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Short pitch corrugation is a quasi-periodic rail defect that induces a high level of noise and accelerates track
degradation. This paper proposes a methodology to mitigate short pitch corrugation by rail constraint design,
including four steps. In Step 1, corrugation is numerically reproduced by employing a three-dimensional (3D)
finite element (FE) vehicle-track model with degraded fastenings. In Step 2, the corrugation initiation mechanism
is identified by the operating deflection shapes (ODSs) approach. In Step 3, different types of rail constraints are
designed and their effects on rail vibration modes are analysed. Then FE models of these rail constraints are built
up and validated. In Step 4, rail constraint models from Step 3 are applied to the 3D FE vehicle-track interaction
model and their effectiveness on corrugation mitigation is evaluated. The results indicate rail longitudinal
compression modes and the induced longitudinal dynamic contact force dominate the initial differential wear
and corrugation initiation. Based on this mechanism, a new rail constraint is designed in this work that can
completely suppress longitudinal compression modes and significantly reduce the fluctuation amplitude of the
longitudinal contact force so that corrugation can hardly initiate. This paper first points out a direction for field

corrugation mitigation by strengthening the rail longitudinal constraint.

1. Introduction

Corrugation has been reported as a type of wary rail defect for over
100 years and remains a severe problem for railway administrations
worldwide. According to different formation mechanisms, corrugation is
mainly classified into six groups, heavy haul, light rail, booted sleeper,
contact fatigue, rutting and short pitch corrugation, respectively [1].
This work focuses on short pitch corrugation on tangent tracks or gentle
curves, and the term ‘corrugation’ below refers to this type of corruga-
tion only. Corrugation has a typical wavelength of 20-80 mm [1,2], and
it can be identified by shiny crests and dark valleys in the running band.
One example of rail corrugation in the Dutch Railway is shown in Fig. 1,
with a wavelength of about 40 mm. The field observation shows in the
Netherlands 74% of squats are related to corrugation [3]. It is noted that
these data are not the statistical data of the whole Dutch railway
network and may depend on the maintenance measures such as
grinding. Corrugation can excite high-frequency wheel-rail contact
forces [4,5] and generate a high level of noise [6-8], for which it is often
referred to as ‘roaring rails’ [1]. In addition, the resulting dynamic
contact forces will accelerate the degradation of the track component
[9], such as fastenings, sleepers and ballast, and lead to other types of
rail defects, e.g., squats [10]. In practice, rail grinding has been widely
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applied to treat corrugation [11-13]. For the guidance of field grinding
maintenance, some novel inspection approaches of corrugation have
been proposed, for instance, based on the self-contained electromagnetic
energy harvesting system [14], carriage interior noise [15], or
one-dimensional convolution neural network and data-driven method
[16]. However, grinding considerably increases the maintenance cost
and meanwhile reduces the service life of the rail. Therefore, it is of great
significance to identify the corrugation formation mechanism and
develop effective root-cause solutions to prevent corrugation.

The corrugation formation mechanism is generally considered to
consist of two features: the wavelength-fixing mechanism and the
damage mechanism [1,2]. Corrugation damage mechanism has been
commonly considered as wear [12,17-22]. A well-validated wave-
length-fixing mechanism has not yet been demonstrated, although many
hypotheses have been proposed in the literature. Hempelmann and
Knothe [23] and Muller [24] employed the linear wheel-track model to
predict the corrugation formation and found that the track
pinned-pinned resonance together with the contact filter effect are the
wavelength-fixing mechanisms. Afferrante and Ciavarella [25] reported
that the influence of pinned-pinned resonance has been possibly over-
estimated and first proposed the longitudinal creepage may be the most
important mechanism without corresponding to any resonance of the
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Fig. 1. Short pitch corrugation with a wavelength of about 40 mm in the Dutch
railway network. Corrugation wavelength refers to the distance between two
adjacent shiny crests. This corrugation is developed on a straight ballasted track
with duo-block sleepers and fastenings with the Deennik clip. Less severer
corrugation is found on the other rail at the same site.

vehicle-track system. Johansson and Nielsen [26] numerically studied
the influence of powered wheelsets with wheel corrugation on the rail
corrugation growth and found that the local rail bending modes between
the two wheelsets in a bogie determine the corrugation wavelength. Wu
and Thompson [27] and Ma et al. [28] also reported that the dynamic
resonance between multiple wheelset-rail interactions can induce ver-
tical wheel-rail dynamic force and be responsible for corrugation for-
mation. Meehan et al. [17,29-31] performed numerical simulations and
field and laboratory tests of rail corrugation, and concluded that train
speed variation can significantly reduce the corrugation rate. Chen [32]
and Cui [33] employed the finite element wheelset-track model to
investigate the corrugation development mechanism and proposed that
the frictional self-excited vibration of the wheelset-track system is
responsible for the wavelength-fixing mechanism. Li et al. [34] con-
ducted field measurement and numerical calculations to study corru-
gation formation on tracks with resilient fastenings and found
corrugation arises by a wavelength-fixing mechanism of rail vertical
resonance on the elasticity of resilient fastenings.

Despite the different or even contradictory theories in the literature,
it is commonly accepted that the wavelength-fixing mechanism is
mainly determined by the interplays of the structural dynamics and the
contact mechanics. Therefore, the accurate modelling of high-frequency
dynamics and wheel-rail contact of the vehicle-track system is essential
to understand corrugation formation. With the development of compu-
tational power, the finite element model (FEM) has been extensively
applied in simulating vehicle-track dynamic interaction. Compared to
the multibody models [35,36] or beam models [37-39], the FEM has the
advantage in dealing with nonlinear material properties and arbitrary
contact geometry and inherently include continuum dynamics [40,41].
It thus has been used to investigate, e.g., wheel-rail impact contact [42,
43], contact-induced waves [44], rail ratchetting [45,46], and railway
curve squeal [47,48].

