Reports [6,7,8] 
are summarised in Figure 10. 
 

LOCATION Score 1 
OCT ‘97 

Score 2 
NOV ‘99 

Score 3  
NOV ‘02 

Kalgoorlie N/A N/A 7.20 
Narngulu 8.00 7.63 8.25 
Narrogin 8.25 7.65 9.00 
Picton 4.38 7.40 8.30 
Bassendean 
(Midland) 

N/A N/A 8.30 

Northam 7.25 7.95 8.20 
Overall 6.97 7.66 8.20 

 
Figure 10: Partnering Satisfaction Rating (as a 

Score out of 10] 
 
Further benefits of the partnering arrangement 
included: 
 
• Enhanced financial control; 
• Transfer of all centreline structures work to the 

contractor; 
• Reduced inventory levels 
• Improved track surfacing efficiency; and 
• Improved response levels. 

Similar progress was evident in the CMM contract, 
however, the partnering concept was not as 
advanced – there remained some reluctance to 
embrace the new arrangements within this 

contract.. Therefore, the achievements in this 
contract were not as marked. 

6.3 Privatisation – December 2000 

While the privatisation of public owned assets may 
not have been on anyone’s political agenda in the 
early 90’s, it certainly was in the latter part of the 
decade. The announcement by the then Liberal 
State Government of Western Australia in 1999 of 
its intention to privatise Westrail’s freight business, 
therefore, came as no surprise. Within Westrail, 
this was seen as a logical extension of the 
‘modernisation’ process commenced earlier. After 
all, Westrail was now a far ‘leaner’ and ‘meaner’ 
organisation with, by any standard, a fit for 
purpose network with a best practice infrastructure 
maintenance arrangement. 
As the Government’s sale process extended into 
2000 and it became clear that the impending sale 
of Westrail’s freight business would include a 49 
year lease on Westrail’s freight infrastructure, two 
fundamental issues faced Westrail’s infrastructure 
management team. 
Firstly, it would be necessary to excise the 
maintenance of Westrail’s urban infrastructure 
from the John Holland infrastructure maintenance 
services agreement. 
Secondly, the timing of the sale was approaching 
the end of the first five year term of both the John 
Holland and CMM agreements, and any decision 
to terminate or extend beyond the first five year 
term required notice at least 6 months prior. 
Given the uncertainty of the winning bid and to 
give the eventual successful bidder the opportunity 
to understand and to come to grips with the 
outsourced arrangements for the infrastructure 
maintenance, a number of decisions were taken. 
• Separate the John Holland infrastructure 

maintenance services agreement into a 
FREIGHT CONTRACT and an URBAN 
CONTRACT under the same terms and 
conditions as the original agreement. 

• Extend the John Holland Urban Contract for a 
further 5 year period from the sale date. 

• Extend the John Holland Freight Contract for a 
further 12 months with an option to extend for 
a further 5 years. 

• Extend the CMM infrastructure maintenance 
services agreement for a further 12 months 
with an option to extend for a further 5 years. 

In each case, deeds of variation and extension 
were negotiated, with some changes to resource 
levels and unit rates, and signed in December 
2000. 
On December 17, 2000, the Westrail freight 
business was transferred to the successful bidder, 
ARG . 
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WestNet, a subsidiary of the ARG, assumed the 
role of lessee of the infrastructure and 
responsibility for maintaining the infrastructure fit 
for purpose and for providing access to that 
infrastructure for all above rail operators. 

6.4 Further Consolidation 

Following privatisation in December 2000, the new 
organisation ARG now had business 
arrangements with three prominent railway 
maintenance contractors, namely John Holland 
and CMM in Western Australia, and Transfield in 
South Australia. The 5 year contracts in Western 
Australia, that had been extended by 1 year 
because of the sale process, were due to expire in 
July 2002. 
However, WestNet needed to provide Notice of 
Intent by September 2001 to its contractors. 
Infrastructure maintenance services to the 1,400 
kilometres of the Australian Southern Railway 
(ASR) network is provided by one contractor, 
Transfield. This is a 10 year contract, and at the 
time was in year 4 of its term. 
In early 2001, a Review Process of the 
arrangements was undertaken by an internal 
WestNet Management Team to report and 
recommend on how future infrastructure services 
could best be provided to the new ARG (that is 
WestNet and ASR). 
• A ‘seven step’ due diligence process formed 

the basis of the review. This model included 
such important considerations as the role of 
the Rail Safety Regulator in Western Australia, 
and Corridor Lease obligations. 

• The review considered six options on how 
infrastructure maintenance services could be 
provided over the extended 5-year term – and 
assessed, in subjective and financial terms, 
the relative merit of each.  

• In the evaluation criteria for the options, there 
were four deliverables considered essential: 
- Ability to reduce costs – both internal 

(WestNet) and external (contractors). 
- Obtain an effective service from onset 

(that is, a seamless transfer of services 
and flexibility for continuous improvement). 

- Acceptable risk – this was based on the 
premise that WestNet retained ultimate 
responsibility for track standards and 
financial outcomes (annual budgets – and 
in doing so, WestNet would, as it had in 
the initial 5 year Contracts, determine field 
resource levels). 

- Earliest and easiest implementation. 
Of the six options considered, ARG opted to retain 
the existing arrangements in South Australia, but 
only ONE contractor for WestNet, providing similar 
levels of infrastructure maintenance services as 
the existing arrangements. 

Why was one contractor (for WestNet) now 
feasible? 
Unlike 5 years earlier, when Westrail was the first 
major railway to outsource its infrastructure 
maintenance, the capability and performance of 
the market was now known. 
In addition, the thinking was that the reduced ‘field 
resources’ did not require, and could not support, 
two sets of contractor overheads. Figure 11 shows 
the field resources proposed under the one 
contractor arrangement. 
 

 July 1996 June 2001 Proposed 
July 2002 

John 
Holland 171 106 115 

CMM 72 62 - 

TOTAL 243 168 115 

 
Figure 11: Field Resources (Contractor only) 

 
The above proposal recognised the considerable 
capital investments made in both the narrow and 
standard gauge tracks in the period 1996 – 2001, 
and the investments proposed in the next 5 years. 
The reduced field resources would be located 
strategically to support/respond to the heavier 
tonnage lines. 
Finally, the Review Team, via a formal process of 
ranking the performance of the three contractors, 
recommended that John Holland be selected as 
the preferred contractor to provide maintenance 
services in Western Australia. 
Why did WestNet opt to negotiate with John 
Holland, and not go to the market – that is tender? 
The key reasons were: 
• The benefits of partnering, achieved over a 5 

year period with significant investment by all 
parties, would potentially be lost, once again at 
a cost. 

• WestNet knew the market and market costs. 
WestNet were well positioned to negotiate with 
the preferred contractor.  

• In return, John Holland was able to provide the 
confidence that they understood the necessary 
outcomes for the next 5 year arrangement. 

• Tendering would add 6 months to any 
process, there would be significant costs, and 
of most concern, it would be disruptive to the 
business and de-focus contractors and 
WestNet staff. 

On 15 February 2002 the infrastructure 
maintenance service agreement with John Holland 
was expanded to include approximately 1,500 
kilometres of the standard gauge. 
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The contract with CMM was terminated and 
arrangements concluded in a amicable manner, 
and according to the contract requirements 
(Schedule 4 of the contract related to the 
Handover Plan). 
The rationalisation of the two contracts into a 
single service provider proved to be both timely 
and successful. 
It has resulted in: 
• Significant resource reduction and financial 

benefits, as seen in Figure 12. 
 

Two Contractors 

Overheads Field 
Resources Contractors WestNet 

TOTAL 

190 47 38 275 

 
Single Contractor 

Overheads 
Field 
Resources John 

Holland 
WestNe

t 
TOTAL 

Reduction 

137 34 28 199 76 

123 34 28 185 90* 

* Proposed following completion of 2004 capital works 

 
Figure 12. Total Resources 

 
• The immediate financial saving in 2002 was in 

the order of 8% (total operating funds) 
increasing to 15% for 2003 and subsequent 
years. 

• Most importantly, one leadership team 
promoted better communication, improved 
resource coordination and overall a more 
efficient and effective service. Positive 
comments from the expanded team, and 
excellent results in project work undertaken in 
all regions (including the Goldfields where 
historically there had always been labour 
problems) vindicated the move to a one-
contractor arrangement. 

 
6. DISCUSSION 
 
After 8 years experience if we were to ask whether 
the ‘modernisation’ of Westrail and, in particular, 
the outsourcing of Westrail’s civil infrastructure 
maintenance services has been successful, the 
resounding answer is yes. The major indicators, 
such as safety, productivity, financials, 
derailments, etc, all support this. 
Why has it been successful and can it be 
replicated elsewhere?  
• Our experience has indicated that for effective 

change to occur the psychology (or culture) of 

the organisation must change. This must be 
clearly defined through a strategic process that 
results in a blueprint of how it is to occur. In 
this case, Westrail’s Right Track Program 
provided the strategic direction. 

• For any major structural change that requires 
change to culture, of the magnitude 
contemplated by Westrail, needs the 
commitment of all stakeholders from the very 
top. In this case, without the commitment of 
the State Government and the executive team 
at Westrail, the modernisation and outsourcing 
would not have been successful. 
For example, it would have been too easy to 
give in to the demands of the industrial unions, 
which by their very nature would be expected 
to resist such changes that clearly affected 
their membership and very existence. 

• The choice of an outsourcing model that 
provides for the client remaining ‘informed’ and 
in control is paramount in the first instance. 
With any major change, there is an initial 
period of uncertainty where nerves are tested. 
This has previously been referred to as the ‘J’ 
curve and shown diagrammatically in Figure 4. 
During this period, the client must be 
unwavering in its objective.  The client must 
remain informed and in control in order to 
remain faithful to the process of outsourcing. It 
would be, again, too easy to give in to 
pressures to go back to the way ‘things were’, 
as it appears too hard. 
Above all, it was the role of Westrail to provide 
leadership and foster a close working 
relationship between client and contractor, to 
motivate and ensure that a team spirit 
prevailed. At the end of the day, the success 
or failure of this new experiment was important 
to both client and contractor, and as we had to 
remind Westrail people often in the early years 
– “it was our decision to dismantle the old 
structure and outsource, we had better make it 
work”. 
By essentially retaining responsibility for the 
rail safety critical functions of inspection / fault 
identification and medium to long term 
planning, the field problems, which were 
essentially cultural in nature and more about 
the ‘them’ and ‘us’ syndrome, could be 
addressed and resolved to the satisfaction of 
both parties. 

• The need to accept that any major change of 
this nature is ‘people’ dependent and that 
issues such as choice of people for respective 
roles, training of people for their new roles, 
need to be addressed early. It is essential for 
the success of the change process. Ensuring 
and working towards compatibility between 
respective staff from both the client and 
service provider is essential. In this case, the 
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clear separation of the ‘doing’ role from the rail 
safety and financial role, while initially seen as 
duplication in resources particularly at the Per 
Way Superintendent level, was a key factor in 
the success of the outsourcing model chosen. 

• Serious consideration must be given to 
whether KPI’s should or should not form an 
integral part of the arrangement, particularly 
those that are incentive based and affect the 
financial position of either party. It is the 
authors views that these type of KPI’s divert 
attention from the real issues which are about 
building trust and understanding between the 
two parties in an environment of significant 
change. However, this is not say that some 
other KPI’s are not useful, particularly when 
introduced progressively, as was the case in 
Western Australia. 

• The establishment of an effective 
communication program has resulted in open 
communication and a clear understanding 
between WestNet and John Holland groups 
and personnel. This continues to be 
championed by the current project senior 
management. 

• The establishment of an effective review 
process under the control of an overall 
contract management team, where both 
parties are represented, is essential. In 
Western Australia, the Review Group provided 
this role. The Review Group must provide the 
drive to achieve the outcomes of the 
outsourced arrangement and continue to 
demonstrate commitment to the process at all 
times. 

• Most importantly, an open working relationship 
must occur between management/ supervisory 
staff at the regional level for the arrangement 
to work successfully – for example, joint input 
into fortnightly work scheduling meetings. 

8. CONCLUSION 

The contract arrangements in Western Australia 
have delivered to date – but where tomorrow? 
Will the ‘partnering’ arrangement for the provision 
of infrastructure maintenance services by John 
Holland to WestNet be the best model for the next 
3-5 years? 
The question is asked in light of the changes and 
external forces that will effect all railway owners. 
Privatisation, acquisitions, competitive pressure by 
above rail operators, capital rationing and 
demands for bottom line results have changed the 
face of the industry in a very short time. All these 
issues are real, and the authors consider that the 
rapid changes in the Australian Industry require a 
pro-active approach to allow a successful business 
to remain ahead of the field. 
Certainly, this can be said about the WestNet – 
John Holland partnering arrangement. There is 

little doubt that the arrangements have been a 
watershed in the Australian (and wider) rail 
industry. 
Having said that, it is also the authors view that the 
contract arrangement must ‘move on’ to remain 
relevant and vibrant. 
To do this, the rail industry must:  
• Seek solutions to the question of sustainability 

of a dwindling experienced workforce. This 
issue will be further exacerbated by 
competition and fatigue management 
principles that will effect this industry. 

• Recognise that owners seek ongoing 
productivity improvements and cost 
reductions. 

WestNet are considering moving from a Stage 1 to 
a Stage 2 level of performance which would 
involve the transfer of more responsibility to the 
contractor – in essence making it a more 
performance type arrangement. 
WestNet are doing this in response to the current 
issues that face it.  WestNet is able to do this now 
because:  
• During the past eight years both parties have 

grown and constantly improved the 
arrangement; 

• Both parties have developed a long-term 
business relationship based on people and 
trust; 

• WestNet recognise that the change process 
does not stop. The WestNet/John Holland 
relationship allows both parties to continue to 
move forward and lead and control the 
process of change.  The contract document is 
sufficiently robust to allow this. 

Infrastructure owners and their contractors must 
work closer than ever before and collectively 
harness their best asset – the people element, and 
consider them not as human resources, but as 
human capital. 
That is the way that WestNet intend to go forward. 
There is little doubt that tomorrow will bring more 
and different challenges than those faced in the 
past nine years. 
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DEVELOPMENTS IN VIRTUAL REALITY AND 
COLLABORATIVE RAIL TRAINING 

Michael Eichinger  
BE MIEAust, MDesign  

Sydac Pty. Ltd. 

SUMMARY 
Training is a key element in the continuous improvement of safety and operational efficiency in railways.  
Maintaining motivation for training and skills maintenance where high standards of operation already exist, 
where improvements are typically incremental, and the frequency of serious incidents is very low, requires 
ongoing innovation in, training tools, facilities and the associated training methods. 
Train simulators have been in use in Australia for nearly 20 years providing virtual rail environments for rail 
training.  Sydac has been developing new and continuously refining, commercial computer based rail 
simulator technology and training tools in Australia for more than 10 years.  This paper looks at recent 
developments in virtual reality (VR) training applications, networking of multiple simulators and the 
associated developments in action based, reflective and collaborate learning as applied to rail training. 
This paper uses Sydac’s driver training simulators based training at Australian Rail Group (ARG) and QR; 
State Rail Authority NSW (SRA) recently commissioned RealityCentre™ rail training applications; and SRA’s 
upgraded inter-connectable train simulators, developed by SYDAC under contract to SGI, as examples.  The 
paper also highlights some of the rail training specific requirements and lessons learned during the 
introduction this of new technology. 
 

 
Figure 1: Virtual Reality Facility at SRA NSW
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1 INTRODUCTION 

1.1 Early simulators and virtual environments 

Driving simulators have been used to train drivers 
in Australia for nearly 20 years.  Some of the 
earliest simulators include: Queensland Rail’s 
original 3000 Class Electric Loco Simulator built in 
1986 and freight and passenger train simulators 
built for the Victoria railways around the same 
time.  

 
Figure 2: Early Driver's Console based 

simulator but with updated computer screens 

To create the level of fidelity required for effective 
training, the first generation rail simulators created 
an artificial cab and track environment using 
mostly real cab components and controls.  The 
out-the-window (OTW) visual scene was provided 
via video footage of real track filmed from a real 
train. This footage was provided as a library of 
videotapes or laser disks.  The aural environment 
was created by playback of pre-recordings of real 
in-cab sounds via speakers in the replica cab.  A 
computer software simulation of the train 
controlled the audiovisual environment and 
simulated train controls. 
The driver interacted with the simulation by 
operating real controls in the physical mock-up, 
which was in effect a real cab.  The OTW vision 
and the audio, as a result of being pre-recorded, 
were also very real. The beneficial result was a 
very realistic (high fidelity) environment. 
There were some significant limitations as a result 
of using mostly real elements controlled by a 
computer simulation.  These included not being 
able to display changes visually in the state of 
dynamic objects such as, signals, points, other rail 
traffic, trackside workers, track obstructions or 
changes in weather or time of day. The vision 
quality also degraded when the simulated train 
was driven at speeds significantly different from 
the speed at which the vision was recorded. 
Computer power was also very limited by today’s 
standards, so train models were very simplified 

models of real trains, making extensive use of 
empirical data in the form of lookup tables. This 
limited the range of faults and procedures that 
could be simulated. 
To address the issue of not being able to change 
the signals, some simulators use a box containing 
3 lights, located adjacent to the screen, to 
represent the next signal. The instructor sets the 
state of the signal by simply switching on or off 
the appropriate lights as and when appropriate. 
As a result of these technical limitations the 
training typically was limited to vehicle operation 
familiarisation, train handling, route familiarisation 
and limited fault training.  
These simulators typically were sold and justified 
on the basis of being cheaper to buy and operate 
and/or safer to train in than the real thing, i.e. they 
were a substitute for training on a real train. 
The simulator design and the associated training 
approach were based on aircraft flight simulators, 
which predated train simulators.  Research into 
the effectiveness of flight simulators, by Stanton 
as cited by Dodshon [1], had proven the cost 
effectiveness of simulators for training in normal 
operational, fault and emergency conditions. 
Research, by Johnson and Rouse, as cited in 
Dodshon [1], found that as the operator’s 
competence increased, if performance and 
learning transfer were to be optimised, the 
simulator fidelity requirements increased.  As a 
result much of the subsequent development of rail 
simulators, as with flight simulators, focused on 
improving the physical and psychological 
(operational) fidelity of the simulators. 

