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ABSTRACT 
 
This paper describes field evaluation on the effect top of rail friction control on short pitch corrugation growth on 
different mass transit railways in Europe and Japan.  Measurements were made during baseline conditions to evaluate 
the rate of growth of corrugations. Friction modifier (FM) was then applied using wayside application equipment, in 
some cases after grinding to re-establish an uncorrugated state. It was observed that FM application reduced the rate of 
corrugation growth by a factor of 8 to 11 times. In most cases there were little or no new corrugations when FM was 
applied on sites that formed corrugations rapidly under baseline conditions. Modelling showed that the test sites had a 
range of contact conditions, indicating that the effect of FM on corrugations is insensitive to changes in profile. 
 
1 BACKGROUND 
 
The origin and mechanism of rail corrugations has 
been the subject of many papers at past Contact 
Mechanics conferences1,2,3.  As a result, a reasonable 
understanding of the underlying causes of corrugations 
is now available. Corrugation can have a variety of 
underlying causes, but depends on both track and 
vehicle dynamic conditions as well as traffic 
conditions. High tangential forces and creepage are 
generally seen as significant contributing factors, 
together with local resonance frequencies. 
 
Despite this, clear evidence on new practical 
procedures to mitigate corrugation growth has been 
limited. At CM 2003, Grassie reviewed the state of 
knowledge in this field4.  He identified top of rail 
friction modifiers (FM) as a promising new technique 
to mitigate corrugation growth. He pointed out that 
reduction of the wear component of the corrugation 
mechanism alone would be expected to significantly 
reduce corrugation growth rate. Providing an 
increasing friction/creep relationship (“positive 
friction”) could also mitigate either lateral or 
longitudinal stick-slip (roll-slip) oscillations present in 
leading and trailing wheelsets respectively in 
conditions leading to corrugation. 
 
In 2003 practical field evidence on the impact of 
friction modifiers on corrugation growth rate was 
based mainly on limited information from Japanese 
researchers4.  Since that time, two separate papers5,6 

documented results from a trial over several years at 
metro Bilbao in Spain. These results indicated that the 
use of friction modifier led to a reduction in 
corrugation growth rate by a factor of 8 to 12 times at 
two different test curves. A significant reduction in rail 

vibration was also observed with the presence of FM, 
both in the presence and absence of corrugations5. 

Several recent papers have indicated that top of rail 
friction modifiers can reduce rail wear rates on heavy 
haul freight by a factor of about two7,8. Taking these 
factors together suggests that the impact of FM on 
corrugations may be more than a simple reduction in 
the wear component due to the reduced coefficient of 
friction. 
 
The goal of this paper is to provide further practical 
field data on the effect of friction modifier on the rate 
of growth of typical mass transit short pitch 
corrugations. One objective is to assess different 
systems around the world with different wheel/rail 
contact conditions. A secondary objective is to 
establish the wheel/rail profile matches from these 
systems and indicate approximate contact conditions.  
In the nature of field work in the railway industry, 
exact scientific control of conditions was not always 
possible for a range of reasons. The intent of the paper 
is to provide a general picture of experience on the 
impact of friction modifiers on corrugation growth. 
 
Top of rail friction control is being increasingly used to 
minimize curve noise, lateral forces, and (in heavy 
haul) rail wear9,10. A key development has been the 
availability of water based friction modifier materials. 
Application of these materials to the rail head provides 
a thin dry film. In combination with naturally occurring 
Third Body components (primarily iron oxides), the 
FM provides an intermediate coefficient of friction 
(about 0.35 measured by a Salient Systems push 
tribometer) 11,12. These friction levels minimize lateral 
forces and wear without compromising braking or 
traction. In addition the positive traction/creep 
relationship (“positive friction”) can eliminate roll-slip 
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oscillation in sharp curves under conditions of 
saturated lateral creepage12,16,18. 