Employing a novel modelling approach based on the three-
dimensional (3D) FE simulation of vehicle-track dynamic interaction,
Li et al. [4] obtained new insights into the corrugation development
mechanism. It was inferred that rail longitudinal vibration modes are
probably dominant for corrugation initiation. Further, continuous
corrugation initiation and growth require a consistency condition be-
tween the vertical and longitudinal vibration modes, dynamical re-
sponses and the resulting wear. According to these insights, together
with a necessary initial excitation determined by fastening constraint,
consistent corrugation initiation and growth have been successfully
reproduced. The simulated corrugation achieved good agreement with
the field corrugation in terms of the spatial distribution and major
wavelength components [49]. These results point out a promising di-
rection that rail corrugation can be mitigated or even eliminated by
completely constraining longitudinal compression modes [50,51] to
suppress corrugation initiation.

In railway tracks, fastenings impose major constraints on rail vi-
brations. Fastenings mainly consist of two components: railpads and
clips. Railpads are made of resilient materials placed between the rail
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and the sleeper to reduce vibration and noise, and its dynamic properties
are highly nonlinear [52-55]. Clips fix the rail to the sleeper to ensure
that the rail remains attached to the sleeper under train loads. Railpads
and clips together constrain the displacement of the rail in the vertical,
longitudinal and lateral directions [56]. Many experimental and nu-
merical studies indicate that fastenings play an important role in the
corrugation formation [24,57-60]. Zhang et al. [61,62] systematically
investigated rail vibration modes in three directions using the operating
deflection shape (ODS) approach and reported that the fastenings
constrain the longitudinal rail compression modes less strongly
compared to those in the vertical and lateral directions. Therefore, it is
necessary to design new rail constraint instead of the current fastenings
to better suppress longitudinal compression modes to mitigate
corrugation.

This paper proposes a methodology to mitigate corrugation by rail
constraint design. Through this methodology, corrugation is numeri-
cally reproduced using a 3D FE vehicle-track interaction model and its
initiation mechanism is identified by the ODS approach. Different types
of rail constraints are designed and their effects on rail vibrations and
corrugation mitigation are investigated. The structure of this paper is as
follows. Section 2 describes the methodology of this paper, including
numerical simulations and experimental investigation. Section 3 pre-
sents the simulated corrugation and identifies the corrugation initiation
mechanism by the ODS approach. Section 4 investigates different rail
constraint designs and their modelling methods. Section 5 evaluates the
effectiveness of rail constraints on corrugation mitigation. Section 6
further discusses the results and possible future researches. The main
conclusions are presented in Section 7.

2. Methodology

In this section, we describe a methodology for corrugation mitigation
by rail constraint design, as shown in Fig. 2. This methodology includes
four steps: (1) corrugation reproduction; (2) identification of corruga-
tion initiation mechanism; (3) design and modelling of rail constraints;
(4) evaluation of the designed rail constraints on corrugation mitigation.
In Step 1, a 3D FE vehicle-track interaction model with degraded fas-
tenings is employed to numerically reproduce corrugation. In Step 2, the
ODS approach is applied to identify the corrugation development
mechanism. In Step 3, different rail constraints are designed and their
influences on rail vibration modes are analysed. Afterwards, models of
these rail constraints are established and validated. In Step 4, the rail
constraint models from Step 3 are applied to the FE vehicle-track model
and their effectiveness on corrugation mitigation is evaluated.

2.1. 3D FE vehicle-track interaction model for corrugation reproduction

In this subsection, we introduce the 3D FE vehicle-track interaction
model in detail in Section 2.1.1, which can comprehensively simulate
the wheel-rail contact and high-frequency dynamics of the vehicle-track
system. This model is used to reproduce corrugation by introducing an
initial excitation from a degraded fastening model. The damage mech-
anism is assumed as wear, which is calculated by the approach provided
in Section 2.1.2.

2.1.1. 3D FE vehicle-track interaction model

A 3D FE vehicle-track interaction model was built up for corrugation
reproduction, as shown in Fig. 3. A Cartesian coordinate system was
adopted in the model, where the axes X, Y, and Z were in the longitu-
dinal (rolling), lateral and vertical directions. The vehicle was modelled
by a wheel with the sprung mass of the car body and bogie supported by
the primary suspension. The secondary suspension was not included
because the vibration of the sprung mass on the secondary suspension
mainly influences vehicle-track vibration at lower frequencies (usually
below 10 Hz [63]), which is beyond the frequency range of corrugation.
The wheel, rail and sleeper were modelled by 8-node solid elements
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Step 2: Identification of corrugation
development mechanism by ODS
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ODS analysis

¥
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Rail longitudinal compression mode at 1172 Hz
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Step 3: Design and modelling of rail constraints
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Fig. 2. Flowchart of the methodology for corrugation mitigation by rail constraint design. In Step 1, corrugation is numerically reproduced by employing a 3D FE
vehicle-track interaction model. In Step 2, the corrugation development mechanism is identified by the ODS approach. In Step 3, different types of rail constraints are
designed and modelled. In Step 4, the effectiveness of the designed rail constraints on corrugation mitigation is evaluated.

based on their nominal geometry and material. The radius of the wheel
was 0.46 m with a conicity of 1/40. The rail profile was UIC 54 E1 with
an inclination of 1/40. The primary suspension and ballast were
modelled by vertical spring-damper elements. Fig. 3¢ shows a close-up
of a degraded fastening model. Fastenings were modelled by vertical
3 X 4 spring-damper elements (i.e. 3 columns in the longitudinal
dimension and 4 rows in the lateral). The lateral fastening constraint
was modelled by rigidly fixing the rail nodes in all three columns, while
the longitudinal one only rigidly constrained the rail in the central
column to simulate the fastening degradation for corrugation initiation,
compared to the three columns in the nominal fastening constraint [49].
The track length was 20.54 m, including 34 sleeper spans. The vehicle
and track parameters were taken primarily from [4,64]. The wheel-rail
contact model (see Fig. 3d) applied an automatic surface-to-surface
contact scheme with a penalty contact algorithm [65]. The wheel-rail
friction coefficient was 0.4. No geometric irregularities were applied
to the wheel-rail contact surface. The solution zone had a meshing size of
0.8 mmx0.8 mm. The initial wheel position was at position O, as shown
in Fig. 3d (0 m). The running speed is 140 km/h.