As increased computing power, increased 
storage capacity and improved graphics 
technology became available, it was used to 
improve simulator functionality and 
psychological fidelity. Physical fidelity, due to 
the real cab equipment, already was high. The 
technological developments resulted in more 
accurate and detailed train models; more 
complex train configurations, more complex 
train faults; and various distributed power and 
remote braking arrangements. 

This style of simulator has and continues to be 
used successfully for the development of high 
levels of driving skill for heavy hauls trains. 
Some of QR’s early experiences using first 
generation simulators, changes to their usage 
over time and benefits gained through the 
application of cooperative research with the 
Central Queensland University, are described by 
Roach and Wilson [2]. This research showed that 
measurable improvements in driver performance 
could be gained through a change in emphasis of 
the training. The training emphasis shift was from 
one of practice makes perfect to a collaborative 
action learning approach (described later in this 
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paper). This was combined with simulator tuning 
and validation via a user feedback (i.e. user self 
learning and empowerment providing added 
motivation).  The QR experience showed that as 
the training organisation became more 
experienced with the simulator technology, 
developments in training methodologies were also 
an important element of improvements in the 
operational outcome. 

2 SIMULATOR BASED COLLABORATIVE 
ACTION LEARNING 

A collaborate action learning model for rail driver 
training, as briefly described below, provides an 
example of one of the training methodologies 
developed specifically for simulator based rail 
training.  This successful methodology has 
become a driver for technological developments 
in rail simulator and virtual reality training tools.   
The “train dynamic learning concept” described by 
Wilson [3] is based on action research, action 
learning and experiential learning.  
It is a collaborative approach involving small 
groups of users, who use the simulator to drive a 
section of virtual track. They assess their own 
performance and compare runs with those of 
other users in the group. They evaluate the run 
and identify problems and causal factors. A 
training facilitator supports this activity providing 
extra expertise as necessary. Proposed actions 
are formulated based on their assessment of the 
critical factors.  They develop a revised model of 
their understanding of the train operation and use 
this as a basis to develop improved driving 
strategies.  The simulator allows them to try out 
their new strategies. Experimentation and 
reflection on the results is encouraged to allow 
the collaborative development of a best driving 
practice for the train route combination.  The 
driving model then is transferred to the work place 
and the results fed back to the training centre.  
Tools allowing comparison of real driving runs 
with the simulated results allow the closing of the 
training feedback loop. 
This training approach develops driver’s 
(declarative/cognitive) knowledge, which is based 
on experience and experimentation. It 
incorporates reflection and problem solving 
resulting in a more knowledgeable, problem 
solving driver, as well as a more skilled driver. 
An analysis of the effectiveness of this approach 
has been reported by Dobshon [1].  The study 
carried out was short and had a small sample size 
but still found a statistically significant increase in 
declarative learning using this approach.  Further 
studies (with larger groups over a longer time) 
have been recommended to assess the 
effectiveness of other aspects of this training 
including learning transfer to operations. 

Features of the train simulators that have been 
refined to support this approach include the ability 
to: precisely replicate the virtual environment and 
vehicle performance characteristics; store and 
manage this data to allow it to be used multiple 
times by one or more drivers; allow full and partial 
run comparison between different drivers and 
historical comparisons for the same driver; 
calculate critical performance information for the 
run in addition to that normally available on the 
locomotive (in train forces, wear indexes, energy 
consumption and trip times etc); record this 
information along with driver actions and present 
them in a manner to allow the cause effect 
relationship to be understood by the drivers.  
Second generation simulators including refined 
features, as identified above, to support 
collaborative action learning have been 
introduced to QR and Australian Rail Group 
(ARG). An initial qualitative assessment of the 
impact of their introduction to ARG, reported by 
Brackenbury et al [4], indicated that the positive 
results being achieved by QR appeared to be 
replicated by ARG. In additional this study noted 
the positive attitude toward the simulator-based 
training, even by initially sceptical drivers.  It is 
believed this was in part due to the training 
methodology and partially attributable to the high 
quality presentation of the simulator, figure 3. 

 
Figure 3: Visual appeal of 2nd Generation 

Simulators attract Trainees 

3 RECENT SIMULATOR DEVELOPMENTS & 
THEIR ADAPTATION TO VR TRAINING  

Recent developments in computer graphics has 
meant that computer generated imagery (CGI) is 
now supplementing or replacing the filmed OTW 
video vision.  This allows a range of time-of-day, 
figure 5, and weather effects figure 4, to be 
simulated, as well as signals to be changed and 
other traffic and obstructions placed on the track.   

 
Figure 4: Computer generated track visuals 

with foggy conditions 
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Figure 5: Computer Generated track visuals 

with night conditions 

The audio also has advanced, allowing computer 
processing of sampled audio rather than pre-
recorded sound.  This provides better sound 
control and high quality audio of trackside 
equipment and other traffic to be added to the 
locomotive sounds.  These developments are 
delivering a true virtual (computer generated and 
controlled) audio and visual environment.  The 
sound and vision can be whatever the user 
creates, not simply what was filmed or recorded, 
i.e. it is truly a virtual environment. 
Associated developments in scenario control and 
scripting, also is allowing sophisticated control of 
dynamic objects such as signals and track 
obstructions, eg track side workers on or near the 
track.  These actions can be predefined on a 
temporal (time based) or event based trigger or 
can be controlled by the Instructor through the 
instructor’s real-time interface.   
Radio communications from the driver to other 
parties, i.e. train controller, are directed to the 
instructor, for a real-time response. In this way the 
instructor effectively is taking the role of other rail 
workers.  These developments are allowing the 
user to interact with virtual characters (avatars) 
that are either computer controlled or controlled 
by another person. In the case of stand alone 
simulator the other person is the instructor. 
These technological advances in simulators 
broaden of the scope of training possibilities, 
allowing the interaction between drivers operating 
the train simulators with virtual rail workers, traffic 
signalling systems and the like.  

 
Figure 6: 3rd generation train simulator with 

interactive CGI vision 

This is the basis of the current third generation 
train simulators, figure 6.  These simulators 
provide true virtual aural and visual environments 
but still use real or replica cabs or driver consoles. 
Training research has demonstrated them to be 
valuable training tools, but they are restricted 
primarily to driver and driver’s assistant training. 
Operating the simulator in a VR theatre figure 7, 
further improves the quality of collaborative 
learning. 

 
Figure 7: 3rd Generation Train Simulator being 
used for collaborative training 

To broaden the training capability to other rail 
workers required a method of providing a virtual 
environment for them.  To allow multidisciplinary 
teams to be trained required the ability to link train 
simulators to the non-driver virtual training 
environment. 
Research at RMIT’s I3 Centre (unpublished, 2001) 
using their SGI RealityCentre based research 
facility, in conjunction with SRA, resulted in the 
development of a prototype VR training scenario, 
figure 8.  This training scenario was focused on 
training rail workers other than drivers. Its format 
was a real-time animated interactive movie. The 
scenario used was a fire in a train arriving at an 
underground station. 

 
Figure 8: Early VR Training Scenario 

Developed by RMIT in conjunction with SRA 
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Solutions for connecting multiple simulators 
together have been developed for defence 
simulator applications. DIS and subsequently HLA 
technologies are used.  Game developers also 
have made major advances in multiplayer and 
networked gaming. 
Sydac has reviewed and learned from: the 
pioneering VR Interactive training scenario work 
of RMIT and SRA; the networking of multiple 
simulators developed by defence and the games 
industry; and the rail simulator based training 
research and has combined it with its own rail 
simulation technology to provide a commercially 
viable operational virtual reality and collaborative 
rail training capability.  The rest of this paper 
briefly describes these developments and the first 
working solution as delivered to SRA. 
 

4 VIRTUAL REALITY & COLLABORATIVE 
TRAINING 

4.1 Virtual Reality Training  

Virtual Reality has the goal of artificially creating 
real world objects or environments that can be 
experienced by one or more people.  Virtual 
environments typically consist of computer-
generated imagery of a 3 dimensional world and 
the associated audio environment.  The observer 
typically is immersed in the virtual world and 
experiences the world as if they were there.  The 
ultimate goal of virtual reality is that nothing your 
senses experience (i.e. see, hear, feel or touch) is 
real. The entire world exists as a computer 
program and therefore is infinitely modifiable and 
adaptable to any application. 
Conventional simulators differ from virtual reality 
in that most simulators use a physical mock-up of 
the cab (cockpit), or use a real cab. They only use 
a virtual environment for the world outside the 
cab, i.e. the OTW vision and audio. Hence they 
could be considered as partially real and partially 
virtual. 
SYDAC’s current train driving simulators make 
use of a virtual world for the external to cab 
environment.  These virtual worlds include 
characters such as track side workers, 
commuters, vehicular traffic as well as the track 
infrastructure, buildings and other geographic 
elements. 
Virtual reality environments also are being used in 
engineering design, architecture, urban design, 
mining defence and medical applications and 
training.   
The two RealityCentre® virtual reality training 
facilities installed at SRA provide a completely 
virtual immersive visual and audio environment 
allowing the creation of a broad range of “virtual” 
rail environments ranging from on track or 
trackside environments to inside trains, stations, 

rail control centres and the like.  It is also possible 
to install a drivers console inside one of the 
RealityCentres allowing a train to be driven in the 
virtual world. 
Training using a VR facility allows one or more 
trainees to be immersed in the virtual world.  The 
trainees can experience the world by passively 
observing (aurally and visually) it, or with the use 
of a user interaction device, such as a joystick, 
glove or the like, actively interact with it. 

4.2 VR Based Collaborative Training  

Many of the most hazardous operational 
situations involve the interaction of many parties. 
A key element in successfully dealing with a 
hazardous or emergency situation is the ability of 
individuals to communicate effectively and interact 
with others involved.  Multi-user virtual 
environments that can be linked with other virtual 
environments and/or simulators based virtual 
environments offer a method of allowing a number 
of individuals to share the experience and interact 
with each.  
The facilities installed at SRA includes K-Set and 
Tangara train simulators and two RealityCentres 
that can be connected together to allow for multi-
user collaborative training. 
 

5 SOME OF THE EDUCATIONAL AND 
PHYSCOLOGICAL PRINCIPALS BEHIND 
VR LEARNING 

Research indicates that experiencing a situation 
and providing the opportunity to learn though 
action improves learning transfer, Kolb[1].  These 
are key factors driving VR based training. 

5.1 Motivation to Participate 

Key challenges in adult education are creating the 
desire or motivation to learn (readiness to learn, 
orientation to learn & motivation [3].  Modern 
simulators and VR facilities that incorporate 
theatre quality sound, lighting, seating and 
ambience are able to provide a level of curiosity 
and hence raise the initial level of interest in 
(attending) participating in the training.  They also 
immerse the user in the training environment 
isolating them from external disturbances. 

5.2 VR Based Experiential Learning 

VR Training Scenarios are branched interactive 
animated movies that are run in the VR facility.  
They provide alternative outcomes “good” and 
“bad” depending on the choices made in 
response to the simulated situation. 
The scenarios allow what appear to be everyday 
operational situations, which through one or more 
equipment failures or hazardous events combined 
with relatively minor deviations from correct 
operational procedure, result in serious or 
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disastrous consequences.  Alternatively when the 
appropriate procedures for the situation are 
executed the scenario ends with a successful 
outcome. 
Key goals of the scenario are: 
• Motivation to learn 
• Identification & engagement with the 

situation 
• Situational awareness & hazard perception 
• Situational Analysis 
• Decision 
• Action 
• Reflection 
 
Palo Friere [3] identified consciousness raising as 
a key element in addressing the willingness to 
learn.  An aim of presenting a “bad” (negative 
outcome) scenario containing everyday hazards 
and fault combined with minor procedural lapses 
allows the trainee to identify with the situation and 
appreciate how this can lead to a undesirable or 
disastrous outcome.  This aspect of a VR 
scenario is not about training the user in the 
correct procedure but is about allowing the user to 
identify with the situation.  The user’s desire to not 
have this “bad” situation happen to them (their 
conscious desire not to fail) provides motivation to 
learn the appropriate procedures or to ensure 
they more rigorously apply the procedures they 
already know.  
Exposure to multiple good and bad scenario’s and 
reflection on these provides an ability to develop 
situational awareness and hazard perception.  
The ability to pause and replay supports the user 
in an analysis and review of the situation and 
events. 

5.3 VR Based Collaborative Learning 

The ability of a VR facility to enable a group to 
experience the scenario together promotes group 
discussion and reflection. This reflection on the 
scenario gives users more time to consider the 
situational factors and appreciate the cause and 
effect relationship between the characters actions 
or (inappropriate action) and the accident 
outcome. 
The interactive element of the VR facility provides 
the opportunity for experiential learning, Kolb[3]. 
This learning through action research (action 
learning) has been found to improve learning 
transfer [3].  The use of a theatre style virtual 
reality facility to enable groups of users to 
experience the VR Scenario together encourages 
group discussion [5]. 

6 VR FACILITIES  

There are a number of hardware options for the 
creation of a VR capability.  The selection of the 
environment needs to address the specific needs 
of the application.  In the case of training, typically 

the student will not be provided with training more 
than a couple of times a year and the trainee may 
have limited exposure to computer or computer 
games technology.  Special skills required to be 
learned to interact with the training environment 
will at best reduce the time available for training 
and at worst be a barrier to or inhibit effective 
training. 
Due to these factors a movie theatre style VR 
facility, Figure 1 is recommended rather than the 
use of a head mounted display with head tracker, 
spatial audio system and glove, figure 9. 
 

 
Figure 9: Head Mounted Display & Glove 

Based VR Hardware Solution 

Head mounted displays have some advantages in 
that they are typically a lower cost option and can 
readily allow the user a to look a full 360 degrees. 
However, the VR hardware may distract new or 
infrequent users from the learning experience.  It 
is also a single user solution so does not support 
the group experience. There are also issues 
associated with training capacity (i.e. the ability to 
get enough students through the required training 
program). 
Key components of the movie theatre style VR 
facility are: a management computer with data 
storage, the simulation processor and vision 
processor, projector and screen, a spatial audio 
system, suitably equipped room. 

6.1 VR Content 

Training users using VR requires that all the key 
real world elements, that would exist if the actions 
were to be attempted or practiced in the real 
world, are replicated in the virtual world. This 
includes: a CGI database; and audio database; 
behavioural & physics models; environmental 
simulations; and a training scenario (script or 
screenplay). 
The CGI database includes objects such as: 
terrain (hills, rivers, roads, lakes), vegetation 
(trees, bushes, grass), buildings and structures 
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(offices, factories, houses, bridges, fences), 
environmental elements (sky, clouds, sun, rain, 
snow), services (power poles, powerlines, 
lampposts), stationary vehicles & machinery 
(trucks, cars buses, trains, emergency services 
vehicles), everyday objects (signage, phones, 
vending machines, etc); background characters 
(groups of people, animals, etc) and application 
specific elements such as railway vehicles, 
infrastructure, rail workers, etc.  An image 
showing a scenario set, containing many of the 
CGI database elements, used for ART is provided 
in figure 10. 
These object usually are categorised as static or 
dynamic, some object types may be used in both 
modes, i.e. if a crowd of people is required in the 
virtual world many characters in the background 
may not ever move while the characters in the 
foreground may be walking or gesturing. 
 

 
Figure 10: VR Scenario Set 

6.2 Behaviour Models 

All dynamic objects have behaviours or states 
associated with them, i.e. a signal set as clear or 
danger, a character standing or moving.  The 
behaviours associated with some objects may be 
quite complex, eg the performance of a train, and 
state logic of the signalling system. 
The VR content/database elements are designed 
to be reusable across many scenarios, reducing 
the cost of subsequent scenarios and content 
development. 

6.3 VR Scenario Control 

The Scenario is based around a set (a computer 
generated visual environment) eg a railway 
station.  Time-of-day and weather conditions are 
set via initial conditions.  Weather also may be 
varied by the instructor from the Instructor Station, 
eg turn on or increase rain etc.  The Instructor 
Station is shown in the foreground of the image in 
Figure 1. 
Events such as a lightning strike, a signal failure, 
children playing on the tracks can be scripted to 
occur at a specific location, at any point in time or 
be triggered by another event or action.  The 
instructor can also initiate events at any time via 
the Instructor Station. 
Actions of specific characters either can be 

scripted or controlled by the user.  
The observer’s view (as displayed on the screen) 
either can be, a complex pre-scripted sequence 
including birds-eye views and close-ups, or the 
view can be as would be seen by the character 
being controlled. The character point-of-view is 
typically used for complex multiplayer scenarios.  

6.4 VR Training Scenario Operation 

A scenario when played using the default script 
(i.e. a non-interactive scenario) is the VR 
equivalent of a movie.  The actions of the 
characters take place in the set and the various 
scenes are controlled as defined by the script and 
viewed as per the shots (director selected camera 
angles), and played out in a time line (linear form).   
There are some significant differences between 
VR scenarios and movies.  Movies are always 
linear (i.e. the occurrence of events and actions 
are defined with respect to time) and are not 
influences by the users actions). In an interactive 
VR scenario the occurrence of events are 
triggered by other events and the behaviour or 
state of dynamic objects or characters in the 
scene, which may be controlled by a script or the 
user, i.e. an interactive VR scenario operates 
more like an interactive computer game. 
In the most interactive form of VR applications, 
the users have complete control of their view of 
the scene and can interact with objects, either 
moving them or changing their state.  The 
movement of key characters are controlled by 
behavioural models rather than pre-scripted 
motions.   
VR scenarios can be:  
• fully scripted (i.e. non-interactive movie), all 

actions and events are driven via a script and 
all views predefined and scripted;  

• view controlled, all actions and events driven 
via a script but with real-time user control 
over the view; 

• event scripted (interactive), all character 
actions controlled in real time by the user(s) 
input and the observer location is also 
controlled in real time by the user (typically 
linked to a character of one of the users); 

• unscripted, only the start location and initial 
environmental settings are defined at the 
start of the simulation, events are triggered 
by an instructor or character behaviour 
model, character actions are controlled by 
the user, view location is attached to a 
character of fixed location, but can be 
changed. 

