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Abstract — In railway networks, rail corrugation remains a major problem which increases due to heavy
traffic under urban conditions: various frictions, train dynamics, etc. But it is difficult to identify the real
influence of each factor on both the onset and evolution of such defects on the strength of experiments
alone. Thus it is very important to use numerical models to analyze corrugation defects. In this paper,
we present an improvement of the finite element model to reproduce more realistically both the onset
and evolution of straight track corrugation under transient conditions with the passage of multiple wheels.
Furthermore, the application of finite element modeling to the rail-wheel contact problem is optimized by

taking the mass redistribution method into account.

Key words: Corrugation / wheel-rail contact / finite element method / mass redistribution method

Nomenclature

Fy Normal load force

FE Global tangential contact force
F¢ Global normal contact force
PfG Global frictional power

o™l Translating velocity

Vsliding ~ oliding velocity

f Frequency

ef Plastic deformation

A Wave length

m Coulomb friction coefficient
w"heel  Angular velocity

r Global sliding ratio

Scontact Contact surface

1 Introduction

Straight track corrugation is a periodical rail surface
defect that occurs when the wheel-rail contact undergoes
transient conditions such as braking or acceleration [1,2].

# Corresponding author:
aurelien.saulot@insa-lyon.fr

Such conditions lead to structural vibrations [3,4] com-
bined with partial slip [5]. The consequence is the devel-
opment of a periodical wear-like pattern developed on the
rail surface [6] which results in rolling noise and reduced
rail lifetime [7-9]. Grinding of the rail surface is often
necessary to avoid these drawbacks.

Previously, tribological investigations of rails affected
by straight track corrugation highlighted periodical plas-
tic deformations coupled with Superficial Tribological
Transformation [10, 11]. From the experimental stand-
point, it is difficult to identify the various factors leading
to such rail defects and quantify the influence of each
factor on the onset and development of straight track
corrugation. Tribological investigations into real rails af-
fected by such defects rely on numerical modeling. Up
to now, many works have investigated the corrugation
defect using numerical modeling. Bohmer and Klimpel
considered the influence of plastic deformation as a pos-
sible saturation mechanism for corrugation growth [6],
and introduced the use of a plane strain finite element
model in quasi-static mode. Wen et al. [12-17] combined
the non-Hertzian three dimensional rolling contact the-
ory with the theory of friction. They performed a series
of simulations of the formation and evolution of corru-
gations on a curved rail to investigate the effect of train
speed and track vibration on corrugation [14,17]. The
concept of feedback between the development of corruga-
tion and train-track dynamics were also considered in the
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Fig. 1. Evolution of the normal load Fn and the global sliding ratio I" imposed in the center of the wheel.

simulation [13,16,17]. A 2D dynamic finite element model
of wheel-rail contact was also developed to reproduce such
periodical defects [19]. The results show specific contact
dynamics which caused the onset of periodical plastic de-
formation on the rail surface as well as a periodical in-
crease of local sliding and temperatures up to several hun-
dred degrees Celsius [8, 20, 21].

Nevertheless, such simple 2D modeling has been per-
formed with only a single passage of a wheel although in
reality several wheels are required to fully develop straight
track corrugation. Therefore the previous dynamic finite
element model of wheel-rail contact in 2D will be adapted
to allow multiple wheel passages.

Furthermore, classical space-time discretization for
this rail-wheel contact problem combines finite element
space approximation and time-stepping schemes. In this
framework, most methods exhibit spurious oscillations
and/or poor behavior in the long term. The modified
mass method proposed in References [22-24] is a space
semi-discrete formulation that overcomes these two diffi-
culties: the mass term is modified (the mass associated
with the normal d.o.f. at the contact boundary is set to
zero), which prevents the inertial forces from triggering
spurious oscillations, and guarantees the well-posedness
of the semi-discrete elastodynamics contact problem with
Coulomb friction. Therefore the previous dynamic finite
element model of a wheel-rail contact in 2D will be
adapted to take into account the modified mass method
to increase its accuracy. This paper will present an im-
provement of the previous work [19] to reproduce both the
onset birth and evolution of straight track corrugation un-
der transient conditions more realistically by taking into
account both an improved method to solve the rail-wheel
contact problem in finite element modeling, and multiple
wheel passages