An implicit-explicit sequential approach was employed in the
simulation to minimize the solution time and the dynamic effects during
the initialization of wheel-rail interaction [40,66]. In the implicit
calculation, the vehicle-track system reached an equilibrium state under
gravity. The calculated nodal displacement was subsequently input as an
initial condition of the explicit calculation of the vehicle-track dynamic
interaction. In the explicit calculation, initial forward translation and
rotation velocities were prescribed to the wheel model to generate
rolling motion. The same initial translation velocity was applied to the
car body and bogie. A driving torque was applied to the wheel axle as a

load boundary condition to generate a traction coefficient of 0.15. The
adopted integration time step was sufficiently small (79 ns) to ensure the
stability of the integration and the contact.

This vehicle-track interaction model has been extensively validated
in terms of frictional rolling contact solutions [40,41,66], wheel dy-
namics [67] and track dynamics [56]. The simulated dynamic responses
of the vehicle-track system, such as axle box accelerations [68] and rail
accelerations [67], have also achieved good agreement with measure-
ments. Besides, this model has been employed to successfully identify
the development mechanism of squats [43,69], and predict the
contact-induced waves [44].

2.1.2. Wear model

The wear of the rail surface is assumed to be proportional to the
accumulated frictional work during wheel passages [70,71]. In the FE
simulation, the frictional work at each node is calculated for a wheel
passage, i.e., from the node entering until leaving the contact patch as
follows:

N
w(x,y) = kW (x,y) = I{X:T,-(x7 y)vi(x, y)At 1)

i=1

where k is the wear coefficient, Wy (x, y) is the frictional work, 7; (x, y)
and v; (%, y) are the local tangential stress and micro-slip, respectively, N
the number of time steps At during which a node passes the contact
patch.

2.2. ODS approach to identify corrugation initiation mechanism

In this work, the ODS approach is applied to identify rail vibration
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Fig. 3. 3D FE vehicle-track interaction model.
(a) Front view; The car body and bogie were
modelled as mass elements, the wheel, the rail
and sleepers were modelled by 8-node solid
elements, and the primary suspension, fasten-
ings and the ballast were modelled by spring-
damper elements. (b) detailed mesh of the FE
model; The rail in the solution zone has the
element size of 0.8 mm x0.8 mm. (c) close-up of
the fastening model; Fastenings were modelled
by vertical 3 x 4 spring-damper elements (i.e. 3
columns in the longitudinal dimension and 4
rows in the lateral). The fastening longitudinal

(d)

I

Sleeper Fastening

constraint was only applied in the central col-
umn of rail nodes compared to the three col-
umns in the nominal fastening constraint [49],
as indicated by the white dashed box. (d)
close-up of the wheel-rail contact; The initial
wheel position was at position O (0 m). (f) top
view; The vibration signal acquisition positions
for ODS analysis are shown with numbers 1, 2,

M s 20

(e)

Sleepers
N

Rail Positions for
ODS analysis

modes to understand the corrugation development mechanism.
Compared to the widely-used frequency response function (FRF)
approach [72,73], the ODS approach has the advantage in distinguish-
ing coupled rail vibration modes [62]. ODS is calculated from a set of
frequency response functions (FRFs), which can be divided into three
steps. First, a longitudinal impact signal (denoted as Fo*(t)) is applied at
position 2 (see Fig. 3e), which is 0.6 m away from the origin position (O)
and in the middle of the solution zone of corrugation. The vibration
signals at 20 positions (see Fig. 3e) are captured and denoted as aj(t).
Second, the FRFs at these positions are calculated by the following
formula:

SH,‘FQ (f)

FRF;(f) = S 2

®))

where FRF; (f) is the longitudinal FRF at position i, Sgr;is the cross-
spectrum between the acceleration a(t), and force Fo*(t), and Spers 1s
the auto-spectrum of the force Fy*(f). Third, the ODSs of rail displace-
ment responses are taken as the spatial distribution of the imaginary
parts of the FRFs, as follows:

ODS'(f) = [Im(FRF;(f)), Im(FREL(f)), ..., Im(FRE(f))] 3)

where ODS*(f) is the longitudinal ODS at frequency f. When the fre-
quency is one of the natural rail frequencies, the ODS will closely
approximate the mode shape. More detailed introduction of the ODS
approach can be found in [61,62].

2.3. Design and modelling of rail constraints for corrugation mitigation

In this subsection, experimental setups with different types of rail
constraints are introduced. Afterwards, FE models of these rail con-
straints are developed.

2.3.1. Experimental setups for rail constraint design

Fig. 4 shows the experimental setups for rail constraint design to
mitigate corrugation. The experimental setups mainly consist of three
parts (see Fig. 4a): a rail, a standard ‘I-cross section’ steel beam, and
different types of rail constraints,. The rail is 1.6 m long and its profile is
approximately 1/5 scale of the UIC 54 E1 rail but with some modifica-
tions for ease of fabrication, as shown in Fig. 4e. According to the sim-
ilarity law [74,75], the vibration modes of a scaled rail are equivalent to
those of the full-scale rail by considering a corresponding scale factor.
Compared to the full-scale one, the downscaled rail is easier to control
by rail constraints in the laboratory because of its much size. Besides, it
is possible to experimentally examine the effectiveness of the designed
rail constraint for corrugation mitigation in an innovative downscale
test rig [75,76] in future work. The steel beam has a considerably larger
mass and stiffness than the scaled rail, provides an approximately rigid
support to the rail, and makes it possible to completely suppress rail
vibration modes by rail constraints.

To control longitudinal compression modes, five types of rail con-
straints were designed, as shown in Fig. 4 and listed in Table 1. For the
first type of rail constraint (type 1), the rail was supported on the steel
beam by two soft styrofoam blocks at the two rail ends, as shown in
Fig. 4b. In this condition, the rail can be approximately considered to be
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characteristics by the ODS approach [62]. (b)
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Table 1
Five types of rail constraints in the experimental setups.