 
2 EXPERIMENTAL 
 
The friction modifier used was KELTRACK® 
Trackside Transit. This water based friction modifier is 
composed of an aqueous suspension of dry solid 
friction control materials, polymers and other 
components. The composite material is designed to 
control friction at an appropriate level at the wheel/rail 
interface, and provide positive friction creep 
relationship over a wide creep range12,16,18. The 
KELTRACK material was in all cases applied through 
a Portec Rail Protector® IV wayside top of rail 
applicator17. 

 
Corrugation characteristics were measured in some 
cases using an Esveld RAILPROF. In other cases 
corrugations were measured with direct contact 
profilometers. Wheel and rail profiles were obtained 
with Miniprof equipment from Greenwood 
Engineering. 
 
3 FIELD RESULTS 
 
Field results are reported for four systems: 
 

� System A, a European metro. 
� System B, a European commuter rail system. 
� Systems C and D, two Japanese metro 

systems with very similar vehicle and track 
characteristics, and linear induction motor 
traction systems. 

 
Table 1 lists the track characteristics at test curves on 
Systems A and B. 
 

 System A 
Eastbound 
Westbound 

System B 
Track 1  
Track 2 

Rail Type UNI50 UIC54 
Fasteners Clips and 

bolts 
Clips and 
screws 

Construction Concrete 
slabs 

Ballasts/ 
sleepers 

Sleeper type Concrete 
blocks 

Concrete 

Sleeper 
spacing, mm 

596 596 

Gauge, mm 1435/+25 in 
curves 

1435/+10 in 
curves 

Superelevation, 
mm 

144 65 

Rail cant 1/20 1/20 
Curve length, 

m 
130 480 

Curve radius, 
m 

West. 40 
East. 45 

227 

Gradient West. 0 
East. 0 

Track 1: +3% 
Track 2:  -3% 

Table 1. Track Characteristics, Systems A and B. 

Table 2 lists the vehicle/traffic conditions on Systems 
A and B. 
 

 System A  
Eastbound 
Westbound 

System B  
Track 1  
Track 2 

Vehicle Type Firema 6-axle 
LRV 

Suburban train 
Type 446 

Train 
Configuration 

1-2 cars 6 cars 

Axle load, tons 12 16 
Traction Motor/trailer/mo

tor bogies 
All axles  

(except 2 and 5) 
Wheel diameter 

(worn), mm 
900 (820) 900 (820) 

Back to Back, 
mm 

1364 1365 (estimated) 

Train operation  East. Braking 
West. Traction 

Traction 
(both tracks) 

Speed, km/h 30 (+/-3) 50 
Traffic, trains/day 

(axles/day) 
125 trains/day 

(1500)  
225 trains/day 

(5400) 
Table 2. Vehicle/traffic conditions, Systems A and B. 
 
3.1 System A 
 
System A is an underground metro in continental 
Europe. Prior to FM application, visible low rail 
corrugations were observed within a few weeks of 
grinding on both the outbound and inbound tracks 
(Figure 1). On the westbound track the train is 
accelerating out of the station. On the eastbound track 
the train is under braking conditions from about the 
middle of the curve. 
 

 
Figure 1. Site map, System A. 

 
3.1.1 West bound track 
 
Figure 2 shows the trial sequence for the West bound 
track.  
 

 
Figure 2. Trial time line, System A, Westbound. 
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Low rail corrugation characteristics after 65 days for 
the baseline period on the west bound track are shown 
in Figure 3.  
 

 
Figure 3. Low rail corrugation formation, System A, 

westbound track, 65 days after grinding, no FM. 
 
Figure 4 shows longitudinal profiles measured by 
contact profilometer for the rail shown in Figure 3.  
This indicates corrugation wavelength of 60-70 mm, 
and average corrugation amplitudes of 0.21 mm, 
indicating a corrugation growth rate of 0.32 mm per 
100 days.  
 

 
Figure 4. Low rail longitudinal profile, System A, 65 

days after grinding, without FM, two locations in body 
of curve. 