2 Numerical model
2.1 Description the model

To reproduce the wheel-rail contact problem, the
Abaqus toolbox with the “implicit dynamic finite element

code Abaqus Standard” (time implicit formulation) is
used to build a model of the frictional contact between
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two 2D-deformable bodies: a rolling disc (a wheel) with
elastic behavior and a body (a rail) with elasto-plastic
behavior (Fig. 1).

In this paper, iterative schemes for discretizing (in
both time and space) versions of systems of the hyper-
bolic variable inequalities are used to model the fric-
tional elasto-visco-plastic dynamic contact problem.
The Hilber-Hughes-Taylor (HHT) implicit scheme is ap-
plied for the time discretization and the numerical damp-
ing coefficient is set to zero. A classical quadrangular
finite element method is used for the space discretiza-
tion. The inequalities governing the plastic behavior are
dealt with by Lagrange multipliers and the radial re-
turn method. The inequalities of the dynamic contact
problem are solved using Lagrange multipliers: one mul-
tiplier for the non-penetration normal condition and one
multiplier for the standard Coulomb friction law without
penalization or regularization of the tangential stress on
the tangential velocity component. Also, a 2D-stress 4-
node linear plane strain quadrilateral mesh is used in the
model. The mesh size is chosen as 0.1 x 0.1 mm at the
wheel-rail contact area.

Sliding conditions are imposed by increasing the an-
gular velocity w"hee! of the center of the disc while the
translating velocity v""°! remains constant. In order to
study the contact dynamics (i.e. instability states [19])
occurring under transient conditions, the global stiffness
of the train-track system is not considered in this study.

Before the sliding step is applied, the wheel rolls with-
out sliding over the rail at a constant velocity while a con-
stant normal load is applied at the center of the wheel and
the model reaches a stable state of pure rolling conditions.

The simulation protocol (Fig. 1) provides the evolu-
tion of the global contact conditions: at the beginning of
this sliding step ¢ = t0, the wheel rolls without sliding on
the rail at a constant linear speed vWheel = Rwheel,wheel _
17 m.s~!, then the w"P®°! imposed at the center of the
wheel is increased within a short time At [t0, ¢1] to create
the global sliding conditions between the wheel and the
rail. The consequence is an imposed global sliding ratio I

vwheel

Rwheelwwheel _
pWheel (1)

o
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Table 1. Characteristics of the rotating disc (wheel) and the deformable body (rail).

Deformable rolling
disc (wheel)

Deformable
body (rail)

Young’s modulus E (GPa) 205 205

Poisson’s ratio I' 0.3 0.3

Density p (kg.m™?%) 7850 7850
Dimensions (mm) RYbeel — 70 H,ai = 150 (Height)
Rheel — 430 Lyail = 2340 (Length)

Table 2. The simulation parameters.

Normal load at the center of the 8000
wheel Fny (N)
Global sliding ratio I 20%
Transient time to apply sliding 0.1 x 1073
condition A#(s)
Coulomb friction coefficient p 0.3

The characteristics of both parameters and boundary con-
ditions are shown in Tables 1 and 2.