 
6.4.1 Fully scripted scenario 
This type of scenario assists in focusing the 
training on specific areas of training interest. It 
allows the overall duration of the training exercise 
to be defined and simplifies the task of defining 
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and creating the scenario. 
Scenarios aimed at presenting specific situations 
for situational awareness and hazard perception 
can use this constrained approach. This is also a 
logical way of providing a first introduction of this 
training delivery technology to students and 
instructors.  
6.4.2 View Controlled 
This type of scenario is used similarly to the 
above but allows the users or Instructor to 
observe the scenario from different perspectives, 
typically from that of the key character or from a 
birds-eye view.  This aids in group analysis and 
review of the scenario. 
6.4.3 Unscripted 
Constrained scenarios then can be adapted for 
full interactivity allowing for action-based learning 
and role play. They support experiential learning. 

6.5 System Performance and Technological 
Limitations 

Computer animated movies as seen at the movie 
theatres are pre-rendered and pre-recorded. This 
means that the state of the objects in the scene 
and viewer’s location are predetermined.  The 
user cannot interact with the characters and 
hence cannot affect the outcome.  Due to this 
movies have no time restrictions on the time 
available to render (draw) each image displayed 
on the screen.  They can be pre-rendered.  
Movies therefore are able to contain much more 
detailed images of much higher quality.  
Interactive VR Scenario, like computer games 
needs to be rendered in real time, as the action of 
the characters at any pint in time is not known 
until the user initiates an action. 
The need to render the imagery in real-time 
restricts the level of detail and hence visual quality 
of the VR imagery seen.  Even with the 
substantial amount of computing power currently 
available it still is not possible to produce 
animation of movie quality standard in real time. 
In the case of SRA two high performance 12 
CPU, 3 graphic pipe SGI Onyx machines are 
used.  These are capable of producing high but 
not movie quality imagery. 
The quality of imagery also is affected by the size 
of the visual database and complexity of 
animation, i.e. there are limits to the number of 
objects and animated (moving) characters that 
can be in the scene at anyone time without 
causing degradation of the visual quality. 
The simulation of subtle gestures, facial 
expression and lip synchronisation in real-time 
characters need further improvement in 
performance.  Current capabilities restricts the 
believability of applications where recognition of 
subtle gestures and facial expressions is required, 
e.g. role-play scenarios where detecting the 

emotional state of the subject is important, should 
be avoided. 
Certain visual effects are also challenging, such 
as the dazzle of a headlight shining at the 
observer.  Primarily this is constrained by the 
inability of most projectors to be able to produce a 
very bright on screen point light source. 

6.6 Operational Challenges 

The duration of fully interactive scenarios is 
dependent on the actions/choices of the user, 
hence it is not possible to fix the amount of time 
required to complete a scenario.  This is fine for 
self paced learning but may create challenges in 
maintaining lesson schedules. 
Not all users will make the same choices and view 
the virtual world from the same locations.  This 
means the instructor will be required to be familiar 
with a broader range of possible events and 
actions, potentially requiring broader knowledge. 
As this is a new technology the method for 
monitoring and assessing the performance of 
users is less developed than for conventional 
simulators.   Assessment and reporting methods 
may still be required to be custom built for the 
specific application. 
Scenario production requires a multidisciplinary 
team with many of the skills required for theatrical 
or movie production.  Specialist skills are required 
for script production, dialogue, character direction, 
editing and cinematography as well as a detailed 
understanding the restrictions the animated world 
and real time computing apply.  This combination 
of skills is in short supply. This may impact on the 
rate that content can be developed for this new 
delivery format. 

7 MULTI-PLAYER COLLABORATIVE 
SCENARIO 

Interconnecting one or more VR theatres to other 
simulators such as train simulators enables multi-
disciplinary groups to be trained in an interactive 
environment.  The simulators and VR theatres are 
connected via a common world model using a 
sophisticated real-time communications and 
distributed data model.  Each simulator operator 
views the world from their location in the virtual 
world and can move through and interact with the 
world.  Any change to the state of objects or their 
location is immediately observable by the other 
users in the other simulator or VR theatres.  
Communication devices such as train radios and 
messaging systems also are linked, allowing the 
operators of the simulators and VR theatres to 
communicate with each other in the normal way.  
The communications systems  also are linked 
back to the instructor consoles, allowing the 
instructor to fill additional roles (eg signallers, train 
controllers, other traffic etc).  Each Instructor 
Console is able to monitor the state of the virtual 
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world and the state of the simulator to which it is 
connected. All simulator actions are recorded for 
scoring, replay and evaluation purposes.  Audio 
via the communications system also is recorded 
for replay or analysis.  Replay allows the various 
trainees to review the training scenario and 
observe it from the point of view of the other 
parties. 
An example of a collaborative scenario trial 
carried out at SRA included connection of two 
train simulators to a VR theatre.  An observer (eg 
signaller) in the VR theatre monitored the 
progress of the two trains.  The state of a signal 
as observed in the VR theatre was changed and 
the actions and response of the drivers in the two 
simulators observed.   
This trial demonstrated the capabilities of the 
virtual worlds of the simulators to be linked 
allowing multiple students to be trained.  At the 
time of writing this paper no formal multi-user 
collaborative scenario training had commenced. 
Collaborative scenarios are expected to be an 
important training tool for activities where 
communications between multiple rail workers 
and appreciations of the interdependence of 
actions is important. 
Creating collaborative scenarios has extra 
challenges as compared with single user 
simulator or VR theatre scenarios.  It typically 
requires a larger more sophisticated world model 
that has adequate fidelity for all user types. It may 
also involve multiple instructors to manage the 
multi-user training.  This will be more challenging 
from an operational perspective. 
 

8 CONCLUSIONS 

VR theatres for rail training are now a reality. The 
capability to deliver collaborative rail training by 
linking simulators and virtual reality theatres and 
communications systems has been demonstrated 
and training applications are currently under 
development.  Advanced virtual reality and 
simulation is creating renewed interest in rail 
training and creating new opportunities for 
improved rail safety and operational efficiencies.  
Educational Research has confirmed the 
effectiveness of simulator based training and the 
training methodologies for VR based training.  
Training research is continuing to be a major 
influence on the ongoing development of VR 
training technology and methodologies. 
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SUMMARY  
“Misbehaving” bogies are dynamically unstable bogies that can affect not only vehicle and equipment 
performance, but can also cause infrastructure damage and derailments. Dynamic instability of bogies is 
caused by a range of factors, including incorrectly aligned wheelsets. The primary manifestation of 
dynamically unstable bogies is hunting. This paper presents a wayside system that feeds information into an 
expert software system to audit misbehaving bogies. The wayside system uses machine vision technology 
and sensing devices Hunting and tracking bogies are identified as soon as the train has passed the system. 
The system gives an operator immediate warning of dynamically unstable bogies, and early warning of 
suspect bogies. The software is used for condition monitoring, and it also identifies dangerously unstable 
bogies. As a result, operators are able to minimize failure risks, and vehicle and infrastructure damage. The 
system was tested by TTCI in Pueblo, USA. 
 
 
1 INTRODUCTION  
High-speed lateral instability of hunting vehicles 
often results in loading damage and creates the 
potential for serious derailments.  In addition, 
hunting vehicles add to the overall stress state of 
the North American freight rail system.  The 
industry would benefit greatly from an effective 
method of identifying offending vehicles by 
means of a successful wayside detection system. 
Previous attempts to develop wayside hunting 
systems have focused on the use of wayside 
strain gauge force measurements within a 
specific zone to identify hunting vehicles and, 
according to TTCI, have not performed 
satisfactorily. Lynxrail has developed a wayside 
system that uses a series of cameras to establish 
wheel position through a designated zone in an 
attempt to determine hunting tendencies.  
In the year 2000 Lynxrail started to modularise its 
Automated Train Examination system. One of 
these modules is the wheel profile measurement 
system (WPMS), which assesses flange height, 
flange width, hollowing, and rim thickness. It 
soon became apparent that the capabilities of the 
WPM system could be extended to derive other 
important information such as the location of the 
wheelset on the rail and the angle of attack. Both 
of these parameters can then be used to identify 
hunting and tracking. The WPM system was 
therefore expanded to monitor the performance 
of the wheelset on the track. Specialised 
software was developed to identify problem 
bogies. 
 
 

 
2 WHEELSET PARAMETERS 
In addition to wheel parameters, the following 
wheelset parameters are also important to ensure 
safe operation:  
a) backface to backface measurements (to check 

if the wheels on the axle are incorrectly 
assembled, or if the backface to backface 
distance changes during the life of the 
wheelset) 

b) angle of attack 
c) location of the wheelset with reference to the 

rail (i.e., tracking) 
The stability of the bogie depends on the 
behaviour of the wheelset on the rail, as this 
affects the dynamic behaviour of the bogie as well 
as the entire wagon. The Lynxrail system gathers 
data on each axle that passes by the system. The 
data is assessed with reference to each axle, 
bogie, and the entire car. The data is then 
assessed to check if the bogie is hunting or 
tracking. A tendency to hunt can also be identified.  
This knowledge-based system analyses the data 
captured and assesses the “hunting factor” of 
each bogie. The Lynxrail system is designed to 
assess problem bogies on one pass only, so that 
they can be identified immediately.  
2.1 Backface to backface measurements 
The backface to backface measurement should be 
constant throughout the life of the wheelset. This 
measurement could affect the dynamic behaviour 
of the wheelset, as there is increased or 
decreased clearance between the wheel flange
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and the rail. Changes in backface to backface 
distances can also affect the way the wheelset 
negotiates points and switches. In some cases, 
changed backface to backface distances can 
lead to derailment.  
Measuring the backface to backface distance 
also ensures that a newly introduced wheelset 
falls into the required specifications. 
The system captures both wheels on the same 
axle at the same time. This allows cross-
correlation of the backfaces of the wheels. Every 
time the wheelset passes the system, the system 
assesses if there has been a change from the 
last measurement. The accuracy of 
measurement here is +/- 1 mm, which is 
sufficient to determine any changes.  
2.2 Angle of attack and lateral movement as 

indication of hunting 
The angle of attack is defined by the location of 
both inner rims with reference to the rail (see 
Figure 1). 
The system identifies the location of the wheel 
and wheelset with reference to the rail. It also 
finds the location of the wheelset across the rail, 
thereby identifying the angle of attack.  
 

 
 
Figure 1 – Each axle is captured in five 
different locations, showing change of angle 
of attack 
 

The angle of attack indicates the tendency of the 
wheelset to either track or hunt. If the angle of 
attack remains more or less constant, the 
wheelset can develop a thin flange on one wheel 
only, thus resulting in uneven wheel wear (this is 
considered tracking). In a hunting wheelset, the 
angle of attack changes from positive to negative 
during travel, causing the wheels to wear in a 
relatively even manner. 
The assessment of the angle of attack is 
combined with the assessment of the distance of 
the backface to the rail in order to describe the 
geometry of the axle in relation to the rail during 
travel. This gives a snapshot of the axle at a 
particular moment. In order to establish the 
dynamic behaviour of the wheelset, this snapshot 
is repeated several times until sufficient data is 
gathered to assess the dynamic behaviour of the 
wheelset.  
A wheelset has a natural tendency to hunt 
because of the geometry of the wheel and rail 
profiles. However, the natural tendency to hunt is 
minimised by the lateral stiffness supplied by the 
bogie. 
During travel, each wheelset shows some dynamic 
behaviour – either tracking or sinusoidal motion. 
Stable wagons have different periods and 
amplitude of oscillation for each wheelset. In 
dynamically unstable wagons, the period and 
amplitude of each wheelset is similar, since the 
wheelsets work in harmony with each other. 
However, it is possible that one bogie of the car 
shows more dynamical instability than the other 
bogie. 
Hunting is present when the wheelset moves 
excessively in a lateral direction while travelling. 
Excessive motion means that the sine wave has a 
large amplitude (the flange of the wheel is often in 
contact with the rail) and a specific period. Full- 
fledged hunting occurs when the wagon reaches 
its critical hunting speed (which is a function of the 
dynamic stiffness of the bogies and the wagon).  
By capturing a series of snapshots while the bogie 
is travelling, the system is able to identify bogies 
that hunt. The system can also identify (at non-
critical speeds) bogies that have a tendency to 
hunt. 
3 SITE AUDIT OF THE SYSTEM BY TTCI IN 

PUEBLO 
A first site audit of the system was conducted 
using a wagon that is known to hunt at 
approximately 45 mph (see Figure 2). This wagon 
was fully instrumented to document its dynamic 
behaviour on track (see Figures 3, 4, and 5). 
A test was conducted to evaluate the effectiveness 
of the Lynxrail wayside truck-hunting detector in 
identifying a car that is in an active hunting mode. 
The test was also designed to verify the system’s 
ability to identify potential truck hunting cars at 
speeds below the hunting threshold. 
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Transportation Technology Center Inc. (TTCI), a 
subsidiary of the Association of American 
Railroads, conducted the test of the Lynxrail 
system on TTCI’s Railroad Test Track (RTT). 
The RTT is a 13.5 mile closed loop of Class VIII 
track on concrete ties.  The test was conducted 
in a tangent section of the loop.   
A car with known hunting tendencies was 
instrumented and run at various speeds through 
a test zone.  Data from the instrumented car was 
collected and compared to data from the Lynxrail 
wayside system. 

 
Figure 2 – First Test Consist – Loco and 
known hunter 
 

 
Figure 3 – Instrumented bogie 
 

 
Figure 4 – Instrumented centre sill 
 

 
Figure 5 – Data Acquisition Computer shows 
when the wagon starts to hunt 
 
A lateral accelerometer was placed on the un-
sprung portion of the truck side of each truck on 
the car to record truck accelerations. Additional 
accelerometers were placed on each end of the 
car on the centre sill to record lateral car body 
accelerations.   
Data was collected at 256Hz using a 30Hz analog 
filter. Automatic location detectors (ALD’s) were 
used to trigger the data collection system as the 
car travelled through the test zone.  The zone was 
100ft in length, centred over the Lynxrail system.  
Data collection runs were made at speeds of 10, 
20, 30, 40, 45 and 50 MPH   The car was in a 
visible hunting mode over the test zone at speeds 
of 45 and 50 MPH. 
Figure 6 shows the correlation of accelerations 
measured by TTCI on the instrumented car and 
the accelerations derived from the Lynxrail 
system. 

 
Figure 6 – Results showing comparison 
between the Lynxrail system and TTCI data. 
 
Figure 7 shows the displacements of the backface 
of one wheel on each axle in four locations. This 
shows the sine wave made by the wheels before 
critical speed.  
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Figure. 7 – Behaviour of the wheel sets at 
lower speeds for wagon that has propensity 
to hunt at 65 Km/Hr 
 
Figure 8 shows that one bogie is already in 
hunting mode, while the other bogie shows a 
propensity to hunt, but has not yet reached full 
hunting behaviour. Figure 9 shows that all 
wheelsets have reached hunting. 
 

 
 
 
Figure 8 – Behaviour of four wheelsets. The 
wheelset on the first bogie (Axle 1 and axle 2) 
did not reach critical speed, but they still show 
harmonic behaviour, which indicates the 
propensity to hunt. The wheelset on the 
second bogie reached critical hunting speed 
and hunting is evident. 
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Figure 9 – Behaviour of the wheel sets in both 
bogies at hunting speeds. All wheel sets 
display hunting behaviour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

An additional test was conducted using 17 
wagons, of which three were known hunters. The 
wagons were not instrumented for this test, since 
the wagon that was audited in the first test was 
also used for the second test. Because the first 
test showed full correlation between the Lynxrail 
system and the instrumented car, it was assumed 
that re-using the original hunting car for this test 
was sufficient to confirm the validity of the results. 
4 CONCLUSION 
The Lynxrail system uses machine vision data to 
identify hunting and tracking bogies. More site 
tests are required to gain confidence in identifying 
hunting cars at lower (non-critical) speeds; 
however, at critical speeds the system was shown 
to perform extremely well.  
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SUMMARY 

The development of computer technology in the past twenty-five years opened new horizons in the 
railway industry. Specialized computer software, programs and simulations are applied to railway 
projects. This paper presents an integrated overview of the complexity of railway rolling stock 
engineering calculations and design process using computerized technology.  

 

 

1 INTRODUCTION 

Designing and manufacturing rolling stock is a 
complex process that includes a variety of 
technical management techniques at all project 
stages. The technical management of 
computerized engineering calculations and design 
process is the main key of success in 
manufacturing, refurbishing and upgrading rolling 
stock.  

The first aim of this paper is to show an 
alternative method of technical management of 
the engineering calculations and design process 
using computer software, programs and 
simulations applicable to railway rolling stock.  

The second aim of this paper is to answer a 
series of questions while using computer software 
during the railway rolling stock engineering 
calculations and design process: 

• What preliminary calculations for rolling stock 
characteristics, forces, loads and parameters 
are required before starting the design 
process? 

• What railway input data and engineering 
calculations are required during the design 
process? 

• What formulas and equations are included in 
the engineering calculation programs?  

• What is the relationship between the 
engineering calculations and the design 
process?  

 
 

• What specific system calculation programs do 
we use during the design process? 

• What interface is required between the 
specialized computer software types used 
during the railway rolling stock design? 