Types of rail Description Purposes

constraints

1 Soft styrofoam blocks ~ To simulate the free boundary of the

rail.

2 Railpads with half- To simulate the fastening constraint
tight clipl with insufficient toe loads.

3 Railpads with full- To simulate the nominal fastening
tight clip 1 constraint.

4 Steel plates with full-  To simulate the relatively rigid rail
tight clip 1 constraint.

5 Steel plates with full- To simulate the relatively rigid rail
tight clip 2 constraint.

in ‘free vibrations’. For the second type (type 2), eight steel plates were
rigidly fixed on the beam by bolts every 0.2 m, and the rail was con-
strained on the steel plates by eight fastenings, as shown in Fig. 4c and d.
Each fastening consists of a railpad and a pair of clips (clipl in Fig. 4d).
The clip toe loads were applied through preload springs and the value
was controllable by adjusting the spring compression displacement.
The preload spring consists of six conical disc springs in series with a
combined stiffness of 180 N/mm. In this case (type 2), the toe load from

each pair of clips was around 0.4 kN, which is equivalent to 10 kN of the
full-scale rail, half the nominal value in the field track. This case was
thus called half-tight clipl to simulate the fastening constraint with
insufficient toe load. For the third type (type 3), the clip load increased
to 0.8 kN (called full-tight clip1) to simulate the nominal toe load of the
fastening constraint in the field track. For the fourth type (type 4), the
resilient railpads were removed and the rail was directly restricted on
the steel plates by the full-tight clipl. In this condition, the rail was
approximately regarded as ‘rigidly’ constrained on the steel beam. The
last type (type 5) is the same as type 4, except that the narrower and
thinner clipl was replaced with the wider and thicker clip2, which was
expected to provide a stronger constraint to the rail and more
completely suppress the longitudinal compression modes. Overall, from
type 1 to type 5, we designed to gradually strengthen the rail constraint
to examine whether rail longitudinal compression modes can be effec-
tively suppressed for corrugation mitigation.

A hammer test is performed to analyse the rail vibration character-
istics by the ODS approach [62]. The sensor distribution of the hammer
test in the setups is shown in Fig. 4a. In total, ten 3D accelerometers (PCB
356B21, denoted as 1-10 in Fig. 4a) were used. The first nine sensors
were glued on the railhead surface with a spacing of 0.2 m. The tenth
sensor was glued in the middle of sensor 5 and sensor 6. The responses of
the ten accelerometers are denoted as follows,
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ai(t) = [an(0), ay(0), ax(®)]’, i=1,2,..,10 @
where a;(t) is the vector with the responses of the ith accelerometer,
which includes three components a;(t), ajy (t), a;(t) in the longitudinal,
lateral, and vertical directions, respectively.

A small hammer (PCB 086C03) with a steel tip was used to excite the
rail in the high-frequency range. The excitation positions were as close
as possible to the sensor 1. Sensor 1 is at one of the free rail ends where
the mode shapes have maximum deformation and thus the rail vibration
modes can be excited with largest energy. Impacts were conducted in the
longitudinal, lateral, and vertical directions, recorded as Fix(t), F1y(t),
Fy,(t). A synchronized data acquisition system recorded the excitation
and the response signals. Five impacts in each direction were measured
for each test with a sampling frequency of 51,200 Hz to reduce the
random errors. The FRFs and corresponding ODSs can be obtained using
Egs. (2) and (3).

2.3.2. FE modelling of rail constraints

A 3D FE model of the rail-constraint system in Fig. 4 was developed,
as shown in Fig. 5. The rail and the steel beam were modelled by 8-node
solid elements with their nominal geometry and material. The cross-
sections of the rail and the beam were discretized with an equal
element edge length of 1.5 mm and 5 mm, respectively, as shown in
Fig. 5b. The longitudinal element size of the rail was 5 mm, and that of
the beam was 20 mm, as shown in Fig. 5c. The rail and beam material
were treated as elastic isotropic with Young’s modulus of 210 GPa,
Poisson’s ratio of 0.3, and density of 7850 kg/m>. Free boundary con-
ditions were applied to the two rail ends and the beam. The bottom
nodes of the beams are fixed in three directions to simulate the foun-
dation support.

The rail constraints of type 1, type 3 and type 5 in Table 1 were
modelled by multiple spring-damper elements with various parameters
and boundary conditions, as shown in Fig. 5d. One end of the spring-
damper elements was connected to the rail bottom node (marked by
R), and the other end to the beam node (marked by B). For type 1, a
vanishingly small longitudinal stiffness of 0.3 kN/m of the spring-
damper elements was used to simulate the styrofoam-block support.
For type 3, the stiffness and damping of the spring-damper elements
were identified by best fitting the simulations to the measurement re-
sults [77], which are 25 MN/m and 0.2 kNs/m, respectively. For type 5,
the rail bottom nodes were fixed to simulate the rigid constraint.

2.4. Evaluation method of rail constraints for corrugation mitigation

Based on the modelling and identified parameters of rail constraints
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in Section 2.3, three rail constraint models (called type I, II, III) were
built up and applied in the 3D FE vehicle-track interaction model (see
Fig. 3) to examine their effects on corrugation mitigation, see a sche-
matic drawing in Fig. 6. These three models in the vertical and lateral
directions remained the same as the fastening model in Fig. 3¢, while the
rail longitudinal constraints were varied. In these models, rail longitu-
dinal constraint was represented by multiple spring-damper elements as
in Fig. 5d with various parameters and boundary conditions. Type I
intends to simulate the longitudinal free boundary of the rail constraint
type 1 in Table 1 with a small longitudinal stiffness of 1.5 kN/m
equivalent to the parameters of type 1 by considering a scale factor of 1/
5 [75]. Type II was built up to simulate the fastening longitudinal
constraint of type 3 in Table 1 with the longitudinal stiffness and
damping values of 125 MN/m and 5 kNs/m, respectively. The type III
model fixed the rail bottom nodes above the sleeper in the longitudinal
direction to simulate the rigid longitudinal constraint of type 5 in
Table 1. The longitudinal wheel-rail dynamic contact force, which
causes the differential wear and corrugation initiation (discussed in
Section 3), will be evaluated with these three rail constraint models.