2.2 Introduction of the mass redistribution
method (MRM)

According to the analysis of the numerical results ob-
tained by the previous classical method of approximation,
it could be concluded that the corrugation defects do not
decrease so quickly in reality. It should be remembered
that the effective mechanical energy dissipation in the
wheel-rail model is due to friction and plasticity. From
the numerical viewpoint, the time integration scheme and
mesh approximation should introduce virtual numerical
damping. Classical space-time discretization for contact
problems combines finite element space approximation
and time-step schemes. In Reference [22], the authors
studied the numerical instabilities caused by spatial semi-
discretization for linear elastodynamic frictionless contact
problems in the framework of small deformations. It was
shown that the main cause of ill-posedness is due to the
inertia of the nodes on the contact boundary. Indeed, it
is known that the velocities may be discontinuous when
an impact occurs, but the velocities are regularized by
a classical finite element discretization of the displace-
ment, with the mass concentrated at the nodes. Then an
original method which consists in redistributing the mass
near the contact boundary is proposed to recover the well-
posedness of the semi-discrete problem and ensure the so-
lution is energy conserving for elastic frictionless contact
problems. Moreover, the semi-discrete problem in space
reduces to a differential inclusion with a unique Lipschitz
continuous solution (rather than to a measure of differen-
tial inclusion as in the standard semi-discretization), and
this solution can be easily approximated by a numerical
time scheme. Finally the redistributed mass matrix con-
serves the total mass, the center of gravity and the inertia
momenta, but is built so that there is no inertia effect for
the contact nodes in their normal contact conditions. Fur-
thermore the MRM eliminates spurious oscillations on the

contact boundary and conforms to the non-penetration
constraint.

Better understanding of the origin of ill-posedness
was given by Renard [25] as an adapted modified mass
method (based on the MRM, and named “singular dy-
namic method”). It consists in performing different space
semi-discretizations for the velocity and displacement.
Then the mass term is modified (in such a way that the
mass matrix is singular) and the contact condition is en-
forced by a variable inequality. This mass modification
prevents inertial forces from triggering spurious oscilla-
tions at the boundary. Furthermore, the system tends
to conserve its energy in the frictionless contact prob-
lem, which ensures good long-term behavior. The central
theorem proved in Reference [25] for thin structures can
be easily extended to 2D and 3D impact problems. It
confirms that the numerical dissipation is due to space-
discretization and there is no need to introduce an impact
law to stabilize the scheme (as was done for rigid body
dynamics problems with impact and friction).

The method proposed in this paper is to apply the
mass redistribution method introduced in Reference [24]
to the rail/wheel model. The mass matrix terms are set to
zero only on the node corresponding to the unilateral con-
tact condition, not on the friction one. Furthermore, the
mass matrix is kept symmetric and positive semi-definite.
Indeed the well-posedness of the fully discrete problem
fails when the mass redistribution method is applied to
both unilateral contact and friction conditions.

In Reference [22] a simple algorithm was proposed to
build the redistributed mass matrix while preserving the
main characteristics of the mass matrix (total mass, cen-
ter of gravity and moments of inertia).

Given that there is no convergence theorem or unique-
ness result for the general impact problem, the following
convergence trends show that the MRM selects a bet-
ter conservative numerical solution. Indeed, as the HHT
scheme was used for the time discretization and the damp-
ing numerical coefficient was set to zero, conformity with
the mechanical dissipation was ensured due to friction
or plasticity, and the purely numerical loss of energy is
corrected.

2.3 Wheel-rail contact instability states

Based on a previous study by Saulot et al. [19], the
wheel-rail contact model was built to highlight the insta-
bility state occurring under sliding conditions using the
protocol described in Section 2.1. According to a classical
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rail material law such as R260, a linear elasto-plastic law
with isotropic linear hardening properties is used for the
rail material: oe, = 55+ 250e®, with Ocp being the equiv-
alent stress in MPa and €, the equivalent plastic strain.
The convergence criteria are the same as those used in
Saulot et al. [19].