• What input data is required to computer 
simulate a real train operation? 

• Can specific train simulations certify the 
rolling stock design and performance? 

The second aim should be well understood and 
managed before implementing a management 
plan of the project. 
This paper will not cover other aspects of rolling 
stock project management such as: planning, 
manufacturing, control or testing. 

The engineering and design process of new 
railway rolling stock begins with a detailed 
technical specification study, understanding and 
research. If the new design can be related to a 
previous design the new application may be 
identified, modified and implemented. If the new 
design cannot be related to a previous design, the 
technical specification and specific railway 
operation will determine the configuration of the 
new rolling stock. However, in both cases the 
engineering calculations and design process 
follow the same logical order to design and 
manufacture rolling stock.  
The simplified flow chart in Figure 1 shows the 
relationship between the technical specifications, 
engineering calculations, design and the 
integration of computer software, programs and 
simulations during the design process. 
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Figure 1 – Integration of Computer Software in the Engineering and Design Process 
 

 
 
The effective design process can be divided in four stages as presented in the Figure 2. 

Figure 2. Design Process Flow Chart 
 

 
 
 
In each of these stages the engineering 
calculations must certify the design including: 
selection and integration of equipment, structural 
integrity, rolling stock performance, passenger 
comfort, etc.  
The logical order of the engineering calculations 
including formulas, equations and assumptions 
used in the computer programs must be 
understood, planned and implemented into the 
design process.  
The alternative technical management method 
presented in this paper shows the complexity of 
engineering calculations and design process.  
The engineering and design process approached 
in this paper describes a generalized theory 
applicable to any railway rolling stock. 
However, this technical paper cannot detail all 
aspects of engineering calculations, and design 
process.  
2 NOTATION  
2.1 Definition of Technical Terminology 
Rolling Stock – General terminology used for 
railway vehicles including: locomotives, 
passenger railcars, rail coaches, freight railcars, 
wagons or light rail vehicles. 
Computer Software – The instructions executed 
by a computer, which may constitute one or more 

programs or part thereof. Software can be split in 
two main types-system software and applications 
programs. 
Computer Programs – A sequence of instructions 
that a computer can interpret and the program 
requires several hundred lines of code. Computer 
programs are written by engineers and have 
various kinds of operating system software for 
their execution. 
Train Simulations – Specialized computer 
software or programs simulating train operation, 
braking, structural loading, etc. 
Conceptual Design – The optimal design that 
reflects the concept of the rail vehicle applied in 
particular to a specific railway operation. 
Configuration Design – The design of selected rail 
vehicle systems and installations.  
Integral Design – The detail design of equipment 
interfaces and integration into a final product. 
Final Design – The issue of final drawings for 
production and manufacturing. 
 
 
 
 
 

CAD Software Computer Software 

Technical 
Specifications and 

Standards 

Train Simulations 
Software  

Technical 
Specifications 
Compliance 

Technical Study 
Create Data Base  

Effective Design 
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Design 

Configuration 
Design 
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Final Design 
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2.2 Subscripts, Symbols and Abbreviations 
Table1. Subscripts, symbols and 
abbreviations (follows the order of appearance in 
the text and formulas.) 

Subscripts Description 
T  Train; Traction or Tractive 
L, R, W Locomotive, railcar or wagon 

min or max  Minimum or maximum value 
of symbol 

Br Brake or Braking 
adh Adhesion; Adhesive 
ax, i; i Axle Number i ; i=1,2,…6 
j Wheel or Suspension j. j=1,2 
S; ST; st Static  
D Dynamic 
d Deceleration 
o or w; o Wheel; Oscillation 
0 Initial or Start 

(...)f  Formula is complex function 
of the values in the brackets 

x, y, z  Axis Directions 
Symbols Description UOM 

e  Track Gauge m; mm 

bwb  Bogie Wheel Base m; mm 

BC  Vehicle Bogie  
Centres m; mm 

LOH  
Vehicle Length 
Over the 
Headstocks 

m; mm 

BC
'  Reference Vehicle 

Bogie Centres m; mm 

LOH
'  

Reference Vehicle 
Length over the 
Headstocks 

m; mm 

wext  Vehicle External 
Width m; mm 

Dw  Wheel Diameter m; mm 

γ  Wheel Coning 
Angle deg 

c  Wheel Flange –
Rail Clearance m; mm 

t  Wheel Thread 
Contact Spacing m; mm 

low  Outer Wheel Path 
Length m; mm 

liw  Inner Wheel Path 
Length m; mm 

rh min  Min Horizontal 
Curve Radius m 

r f  Free Curving 
Radius m 

M T  Train Mass Kg; t 

MM totVWRLtot or,,  
Total Locomotive, 
Railcar , Wagon or 
Vehicle Mass 

Kg; t 

MM BTBMB or ,2,1,  Bogie Mass: (1 ,2) 
or (Motor ,Trailer) Kg; t 

M WRL ,,max  Maximum 
Admissible Mass Kg; t 

M U  Unsprung Mass Kg; t 

M TK  Track Equivalent 
Mass Kg; t 

W WRL ,, ;W tot  Total Vehicle 
Weight N; kN 

Rg ; Rc ; Ra ; Rtn  
Gradient, Curve 
Acceleration  or 
Tunnel Resistance 

N; kN 

acv ; bcv  Curve Resistance 
Coefficients  Const 

RTtot ; RL ; RW  
Train ,Locomotive 
and Wagons 
Resistance 

N; kN 

ltn ; lT  Tunnel and Train 
Length m 

Atn ; Aft  Tunnel Area; Train 
Frontal Area m2 

ρ air
 Air Density in 

Tunnel Kg/m3 

N  Number of rail 
vehicle in the train 1,…,z 

nax ; n ax0  Number of trailer 
or motor axles 2,4,6 

µadh
;W adh  

Adhesion 
Coefficient; 
Adhesive Weight 

% 

Qax2 ; Qo
 Wheel set Load 

and Weight N; kN 

Fadh ; FT ; F Br  
Adhesion, 
Traction and 
Braking Force 

N; kN 

PT ; PDE  
Tractive and 
Diesel Engine 
Power 

W; kW 

PET ; PEAux  
Total Electric and 
Auxiliary System 
Electric Power 

W; kW 

η tr
 

Vehicle Power 
Transmission 
Efficiency 
Coefficient 

% 

ηmec
 

Final Drive 
Mechanical 
Efficiency 
Coefficient 

% 

β  
Auxiliary System 
Power 
Consumption 
Coefficient 

% 

ηDtr
 

Diesel Electric 
Transmission 
Efficiency 
Coefficient 

% 

η Etr
 

Electric 
Transmission 
Efficiency 
Coefficient 

% 

FTE T=  Tractive Effort N; kN 

FTB DB=  Drawbar Effort N; kN 

F ; F x ; F y ; F z  Force; System 
Acting Forces  N; kN 

M i ; M x ; M y ; M R  
Momentum : “i”; x, 
y directional  and 
resultant 

Nm 

F zyxk ),,(  
Suspension 
Elastic Directional 
Forces 

N; kN 

k zyx ,, ; kxij ; k yij ; kzij  
Suspension 
Directional 
Stiffness 

N/m 

),,( zyx∆ ; f zyx ,,
 Suspension Travel m 

mi  Vehicle 
component i mass kg 

xi ; yi
; zi  

Vehicle 
component “i” 
coordinates 

m 

X g ;Y g ; Z g  
Vehicle Centre of 
Gravity 
Coordinates 

m 

RBi  Bogie “i” Static 
Reaction N; kN 

Raxi ; R ori 21  Axle and Wheel “i” N; kN 
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Static Reaction  

PSaxi  Axle “i” Static 
Load  N; kN 

xo ; yo
; zo  

Vehicle Centre of 
Oscillation 
Coordinates 

m 

α x ; β y
;γ z

 Vehicle Roll ,Pitch 
and Yaw Angles deg 

H ij ;T ij ; Rij  
Horizontal, Lateral 
and Vertical Axle 
Bearing Load 

N; kN 

ωO  Wheel set Angular 
Velocity rad/sec 

nO  Wheel set 
Rotational Speed rev/min 

PWO  Wheel set Power W; kW 

iT  Gear Ratio  

TM OO =  Wheel set Torque 
or Momentum Nm 

ξ  Rotational Inertial 
Coefficient % 

v ; v∆ ;V ;V T  Train Speed  m/s 

aT ; a ; a∆ ; dT  Train Acceleration 
and Deceleration m/s2 

x ; x∆ ; X  Train 
Displacement m; km 

PiD ; P2  Wheel Dynamic 
Force N;kN 

k Dv  Wheel Dynamic 
Coefficient Const 

PST  Wheel Static 
Force N;kN 

PE  Electrical Power W 

V  Voltage V 

I  Current A 

R  Electric 
Resistance Ω 

q  Structural Stress N/m2 

ll /δ  Structural Strain Const 

I  Moment of Inertia Nm3 

Μl  Bending Moment Nm 

Abbreviation Description 
DHL Diesel hydraulic locomotive 
DEL Diesel electric locomotive 
EL Electric locomotive 
DMU Diesel multiple unit 
EMU Electric multiple unit 
C1-C12 Calculations program 1 to 12  
2D Dwgs Two dimensional drawings 
3D Dwgs Three dimensional drawings 
Int Internal or Interior 
Ext Exterior or External 
Dim Dimension(s) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 ROLLING STOCK ENGINEERING 
CALCULATIONS AND DESIGN PROCESS  

3.1 Engineering Calculations and Design 
Process Basic Diagram 

Based on the flow chart and diagram principles 
the rolling stock engineering and design process 
in a project time frame will commence with a 
detailed planning of technical activities. These 
activities have a logical order to comply with the 
milestones of engineering deliverables, 
manufacturing and final delivery date. 

A partial integration of the manufacturing 
programme within the engineering and design 
process is essential. The project planning 
integrates engineering, design, testing and 
manufacturing stages.  

The engineering and design process stages will 
define the specific software, programs or 
simulations required to certify the design state of 
the rolling stock. 
In Figure 3 a logical diagram of engineering 
calculations and design process shows the flow of 
technical activities required during the project 
stages. 
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Figure 3 – Engineering Calculations and Design Process Diagram 

 

 
 
 
3.2 Engineering Calculations Input Data Base  
Creating an input database for calculation 
programs and design software is the first step of 
the engineering and design process. 

 
This input database is created by selecting the 
specific rolling stock: operational data, 
parameters, characteristics, design data, 
materials, equipment, tolerances, dimensions, etc 
as it is presented in the general data base in 
Figure 4. 
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Figure 4 – General Input Data Base – Rolling Stock Selection 
 

 
Basic Data Railway Operation Data Design Data 

• Vehicle Type and Gauge 
• Train Consist 
• Vehicle Tare Mass 
• Train Mass 
• Adhesion, Friction and  
   Inertial Coefficients 
• Transmission Type  

Efficiency and Coefficients 
• External Dimensions 
• Axle Arrangement 
• Wheel Diameter 
• Bogie Wheel Base 
• Bogie Centres 
• Internal Loads 
• External Loads 
• Electric Voltages 
• Electric Currents 
• Materials Type 
• Materials Characteristics 

• Track and Structure Data 
• Vehicle Outline Limits  
• Kinematic Gauge 
• Track Profile 
• Curve Radius 
• Route Profile 
• Vehicle Interface  
• Rolling Stock Standards 
• Maximum P2 Forces 
• Maximum Axle Load 
• Maximum Speed 
• Maximum Acceleration 
• Maximum Deceleration 
• Minimum Hauling Capacity 
• Maximum Dynamic Forces 
• Maximum Structure Loads 
• Buff Force Limits 
• Draw Force Limits 
• Ride Index 

• Define Design Areas 
• Define Design Systems 
• Exterior Dimensions 
• Cabin Ergonomics 
• Passenger Ergonomics 
• Interior Dimensions 
• Door Dimensions 
• Window Dimensions 
• Interface Dimensions 
• Equipment Location 
• Equipment Envelopes 
• Structural Components 
• Structural Dimensions  
• Manufacturing Tolerances 
• Manufacturing Techniques 
• Electrical Reticulation 
• Piping Type-Sizes 
• Suspension Type 
• Materials Type 

 
The input database presented above shows only 
the major input data of rolling stock including the 
specific data of passenger railcars.  The database 
can be divided into multiple mini data bases of 
general, systems, installations, bogies, etc and 
connected by a selective computer program. 
3.3 Engineering Calculation Programs, 

Formulas and Programming Language 
3.3.1 Engineering calculation programs 
A series of engineering calculations must be 
performed while designing rolling stock.  

Most specialised calculation programs use a 
similar database as presented in Figure 4. The 
written computer programs calculate, verify and 
certify the main forces, loads, characteristics and 
other data of the rolling stock design. The 
calculation results will become new input data 
values into other calculation programs. A series of 
the calculation programs noted C1 to C12 and 
their calculated rolling stock parameters are 
presented in the Figures 5 A and 5 B. 
The results of the engineering calculation 
programs C1-C6 will define most of the necessary 
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data to start the engineering and design process. 
These calculations may be performed using 
design assumptions based on the existing rolling 
stock, supplier equipment data or railway operator 

information. Based on these, the rolling stock 
general design concepts may be issued to further 
study. 

 
 

 
 
 

Figure 5A – Rolling Stock Engineering Calculation Programs C7-C12 
 
 

• Traction, Hauling 
   and Auxiliary Power 
• Traction Force 
• Drawbar Force 
• Ext Dimensions 
• Int Dimensions 
• Centre Throw 
• End Throw 
• Structural Dim 
• Curving Analysis 

• Length Over  
   Coupler- Headstocks
• External Width 
• External Height 
• ARL Clearances 
• Internal Width 
• Internal Height 
• Ergonomic Dim 
• Flooring, Wall,  
   Ceiling Dimensions 
• Basic Kinematics 

• Axle Weight  
• Bogie Frame  

Weight 
• Body Weight 
• Equipment Weight 
• Vehicle Tare and 

Crush Weight 
• COG Coordinates 
• Train Weight 
• Supplies Mass 
• Other Loads 

C1.Preliminary 
Calculations 

C2.Vehicle External-
Internal Dimensions

C3.Vehicle Static 
Loads 

C4.Vehicle Static 
Reactions 

• Bogie Reactions 
• Wheel Reactions 
• Suspension 

Reactions 
• Weight Transfer 

Reactions 
• Axle Efforts 
• Axle Bending 

Moments 
• Underframe Loads 

• Dynamic Force Fd 
• P2 Force  
• Flange Force 
• Centrifugal Forces  
• Directional Forces 

(H/Q; Y/Q; P/Q) 
• Mass Moment of 

Inertia 
• Kinetic Energy 
• Curve Friction 

Centre

C5.Vehicle Dynamic 
Forces 

• Suspension Data 
• Oscillation Centre 
• α−Roll Angle 
• β-Pitch Angle 
• γ−Yaw Angle 
• Vertical Travel 
• Lateral Travel 
• Horizontal Travel 
• Ride Index 
• Wheel Rail 

Clearance 

C6.Vehicle Dynamic 
Movements 
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Figure 5B – Rolling Stock Engineering Calculation Programs C7-C12 
 
 
As mentioned the results of C1-C6 will be used as 
an input data to other calculation 
programs e.g. C7-C12.  
The complexity of the engineering calculations 
includes other particular calculations of the 
specific rolling stock system components.  E.g. 
the traction system will also include specific 
calculations such as: traction engine air intake 
flow, air intake duct area, pressure drops, exhaust 
duct area, dissipated heat, radiator capacity, 
vibration analysis, rafts FEA ,etc. 
These calculations are included in the specialized 
system computer programs or software. 
Locomotives, DMU, EMU, light rail vehicles and 
other rolling stock have specific system 
calculations.  

The particularities of these computer programs 
are the specific formulas, laws and equations 
applied to the calculations.  
3.3.2 Applied equations, formulas and laws 

to engineering calculation programs. 
Specific rolling stock engineering computer 
programs use different equations and formulas. 
The key to writing a correct specialized computer 
engineering calculation program is to use the right 
equations and formulas. 
A series of general and most common formulas, 
equations and laws used in different computer 
calculation programs are presented below. 