 
Having established the rate of corrugation growth 
under non FM conditions, the rail was reground, and a 
Protector IV TOR applicator applying FM was 
installed at the start of the curves at the positions 
indicated in Figure 1. Visual examination of the rail 
after 180 days showed no evidence of corrugation. 
Figure 5 shows low rail condition 50 and 100 meters 
from the FM application point respectively. 
 

 
Figure 5. Low rail condition 50 and 100 meters from 

FM application after 180 days FM application. 

Longitudinal profile measurements at the same time 
with an Esveld Railprof confirms what was visually 
obvious, that no significant corrugations had developed 
in this time (Figure 6). 
 

 
Figure 6. Low rail longitudinal profiles at two locations 

in the test curve, 180 days FM application. 
 
3.1.2 East Bound Track 
 
Vehicles on the East bound track are primarily in 
traction, whereas those on the West bound track are in 
braking for part of the curve, therefore it was of 
interest to compare the FM behaviour on the two 
tracks. No quantitative measurements were made on 
the East bound track, however the visual evidence 
leads to very similar conclusions as for West bound. 
Figure 7 shows corrugation formation on the eastbound 
track on both high and low rails 65 days after grinding 
without FM (top two pictures). Figure 8 shows low and 
high rails after grinding and 155 days FM application. 
It is clear that no corrugations have developed during 
the FM application period.  
 

 
Figure 7. System A, 65 days after grinding, no FM, low 

rail (left) and high rail (right). 
 

 
Figure 8. Low rail (left) and high rail (right), East 

bound track, after 155 days FM application. 
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3.2 System B 
 
System B is a commuter rail system in continental 
Europe. Concerns at this site included noise as well as 
rapidly growing corrugations. The test was again 
conducted on both the up track (3% upgrade) and down 
track (downgrade). This site was also used to evaluate 
the effect of various track components (tuned 
absorbers, dampers). This paper does not report 
directly on the performance of these materials. 
However it is necessary to comment to some degree to 
the extent that potential impact of these technologies 
may have on conclusions on performance of friction 
modifier. The site is illustrated in Figure 9. 
 

 
Figure 9: Site map, System B. 

 
3.2.1 Track 1 

 
Figure 10 shows the sequence of trial events on Track 
1. 
 

 
Figure 10. Trial sequence, System B, Track 1. 

 
Corrugation measurements were taken at two separate 
five meter long measurement zones in the body of the 
curve at 200 and 430 meters from the start of the curve, 
designated as Zones 4 and 5 on Figure 9. Figure 11 
shows corrugations on Track 1 during baseline 
conditions without friction modifier, taken one month 
after grinding. After about forty five days the 
corrugations showed amplitude of 0.4 mm (Figure 12). 
Wavelength was 69-82 mm and the rate of corrugation 
growth was 0.27 mm per 30 days. 
 

 
Figure 11. Low rail corrugations, System B, Track 1, 

one month after grinding (no FM). 
 

 
Figure 12: Low Rail longitudinal profile, Track 1, 

System B, one month after grinding (no FM). 
 
The rail was ground after the baseline period, and the 
application of friction modifier was initiated. Tuned 
absorbers were installed in the curve 47 days after the 
start of FM application, but these did not extend as far 
as measurement Zone 5. Zone 5 therefore provides an 
opportunity to evaluate the effect of FM independent of 
the other track changes introduced. 
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Figure 13: Corrugation growth, baseline and FM, 

Track 1, System B. 
 
Figure 13 shows a very large reduction in corrugation 
growth rate at both Test Zones 4 and 5, with a 
calculated corrugation growth rate of 0.01 mm/30 days. 
Note that the corrugation growth rate between Zone 4 
and Zone 5 are essentially identical. The friction 
modifier is applied over both of these zones, but the 
tuned absorbers are applied only over Zone 4. Thus one 
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can conclude that FM resulted in a large reduction in 
corrugation growth rate, but it is not possible to 
determine the impact of the absorber, as the data is 
convoluted with that for the FM. 
 