3. Corrugation reproduction and the initiation mechanism

With the initial excitation introduced by the fastening model in
Fig. 3c, the longitudinal wheel-rail contact force (Fr) with strong fluc-
tuation is induced, as shown in Fig. 7a. It has four main wavelength
components in the range of 20-80 mm, which are 24.9 mm, 28.6 mm,
33.3 mm and 39.4 mm respectively, as shown in Fig. 7b. Amongst them,
the wavelength of 28.6 mm has the highest PSD magnitude and is thus
dominant. Fig. 7 also presents the calculated initial differential wear in
the spatial and wavelength domains. Compared with Fy, it is found that
initial differential wear and Fj, have approximately the same trend and
phase of the fluctuation amplitude in the spatial domain (see Fig. 7a)
and four almost identical wavelength components (see Fig. 7b). It is
hence concluded that longitudinal contact force F;, dominates initial
differential wear. This initial differential wear causes corrugation initi-
ation, and with the continuous accumulation of differential wear after
multiple wheel passages, corrugation can consistently grow up to 80 um
[49]. Therefore, to mitigate or even eliminate corrugation, the fluctua-
tion amplitude of the longitudinal contact force should be suppressed.

To better understand the fluctuation of the longitudinal contact
force, its characteristic frequency f is calculated as follows.

f=v/i )

where v is the running speed 140 km/h, and X is a characteristic
wavelength, Corresponding to the four major wavelength components of

Fig. 5. 3D FE model of the rail-constraint sys-

—— Rail tem. (a) Front view; The rail and beam were

. modelled by 8-node solid elements, and rail
O\ Rail constraint was modelled by multiple spring-
constraint damper elements. (b) cross-section mesh of

the FE model; The element sizes of the rail and

Beam - beam were 1.5 mm and 5 mm, respectively. (c)

longitudinal mesh of the FE model; The longi-

tudinal element size of the rail and the beam

(b) @
Mesh size
1.5mm

Mesh size
Smm—

R o
20 mm

were 5 mm and 20 mm, respectively. (d) spring-
damper elements of the rail constraint. ‘R’
designates the rail node of the spring-damper
elements, and ‘B’ beam node.
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39.4 mm, 33.3 mm, 28.6 mm and 24.9 mm, the characteristic fre-
quencies of the longitudinal contact force are calculated as 977 Hz,
1161 Hz, 1360 Hz and 1556 Hz, respectively, as shown in Fig. 8a and
Table 2. These frequencies should be determined by the eigenmodes of
the vehicle-track system. Fig. 8b shows the track longitudinal dynamics
characterized by FRF at position 2 (see Fig. 3e). It is found from Fig. 8b
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Fig. 8. Comparison of characteristic frequencies of the longitudinal contact
force and the longitudinal FRF at position 2. (a) PSD of the longitudinal contact
force; it has four characteristic frequencies of 977 Hz, 1161 Hz, 1360 Hz and
1556 Hz. (b) the longitudinal FRF at position 2. It has corresponding four peak
frequencies of 977 Hz, 1152 Hz, 1338 Hz and 1563 Hz.

Table 2
Characteristic frequencies of the longitudinal contact force and longitudinal
compression modes.

Longitudinal contact force frequency 977 1161 1360 1556
Hz Hz Hz Hz
Longitudinal compression mode frequency 977 1152 1348 1563
with the fastening constraint in Fig. 3c Hz Hz Hz Hz
Longitudinal compression mode frequency 923 1172 1420 1671
with fastening longitudinal stiffness of Hz Hz Hz Hz
100 MN/m

and Table 2 that characteristic frequencies of the longitudinal force
correspond well to the peak frequencies of the FRF, indicating that rail
vibration modes related to these peaks induce the fluctuation of longi-
tudinal contact force and dominate the corrugation initiation. In order to
identify these modes, the corresponding ODSs at these peak frequencies
were derived and compared with rail longitudinal compression modes
from modal analysis, as shown in Fig. 9. The colour contrast in the mode
shapes indicates the relative deformations of the elements. Blue is the
minimum deformation, and red is the maximum. It can be seen from
Fig. 9 that the ODSs at 977 Hz, 1161 Hz, 1360 Hz and 1556 Hz are
consistent with the deformations of rail longitudinal compression modes
at 923 Hz, 1172 Hz, 1420 Hz and 1671 Hz, respectively, indicating that
the peaks in Fig. 8b correspond to longitudinal compression modes. It
should be noted that the fastening longitudinal rigid constraint in Fig. 3¢
was replaced by the approximately equivalent longitudinal springs with
a stiffness of 100 MN/m for the modal analysis. It is thus inferred that
the longitudinal compression modes are responsible for the corrugation
initiation.

Based on the results of Figs. 7, 8 and 9, the corrugation initiation
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mechanism is further understood. With the fastening constraint in
Fig. 3c, rail longitudinal compression modes are released, as shown in
Fig. 8b. When the wheel rolls over the rail, some of them are excited, and
induce the fluctuation of the longitudinal wheel-rail contact force with
the corresponding frequencies, resulting in initial differential wear and
corrugation. Based on this insight, an approach to mitigate or even
eliminate corrugation is proposed. That is to design a new rail constraint
that can effectively suppress rail longitudinal compression modes so that
longitudinal contact force fluctuates little, differential wear can barely
accumulate, and corrugation can hardly initiate.

4. Experimental results and modelling of rail constraints for
corrugation mitigation

In this section, the influences of five types of rail constraints (see
Table 1) on rail vibration modes, especially longitudinal compression
modes, are analysed. Rail constraints type 1, type 3 and type 5 in Table 1
are modelled and validated against the measurement results.

4.1. Experimental results and discussion

In this subsection, the experimental results of free rail vibrations
(Section 4.1.1), rail vibrations under fastening constraints (Section
4.1.2) and rigid rail constraints (Section 4.1.3) are present. These results
are further discussed in Section 4.1.4.