 

• Vehicle Resistance 
• Train Resistance 
• Rolling Resistance 
• Curve Resistance 
• Gradient Resistance 
• Tunnel Resistance 
• Loco  Resistance 
• Railcar Resistance 
• Wagon Resistance 
• Total Resistance 

• Traction Torque 
• Traction Force 

Adhesion Force 
• Adhesive Weight 
• Draw Bar Force 
• Braking Forces 
• Dynamic Braking  
• Torque Reactions 
• Friction Forces 
• Traction System 

Characteristics 

• Shunting Forces 
• Buff Forces 
• Draw Forces  
• Buffer  Loads 
• Coupler Loads 
• Inertial Forces 
• Collision Forces 
• Bridge Loading 
• Derailment Force 
• Roll Over Moments 

C7.Vehicle and Train 
Resistance 

C8.Train Traction 
and Braking Forces 

C9.Train Operation 
Forces  

C10. Electrical Loads 
and Power 

• Main Electric Power 
• Traction Power 
• Auxiliary Power 
• DC Loads 
• AC Loads 
• Electrical  Losses 

and Efficiencies 
• Cable-Wiring  Cross  

Sectional Areas 
• Components 

Characteristics 

• Static Forces 
• Dynamic Forces 
• Compressive Load 
• Tensile Load 
• Jacking Load 
• Vertical Loads 
• Lateral Forces 
• Collision Loads 
•  Body Moments 
•  Impact Loads 
•  Collapsible Loads 

C11. Vehicle Body 
and Collision Forces

• Side Sill, Rails,  
 Pillars, Shear Plates,  
  Gussets, Brackets. 
• U/F Transoms  
• Skin Stress  
• Ceiling Transoms 
• Equipment Rafts 
• Mounting Plates 
• Coupler Pocket 
• Welding Stress 
• Structural FEA  

C12.Structural Stress, 
Strain and Fatigue for: 
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• External Dimensions 
Bogie Centre 

BBBB CCCC or '' ≤≥  
Vehicle Length 
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• Mass and Weight 
Total Tare Mass 

MMMM BBWRLtotV 21,, ++=  
Maximum Weight 

QnW axaxMAXWRL max,, 2 ••=  
Train Mass 

MMM WtotLtotT +=  
• Train Resistance  
Davies Formula  

VcVbaRT
2•+•+=  

Total Resistance 
RRRRRR tnacgTTtot ++++=  

Max Gradient Resistance 
( )%

maxmax grWR Tg •=  
Max Curve Resistance 

br
aWR

cvh

cv
Tc −
•=

min
max  

Acceleration Resistance  
ξ••= aWR TTa max  

Tunnel Resistance 
( ) RKAAllNfR TtnairfTtnTtntn etc •≈= ρ ,,,,,,  

• Adhesion Theory, Traction and Braking 
Limits 

Adhesion Coefficient 

161.0
44
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+
+

=
Vadhµ  (Kurtius-Knifler) 

Adhesive Weight 
WQnW totaxaxadh =•= 20  

Adhesion Force 
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Traction Limits FF adhT ≥  
Braking Limits FF adhBr ≥  
• Tractive Effort and Power 
Basic Tractive Power 
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TT

T const ===
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360

 

Diesel Engine Power 
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• Forces, Momentum and Equilibrium 
Equations  

Newton’s Laws 
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• Elastic Forces (Hooke Law) 
Suspension Elastic Forces 

( )zyxkF zyxzyxk ,,,,),,( ∆•=  
• Centre of Gravity (Newton’s Formulas)  
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• Vehicle Static Loads 
Bogie Reactions Equations 

WRR totBB =+ 21 or WRRR totBBB =++ 321  
Moment Equations 

)
2

(1 XBWBR g
C

totCB ±•=• ; RWR BtotB 12 −=  

Axle Load Reaction 
3,2,1/ == iwherenRR axBiaxi  

Wheel set Static Load 
WRQQP axiaxiOaxiSaxi −=−= 2  

Wheel Load Equations 
RRR axiii =+ 21 ; ( )YtReR gaxii ±•=• '

1  
OX Axle Bearing Load 

( )etc
ZYijYiYoijwbiOXij kfyybeFfH ,,,,,,,,, γβ= OY 

Axle Bearing Load 
( )etc

ZXijXiXoijwbiOYij kfzzbeFfT γα ,,,,,,,,=  
OZ Axle Bearing Load 

( )etc
YXijZiZoijwbiOZij kfzzbeFfR ,,,,,,,,, βα=  
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Dynamic Forces 
Wheel Dynamic Force 
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P2 Wheel Force  
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• Roll, Pitch and Yaw Angle 
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• Suspension Travel (x- horizontal, y- lateral 
and z -vertical) 
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• Wheel set Motion 
Angular Velocity 

30
nO

O

•
= πω  

Wheel set Torque 

ωo
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Outer Wheel Path Length 
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Inner Wheel Path Length 
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Free Curving Radius 
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(Neumann-Vogel) 

• Train Motion 
Lomonossoff-Nordman Equations 
Powering: 

aMRRRRRRF TTtTaTcTgTWLT •+•=+++−+− ))()( 1( ξ

Coasting: 

)()( RRRRRRF tTaTcTgTWLT +++++= v=const 
Braking 
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• Train Displacement, Speed, Acceleration 

and Deceleration 
Speed (Velocity)  

i
nDV
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o
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dt
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Velocity Integral  
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• Basic Electrical Formulas  

Electric Power Load ∑
=

=
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I
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Ohm’s Law   RIV •=  
Basic Electric Power RIIVPE •=•= 2  
Other electrical and electronic laws and formulas 
are also included in the electric system calculation 
programs such as: Kirchhoff, Joule, Lorentz, Biot, 
Ampere, Faraday, Gauss, Series and Parallel, 
AC, DC and electronic Circuits. 
• Strength of Materials Formulas  
The below formulas are used by specialized 
structural programs to determine the profile and 
specific material characteristics of structural  or 
non structural  elements such as: side sills, 
transoms, beams, gussets, metal skin, 
composites, shear plates, webs, brackets, 
mounting plates, panels, fasteners, welding, etc. 

Stress  
A
Fq =  

Strain  llll δδ ±;/  
Modulus of Elasticity 

ConstStrainIntensityStressp ×==  
Young Modulus (Stretch) 

StrainTensile
IntensityStressTensile

e
p
==Ε  

Modulus of Rigidity (N) 
Ν×= StrainShearStressShear  

Bulk Modulus (K) 
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VolumeOriginal
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Formulas of: Compound Stress, Yield, Welding 
Strength, Bow, Wilson, Distribution Method, 
Castigliano, Maxwell, Euler, Gordon and Cooper 
are also used in the computer programs.  
Structural FEA software uses the above formulas 
and can accurately determine the major structural 
stress, strain, etc of different structures of the 
rolling stock system component. 
• Other Formulas, Equations and Laws 
Matrix, integral and derivate formulas of 
mechanics, thermodynamics, electricity and 
magnetism are applied and included into rolling 
stock engineering calculation programs and train 
simulations.  
E.g. Nadal, Gilchrist, Centrifugal, Flange, Lateral 
Forces Formulas; Wheel –Rail Equations; Bogie 
Equilibrium Equations; Kinetic and Mechanical 
Energy Conservation Theorem; Rotational Motion 
of Wheel set Laws; Collision and Impulse Integral 
Laws; Sound Integrals; Laws of Thermodynamics; 
Electricity and Magnetism Theory. 
3.3.3 Engineering calculations–programming 

language 
The programming language of the engineering 
calculation programs is a set of syntactic and 
semantic rules and codes used to defining, 
selecting, implementing, calculating or generating 
different results.  
The basic input data, equipment selection, 
formulas, equations, assumptions and other 
particular data are taken into consideration while 
writing the programs. 
Simple applications of the Excel, Visual Basic or 
Math Lab can apply and solve some of the 
preliminary calculations.  
Other programming languages such as Fortran, 
DOS, Basic, C, C++, Java, Delphi, COBOL, 
JScript, will run and solve other parts of the 
engineering calculations. 
The instructions and control flow of programming 
language will define the interface between the 
calculation programs or engineering calculations 
and CAD software  

The results of the computer programs will verify 
the engineering work and will be accurate and 
exactly related to the assumptions made.  
 
 
 
3.4 Computer Software Used During The 

Design Process  
The design process is directly related to the 
engineering calculations, equipment and 
materials selection. 
The computer software uses 2D and 3D design 
programs, which are linked to the engineering 
calculation programs. The basic operation of the 
design software is based on the linear selection, 
edit and functions of drawing tools, standards, 
materials and other functions. The design 
software applied to rolling stock design is divided 
into specialized programs used and connected by 
a processor to define a final configuration. A 
series of specialized packages are: 
• Part, Assembly, Sheet Metal and Structures 

Selection and Modelling 
• Engines, Transmissions and Gear Boxes 

Selection and Modelling 
• Electrical Machines, Components, 

Schematics, Diagrams, Wiring, Harness, 
Circuit Boards and Routing Selection and 
Modelling 

• Hydraulic Machines, Valves, Circuits 
 Schematic and Diagrams Modelling  and 

Selection 
• Air Conditioning Modules, Ducting and 

Diagrams Selection and Modelling 
• Piping Selection and Modelling 
• Mock-Up Modelling  
• Manufacturing, Installation and Machining 

Modelling and Implementation 
• Design Analysis: Mass, Structural, 

Mechanical, Electrical and Ergonomics 
• Rolling Stock Dynamics Movements and 

Envelopes 
The flow of required design activities will be 
integrated within the engineering and 
manufacturing. An alternative management of the 
design process using computer software is 
presented in the Figure 6. 
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Interfaces 

 
Components 

2D-3D Drawings 
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Systems 
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2D-3D Drawings 
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Design 

 
Certify Design 

 
Production 

2D-3D Drawings 

Assemblies and 
Systems 2D-3D 

Drawings 

 

 
Figure 6. Design Process Alternative Management Method 

 
4 Train Simulations Software 
4.1 Basic train simulation software 

configuration 

Train simulation software includes pre-
processor, processor, postprocessor and 
results processor programs as it is shown in 
the Figure 7.  

The software pre-processors of the calculation 
programs are divided into following: 
• Basic Data Base-consists of the main input 

database for engineering calculation 
programs. 

• Track Data-creates route, track profile and 
irregularities. 

• Wheel Rail Data-generates functions of wheel 
rail geometrical properties and interaction. 

• Calculation Programs-calculate different  train 
simulation data using specialized formulas. 

• Structural Data-uses the input data from 
design software and FEA. 

• Order Data-generates a sequence of 
calculations in any other program 

• PreData-a generator for the main processing 
programs 

The main calculation programs perform 
Quasistical, Modal, Frequency-Response and 
Time Integration analysis. 
The postprocessor programs prepare the results 
for the output result processor programs. 
The final graphical and textual results can be 
arranged, selected and plotted in any point and 
under different conditions of the train simulations. 

 

 

 
 

Figure 7 – Basic Train Simulations Software Processor Programs Configuration 

Pre-processor 
Programs  

Postprocessor 
Programs  

Results 
Programs 

Processor 
Programs  
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4.2 Train running simulations software  
The computer train running simulations can certify 
the train’s operational performance. The basic 
input database of rolling stock is used to create 
the input files for the simulation program. The 
route, track, speed, train consist, traction, braking, 
operational and other systems operational files 
are essential.  
The simulations programs used the basic 
formulas presented in 3.2 and other assumptions 
and equations.  
A series of train running simulations software 
have been developed during the last years :  
• LRT Bahn (Diesel and Electric Trains) 
• TGV Simulateur (Electric Trains and 

Locomotives) 
• TMS (Train Microsoft Simulations)  
 (Diesel and Electric Locomotives and Trains) 
• Train Sim or SIMPack ( Diesel and Electric 

Locomotives and Trains) 
• TRAPER (Diesel Locomotives, DMU)  
• ELSIM (Electric Trains and Locomotives) 
• VAMPIRE(Bogie Running Simulations) 
Using any of the train running simulations 
software the main output results: travel time, 
running times, traction and braking forces, energy 
or fuel consumption, maximum hauling capacity, 
ride index, etc will be the same. 
4.3 Train braking simulations 
If the train running simulations can indicate the 
braking forces and stopping distances, the 
specialized train braking simulations will certify 
the chosen braking system.  
Braking forces and temperatures, train stopping 
distances, pipe sizes, cylinder diameter, shoe 
materials, pressures and other system data will 
be calculated, verified and certified by these 
programs. The simulations use the input data 
determined by the engineering calculation 
programs and design data.  
A few examples of specialized train braking 
simulations software are:  
• Train Air Brake Simulator (TABS) 
• FSS (Frene Simulateur Software)   
• EPBSIM (Electro-pneumatic Braking 

Simulations)  
• FbrSim (Freight Brake Simulations). 
4.4 Structural analysis simulations 
The main input data of these simulations are the 
rolling stock structural forces, loads, materials and 
components dimensions. Forces and loads are a 
direct result of the technical specifications and 
engineering calculation programs.  Structures can 

be modelled using the design software. These 
simulations require a modelling, calculation and 
visual output program.  
A geometry-modelling program e.g. Patran can be 
directly integrated from the design software. The 
main calculation program e.g. Nastran will define 
the strength of structural components.  
The crash simulations software will define other 
structural elements strength in the crash zones. 
Pam Crash or LS-Dyna can also be integrated 
and related to the design and preliminary 
engineering calculations. 
If the results will not be within the required limits 
the cause can be easily identified and the 
structural elements changed to the required 
dimensions or different materials. 
4.5 Train system simulations 
Train systems have been proven in the rail 
industry by the particular application and the 
simulations used to certify previous designs. 
These simulations and calculation programs are 
essential in the preliminary and conceptual design 
process stages. 
Some examples of train system simulations 
computer software include: 
• Wheel-rail interface operation  
• Bogie suspension travel and movements 
• Traction engines operation and 

characteristics outputs 
• Transmission and final drive operation, forces 

and characteristics 
• Cooling system fluid flow, temperatures, 

pressures and characteristics  
• Equipment vibrations and critical fatigue  
• Equipment noise effects and level attenuation  
• Coupler, buffers and gangway curving 

operation 
• Air conditioning distribution, flow and 

temperatures  
• Pantograph operation 
• Electrical equipment operation 
• Lighting levels 
• Electrical traction system operation, 

characteristics and loads 
• Auxiliary electrical system and installation 

operation and loads 
The train system simulations are related to the 
engineering calculation programs and certify 
system data, operation and characteristics of the 
system equipment. The performance level of the 
system can be identified and checked if it is 
applicable to the particular rolling stock design. 
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The results can be integrated in train running 
simulations and will certify the proven system 
applicability to the particular rolling stock 
operation. 
4.6 Train driving and signalling simulations 
Train driving and signalling simulations consist of 
a complex integration of several train simulation 
programs.  
Train driving and signalling simulations can show 
the real train operation.  
Train driver simulators use these types of 
programs and this can be an ultimate step in 
proving the engineering calculations and design 
of the rolling stock. 
4.7 Train animation software 
The train animation software is not train 
simulation software. The train animation programs 
can model and partially show a real train 
operation. Passenger embarking and 
disembarking, railcar interiors, cabins, 
ergonomics, external interfaces and platforms can 
be modelled and animated using this type of 
specialized software.  
Train mock-ups can be replaced by train 
animation.  
In the conceptual and integral design the 
animation software is important in order to define 
the final external and internal aspect of the rolling 
stock. 
5 DISCUSSION 
United Goninan current engineering and design 
process of rolling stock includes a large 
application of computer software, programs and 
train simulation during all project stages.  
This enables the engineering and design risks to 
be understood and addressed, which is of benefit 
to both United Goninan and its customers. 
The paper has provided an overview of United 
Goninan practices during the design process of 
the Hunter Railcars and Outer Suburban Cars 
projects. 

6 CONCLUSION  

The technical management strategies and 
techniques of rolling stock engineering 
calculations and design process using computer 
software, programs and simulations should be 
well analysed and implemented in the projects. 

These strategies or techniques must be 
correlated to other aspects of the project such as: 
manufacturing, equipment suppliers and railway 
operators. 

The importance of engineering calculations is vital 
to the rolling stock lifetime, operation and 
performance. 

If a calculation program can be purchased or 
written it is important that we really understand 
and apply correctly the programs or formulas to 
calculate rolling stock parameters and 
characteristics that will certify the design. 

If only the principle of “based on previous design” 
applies during the design process the new rolling 
stock might not perform at the expected levels. 

It is essential that train simulations software is 
used during the engineering and design process. 
Their results will certify and prove the equipment 
selection and structural design integrity. 

The efficient integration and planning of technical 
management of rolling stock engineering 
calculations and design during the project stages 
is the successful key of manufacturing rolling 
stock on time. 
However, the great and helpful the computer 
software, programs and train simulations are, the 
railway engineers and designers will use their 
engineering knowledge, creativity, experience and 
imagination to design and build more modern, 
efficient, attractive and safe trains. 
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SUMMARY 

Standards for rollingstock dynamic performance and track design and maintenance have been set as part of 
the QR Safety Management System.  The rollingstock performance standard comprises a number of tests 
similar to other Australian and International standards but tailored to suit QR track and conditions.  This was 
accomplished by considering the purpose of each test and how the test conditions and performance criteria 
would be affected by the track design and maintenance standards that had developed in QR over the years.   

Tests such as negotiation of isolated track irregularities and negotiation of cyclic track irregularities have the 
amplitude of the irregularities based on the poorest standard of track over which the rollingstock is to be 
registered to operate.  It was also found that to control the derailment risk while allowing cost-effective 
rollingstock designs, additional track maintenance criteria were necessary.  Examples are the twist over a 
distance more representative of the bogie centre distance and a derived parameter “Instantaneous Cant 
Imbalance” indicating sway input to rollingstock. 

This paper describes the methods used for tailoring the rollingstock and track standards to permit maximum 
flexibility while maintaining a high level of operational safety.  The methods discussed include the review of 
track recording car data, physical tests and computer simulations. 

 

1 INTRODUCTION 

After the compilation of the ROA Roadworthiness 
Acceptance Tests in 1989 (which later became 
Section 3 of the ROA Manual of Engineering 
Standards and Practices) an attempt was made to 
adopt these standards for QR.  Whilst some 
rollingstock passed certain tests other rollingstock 
which had given good service for a number of 
years would not   An example was the Electric 
Multiple Unit trains used for passenger services in 
the Brisbane suburban area which would not pass 
the ROA twist test even with airbags inflated.  
While this test has a severe twist gradient 
between bogies, the superimposed dip is not as 
severe as may be encountered on some lines in 
QR.  A review of the ROA tests was commenced, 
considering the intended purpose of each test and 
whether the test conditions were truly 
representative of QR conditions.  Specifications 
for purchase of new rollingstock included 
amended performance specifications as they 
evolved.  
In 1999 a suite of Standards and Specifications 
was developed for the QR Safety Management 
System.  These included STD/0026/TEC 
“Rollingstock Dynamic Performance” and 
STD/0077/TEC “Civil Engineering Track 
Standards”.  In compiling these standards other 

Australian and International standards were 
reviewed with the aim of minimising the same 
risks but adapting the conditions to suit QR.  The 
aim was to provide a safe railway but to minimise 
the costs of rollingstock and track construction 
and maintenance. 