Figure 14 shows the condition of the rail in Zone 5 
(FM but no absorber) 280 days after grinding and 
initiation of FM application. They may be compared 
with Figure 11 for the baseline period. It can be seen 
that no visible corrugations have developed in this 
period. 
 

 
Figure 14. Zone 5 (left) and Zone 4 (right) after 280 

days FM application. 
 
3.2.2 Track 2 
 
Results are also reported for Track 2 (Figure 15). In 
this case the picture is less clear cut, as measurement 
Zones 1, 2 and 3 also had dampers installed as well as 
FM application during most of the test period (Figure 
15). 
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Figure 15. Corrugation growth rates, Track 2,  

System B. 
 
A similar general trend can however be observed. The 
corrugation growth rate has again been greatly reduced 
from the baseline period. Of all the cases reported in 
this paper, this case is the only one where corrugations 
reappeared in a meaningful time frame during FM 
application. The figure suggests the rate of corrugation 
growth may have accelerated after the damper 
installation.  
 
3.3 Systems C and D 
 
Systems C and D are Japanese metro Linear Induction 
Motor (LIM) systems. Both track and vehicle 
characteristics are essentially identical, as are wheel 

and rail profiles. Both are rather new systems, opened 
in the last few years. 
 
Track characteristics are shown in Table 3 and 
vehicle/operating conditions in Table 4. 
 

 System C 
 

System D 
 

Rail Type JIS50kgN 
DHH 

JIS50kgN 
DHH 

Fasteners Spring clip Spring clip 
Construction Concrete slabs Concrete slabs 
Sleeper type Concrete 

(booted) 
Concrete 
(booted) 

Sleeper spacing, 
mm 

625 625 

Gauge, mm 1435/+10 in 
curves 

1435/+10 in 
curves 

Superelevation, 
mm 

80 80 

Rail cant 1/40 1/40 
Curve length, m 161 216 
Curve radius, m 100 101 

Gradient 0 0 
Table 3. Track Characteristics, Systems C and D. 

 
 System C System D 

Train 
Configuration 

4 cars 8 cars 

Axle load, tons 6.6 
 (7.9 loaded) 

6.0 
 (8.4 loaded) 

Traction All axles All axles 
Wheel diameter 

(new), mm 
650 650 

Back to Back, mm 1360 (+0/-3) 1360 (+0/-3) 
Operation at site Traction Traction 

Speed, km/h 35 35 
Traffic, trains/day 

(axles/day) 
180 

trains/day 
(2880) 

210 
trains/day 

(6720) 
Table 4: Vehicle/traffic conditions, Systems C and D. 

 
3.3.1 System C 
 
On System C, the entire line was equipped with TOR 
friction modifier application systems from inception, to 
treat all sharp curves (radius < 225m). It may be noted 
that this system was commissioned a few years after 
the experiences gathered on System D, and these 
experiences guided the choice of friction control 
technology. 
 
As a result, however, the ability to generate “baseline” 
data (without FM) was limited on System C. However 
during the commissioning period of the system, there 
was a short thirteen day period when trains were run on 
a normal schedule, but prior to starting the FM 
application systems. This gave some opportunity to 
assess the potential of this system for corrugation 
development on sharp curves. Figure 16 shows test site 
characteristics. 
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Figure 16: Test site, System C 

 
The time line for field observations are shown in 
Figure 17. 
 

 
Figure 17: Time line, System C. 

 
No measurement data is available for this system.  
However the photographic record illustrates the results. 
The left hand photograph in Figure 18 shows the low 
rail in the test curve after thirteen days operation 
without FM. The right hand photograph shows the 
same location after one year’s operation with FM 
application. For the short non FM period, corrugations 
(estimated at 0.1 mm amplitude) have begun to 
develop already. However there has been little or no 
further corrugation development during the one year 
period. On this entire line there has been little or no 
corrugation development after about fifteen months 
operation. Only FM is currently applied on this system, 
with no form of gauge face lubrication. 
 