4.1.1. Free rail vibrations

Fig. 10 shows the FRFs with the rail constraint type 1 at acceler-
ometer 1 in the vertical, longitudinal, and lateral directions up to 10
kHz. The rail with this constraint can be approximately considered to be
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Fig. 10. FRFs with the rail constraint type 1 at accelerometer 1 in the (a)
vertical, (b) longitudinal and (c) lateral directions. In this figure, (%) show
some examples of vertical bending modes, longitudinal compression modes,
lateral bending and torsion modes.

in ‘free vibrations’, as described in Fig. 4b and Table 1. The set of major
peaks in the vertical FRF (% in Fig. 11a) correspond to the rail vertical
bending modes, and those in the longitudinal FRF (% in Fig. 11b)
correspond to longitudinal compression modes. Two sets of major peaks
in the lateral FRF are coupled together (% in Fig. 11c), representing
lateral bending and lateral torsion modes, respectively

Based on the FRF measurement results, the wavenumber-frequency
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Fig. 11. Wavenumber-frequency dispersion curves of the 1/5 scaled and full-scale free rails. (a) 1/5 scaled rail; (b) comparison between 1/5 scaled rail (—after
modification) and full-scale rail (—). The result of the full-scale rail is from [62]. In this figure, ‘I’ refers to vertical bending waves, ‘I’ longitudinal compression
waves, ‘III’ lateral bending waves, ‘IV ‘lateral torsion waves, ‘V’ web 1st bending waves.

dispersion curves of the 1/5 scaled rail were derived by connecting the
discrete wavenumber-frequency points, as shown in Fig. 11a. The nat-
ural frequencies were derived from the major peak frequencies of FRFs
in Fig. 10, and the corresponding wavenumbers are estimated with k =
Nn/L, where A is the wavelength, k is the wavenumber, N is an integer,
and L is the rail length. Four types of waves, vertical bending waves (I),
longitudinal compression waves (II), lateral bending waves (III) and
lateral torsion waves (IV), were identified. Fig. 11b compares the
dispersion curves of the 1/5 scaled rail with those of full-scale rail. It
should be noted that the frequency and wavenumber of the scaled rail
have been modified by a scaling factor of 1/5 for comparison based on
the similarity law [75]. It can be seen that the dispersion curves of
longitudinal compression waves (II) overlap almost completely with
each other in these two cases. Differences were observed for vertical
bending waves (I) above 1500 Hz, where significant cross-section de-
formations start to occur [62]. The dispersion curves of two lateral
waves of the 1/5 scaled rail are considerably different from those of
full-scale rail. The difference in these two cases is caused by the modi-
fication of the scaled rail profile, as shown in Fig. 4e, which influences
the rail vibration modes involving cross-section deformation. This also
explains the absence of the web 1st bending waves (V) of the scaled rail
in Fig. 11b, whose cut-on frequency is beyond 2000 Hz because of the
wider rail web, compared to the precisely 1/5 scaled one.

In summary, longitudinal compression modes/waves of the scaled
rail are equivalent to those of full-scale rail, which provides a basis for
rail constraint design on the scaled rail instead of the full-scale rail.
Despite the slight deviation, the vertical bending modes/waves of the
scaled rail can be approximately regarded as the same as those of the
full-scale rail. However, the lateral modes/waves show a significant
difference in these two cases because of the imperfectly scaled rail
profile.

4.1.2. Rail vibrations under fastening constraints

Fig. 12 shows the FRFs with rail constraints type 1, 2 and 3 at
accelerometer 1 in the vertical, longitudinal, and lateral directions up to
10 kHz. Type 2 and type 3 correspond to railpads with half-tight and full-
tight clip 1, respectively, as listed in Table 1, which are used to simulate
field fastening constraints. Compared to type 1, vertical bending modes
with type 2 and type 3 were significantly suppressed and could barely be
distinguished in the vertical FRFs, as shown in Fig. 12a. Only one
dominant peak was observed at around 1050 Hz, corresponding to the
rail resonance mode on the fastening vertical stiffness. The tightness
(half- or full-tight) of clip 1 has an insignificant influence on the vertical
FRFs. Different from the vertical bending modes, the longitudinal
compression modes were still identifiable under the fastening
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Fig. 12. FRFs with rail constraints type 1, 2 and 3 at accelerometer 1 in the (a)
vertical, (b) longitudinal and (c) lateral directions. The pink arrow in (a) shows
the vertical resonance mode at 1050 Hz, the arrows in (b) indicate the longi-
tudinal resonance modes at 845 Hz for type 2 and 965 Hz for type 3, and the
arrow in (c) shows the lateral resonance mode at 630 Hz.

constraint, although their fluctuation amplitudes were considerably
reduced. When the tightness of clip 1 increased from type 2 to type 3, the
overall fluctuation amplitudes of longitudinal compression modes
became slightly smaller, and the rail longitudinal resonance mode was
shifted from about 845 Hz to 965 Hz. Fig. 13 shows that the ODSs of type
3 at 1742 Hz and 4840 Hz have shapes similar to the ODSs of type 1 at
1610 Hz and 4870 Hz and are consistent with the deformations of lon-
gitudinal compression modes of the free rail at 1620 Hz and 4880 Hz.
This result confirms that the major peaks in Figs. 11b and 12b corre-
spond to longitudinal compression modes, which share features similar
to those of the full-scale rail in Fig. 9. Similar to vertical bending modes,
rail lateral bending and torsion modes were also significantly suppressed
by the fastening constraint with half-tight clip 1, and became almost
invisible from the lateral FRF with full-tight clip 1, as shown in Fig. 12c.

Overall, vertical bending modes and lateral bending and torsion
modes are effectively suppressed by the fastening constraint with full-
tight clip 1, while longitudinal compression modes still have relatively
strong fluctuation amplitude. This result agrees with the findings in [62]
that, the fastenings constrain the longitudinal rail vibrations less
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at 1610 Hz, ODS with type 3 at 1742 Hz, and longitudinal compression mode at 1620 Hz; (b) comparison of ODS with type 1 at 4870 Hz, ODS with type 3 at 4840 Hz

and longitudinal compression mode at 4880 Hz.
strongly compared to the vertical and lateral directions.