In order to highlight the instability states occurring
in the contact patch, we obtain the temporal evolution of

the global tangential contact force F&, which is the sum
node(i)

of all the local tangential contact forces F} at each
node of the contact surface:
FtG _ ZFtnode(i) (2)

To help determine whether or not the instability states
lead to surface degradation, the local frictional power

P9 s computed at each node(i) of the contact

patch by:
node(i) _ | node(i) gnode(i) node(i)| _ | pmode(i) node(i)
Pf — |Yshear Scontact " VYsliding | — ’Ft | Ysliding

with Sjg,iifc‘z being the elementary contact surface around

each node (i) equal to the product of the unitary thick-

ness of the wheel in 2D with the node spacing in the con-
node(i)

choar | 18 the shear stress at each node(i) and

tact patch, o

;?S;(;) is the local relative sliding velocity between the
wheel and the rail at node(i) in the contact patch. The
node(i)

sum of all P at each node(i) of the contact is equiv-
alent to the classical global frictional power P& [18,26]
given by the relations:

P = |FE| - [1Siaing| = Zp}lode(i) @

with |vscfiding| = I'|v"heel| being the global relative sliding
velocity between the rail and wheel.

The slip instability phase is characterized by the evo-
lution of the global tangential contact force F© presented
in Figure 2a. From t0 to t1, when the slip ratio is adapted
to the wheel, there is a high frequency of about 5000 Hz
at the beginning of the slip instability states, caused by
the instability of instantaneous contact status shifts from
stick status to slip status. From t0 to ¢1, FtG increases to
reach a maximum value of 2400 N which is a function of
both the constant Coulomb friction coefficient p (in this
case equal to 0.3), and the normal force Fy of 8000 N.
The instability state has a frequency of 527 Hz, which
corresponds to the frequency of the 1st torsional mode of
the wheel; the shape of this mode is a classical torsional
movement of wheel around its center. According to the
comparison between the shape of the mode and the be-
havior of the wheel during this state, we can see that all
the nodes in the contact patch are in sliding status, which
was called “slip state”.

The global frictional power Pf for the slip state is
presented in Figure 2b. The result shows high oscillations
with a frequency identical to F& (see Fig. 2a). The mean
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(a) Time(s)
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Slip instability state
(b)
Fig. 2. Evolution of (a) the global tangential contact force
FE and (b) the global frictional power PfG .

value of PfG = 8000 W is very close to the theoretical
global frictional power Pﬁheory = 8160 W which is due to
the theoretical maximum tangential contact force, accord-
ing to both the normal load and friction coefficient, and
the sliding velocity imposed at the center of the wheel.

Before the transient conditions occur, the wheel rolls
without sliding on the surface of the rail. Figure 3a shows
that nearly null plastic deformation occurs. The slip in-
stability state occurs when the transient condition is ap-
plied. In the latter case, periodical plastic deformations
are highlighted on the rail surface (see Fig. 3b) with a
length of A = 30 mm. The maximum plastic deformation
is about 0.1% in slip state. The plastic deformation is pro-
duced consecutively to the transient velocity oscillations
in the contact path.

The wavelength of the phase corresponds to the fre-
quency of the instability state f = 527 Hz, as a func-
tion of the translating velocity vyheel = 17000 mm.s~!.
Compared with the results obtained under pure rolling
condition (Fig. 3a), the periodical plastic deformations in
the slip phase (Fig. 3b) show that the transient condition
is the reason underlying why the rail undergoes plastic
deformation. The results obtained with Abaqus Standard
(see Figs. 2 and 3) are very close to those obtained pre-
viously by Saulot et al. [19].

These results show that the numerical tool could
efficiently represent the periodical plastic deformation
matching the corrugation defect. However, in Figure 2,
the maximum value of PfG tends to dissipate quickly
within 0.01 s since there is no numerical damping con-
trol applied in the simulation. The results obtained in the
slip phase show a major problem of quick energy dissipa-
tion, which does not conform to the reality of straight
track corrugation. According to Akira et al. [27], the
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0.1 %
0%

Fig. 3. Plastic deformation of (a) pure rolling state, (b) slip
instability state at 20% sliding rate with a friction coefficient
of 0.3 in the 2D model.

corrugation defect can be quite constant in the long term,
and leads to the deterioration of the profile’s geome-
try with the passage of hundreds and even thousands of
wheels. Therefore, in what follows we attempt to find a
method to solve the unusual energy dissipation problem in
wheel-rail dynamic contact problems. For the sake of clar-
ity, the current results (see Figs. 2 and 3) obtained from
the wheel-rail contact model are referred to as the results
from the original model (OM). The results obtained from
the model that applies the mass redistribution method
are referred to as MRM.