2 NOTATION 
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dividual wheel L/V - The ratio of the lateral 
rce to the vertical force between the wheel and 
il on any individual wheel e.g. L1/V1 in Figure.  

 is used to assess the potential for the wheel 
ange to climb the rail. 
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Sum L/V axle - Sum of the absolute values of the 
individual wheel L/V’s on the same axle at a given 
instant in time eg. | L1/V1 | + | L2/V2 | in Figure.  It 
is also used to assess the potential for the wheel 
flange to climb the rail and is more appropriate 
than the individual wheel L/V when the angle of 
attack of the flanging wheel to the rail is low.  
Increasing the angle of attack increases the 
gauge-spreading lateral force from the tread of 
the non-flanging wheel thereby increasing the 
Sum L/V axle. 

3 TRANSITION CURVE NEGOTIATION 

3.1 Purpose 
This test is intended to control the risk of a flange 
climb derailment when negotiating the transition 
out of a curve.  Due to the twist imposed by the 
decreasing superelevation (cant ramp), the 
combined torsional stiffness of the underframe 
and suspension must be sufficiently low so that 
excessive unloading does not occur on the 
leading outer wheel.  The unloading can be 
increased by local dips in the outer rail 
superimposed on an otherwise uniform cant 
ramp. 
Another factor affecting the tendency for flange 
climb is the lateral force between this wheel and 
the rail.  This force is affected by the rotational 
resistance of the bogie as well as the design of 
the primary suspension.  The bogies used on 
modern locomotives and passenger vehicles 
commonly have no bolster and the secondary 
suspension needs to deflect in shear for the bogie 
to yaw.  The required torque therefore increases 
with yaw angle and must not be excessive in the 
tightest radius curve.  Bogies with centreplates 
and sidebearers generally have a constant yaw 
torque influenced by the friction acting at these 
interfaces.  This friction will increase the lateral 
force on the outer rail in the entry transition to the 
curve or at alignment irregularities that increase 
the curvature. 
AAR Chapter X1 [1] has a “bunched spiral” test so 
named because the transition (referred to as a 
spiral in America) is very short giving a large twist 
between bogies.  Because this test is usually 
conducted on the TTCI test track at Pueblo and 
flange climb is important,  limits are set for the 
maximum unloading on any wheel, the maximum 
Individual wheel L/V and the maximum Sum L/V 
axle. 
Self-steering bogies can provide a low angle of 
attack of the wheels to the rail.  Because the L/V 
ratio for flange climb decreases as the angle of 
attack of the wheel to the rail increases [2], and 
the lateral force also decreases, a higher level of 
wheel unloading could theoretically be tolerated 
with these bogies compared to rigid frame or 
three-piece bogies.  To allow for this possibility 
the same flange climb criteria specified for the 
AAR bunched spiral are specified in the QR 

Standard when operating on the limiting QR track.  
It should be noted however that while all self-
steering bogies reduce the average angle of 
attack in a curve, they may not reduce the angle 
of attack at an alignment irregularity such as a 
kink in the curve and these are frequently 
associated with a dip in the outer rail so that no 
greater wheel unloading can be tolerated in 
practice. 
Because of the cost of this type of testing and the 
limited range of bogies where it would be an 
advantage, the alternative criteria for this test are 
the maximum wheel unloading in a static twist test 
and the maximum rotational resistance of the 
bogie as further discussed below.  

3.2 Review of QR Track 
A review was made of the records of design 
standards for the ramps in superelevation (cant 
ramps) leading into and out of curves.  In some 
areas the rate was 1 in 400 due to limited length 
of tangent track between curves, however in 
general the rate was less steep.  The current Civil 
Engineering Track Standards for transitioned 
curves in new track require a maximum rate of 1 
in 600 with further reductions for speeds greater 
than 75 km/h. 
To ascertain how closely these design standards 
had been maintained in practice, track recording 
car data were analysed.  Track recording car 
MMY004 at the time only output twist over a 
baseline of 3 metres which had been used 
historically, probably because it was close to the 
wheelbase of the 2 axle wagons that were used 
extensively in the past.  The twist was not 
measured directly on this car but calculated from 
measurements of superelevation.  It was 
therefore possible to calculate twist over any 
desired baseline. 
Superelevation data were exported to 
spreadsheets and the twist was calculated over 
various baselines representing the bogie centre 
distances of current rollingstock.  This analysis 
revealed that 
• In most parts of the state the cant ramp slope 

was less than 1 in 400 while in the Brisbane 
suburban area there were some areas 
approaching 1 in 300. 

• There were sometimes local areas in a cant 
ramp where the slope over the bogie centre 
distance significantly exceeded the general 
slope. 

Track recording car data and exception reporting 
thresholds for track top were also reviewed to 
determine what magnitude of dip needed to be 
superimposed on the uniform cant ramp in the 
twist test.  Initially the steepest cant ramp slope 
and largest isolated dip were considered in 
combination, however it was determined that this 
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was too conservative because no instance could 
be found of the two occurring at one location. 
From this analysis it was concluded that for 
branch lines cant ramp gradients could be 
maintained to no steeper than 1 in 400 but the 
superimposed dip could be up to 30 mm over 
3 m.  For the Brisbane Suburban area and main 
corridors the superimposed dips were not as 
severe, however, there were instances of cant 
ramps approaching 1 in 300.  Two separate cases 
were formulated for these areas, firstly a 25 mm 
dip superimposed on a 1 in 400 cant ramp and 
secondly a 20 mm dip superimposed on a 1 in 
300 cant ramp.  The smaller dip on the steeper 
cant ramp was considered to be justified because 
larger dips would exceed the 3 m twist limits. 
To provide control of the cant ramp gradient, 
limits for track twist over a 10m baseline were 
introduced.  Any area found to have a gradient of 
more than 1 in 400 (25 mm twist over 10 m) must 
be inspected within 7 days while greater than 1 in 
333 (30 mm twist) requires inspection within 24 
hours.  Whilst steeper gradients may occur 
between track recording car inspections, the risk 
of a large superimposed dip occurring at the 
same location has been found from experience to 
be low. 

3.3 Twist Test Method and Criteria 

Most bogies used on wagons and some 
locomotives use friction rather than hydraulic 
damping and there is a lot of hysteresis in the 
force required to extend and compress the 
suspension.  Unless the friction is fully released 
while the vehicle is on level track prior to the start 
of the test, an incorrect value for the static wheel 
load will be obtained and the percentage 
unloading from this value to the load at the 
specified twist will be incorrect.  With friction 
wedges this is normally fairly simple to do using a 
crowbar to bar the wedge back against its spring.  
Different results will also be obtained depending 
on the method used to jack the required wheels to 
the specified heights.  The most realistic method 
was considered to be jacking all wheels 
simultaneously to the specified heights, the staff 
doing the jacking regulating their speed 
(depending on how high they are jacking) to 
complete jacking at the same time.  This is 
specified in the QR standard because it is 
possible to gain a few percent of loading by 
jacking the wheel adjacent to the load cell last. 
The QR standard also specifies that the twist test 
be repeated by jacking the opposite side of the 
vehicle with the load cell at the same end.  This 
checks that the underframe or track does not 
have an initial twist which reduces the wheel 
unloading during the test. 
The limit for wheel unloading (loss in wheel load 
divided by the starting load) is 60% which is a 
commonly accepted standard.  This limit had its 

origin in derailment tests carried out by the O.R.E. 
B55 Committee [3] with empty 2 axle goods 
wagons negotiating a 1 in 100 superelevation 
gradient on a 100 m radius curve.  This limit was 
considered to give a sufficiently low probability of 
derailment due to flange climbing. 

3.4 Rotational Resistance 
The former British Rail defined the “X-factor” for 
the rotational resistance of the bogie and limits for 
X-factor have been carried through into the 
Railtrack Railway Group Standard GM/RT2141 [4] 
with a limit of 0.1.  A revision in October 2000 
permitted the X-factor of freight vehicles with axle 
load less than 8 t to be up to 0.16. 
The bogie X-factor is calculated as follows - 
X = T/(W*A)   
where 
T = Torque required to rotate bogie relative to 
body to the angle required to negotiate the 
minimum radius curve 
W = Average axleload of bogie 
A = Bogie wheelbase 
AAR Standard M-948 for constant contact 
sidebearers [5] has a limit for the L/V ratio which 
is calculated on the basis that the lateral force (L) 
at the leading outer wheel provides the torque to 
rotate the bogie.  The limit for L/V ratio is 0.82 
which equates to an X-factor of 0.205.  The true 
wheel L/V ratio is likely to be higher than 
calculated by this simple formula due to the 
gauge-spreading forces on the leading axle of 
rigid frame or 3-piece bogies due to the angle of 
attack to the rail.  
High bogie rotational resistance can also cause 
parallelogramming of 3-piece bogies on loaded 
wagons leading to high angles of attack and high 
gauge-spreading forces.  Articulated double-stack 
container wagons suffered a large number of 
derailments due to rail roll-over after their 
introduction in North America in 1988.  Richmond 
[6] recommended a limit of 250 inch kips 
(28.2kN.m) torque which equates to an X-factor of 
approximately 0.05. 
In the QR standard a limit of 0.1 was adopted for 
bogie X-factor.  This was considered to be a 
practical limit based on experience with a wide 
range of applications of constant contact 
sidebearers to 3-piece bogies for hunting control 
and for rigid frame bogies with air-bags or shear 
elements.  A higher X-factor was considered to 
unnecessarily increase wheel flange and rail side 
wear as well as promoting a higher risk of flange 
climb derailment. 
When suspension shear stiffness’s or centreplate 
and sidebearer friction are not accurately known, 
the X-factor needs to be determined 
experimentally.  QR has built a turntable with a 
roller thrust bearing which is capable of 
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supporting passenger bogies.  An hydraulic 
cylinder with pressure transducer is used to rotate 
the turntable while a displacement transducer 
measures the yaw angle.  Loaded coal wagons 
are too heavy for this turntable but have been 
tested by supporting the bogie bolster on a low 
friction bearing and using hydraulic pullers 
reacting on an adjacent wagon to rotate the 
bogie. 

4 NEGOTIATION OF ISOLATED TRACK 
IRREGULARITIES 

4.1 Purpose 
The Rollingstock Dynamic Performance standard 
requires that all rollingstock are able to negotiate 
track defects that are not repeated in a cyclic 
fashion or grouped together in a spacing that is 
less than the length of the vehicle.  These are 
termed “isolated” track irregularities even when 
the track irregularity leads to more than one track 
recording parameter being exceeded at the same 
location. 
This requirement checks the tendency for 
derailment when a vehicle negotiates an 
irregularity in track geometry at a single location. 

4.2 Relating tests to track standards 

Isolated track irregularities are a feature of the 
railway and they occur at many locations.  
Common locations are level crossings, bridge 
ends and at local formation problems. 

4.3 Rollingstock Performance Criteria 

Overseas research has shown that a maximum 
vertical wheel unloading of 90% for up to 50 
milliseconds can be experienced without high 
derailment risk as long as the sum L/V axle does 
not exceed 1.5 at the same time.  Simply put, this 
means that the wheels can unload so long as the 
overall lateral force on the wheelset is within 
limits. 
The uncertainties of measuring sum L/V axle 
without the use of an instrumented wheelset has 
made it necessary to use more conservative 
wheel unloading limits.  These are maximum 
wheel unloading of 90% sustained for more than 
50 milliseconds when lateral acceleration is less 
than 0.3 g and 60% when lateral acceleration is 
greater than 0.3 g. 
When on-track testing without the use of an 
instrumented wheelset, lateral accelerations and 
suspension deflections can be used to assess a 
vehicle against these criteria.  These parameters 
are simple to measure. 
Testing against these criteria is performed on 
representative track at either 110% of the 
rollingstock design speed or at 110% of the track 
speed limit that is applicable to irregularities of the 
magnitude measured.  The lower of the two 
speeds is used. 

For this testing, regular track has generally been 
used rather than manufacturing the track 
irregularities as for other tests.  This type of 
testing may not cover every combination of 
defects that could be encountered in the service 
life of the rollingstock.  For this reason, track 
testing has typically been carried out over as 
much of the operating lines as possible.  
Computer simulations allow all combinations to be 
tested and have been used for qualification of 
recent rollingstock to supplement practical tests 
[7]. 

5 NEGOTIATION OF CYCLIC TRACK 
IRREGULARITIES 

5.1 Purpose 
The classic source of cyclic track irregularities is 
short rails with bolted joints that have dipped over 
a period of time.  At a critical speed the frequency 
at which the dips are encountered coincides with 
a natural frequency of the rollingstock on its 
suspension exciting a resonant response.  QR 
has had some areas where the rails were laid with 
the joints in both rails opposite each other (square 
joints) while in other areas the joints in one rail 
were laid half way between the joints in the other 
rail (equal stagger joints).  The square pattern 
tends to excite a pitch and/or bounce response 
from the rollingstock, depending on the 
relationship of the rail length to the wheel spacing, 
while the equal stagger pattern tends to excite 
sway, yaw and/or twist. 
While short rails are gradually being eliminated by 
cascading rail from other areas or straightening 
and welding up the joints, cyclic irregularities can 
still be encountered.  When a significant isolated 
irregularity exists in the track, rollingstock passing 
over this irregularity will be excited to pitch, 
bounce, sway, yaw or some combination of these 
motions depending on the shape of the 
irregularity.  An increased force will then be 
exerted on the track one period of oscillation 
further down the track.  Where a lot of rollingstock 
has a similar natural frequency for this mode of 
oscillation and is travelling at about the same 
speed, the increased force on the track will occur 
around the same location and the repeated 
loading can cause another irregularity to develop 
over time.  This irregularity will reinforce the 
motion set up by the first irregularity and a series 
of fairly equally spaced irregularities can develop, 
particularly when ballast becomes fouled or 
drainage is otherwise impaired.  
An isolated dip in one rail will also cause an 
increased force at the leading bogie when the 
trailing bogie enters the dip.  This force can add to 
the dynamic force from the sway that the dip 
initiated for a certain critical speed, normally 
about 30 km/h.  A series of dips at bogie centre 
distance exciting sway can be particularly severe 
for narrow gauge rollingstock as high wheel 
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unloading can occur with significant lateral forces 
to promote a flange climb derailment [8]. 
In the control of resonance from cyclic inputs the 
damping of the suspension is particularly 
important.  A performance standard was needed 
to ensure that the friction wedges or hydraulic 
dampers of all rollingstock are able to control the 
level of wheel unloading under the most severe 
track conditions likely to be encountered in 
service. 

5.2 Relating tests to track standards 
As previously discussed, current track standards 
do not provide for cyclic defects.  Observation of 
track geometry data shows many instances where 
cyclic defects occur. 
For 1067 mm gauge rollingstock with relatively 
high centres of gravity the sway mode is very 
important and it was considered that rollingstock 
needed to be tested over cyclic irregularities of a 
nature that excite sway.  The test track was 
specified to contain cyclic Top irregularities 
spaced at the bogie centre distance on each rail 
with the series of irregularities on one rail half the 
bogie centre distance out of phase with the other 
rail.  (This is what short rails with equal stagger 
joints provide).  The magnitude of the 
irregularities was specified to be 67% of the 
exception level that would require inspection 
within one day of detection by the track recording 
car.  Whilst there is a high probability of an 
isolated irregularity exceeding this level, the 
probability of a number of cyclic irregularities all at 
this level is low. 
The introduction of high speed services and the 
preceding tightening of maintenance tolerances 
resulted in the unexpected introduction of cyclic 
irregularities as track was moved to monumented 
offsets recorded on electrification masts in an 
attempt to improve accuracy. This resulted in a 
waveform with a wavelength of 50 to 60 metres, 
the approximate spacing of the masts. 
Misalignment of the transition and cant ramp at 
the entrance to some curves was also noted to 
give a cyclic sway input to the rollingstock, 
particularly at higher speeds.  A second cyclic 
irregularity case was introduced for rollingstock 
that travels at greater than 80km/h in recognition 
of the existence of such track geometry.  This 
comprises one cycle of approximately sinusoidal 
varying cant imbalance of 160 mm peak to peak 
with a wavelength of 50m, 

5.3 Rollingstock Performance Criteria 
The performance criteria for the cyclic 
irregularities test are identical to those used for 
the isolated irregularities.  These shall be met at 
any speed up to 80 km/h for Case 1 (series of 
irregularities at bogie centre spacing).  Because 
the sway natural frequency is generally about 1Hz 
the critical speed is in the order of 30 km/h.  

Normally the wheel unloading at this speed is 
greater than at 80 km/h. 
For Case 2 (simulated curve entrance) the 
specified speed is anywhere between 60 km/h 
and 110% of the maximum design speed of the 
rollingstock.  Normally the highest speed will give 
the highest wheel unloading in this test. 

6 INSTANTANEOUS CANT IMBALANCE 

6.1 Purpose 
Tests were carried out in 1997 to determine the 
safety of operating locomotives and freight trains 
at 100km/h on the upgraded line north of 
Rockhampton.  During the tests, large levels of 
vertical wheel unloading occurred.  These 
unloadings were at locations where the track was 
deemed suitable for increased speed using the 
assessment techniques of the time.  Analysis 
showed that there was a need to more closely 
control the relationship between curvature 
(versine) and superelevation. 
Until this testing was carried out, there were 
maintenance parameters used to control the size 
of defects in curvature only.  Superelevation was 
recorded but limits were not set. 
Analysis of the test results showed that high 
levels of wheel unloading on both locomotives 
and high centre of gravity wagons occurred at 
locations where large levels of superelevation 
imbalance occurred for distances of greater than 
10 metres.  Typically these occurred on curve 
entries and exits where the curvature and 
superelevation changes were not aligned.  They 
also occurred at large irregularities in the circular 
portion of curves where a tightening in curve 
radius was accompanied by a decrease in 
superelevation. 
It was shown that there was a good correlation 
between the level of wheel unloading and a 
calculated parameter called instantaneous cant 
imbalance.  This parameter is calculated using left 
and right rail versine and superelevation with 
track board speed to derive the effective 
superelevation at each point on the track.  This is 
then smoothed using a 10 metre running average. 
The use of the ICI parameter produces far fewer 
“exceptions” in a track recording run than would 
be produced by very tightly controlling the 
superelevation without regard to the versine. 