4.1.3. Rail vibrations under rigid rail constraints

Fig. 14 shows the FRFs with rail constraints types 3, 4 and 5 at
accelerometer 1 in the vertical, longitudinal, and lateral directions. Type
4 and type 5 correspond to steel plates with full-tight clip 1 and clip 2,
respectively, as listed in Table 1, which are used to simulate relatively
rigid rail constraints. Compared to clip 1, clip 2 is wider and thicker,
which is expected to provide a stronger constraint to the rail and more
completely suppress the longitudinal compression modes. It can be seen
from Fig. 14a and c that the vertical bending modes and lateral bending
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Fig. 14. FRFs with rail constraints types 3, 4 and 5 at accelerometer 1 in the (a)
vertical, (b) longitudinal and (c) lateral directions. The pink arrows in (a) show
the vertical resonance mode shifts from 1050 Hz with type 3 to 1500 Hz with
type 5, arrows in (b) show the longitudinal resonance mode shifts from 965 Hz
with type 3 to 1495 Hz with type 5, and arrows in (c) show the lateral reso-
nance mode shifts from 630 Hz with type 3 to 1025 Hz with type 5.
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and torsion modes are effectively suppressed by the two types of rigid
rail constraints. Despite the significant mitigation, longitudinal
compression modes are still identifiable at about 4935 Hz and 6230 Hz
(indicated by pink arrows in Fig. 14b) with type 4. By replacing clip 1
with clip 2, longitudinal compression modes are almost invisible in the
longitudinal FRF, indicating the type 5 is capable of completely sup-
pressing them. In addition, compared to type 3, the rail resonance modes
in the vertical, longitudinal and lateral directions have been shifted to
1500 Hz, 1495 Hz and 1025 Hz, respectively, with reduced amplitude,
as shown in Fig. 14. That is because the support stiffness of steel pads of
type 4 and 5 are larger than the resilient railpads of type 3.

4.1.4. Discussion of experimental results

In this work, five types of rail constraints were designed and their
influences on rail vibration modes were analysed. Overall, these five
types of rail constraints can be characterized into three categories, ‘zero
stiffness’ of free rail (type 1), ‘finite stiffness’ of fastening constraint
(type 2 and 3), ‘infinite stiffness’ of rigid constraint (type 4 and 5). More
specifically, the parameters (i.e., stiffness and damping) of the nominal
fastening constraint (type 3) are 120 MN/m and 2 kNs/m vertically, 25
MN/m and 0.2 kNs/m longitudinally, and 37 MN/m and 0.8 kNs/m
laterally. Those of free rail and rigid rail constraint are considered as
zero and infinite, respectively.The experimental results indicate that
longitudinal compression modes/waves of the scaled free rail are
equivalent to those of full-scale rail within 2 kHz with a scaling factor of
1/5. That is because the dispersion relation of longitudinal waves of free
rail is only determined by the rail material, i.e., young’s modulus and
density. However, the rail vibration modes involving cross-section
deformation, such as lateral torsion modes, web 1st bending modes,
are significantly influenced by the imperfectly scaled rail profile. The
fastening constraint with finite stiffness (type 3) can effectively suppress
vertical bending modes and lateral modes with appropriate parameter
design, but cannot completely restrict longitudinal compression modes.
Therefore, we further strengthened the rail constraints with ‘infinite
stiffness” (type 5). Experimental results indicated this constraint can
effectively suppress longitudinal compression modes and thus be sup-
posed to mitigate or even eliminate corrugation.
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4.2. Validation of FE modelling of rail constraints

Fig. 15 shows the simulated and measured longitudinal FRFs with
rail constraints type 1, type 3 and type 5 to consider the cases of ‘zero
stiffness’, ‘finite stiffness’ and ‘infinite stiffness’, respectively. The
overall tendencies and fluctuation amplitude from the simulations
match the measurements well. The simulations identify almost all the
peaks in the measured FRFs, as shown in Fig. 16a and b. In these three
cases, it is observed that the simulations seem to overestimate the FRFs
at higher frequencies above 7 kHz. The reason is that the excitation
energy of the small hammer in the test has considerably dropped over 7
kHz [67] and thus the rail-constraint system cannot be sufficiently
excited at higher frequencies, leading to the smaller FRFs of the mea-
surements. Overall, good agreement has been achieved between the
simulations and the measurements, indicating the modelling of the rail
constraints can accurately reproduce the dynamic behaviours of the
rail-constraint system.

5. Evaluation results of rail constraints for corrugation
mitigation

Three rail constraint models (type I, II, Il in Fig. 6) were applied in
the 3D FE vehicle-track interaction model to examine their effectiveness
on corrugation mitigation. Fig. 16 shows the longitudinal wheel-rail
contact forces with these constraint models. It can be seen that the
fluctuation amplitude of longitudinal contact force with type III is
significantly smaller than those with type I and II. Therefore the
resulting initial differential wear is much smaller, and corrugation can
hardly initiate. This result indicates the rail constraint model type III,
corresponding to the rigid constraint of type 5 in the experimental setup
(see Table 1), can effectively suppress rail longitudinal compression
mode, reduce the fluctuation of longitudinal contact force, and mitigate
corrugation.

In addition, it is observed that type II considerably reduces the
fluctuation amplitude of longitudinal force, compared to that of type L.
Fig. 16b also shows that the major frequency components (marked by v
and number) of longitudinal force with types I and II are different from
each other. That is because of the different fastening parameters in these
two cases, which influence the eigen frequencies of the vehicle-track
system and thus characteristic frequencies of longitudinal force and
corrugation. To gain insight into the dynamic behaviour of the vehicle-
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Fig. 15. Validation of longitudinal FRFs with rail constraints type 1, type 3 and
type 5. (a) Type 1, free rail; (b) type 3, rail under the fastening constraint; (c)
type 5, rail under the rigid constraint.
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track system with type I and type II, a modal analysis was performed and
their longitudinal compression modes were compared in Fig. 17 and
Table 3. It is found that characteristic frequencies of the longitudinal
force correspond well to the eigen frequencies of longitudinal
compression modes, confirming that longitudinal compression modes
are responsible for corrugation initiation. Besides, the mode frequencies
with type I are shifted to larger values with type II because of the larger
fastening longitudinal stiffness.