2.4 Convergence of the model with MRM

Firstly, the same characteristics of both parameters
and boundary conditions described in Section 2.1 are ap-
plied in the numerical model with MRM.

In the following, the convergence trend of the model
with MRM is studied with different time increments and
different mesh sizes. The convergence criteria are the same
as those used by Saulot et al. [19] and the same as those
used for the original model (OM). The latter are detailed
in Table 4.

Table 3 shows that the model with MRM needs a
shorter time increment (le-7s) to converge compared to
the original model (OM). This means that the model us-
ing MRM costs more CPU time for a full simulation. The
case with Atauio means that the time increment is auto-
matically adjusted by Abaqus Standard from an initial
incremental time. The size of the subsequent adjustments
made to the time increments depends on how long it takes
to complete the simulation.

Secondly, in addition to Ataut, for the size of the sub-
sequent time increments, the trend of convergence with
different mesh sizes is studied in the model with MRM.

F.°0N) OM MRM
9000
7000
6000
5000
0 0.002 0.004 0.006 0.008 0.01
(a) Time(s)
FEN) ——OM ——MRM
4800
3600
2400 v
1200
0
0 0.002 0.004 0.006 0.008 0.01
Time(s)
(b)
i ——OM ——MRM
16000
12000
8000
4000
0
0 0.002 0.004 0.006 0.008 0.01
Time(s)
(c)

Fig. 4. Comparison of (a) global normal contact force, (b)
global tangential contact force, (c) global frictional power be-
tween the original model (OM) and the mass redistribution
model (MRM).

According to the results computed with different mesh
sizes (Tab. 4), all the results with different mesh sizes are
compared with a mesh 0.1 x 0.1 mm. The relative values
such as global tangential contact force (F), global nor-
mal contact force (F¢'), global frictional power (PfG ), con-
tact pressure (Cprgss), and plastic deformation (e¥’) are
shown in Table 4. There is a great difference between the
three mesh sizes in the original model (OM). On the con-
trary, the results obtained with MRM are influenced only
slightly. Therefore, the convergence trend of the model
with MRM does not greatly depend on mesh refinement.
However, considering that the value of P is extremely
small (about 0.1%), the quality of the results depend on
a finer mesh size.

Thus the results presented in the following use a mesh
size of 0.1 x 0.1 mm and automatic time increment to
optimize both the computation time and the accuracy of
the results obtained.

2.5 Global results obtained with both OM and MRM

The global normal contact force F¢ (Fig. 4a) shows
that MRM has reduced the inertia effect under normal
contact conditions. The curve of F¥ in MRM has lower
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Table 3. Different time increments influence on the model convergence tendency.

Aty (le-5 s)

Aty (1e-6 s)

Atg (16—7 S) Atauto

OM MRM OM MRM OM MRM OM MRM

Mesh 0.1 x 0.1 (mm) X X
Mesh 0.2 x 0.2 (mm) / X
Mesh 0.4 x 0.4 (mm) / X

vV x v v vV
vV oox v v v
VX VN v

x Calculation aborted 4/ Calculation completed.

Table 4. Comparison of the results with different mesh sizes.

Mesh size (mm) FS FS  vgiang PO | CprEss e’
OM Mesh 0.2 x 0.2 -Mesh0.1 x 0.1 + + ++ ++ AFAr A
Mesh 0.4 x 0.4 -Mesh0.1 x 0.1 + + ++ ++ aF 4F 9F aF AF aF
MRM Mesh 0.2 x 0.2 -Mesh 0.1 x 0.1 0 0 0 0 S =
Mesh 0.4 x 0.4 -Mesh0.1 x 0.1 0 0 + + =F 9F qF =F = 9F
0 Relative value lower than 1%.
+ Relative value lower than10%.
++ Relative value lower than 20%.
+ + + Relative value lower than 50%.
Mesh size impact.
%
el oM MRM ¢
0.0016 Dissipation
0.0012 T minimized
0.0008
0.0004
0
0 34 68 102 136 170
Distance(mm)