6.2 Track Standard 
In recognition of the need to control ICI, limits 
were introduced in the Civil Engineering Track 
Standards. The limits are rollingstock dependent, 
with different levels for track where tilt trains 
operate and track where freight traffic operates.  
On corridors where both types of rollingstock run, 
ICI must be calculated for both. ICI is speed 
board dependent and freight and tilt trains use 
different speed boards.  Either limit may be 
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reached at a particular track irregularity and 
neither limit will always govern. 

7 FUTURE DIRECTIONS 
Upgrades to the track recording car software will 
allow design alignment information to be stored in 
an on-board database and checked in real time. 
Among other things, this will allow superelevation 
limits to be set for individual curves. 
It is intended to develop algorithms to detect 
combined and repeated defects and to set 
appropriate intervention limits. 

8 CONCLUSIONS 
Test conditions for rollingstock roadworthiness 
acceptance tests need to reflect the actual track 
conditions of the railway.  Adoption of standards 
from other railways can either cause unnecessary 
restrictions on rollingstock or be too loose to 
provide a low risk of derailment or track damage.  
Track maintenance standards need to control all 
the parameters set for the rollingstock 
roadworthiness tests. 

9 ACKNOWLEDGEMENTS 
The authors wish to thank the Manager 
Rollingstock Engineering and Manager Civil 
Engineering, QR for permission to publish this 
paper. 

10 REFERENCES 
[1]  Association of American Railroads 

Specification M-1001 Chapter XI, Service-
Worthiness Tests and Analyses for New 
Freight Cars, Manual of Standards and 
Recommended Practices Section C-Part II 

[2]  Elkins J, Wu H, Angle of Attack and Distance-
Based Criteria for Flange Climb Derailment.  
International Association of Vehicle System 
Dynamics 16th Symposium on the Dynamics 
of Vehicles on Roads and Tracks, Pretoria, 
South Africa, September 1999 

[3]  Reports of the O.R.E. B55 Committee, 
Prevention of Derailment of Goods Wagons 
on Distorted Tracks, 1964-1975 

[4]  Railway Group Standard GM/RT2141 
Resistance of Railway Vehicles to Derailment 
and Roll-Over, Railtrack PLC London  

[5]  Association of American Railroads Standard 
M-948-77, Specification for Truck Side 
Bearing.  Manual of Standards and 
Recommended Practices Section D  

[6]  Richmond S, Truck Center Bowl Rotational 
Resistance—The Evaluation of Lubrication 
and Liner Schemes by Full Scale Laboratory 
Testing  

[7]  Burns I, Cairns Tilt Train Compliance with 
Safety and Security Management System 
Standard SAF/STD/0026/RSK, QR Rolling-
stock Engineering Report T/200320, 17 June 
2003. 

[8]  Skerman DK, Controlling Rollingstock Sway 
on a Heavy Haul Railway.  International 
Heavy Haul Association Special Technical 
Session, Dallas, Texas, May 2003 

[9]  Wolton M, Safety Validation for 100km/h 
Operation—Rockhampton to Purono - 
Dynamic Stability Test,  QR Rollingstock 
Engineering Report VT.9727, 8 Oct. 1997. 

 
 



 

 53.1 Conference On Railway Engineering 
                                                 Darwin 20-23 June 2004  

PROJECT ASSURANCE 

Andrew McCusker 
B.Sc., C.Eng., MIMechE, FCMI, MCIPD 

MTR Corporation Limited - Hong Kong 

 

 

SUMMARY 

Managing risk at the delivery end of projects in addition to the front end is demonstrated through a 
pragmatic but robust assurance system.  The importance of risk being managed at all stages by 
those having project delivery responsibility is highlighted and examples of benefits achieved are 
given.  The impact on client and contractor culture and future development for improving risk 
competency are given.  Improvement to costs and programme achievement and additional 
benefits are highlighted. 
 
 

INTRODUCTION 

The delivery of large and complex projects 
involves stress and demands high time 
commitment from the client, project managers and 
their respective staff.  Difficulties can be increased 
when working within an operational or ‘brownfield’ 
environment, where public and live systems 
interfaces further increase the difficulties. 

In the MTR Corporation Ltd. (MTR) rail business 
there is a HK$10Bn project portfolio to modernise 
renew and expand both rail and commercial 
assets. 

The portfolio is unusual from the respect that 
although individual projects are stand alone from a 
cost and programme perspective, they are 
integrated due to the requirement to access 
common assets.  The problems associated with 
civil construction projects are readily understood, 
but this is less so for E & M systems where there is 
a high degree of interfacing which has been 
growing in recent years.  For software dependant 
systems, getting projects delivered on time is 
proving to be increasingly difficult. 

In this environment, managing risk proactively 
contributes greatly to project success. 

1. NEED FOR IMPROVEMENT 

Today, projects benefit from significant 
improvements in definition with structured 
requirements management, detailed 
configuration and interface management, new 
forms of contract, and modern contract 
strategies, and construction methods.   

Competitiveness in the world economy has 
led to very keen pricing within the Rail 
Industry and in the Far East, exceptionally low  

 

pricing has been recorded during the 
economic crises of recent years. 

The rail industry is, in a number of aspects, 
served by a market where oversupply exists 
and hence contractors can be in survival 
mode.  Rail projects will have a high profile 
with government, media and the public at all 
times and this is amplified in an operating 
railway. 

Problems normally encountered in project 
delivery are exacerbated in this environment.  

Project managers by nature are optimistic and 
react rapidly to resolve problems arising, so is 
there a need for a methodology to assure 
project delivery in time cost and quality? 

In the mid nineties MTRCL was facing 
problems in achieving programme and 
performance requirements in project delivery 
in the brownfield environment.  The 
introduction of new systems was far from 
being trouble free. 

This simply was not good enough for one of 
the world’s most utilised railways with highly 
discerning customers.  To add to this, in 2000 
MTRCL was privatized and contracted to 
exacting standards of performance by the 
Hong Kong Government within an Operating 
Agreement under a renewable franchise 
arrangement. 

Thus, in order to improve project delivery, a 
number of developments including risk 
management were initiated. 



Andrew McCusker  Project Assurance 
Mass Transit Railway Corporation Limited Hong Kong   

 53.2 Conference On Railway Engineering 
  Darwin 20-23 June 2004   

2. PROJECT RISK MANAGEMENT 

All projects are subjected to some form of risk 
analysis and generally substantial work is 
done on this during project formation. 

Within the railway business of the MTRCL a 
thorough project risk management system 
has been developed and applied to cater for 
the full project life cycle.  With the use of the 
tools developed, a pro-active approach to 
project management has emerged to 
complement our project delivery. 

The application of cyclic risk review has led to 
options and contingencies being developed 
throughout the project, prior to problems 
arising and considerable benefits for both 
clients and contractors have been recorded. 

3. THE APPROACH 

Risk management is seen as a continuous 
activity from the broad business and 
environment risks to be addressed during the 
project concept stage, the contractual and 
contractors’ risk during tender, to the detailed 
construction and commissioning risks during 
build prior to handover to the client. 

Given the very long nature of product life 
cycle within the railway business one system 
which integrates risk management at the 
concept, construction and the operational 
stages of the asset being delivered, is 
preferred. 

It is a normal function of project development 
to carry out risk analysis and best practice 
dictates that substantial risk analysis is 
carried out during the project formation stage. 

In the majority of situations risk analysis 
predominantly looks at financial, geological, 
construction and programme risks.  Further 
work also may be carried out during the 
project definition stage where technical, 
construction, programme and integration risks 
can be considered. 

Some project management practices also 
may visit risks again at the tender and 
contracting stage with a focus on programme, 
contracting strategy, and contractors’ risks. 

However due to the significant differences in 
each of the project phases, identified risks 
and mitigation at these periods have a wide 
variance, involve different parties and are not 
aligned.  As a result of this, risk management 
appears to be carried out as disjointed and 
discrete activities. 

Within the MTRCL we view risks as a 
continuous management activity which 
extends from the concept and requirements 
gathering stage into the operational phase 

and through to retirement.  Railway assets 
have life cycles ranging from 40 to 100 years 
and the valuable knowledge developed in the 
early phases of the asset life cycle generally 
does not pass into the operational phase. 

As a consequence of this, a need was seen 
for a single system which could yield benefit 
over the whole asset life cycle. 

This was the vision for the project assurance 
system developed for the MTRCL. 

4. SYSTEM OBJECTIVES 

There are many good examples of project risk 
management available within the construction 
and engineering industries.  None were found 
to cover the whole asset life cycle.  To 
facilitate such a system it is necessary to 
provide a methodology which can deal 
effectively with both large and small risks. 

The system should be pragmatic, traceable 
and auditable and for this a common 
terminology needs to be utilized at each 
stage.  One should not underestimate the 
importance of a common language or 
standardization of risk categories in the 
control of risk.  If a method can be devised by 
which this can be delivered, the overall 
effectiveness of risk management can be 
improved greatly, and costs contained. 

The objectives of the system developed are:- 

 Pragmatic and easy to use. 
 Covers the whole project and asset life 
cycle. 

 Seamless integration into the operational 
phase. 

 Easy to understand with simple 
terminology. 

 Utilized by all stakeholders. 
 Traceable, repeatable and auditable. 
 Wide project application catering for all 
technologies. 

 Evaluating the project within its political 
and economic environment. 

 Flexible in application while being robust. 
 Limited in complexity and bureaucracy. 
 Low cost. 

For the methodology constructed for the 
MTRCL system of project risk management, 
the above objectives have been achieved. 

5. SYSTEM OUTLINE 

A standard set of areas of risk have been 
established which were dictated by 
consequences.  For example, outcomes such 
as cost overrun and programme delay can 
arise from multiple risk and occur at any stage 
of the project. 
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Providing a generic set of categories permits 
a common and effective mechanism for 
evaluating and managing risk.  There is an 
added advantage that risks can be recorded, 
tracked and re-visited throughout the project 
and the asset life cycle. 

Handled this way the management of risk is 
not a discrete application and need not 
require specialists resources.  As a result, the 
project team can assume responsibility and 
as we have experienced quickly develop their 
risk assessment skills through the system of 
cyclic reviews.  Risks are not forgotten or lost 
as the occasional cyclic reviews will revisit 
previously identified risks until such time as 
they no longer are relevant. 

Referring to Figure 1 we can see that specific 
effort is required to carry out an initial risk 

appraisal at the concept definition stage of the 
project and again at the pre-contract stage, 
the latter preferably with shortlisted tenderers.  
With target cost contracts this last step is 
essential. 

The post contract review also brings the 
advantage of familiarising the parties who 
actually are to manage and execute the 
contract, not only with the project detail, but 
with each other and with the workings of their 
different organisations.  For companies, who 
wish to establish a partnering approach it also 
provides partnering opportunities which focus 
on jointly identify and solving problems. 

Our experience is that this kick starts the 
project and gives more efficient use of the 
early programme period. 

 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Project Management Cycle 
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6. HOW THE SYSTEM WORKS 

During project delivery the project manager 
will establish the requirements for cyclic risk 
review generally as outlined in Figure 2.  The 
system includes the ability to evaluate the 
expected costs to be encountered should 
predicted risks arise, the value being factored 
by the assessed probability. 

All risks are recorded in a project risk register, 
the approach records the value for 
contingency to be set aside to cater for the risk.  
At successive reviews through the project, as 
risks are passed, contingency reserve is 
cancelled as the overall risks to the project 
reduce, this is duly noted by a reduction in the 
overall project risk exposure. 

Also included is a value assessment module 
that permits evaluation of risks and benefits to 
dollar values for the varying levels of risk 
encountered, permitting both socially 
acceptable and commercially sensible 
decisions to be made. 

Risks are assembled into categories and these 
are constructed as to the consequences that 

would result from the risks.  These evaluation 
categories are used at each phase of the life 
cycle and also are applicable during 
commercial operation.  By categorising Risk 
evaluation against this simple structure, risk 
management over the whole asset life cycle 
becomes auditable and decisions readily 
traceable. 

To further assist project managers each 
project is given an overall risk ranking at 
commencement.  From this, further advice is 
available as to the degree and frequency of 
risk analysis and systems engineering that is 
applicable to the particular project with the 
level of systems engineering required being 
delineated.  This latter aspect has proved to 
be useful particularly in containing projects 
costs.  Given the good experienced gained, 
the whole system has been reviewed and 
modified for railway extension and green field 
application where it has been tried, tested and 
applied.  To support project teams, a series of 
tools with a training kit have been developed. 

 

 

 

 

 

  
 

Figure 2 : Risk Management in the Asset Life Cycle 
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At all stages, it is the project team that is 
responsible for evaluating and managing risk.  
If expert help is required it is supplied as a 
service to the project manager.  This results in 
the project manager remaining in control of 
risk management as part of project delivery, it 
also results in a highly proactive approach 
being taken by project teams.  Due to this 
proactive approach mitigation is defined prior 
to problems arising and as a consequence of 
this costs are reduced. 

7. BENEFITS ACHIEVED 

A primary benefit has been the increase in 
customer satisfaction due to the on time and 
trouble free introduction of new facilities and 
assets. 

However both the contractors and project 
teams have recorded a number of benefits 
which are highlighted below:- 

 Regular on time completion. 
 Significant reduction in claims. 
 Project delivery below budget. 
 A number of projects ahead of 

programme. 
 Lower accident rates. 
 Increased risk awareness. 

Contractors have welcomed the risk 
management approach as they see real 
benefits reflected in the works.  Also they see 
the Engineer’s team progressively change 
from “supervision” to a “joint problem solving” 
role.  This culture change has in fact partly 
contributed to reduction in contract prices for 
follow on contracts.  Government 
departments and Regulators increasingly 
have accepted risk management which has 
helped contractors and consultants to buy into 
our approach. 

As the approach is pragmatic this has led to 
the situation that the effort necessary for 
quantitative risk assessment has been 
reduced to a low level.  In fact, quantitative 
risk assessment is now only required for 
exceptionally complex aspects of the project, 
if they arise. 

8. COST 

Within the project community we have to 
some extent suffered from a version of fatigue 
in the adoption of “new systems”.  We also 
have seen significant cost addition brought 
about by new systems and initiative 
application to our projects.  On review, while it 
has been relatively easy to identify benefits 
and cost reduction, additional costs have 
been difficult to identify.  This is because risk 
management is a normal function of project 
management and the added costs only are a 
small percentage of total manhours.  However 

this does not include costs of risk 
management before contract where, in 
dealing with shortlisted bidders a number of 
man weeks additional effort is necessary for 
each short listed tenderer. 

A caveat here is that the above is so only 
because, within MTRCL, risk remains the 
responsibility of the project team and not third 
party specialists or consultants. Through 
experience and/or peer review the excessive 
analysis and administration from which other 
systems applications have suffered, has been 
avoided. 

The approach is not “all eventuality” it is 
based on the supposition that the Risk 
Review will commence with a peer overview 
to identify what needs to be considered over 
and above that which normally will be done. 

Starting the process in this way also 
encourages people to think “what is different 
about this project” and helps to avoid 
management by rote. 

9. EVOLUTION OF CULTURE 

The risk application requires concerted effort 
from both parties to the contract to make it 
successful.  The traditional practice of the 
Engineer is substituted by a joint problem 
solving environment.  Joint review of risk 
between the client and the supplier 
continually engenders a partnership approach, 
resulting in greater success in project delivery 
with lower cost for both parties. 

Experience has shown that for a marginal 
increase in activities such as survey, method 
statements, supervision, value engineering 
and trials a many fold benefit can be achieved.  
Our experience is that just as the risk 
evaluation moves from discrete application to 
a continuous application so improvements to 
project delivery move from the occasional to 
the continuous. 

10. FUTURE DEVELOPMENTS 

After the experience gained through 
application of the system over a range of 
projects, the MTRCL has simplified and 
converted the risk system for more generic 
application within a variety of industries. 

The process and guidelines have been 
simplified further to encourage greater 
thought on the risks to be encountered. 

Experience has been gained in applying the 
system in other industries and computer 
based training has been developed to support 
application. 
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11. CONCLUSION 

There are few careers as rewarding as project 
management particularly so when you deliver the 
client’s requirements to the full.  It is immensely 
satisfying if you are able to do this ahead of 
programme and below budget.  This satisfaction 
increasingly is being felt by project managers in 
the Mass Transit Railway Corporation Limited 
[MTRCL], due not only to good project practices 
and skills but also aided by this Project Assurance 
System.  

This paper sets out the application, benefits and 
principles of project life cycle risk management as 
developed and applied by MTRCL.  The paper 
gives the needs for improvement, objectives for 
system development, the approach taken together 
with a description of the system, how it works and 
some of the benefits accrued. 

Notable success has been demonstrated on 
diverse projects, within the operating and 
‘greenfield’ environments for the Rail and other 
industries.  The generic approach taken applies to 
a variety of applications and industries, managing 
risk with this tool is applicable to many project 
applications and is not limited to construction 
projects. 
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SUMMARY 

In Australia, the National Transport Commission is developing a national code for safety accreditation [1,2] 
in conjunction with State and Territory governments and rail operators. 

As part of an accreditation process, the management of assets and human resources is taken into account, 
including the processes for specification and acceptance of new assets into the railway.  In Australia, 
standards AS 4360 and AS 4292 define the requirements for such processes.  There are many worldwide 
examples of good asset acceptance processes [3] however project-specific processes are difficult to apply in 
an ongoing manner, over a wider group of assets of varying age and condition. 

A process is required by which the whole asset base can be tracked for conditions affecting safety and 
reliability.  A snapshot is required that allows the overall railway safety status to be indicated.  This process 
cannot be simply a retrospective tracking of safety incidents, which are no measure of the likelihood of a 
potential catastrophe, and do not allow for rational allocation of funds. 