 
Figure 18: System C, low rail, Left: After 13 days 

without FM, Right: After one year with FM. 
 
3.3.2 System D 
 
In the initial design of this system a large number of 
trackside units were installed to apply grease to the top 
of rail. These systems caused some considerable 
difficulty with wheel flats and skids, as the LIM system 
has significant gradients (up to 4.5%), and many 

curves. This allowed a comparison to be made between 
the effect of a traditional grease lubricant and a friction 
modifier. Figure 19 sketches the test site and Figure 20 
shows the trial sequence. 
 

 
Figure 19. Site Map, System D. 

 

 
Figure 20. Timeline, Systems D. 

 
Corrugation measurements were made with a 
profilometer tracing method. Figure 21 shows the low 
rail profilometer traces for one of three test locations in 
the test curve at different periods of the trial. The other 
locations showed very similar results.  
 

 
Figure 21: Profilometer traces, System D. Dec 2002 is 
after two years with TOR grease application, Dec 2003 

after one subsequent year with FM application. 
 
Results from the three measurement locations in the 
curve are summarized in Table 5. 
 

 Top of Rail Grease  
and  on- 

Board oil flange 
lubrication 

FM  

Site Amplitude 
mm 

Growth, 
mm/year 

Amplitude 
mm 

Growth, 
mm/year 

1 0.11 0.055 0.12 0.01 
2 0.10 0.05 0.11 0.01 
3 0.09 0.045 0.09 0 
 0.11 0.055 0.12 0.01 

Table 5. Results from the three measurement locations 
in curve, System D. 
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The results show that corrugations developed during 
the first two years with grease application to the top of 
rail. However considering the very large number of 
axles per day on this system (> 6000), the absolute 
corrugation growth rate is rather low. Note that under 
“dry” conditions on the almost identical System C, 
corrugation growth was very rapid. This suggests that 
TOR grease does in fact mitigate corrugation growth. 
However once the grease was replaced with FM, 
further corrugation growth was negligible. Corrugation 
growth is likely not linear in nature, and there will be 
some maximum amplitude that is reached beyond 
further growth will not continue. Thus, while this data 
again provides evidence that FM can greatly retard 
corrugation growth, it does not unambiguously 
establish the relative growth rates between FM and 
grease. The information from the very similar System 
C suggests essentially no corrugation growth rate with 
FM, so one can conclude that FM is considerably more 
effective than grease in retarding corrugation growth, 
apart from the other obvious disadvantages of applying 
grease to the top of rail.  
 
4 CONTACT MODELLING 
 
Wheel/rail profiles play a significant role in a 
corrugation formation.  Contact conditions and rolling 
radius differences were compared between sites A, B 
and C, using Miniprof® and VAMPIRE® modelling 
software. A fundamental factor affecting curving 
behaviour is the nature of the high rail gauge 
corner/wheel throat contact geometry, as this largely 
dictates the steering moments and longitudinal 
creepages that are developed as the gauge corner is 
engaged. Representative contact geometries from 
systems A, B and C are shown in Figure 22 to 25. 
 

 
Figure 22. System A (worn wheels) showing “soft” 

two-point conformal contact. 

 
Figure 23. System B (worn wheels) showing “soft” 

two-point conformal contact. 
 

 
Figure 24. System C (Reprofiled Wheels) showing 

single-point contact. 
 

 
Figure 25. System C (worn wheels) showing single-

point conformal contact. 
 