Fig. 5. Comparison of the plastic deformation on the rail surface between the original model (OM) and the mass redistribution

model (MRM).

vibration amplitude than the curve in OM (Fig. 4a). The
amplitude of the global tangential contact force F& (see
Fig. 4b) in the slip oscillatory state changes little com-
pared with the results obtained in OM and MRM. From
the former study, the high frequency at the onset of the
sliding state is due to the oscillation of the contact sta-
tus. The oscillation of the curve F¢ (see Fig. 4b) at high
frequency was decreased in MRM. This result shows that
MRM can dissipate spurious oscillations under contact
conditions.

Moreover, the global frictional power PfG computed
with both OM and MRM (Fig. 4c) shows that MRM is
less dissipative than OM, as it was expected. In Abaqus,
extra and artificial numerical damping is used automat-
ically to ensure that the original model converges. The
energy injected in the model through the transient con-
ditions is conserved much better with the application of
MRM than with OM. The local contact conditions and
consequences are more realistic. Indeed, the equivalent
plastic deformation reproduced on the rail surface (Fig. 5)
is much more constant through time with MRM. The
plastic deformation goes from 0.15% to 0.13% over the
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150mm length of simulated rail with the original model,
whereas this value is much more constant (0.15%) with
the MRM which agrees better with real straight track
corrugation.

2.6 Local results obtained with both OM and MRM

Thus the influence of MRM on the global results and
how it acts on the contact nodes has been demonstrated.
In this part, three nodes in different contact positions
(Fig. 6) have been chosen to study the contact statements.

First, with the original model, the local frictional
power in the contact was calculated (Fig. 7). The re-
sults show that the nodes at the entrance and the exit
of the contact have very low frictional power; the val-
ues vary within a range of 400-600 W at a fixed fre-
quency of 527 Hz (Figs. 7a and 7c). On the contrary, the
node at the center of the contact is affected by a higher
frictional power whose amplitude reaches about 1100 W
(Fig. 7b) but with a tendency to decay within 0.01 s of the
simulation. More precisely, the amplitude decreased from
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P (W) —— OM-entrance node
1200 = MR M-entrance node
1000

800

600

400

200

0
0 0.002 0.004 0.006 0.008 0.0
() Time(s)
r —— OM-middle node

TRl =——— MRM-middle node
1200
1000

800

600

400

200

0
0 0.002 0.004 0.006 0.008  0.01
(b) Time(s)
P (W —— OM-exit node
ki e MR M-t nOde
1200
1000

800

600

400

200

0
0 0.002 0.004 0.006 0.008  0.01
(c) Time(s)
Fig. 6. Nodes at the wheel-rail contact.
=——QOM-middle node
Cpress(MPa) ——MRM-middle node
900
880
860
840
820
800
0 0.002 0.004 0.006 0.008  0.01
Time (s)
(a)
=——OM-middle node
Vsiing(MI's) ——MRM-middle node
8000
6000
4000
2000
0
0 0.002 0.004 0.006 0.008 0.01
Time (s)
(b)

Fig. 7. Comparison of the local frictional power between
the original model (OM) and the mass redistribution model
(MRM) at (a) the entrance node, (b) the center node and (c)
the exit node of the contact.

— I st passage with slip

FS (N) 2nd passage with slip
3rd passage with slip
3600
2700
1800
900
0
0 0.002 0.004 0.006 0.008 0.01
( a) Time(s)
PE (W)
16000
12000
8000
4000
0
0 0.002 0.004 0.006 0.008 0.01
(b) Time(s)

Fig. 8. Comparison of the (a) local contact pressure and (b)
sliding velocity at the center node between the original model
(OM) and the mass redistribution model (MRM).