TMG have developed a proactive methodology and product capable of providing the snap-shot based upon 
real asset condition data.  This paper outlines that method and product. 

 

1 INTRODUCTION 

Safety management in railways comprises three 
key areas of control: The new work must be 
correctly and diligently specified, designed, built 
and accepted into service; the operators must be 
managed to reduce human factors contributions; 
and the asset must not be allowed to deteriorate. 
There is a complex, but well established set of 
techniques, based around international standards 
[4,5,6], for modelling or predicting the safety and 
reliability performance of equipment under 
expected operating, environmental and 
maintenance conditions.  These methods tend to 
utilise mean times between failures etc, but do not 
recognise the limits of wear, nor often the system 
interactions of components near the edge of their 
performance envelopes. 
In short, the condition of any one physical asset is 
quite unlikely to be that of its modelled 
counterpart and the system as a whole will 
contain a majority of assets whose potential for 
failure is worse than was modelled.  A system is 
required to allow the condition of real components 
to be assessed, and for the safety and reliability 
status of the system as a whole to be assessed, 
with an indication of areas for attention. 
2 NOTATION 

CAS Condition Assessment System 
NTC National Transport Commission 
RTA Roads and Traffic Authority (NSW) 
TMG TMG International. 
 

3 SAFETY MEASUREMENT 

The successful management of safety is a difficult 
concept to measure.  The parameters usually 
measured are the results of failure to manage 
safety.  For the perfect scenario where every 
possible safety factor is pre-empted, there will be 
no accidents and no near misses.  This can, 
unfortunately appear like the elephant-gun gag 
which goes something like this: Man 1: Look, at 
this elephant gun.  Man 2: But there aren't any 
elephants.  Man 1: I know, the gun's working 
brilliantly! 
The result of good safety (and reliability) 
management is usually a reduction in funding and 
resources until an incident occurs.  If we take 
away the gun we may be over run with elephants. 
The measurement of safety impacts on the 
amount and allocation of funding.  The rearward 
looking measurement process, where it involves a 
major incident, unfortunately tends to impose an 
inefficient priority on funding, aiming resource at 
preventing recurrence of highly improbable events 
at the expense of solving many more likely ones.  
This is an irrational process, truly bolting the 
stable door behind the horse. 
What we really require, then, is something that 
tells us where the elephants are, which elephants 
are coming this way, whether they are small or 
large, single or in a herd, walking or charging and 
of course where to aim the gun or what other 
devices might keep the elephants away. 
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4 WHOLE SYSTEM CONSIDERATION 

A key problem in safety measurement is that it 
tends to be undertaken on a project basis.  
Determining what level of safety is acceptable can 
be done qualitatively for any one project.  
Comparison between projects thus assessed is 
difficult, particularly where the projects are 
differently sized, and there is no way to simply roll 
up the assessments thus undertaken to get a 
measure of say the risk exposure of a passenger.  
Two hundred areas of a railway each having a 
qualitative result of 'reasonable' do not 
necessarily pose the same risk to a passenger 
traversing them.  The question is not greatly 
eased if the number of areas is just twelve, say, or 
six.  The results are often based on the 
personalities and experiences of the people 
undertaking the assessment for each project, and 
the results may not be repeated from scratch with 
the same teams from day to day.  Audit would be 
difficult, and the risk reduction may not be clear. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Assessing the Risk 
By example, Figure 1 is now a famous road sign 
on Route 82 at Branxton in the Hunter Valley, 
NSW.  The risks appear clear and are generally 
linked to speed of road vehicles.  If I drive 
carefully, I won't need the hospital.  RTA crash 
pattern data [7] shows that among the highest 
road traffic accident group, (provisional drivers in 
the 17 to 25 year old age group), 90% of 
accidents can be split into five crash types.  Two 
types account for 28% of their accidents, and 
involve the driver running off the road into a pole, 
tree or similar.  The remaining 72% (three 
methods) involve the young driver running into 
another car being driven carefully by another 
person at junctions.  The data shows that the 
provisional drivers are most likely to cause the 
crash, and that they take place mainly on local 
roads in 60 kph zones.  The thought that if I, as an 
individual, drive carefully, then I will be safe, is 
cast into doubt.  Perhaps the sign should read, 
"Branxton does not welcome Provisional Drivers", 
or given that cause is beyond control, Branxton 
should build a hospital. 

To explain the highest risk to a railway we need to 
know more, and have a consistent yard stick. 
Quantitative measure is more useful for whole 
railway assessment, but tends to produce two 
problem areas: 
Firstly, what data we use.  We need to be sure 
that data input to our model is from a relevant 
environment and that it is valid.  For example, we 
may want the probability of a bearing failure, 
expressed in the mean number of service km run 
per failure.  Using the recorded data for bearing 
failures in the UK rail network, 1996 to 2000 
would seem like a valid action.  If we look closer, 
we see that the tonnages may not be equivalent, 
and the operating conditions cooler and over 
shorter range per journey, compared to Australian 
routes.  This we can amend.  The key problem, 
would be that there are hot axle-box detectors 
everywhere on the UK network, and that failures 
are only recorded if they cause a service 
breakdown.  The failure rate is therefore that of 
the bearing running shorter, cooler, lighter loaded 
journeys, and its symptoms being missed by the 
hot box detection system.  No wonder the 
bearings seem reliable. 
Second is the question of scale.  A typical project 
safety assessment might be undertaken using 
scientific methods.  It is common to find figures 
under risk management systems [8] that quote 
low figures such as 1 x 10-7 for an acceptable risk 
of death.  This figure may apply to the whole risk, 
but the applicability to the particular project 
depends on the size of the project.  For example, 
Figure 2 is a Swiss roll representing a whole 
railway.  A single slice represents a project. 
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Figure 2 Safety in Numbers 
ther the risk presented by the project is 
ptable or not, depends on the size of the 
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5 RELIABILITY AND SAFETY 

All physical, real components and systems fail 
sooner or later through use or time in their 
environment.  We classify the potential outcome 
of such failures into various categories, for 
example: Environmental are those which affect 
the environment; Operational are those which 
cost us time or difficulty in providing service; 
Economic are those which cost money in lost 
revenue or repairs and the last, small group are 
those which cause trauma to humans.  We refer 
to this final group as Safety, because we are 
human and we value human life and limb above 
trees, money and time. 
An operating railway risk profile can be described 
as shown in Figure 3. 
 
 
 
 
 
 
 
 
 

Figure 3 Operating Risk Profile 
The horizontal axis represents the consequence 
of a failure, the vertical axis the frequency or 
probability. Neither is to scale, and the diagram is 
for illustrative purposes only. 
The diagram body is split into three sections.  At 
left, the green section marked 'CM' is corrective 
maintenance.  No safety issues, no passengers 
affected, no delay, no environmental issues, but 
repair work up to say 4 hours. 
The central yellow 'O&E' section represents 
operational and environmental consequences.  
Examples may be minor fuel leakage or 3-minute 
delay, rising to 2-hour delay at right.  There may 
be infrastructure damage in this area as well. 
At right is the red 'S' section.  This represents 
safety consequences from minor injury, rising to 
multiple deaths at the extreme right. 
A solid curve is drawn, describing what might be 
an undesirable risk profile based on a selective 
number of years of data. 
The preferred outcome of expenditure on rail 
safety would be to change the risk profile from the 
solid line to the dotted line, i.e. to remove all 
safety risks completely.  In practice fail-proof is 
not a possible goal to achieve, and reduction of 
safety related failures increase the number of 
corrective maintenance elements.  If a number of 
failures can be moved from safety to operational, 
then this would also be acceptable, even if not as 

desirable as converting to a corrective 
maintenance issue only.  
This transfer of failures to less severe 
consequences is the classic goal of risk reduction.  
It is what fail-safe design is intended to do. 
If we can apply such a method to safety related 
failures, then by a slight widening of the outcome 
focus, we are able to achieve a second 
improvement depicted by the dotted line in Figure 
3.  This is the trading of higher severity 
operational and environmental consequence 
events for those of lesser severity.  Consider a 
service failure of a component, versus the finding 
on maintenance inspection, of the same 
component about to fail. The direct replacement 
cost is the same, but we would prefer to find the 
failure before the failure finds us, as we cannot 
necessarily control the outcome of a failure in 
service.  This concept is achieved by preventive 
maintenance, but also by such things as dragging 
equipment detectors; hotbox detection; equipment 
cut-out mechanisms, dual redundancy and so 
forth.  It is also a mainstay of the much-maligned 
RCM [9] process. 
 
6 RELIABILITY IMPROVEMENT 

We have established that safety is a subset of 
reliability.  It follows that if we work to limit the 
effects of that failure, then we can enhance safety 
by reducing the frequency of failure of that 
component.  This is simple risk management 
prevention/mitigation combination. 
All devices have, by virtue of their design and 
materials, a maximum reliability level.  This 
reliability level is reduced by usage, environment, 
time and duty cycle.  In any application, therefore, 
there is a starting reliability for a component.  
Moubray [9] postulates that there are a number of 
lifecycle models for components, but it is 
generally recognised that over time and use, the 
expectation is that there is an increasing 
probability of failure for electrical, mechanical and 
other man-made items.  Most items therefore 
come with a mean time to fail. 
We perform maintenance (refer Figure 4) to 
restore the reliability to the original maximum.  It 
must be recognised that we cannot, by 
maintenance, increase the reliability of a 
component beyond that with which it was 
originally delivered.  Considering reliability like a 
tank of water, the level will drop over time and 
use.  We can refill, but can never put more water 
into the tank that its original design volume. 

Severity of Consequences 

Frequency 
or 

Probability 

O & E S CM 
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Figure 4 Maintaining Reliability 
In practice, the component reliability is not truly 
restored.  Maintenance restores the reliability 
level to just below the original level.  We therefore 
have a mean time between failures, and we 
attempt to maintain at periods well below this 
mean time.  Over time, the restoration process 
typically returns lower and lower reliability, and 
the mean time between failures shortens.  The 
dotted and dashed lines in Figure 4 illustrate 
deviation of restored reliability from original 
reliability. 
A real railway system is comprised of a number of 
components, each on some point of its saw-tooth.  
No component is likely to have the mean time 
between failures specified by the manufacturer, 
owing to the environment, usage and 
maintenance history.  No component ever has the 
full duration of reliable life remaining, and hence a 
theoretical model for the reliability (or selecting 
the safety failures only) the safety of the entire 
system is always guaranteed to have some error 
beyond that introduced in the reliability calculation 
or life cycle historic data used to arrive at the 
failure rate. 
We can refer this issue back to the analogy of the 
cake, raised in Figure 2.  Once the asset is 
installed, its reliability begins to fall, just as in real 
life, with the cake, a slice left out will grow any 
number of health threatening bacteria. 
 
7 CONDITION STANDARDS 

We have considered that the reliability, and hence 
the safety, of components generally diminishes 
and may be restored to some degree by 
maintenance.  What determines the maintenance 
periodicity is a function of the reliability (or the 
ability to provide the performance required) and 
the time or use, i.e. the characteristic by which the 
reliability and safety can be expected to 
deteriorate. 
Against this characteristic, we can place condition 
standards. (Refer to Figure 5).  We need to have 
a condition standard describing a new asset 
(procurement standard).  We need a condition 

standard for the minimum safe or reliable 
performance level. 
It is highly probable that we will be unable to 
accurately determine exactly how long the 
component takes to reach the failure level, and at 
what point the failure level would be for any one 
component.  We can obtain mean characteristics, 
but require a degree of confidence in those 
characteristics.  We would therefore set a third 
standard, being the minimum in which we would 
allow it to remain in service.  This is a level that 
accepts tolerances on measurement and on 
component life. 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Condition Standards 
We know that the component restoration may not 
be successful, and that in probability, the restored 
level of reliability will deteriorate over time.  We 
therefore need a fourth standard, which is the 
minimum post-maintenance standard.  This 
standard is placed some way above the condition 
associated with the minimum service condition 
standard, to allow for the deterioration with 
time/use, and to allow for maintenance period 
over-run.  Other pressures for placement of this 
standard are the conflicting pressures of allowing 
largest possible deviation between new and 
minimum post maintenance; and the issue that if 
a low standard is set, then maintenance will meet 
that new low standard. 
 
8 THE BIG PICTURE 

There are a number of indicators for any 
component that would allow either definite 
assessment of a component condition, or else 
allow insertion of a number of steps between the 
four standards outlined in Figure 5. 
The level at which the standards would be set is 
dependent on the usage class of the asset, for 
example whether the function is safety critical or 
not. 
It is also important to note that for any asset class, 
there will be a number of components whose 
standards, for example minimum post 
maintenance standard, will need to align for 
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effective assessment and maintenance planning.  
These would include remote assets where 
maintenance can be regular but not frequent. 
By carrying out an asset design assessment 
under standard safety and reliability 
methodologies such as Failure Modes, Effects 
and Criticality Analysis (FMECA) or Reliability 
Block Diagrams or Fault Tree Analysis, it is 
possible to determine asset standards against 
common safety criteria from asset class to asset 
class.  We then have a known condition for assets 
that will deliver certain safety levels. 
Once the asset register is in place and assets 
have been classified, a whole system map can be 
derived for like assets and dissimilar assets.  If 
the criteria for each have been established, it 
remains only to undertake the asset condition 
assessment and a holistic picture of the railway 
safety can be obtained by roll-up. 
At a more tactical level, the picture can be 
refocussed to review an area (geographic or 
operational), an asset class or a specific asset.  
Maintenance planning is a clear output benefit. 
Asset condition assessment is a rolling process, 
like maintenance.  It would appear difficult to 
obtain a true snapshot, as the data first collated is 
out of date before the final data in any round can 
be collected.  It is feasible to overcome this 
problem by use of the theoretical models 
amended to account for degradation.  The model 
can now be utilised as a predictive model, which 
should be able to determine what the condition 
would be on the next assessment (and which can 
therefore be checked and amended).  More 
importantly, the condition assessed on one day 
can be taken as a point on the degradation curve, 
so that the condition can be estimated reasonably 
accurately as other real assessment data 
becomes available.  The whole model becomes a 
combination of real data and data modified 
intelligently, to provide a fair estimate of the whole 
system condition. 
 
9 CONDITION ASSESSMENT SYSTEMS 

From consideration of the requirements outlined 
so far, it is clear that we need some form of 
condition assessment system (CAS), with some 
generic features and functions. 
Primary among these is an asset register capable 
of holding and linking identity, location, type and 
other class parameters.  This system must also 
provide an assessment category function, which 
could be linked to the safety parameters as 
outlined in this paper. 
Figure 6 shows a typical asset database.  This is 
taken from TMG’s CAS system, with names 
changed to protect the innocent, in the time 
honoured manner. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. CAS Asset Register 
The system must allow the rolled up results to be 
displayed, for example using a mapping system 
(geographic and line based).  A system still under 
development is shown at Figure 7.  It graphically 
identifies areas, lines, line sections and individual 
assets by criticality or condition, at differing map 
resolutions as inset.  (The reader will appreciate 
that detail is difficult to show in this paper).  To 
date, this has been undertaken generally 
geographically, using a colour code for 
information purposes at such low resolution.  It 
could simply be applied to schematic line 
diagrams as used by infrastructure engineers and 
planners. 
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Figure 7 Mapped Graphical Output 
eporting also needs to be provided in other 

ormats.  Ideally, a selection of reports would be 
vailable, to include as a minimum, various report 
tyles by area, line, asset class or historically by 
sset.  Report by risk level over an area or 
istorically to show trending, would also be 
equired. 
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Figure 8 shows a typical desirable reporting 
function.  This depicts a user selecting report by 
asset type and by particular area, selected from a 
menu of available reports. The format would be 
user customisable, interfacing directly to any 
standard office presentational software, HTML 
etc, and also accessible for interface to other 
database systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

K
T
r
g
c
b
i
t
s
T
a
h
o
p
r
w
o
a
f
s

1
T
t
t

I
c
b
f
I
a

recognised safety methodologies, to develop a 
consistent measure of the safety across the asset 
class and provide relational consistency from 
asset class to asset class. 
It is possible to produce a hybrid model using 
degradation models and true assessment data, to 
overcome the long assessment or maintenance 
cycle and obtain a good 'real-time' estimate of the 
condition of the whole system. 
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Figure 8 Report Selections 
ey to the system is data input.  For example, 
MG’s CAS input is linked to palm pilots in one 

emote application.[10]  The pilots provide 
uidance to the field operative, to assist in 
arrying out assessments against criteria that may 
e provided via text documents and pictures held 

n the palm pilot.  It would be possible, however, 
o add GPS, barcode asset registration etc to this 
ystem. 
he long-term aim for such a system, would be 
utomated condition monitoring.  SCADA systems 
ave been used via modems elsewhere and in 
ther industries for many years.  Australian rail 
resents a particular challenge geographically, in 
eturning the data.  Possibly the ideal solution 
ould be to equip remote locations as SCADA 
utstations, and utilise smart train technology to 
utomatically "read" the outstation, store and 
orward the data when in a more suitable area for 
o doing. 

0 CONCLUSION 
he safety associated with an asset, and 

herefore the rail system as a whole, varies with 
he condition of each asset. 

t is possible to classify assets and develop 
ondition standards for each, subject to there 
eing at least four condition standards to account 

or maintenance. 
t is possible to link condition, via these standards 
nd other sub-categories, to internationally 

The tools to achieve this are largely in existence, 
for example within TMG's CAS system, or can be 
obtained by adaptation or development of existing 
systems. 
Further development in conjunction with SCADA 
systems or smart train technology and some local 
SCADA could be used to shorten the assessment 
cycle and bring the system snapshot closer to real 
time. 
This model would be a truer predictive model than 
the traditional reliability models.  It would also be 
superior to the retrospective historical indicators. 
The model could be used to demonstrate need for 
funding or to assist in allocation of funds, 
maintenance planning and so forth. 
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