6. Discussions

In this paper, we employ a 3D FE vehicle-track interaction model
with degraded fastenings and successfully reproduced rail corrugation.
Further ODS analysis indicates rail longitudinal compression modes and
the induced longitudinal dynamic contact force are dominant for
corrugation initiation. Therefore, a new rail constraint is subsequently
designed that can effectively suppress rail longitudinal modes, fluctua-
tion of longitudinal contact force, and corrugation initiation. This paper
first points out a direction for field corrugation mitigation by strength-
ening the rail longitudinal constraint. It should be noted that this new
rail constraint is still a concept design in the current stage and needs to
be further experimentally verified [75]. Its manufacturing and instal-
lation cost also needs to be considered compared to those of the current
fastenings and the preventive rail grinding for corrugation control
before the final application to the field.

Corrugation formation process can be divided into two stages, i.e.,
initiation and growth. This work aims at mitigating corrugation in the
initiation stage and thus focuses on investigating the longitudinal dy-
namics of the vehicle-track system which dominates corrugation initi-
ation. In our parallel paper, corrugation formation mechanism including
both the initiation and growth is analysed in detail and it is found ver-
tical dynamics of vehicle-track system play an important role in the
corrugation growth stage. Since corrugation in this paper refers to short
pitch corrugation mainly occurring on straight or gentle tracks, the
lateral vehicle-track dynamic interaction is considered as secondary to
corrugation formation and hence not analysed in this work. Future
research can readily include it with the current 3D FE model [67,78].

In this work, the vehicle-track system is simplified by a single wheel-
track dynamic interaction model. In the literature, some researchers
have shown that rail vibrational wave interference amongst multiple
wheels and the wheelset structural flexibility are both important for
corrugation development [27,28,79]. The multiple wheels or wheelsets
could be very important but might not be the only condition to deter-
mine corrugation formation, otherwise rail corrugation will occur
everywhere on the track. Besides, both the FE simulation in this paper
and laboratory tests using the V-Track test rig [75,76] show that the
single wheel-track system can successfully reproduce corrugation.
Future work will be performed to further study the influence of multiple
wheels and wheelsets on corrugation formation. In addition, the current
FE model simulates vehicle-track interaction and corrugation on a
straight track, and it is also possible to simulate rail corrugation on the
curved tracks with small radii [80] with certain modifications.

7. Conclusions

This paper proposes a methodology to mitigate short pitch corru-
gation by rail constraint design. This methodology includes four steps. In
Step 1, short pitch corrugation were numerically reproduced by
employing a 3D FE vehicle-track interaction model with degraded fas-
tenings. In Step 2, the corrugation initiation mechanism was identified
by comparing the ODSs with rail longitudinal compression modes. In
Step 3, five types of rail constraints were designed and their influences
on rail vibration modes were analysed. Models of rail constraints types
1, 3 and 5 were built up and validated. In Step 4, the rail constraint
models from Step 3 were applied in the FE vehicle-track interaction
model, and their effectiveness on corrugation mitigation was evaluated.
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Fig.16. Longitudinal wheel-rail contact forces with rail constraint models type I, II, III in the spatial and frequency domains. (a) Spatial domain; The fluctuation
amplitude of longitudinal contact force with type III is significantly smaller than those with type I and II. (b) frequency domain. The marks (v) indicate the

characteristic frequencies of the contact forces with type I and type II
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Fig. 17. Rail longitudinal compression modes with rail constraint models type I and II. (a) 890 Hz for type I and 941 Hz for type II with the same mode shape; (b)
1142 Hz for type I and 1183 Hz for type II; (c) 1393 Hz for type I and 1427 Hz for type II; (d) 1646 Hz for type I and 1675 Hz for type II.

Table 3
Comparison of characteristic frequencies of longitudinal force and longitudinal
compression modes with rail constraint models type I and type II.

Number Longitudinal Mode Longitudinal Mode

in force peak frequency force peak frequency

Fig. 16b frequency with with type I frequency with with type II
typelin Fig. 16b  in Fig. 17 type Il in in Fig. 17

Fig. 16b

1 915 Hz 890 Hz 958 Hz 941 Hz

2 1170 Hz 1142 Hz 1184 Hz 1183 Hz

3 1418 Hz 1393 Hz 1440 Hz 1427 Hz

4 1663 Hz 1646 Hz 1691 Hz 1675 Hz

The main findings are summarized as follows.

The corrugation initiation mechanism is identified from the analysis
of ODSs. With a particular fastening constraint, rail longitudinal
compression modes may not be effectively suppressed. When the wheel

12

rolls over the rail, some of them are excited, and induce longitudinal
wheel-rail dynamic contact force with corresponding frequencies,
resulting in the initial differential wear and corrugation. Based on this
corrugation initiation mechanism, an approach is proposed to mitigate
or even eliminate corrugation. That is to design a new rail constraint that
can effectively suppress rail longitudinal compression modes so that the
induced longitudinal contact force fluctuates little, differential wear can
barely accumulate, and corrugation can hardly initiate.

Five type of rail constraints are designed and evaluated, and amongst
them, a relatively rigid constraint (type 5) can completely suppress rail
longitudinal compression modes. Afterwards, this rail constraint model
is applied in the FE vehicle-track model and the simulated longitudinal
contact force has a significantly small fluctuation amplitude so that
corrugation can hardly initiate. Besides, it is found that fastening lon-
gitudinal parameters influence the frequencies of longitudinal
compression modes and thus the characteristic wavelengths/frequencies
and spatial distribution of short pitch corrugation.

Overall, this paper first points out a direction for short pitch
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corrugation mitigation in the field by strengthening the rail longitudinal
constraint. In future work, we will perform the experimental validation
of corrugation initiation mechanism and the designed new rail
constraint for corrugation mitigation by employing an innovative V-
Track test rig.
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