1100 W to 900 W (Fig. 7b). The 3 sub-figures (Fig. 7)
show that the frictional power is mainly localized at the
center of the contact. The energy dissipated by the nodes
at the center of the contact is higher than elsewhere in
the contact.

Secondly, the results presented in Figures 7a and 7c
show a high frequency around 5000 Hz, caused by the
instability of contact status whereas the entrance node
and exit node shift instantaneously between stick status
and slip status. Moreover, with the mass redistribution
method, the value of the frictional power at both the en-
trance and exit of the contact is hardly affected (Figs. 7a
and 7c). The space discretization problem is not clear at
these nodes since the sliding velocity approaches zero at
both the entrance node and at the exit node. Since neither
the entry node nor the exit node is affected, it is the fric-
tional power at the center node that is influenced. The de-
cay of the amplitude seems to be minimized, and the peak
value of each period is kept at about 1100 W-1050 W. At
the center node, the contact pressure and especially the
sliding velocity (Figs. 8a and 8b) were also considerably
influenced by the mass redistribution method.

Thus, from observing the local contact nodes, it was
seen that the MRM had a significant effect on the contact
spatial discretization problem, especially in the contact
center.

3 Results obtained with multiple wheel
passes for both OM and MRM

The results of the previous study [19] showed the
onset of the periodical defect on the rail surface with
OM for single wheel passes. Thus, by using both OM
and MRM with multiple wheel passes, we expect to find
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Ist passage with slip

eP-l 2nd passage with slip
3rd passage with slip
0.20%
0.15%
0.10%
0.05%
0.00%
0 34 68 102 136 170
(a) Distance(mm)
ef-I1
0.20%
0.15%
0.10%
0.05%
0.00%
0 34 68 102 136 170
(b) Distance(mm)

Fig. 9. Evolution of (a) the global tangential contact force
Ff and (b) the global frictional power Pf with three wheels
passes in OM.

an improvement in reproducing both the onset and evo-
lution of the corrugation defect realistically. The previ-
ous 2D finite element model with MRM was extended to
allow two additional wheel passes. Each additional pas-
sage used the same simulation protocol (see Fig. 1), as
presented in Section 2.1. Before the transient condition
was applied, the wheel-rail contact was in rolling with-
out sliding conditions and subjected to constant loading.
Thus the transient condition was applied to reach rolling
with sliding conditions in the contact with the same time
for each wheel. This simulation protocol appeared to be
the severest for increasing the corrugation amplitude. The
simulation parameters are summarized in Table 2. The
same elasto-plastic law was used for the rail material:
Oep = 455 + 250¢F.

3.1 Additional wheel passages with slip
in the original model (OM)

The simulation was performed for the 2nd and 3rd
wheel passage with the slip ratio imposed. The amplitude
of the global tangential contact force F¢ (see Fig. 9a) did
not change during the slip instability state after the first
millisecond of simulation. For the following wheel passage,
the amplitude of F was not as high as in the previous
passage. The slip phase in each passage remained at the
same frequency as the previous passage, as highlighted by
Saulot et al. [19] (See Sect. 2.3).

The amplitude of PfG seemed to slightly decrease after
the passage of both the second and third wheels. This evo-
lution might have been due to the accommodation of the
slip velocity at the interface which was slightly modified
due to the periodical geometry formed after the passage
of the first wheel.
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—A— MRM st passage with slip
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0 0.002

0.004 0.008 0.01
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Fig. 10. Plastic deformation of rail: (a) on the rail surface
and (b) in depth for three wheels passing in OM.

There was no major change in the amplitude of the
plastic deformation £”-I on the rail surface (see Fig. 10a)
linked to the passage of multiple wheels. The value of the
plastic deformation varies in the same range from 0.10%
to 0.15%, and there was a 0.01% difference in the peak
value of plastic deformation from one passage to another.
The passage of multiple wheels with slip had very slight
influence on rail surface plastic deformation.