As shown above, worn wheel profiles from systems A 
and B exhibit so-called “soft” two-point or conformal 
contact, in which the gap between wheel and rail 
profiles at the gauge corner lies between 0.1 and 0.4 
mm.  With freshly profiled wheels, system C exhibits 
single-point contact at the gauge corner, which 
progresses to a more conformal single-point contact as 
the wheels wear. 
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Figure 26. Rolling Radius Difference (RRD) 

calculations for Systems A (worn wheels), B (worn 
wheels) and C (worn wheels, profiled wheels). 

 
Figure 26 shows the rolling radius difference (RRD) 
calculated using typical wheel profiles and 
vehicle/track geometry parameters obtained from test 
sites A, B and C.  Rail/wheel profiles are oriented such 
that positive lateral displacement corresponds to 
motion towards the high rail. 
 
Systems A and B exhibit rapid changes in RRD as the 
high rail gauge corner is engaged. This is characteristic 
of two-point and conformal profile pairs, in which 
rapid changes in the effective contact position produce 
correspondingly rapid changes in longitudinal 
creepage.  System C exhibits a more gradual rise in 
RRD as the gauge corner is engaged, demonstrating the 
more continuous progression of contact position and 
longitudinal creepage associated with single point 
contact.  
 
5 DISCUSSION AND CONCLUSIONS 
 
The results from these different practical railway 
systems provide strong evidence that the application of 
friction modifier can greatly mitigate the formation of 
typical short pitch corrugations. In all but one case 
there was little or no corrugation growth on systems 
that had pronounced corrugation growth in the absence 
of FM.  
 
Figure 27 provides a summary of these results, with 
corrugation growth rates normalized to mm/50,000 
axles. Growth rates for System C were estimated by 
visual examination of the rail in the absence of 
measurement data. Data from System D are not 
included due to the very low absolute growth rates for 
both cases make it difficult to illustrate on the same 
scale. 
 

0.11

0.01

0.06

0.01

0.06

0.01

0.00

0.02

0.04

0.06

0.08

0.10

0.12

System A
Baseline

System A Friction
Modifier

System B
Baseline (Track 1)

System B FM
(Track 1)

System C
Baseline

System C Friction
Modifier

C
o

rr
u

g
at

io
n

 g
ro

w
th

 r
at

e,
 m

m
 p

er
 5

0K
 a

xl
e 

p
as

se
s

 
Figure 27: Comparison of corrugation growth rates 

across different systems. 
 

Modelling indicates different wheel/rail contact 
conditions among the systems examined, indicating 
that FM effectiveness is not limited by profiles 
variability. 
 
The very significant reductions in corrugation growth 
further suggest that the FM mechanism is more than 
just the effect of reducing the wear component. The 
most likely mechanism lies in mitigation of stick-slip 
(or roll-slip) oscillations occurring under saturated 
creepage conditions. A number of researchers have 
identified this as a likely component mechanism in 
corrugation. A key characteristic of a friction modifier 
is the ability to alter the friction/shear behaviour of the 
Third Body at the wheel/rail. Several two-roller rig 
studies of this behaviour have been published. As an 
example, Figure 28, taken from Reference 18 
illustrates this behaviour. The FM material provides a 
positive slope to the friction/shear curve over a wide 
creepage range. Dry conditions show the typical 
negative friction/shear relationship beyond the point of 
shear saturation. Both traditional lubricants and water 
show a flat friction/shear relationship. The results from 
Case D suggest that FM provides better corrugation 
control than a grease lubricant. It would seem 
reasonable to suggest that FM through control of the 
stick-slip frictional oscillations reduces one 
mechanistic source of corrugation generation. 

 
Figure 28: Friction/creep relationship for dry, FM, 

grease and water, taken from Reference 18. 
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Further work is needed to fully define the mechanism 
by which FM provides such effective mitigation of 
corrugation growth, and additional modelling may 
provide insight in this regard.  
In addition it is important to understand distance 
effectiveness of the FM, i.e. for how far from the 
wayside applicator corrugation growth rate can be 
controlled. Results to be reported elsewhere suggest 
that FM can control corrugation growth for at least 1 
km from the point of application19. 
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