On the contrary, the amplitude of eP-II (see Fig. 10b)
in terms of rail depth increased with the number of wheel
passes, with the occurrence of slip instability. Conse-
quently, the relative amplitude AeP-II between the crest
and trough of the corrugation defect, see Figure 10b, also
increased with the number of wheel passes. Indeed, this
value, measured in Figure 10b, rose from the first wheel
pass to the third wheel pass. This indicates that the peri-
odical plastic deformation inside the rail was increasingly
apparent with the repetition of such transient conditions.

From the qualitative viewpoint, these results show
good agreement with on-site observations of real corru-
gation defects on rail surfaces [10]. The plastic deforma-
tion obtained shows the same tendency as the trough and
crest defect observed along the rail surface. Indeed, this
defect increases with both the number of wheel passes and
the repetition of contact conditions. The rails affected by
straight track corrugation mostly belong to urban net-
works characterized by similar train types and traffic con-
ditions (stops, crossings, etc.) that imply reproducible
global contact conditions for each train.

3.2 Additional wheel passages with slip
in the Mass Redistribution Model (MRM)

Using the same simulation protocol, multiple wheels
passes under slip instability state were reproduced with



F. Duan et al.: Mechanics & Industry 18, 310 (2017)

—A—MRM 1st passage with slip
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Fig. 11. Evolution of (a) global tangential contact force F
and (b) global frictional power Pf of three wheels passing in
MRM.

0.006 0.008 0.01

Time(s)

MRM. Both the global tangential contact force and fric-
tional power were investigated. There was no significant
change in the amplitude of the global tangential contact
force F (see Fig. 11a) in slip oscillatory state compared
with the results obtained with the original model (lower
than 5%). On the contrary, unlike the decreased ampli-
tude and dissipative energy in the original model (OM),
the vibration trend and peak value of P¢ remained con-
stant at 16000 W in MRM. Thus the results with OM
(Fig. 9b) were due to the discretization problem in dis-
placement, and not to the accommodation of slip veloc-
ity. The application of MRM improved the solution to
this problem and its results did not show the energy dis-
turbance for the first three wheel passes. There was no
marked change in the amplitude of the plastic deforma-
tion on the rail surface (see Fig. 12a) for the three wheels
passes. The value of the plastic deformation £"-I varied
in the same range from 0.10% to 0.15% on the rail sur-
face, and the peak value of plastic deformation on each
wavelength stayed at 0.15% and did not decay after three
passes in comparison with the results obtained in original
model (OM).

Regarding rail depth (see Fig. 12b), the amplitude of
eP-1II was higher than the previous passage in slip oscil-
latory state (about 20% between two passages). These
curves (see Fig. 12b) agree with the results obtained with
the original model (see Fig. 10b). The different visualiza-
tions of the results of eP-I and eP-II with MRM indicate
that the mass redistribution method had a significant in-
fluence on the inertia effect in the contact area. Thus the
results of eP-I differed between OM and MRM, and there
was little difference in the results of eP-II between OM
and MRM. The results obtained with MRM showed that
the inertia effect at the contact area was lower. Therefore

st passage with slip

—A—MRM 1 ith sli

el —E—MRM 2nd passage with slip
—<—MRM 3rd passage with slip

0.20%
0.15%
0.10%
0.05%
0.00%

0 40 80 120 160
Distance(mm)
(a)

0 40 80 120 160
(b) Distance(mm)

Fig. 12. Plastic deformation of a rail: (a) on the rail surface
and (b) inside the rail with three wheels passing in MRM.

the model with MRM reproduced the corrugation defects
more realistically.

4 Conclusion

An improved 2D finite element model of wheel-rail
contact was developed using the Mass Redistribution
Method (MRM). This method not only solved the numer-
ical dissipation of energy in the contact model but also en-
sured that it converged. The improved model was used to
reproduce a periodical rail defect known as straight track
corrugation. The results obtained with MRM were more
realistic than those obtained with the previous model used
by Saulot et al. [19].

Both the origin and onset of this defect was inves-
tigated under both multiple wheels passages and tran-
sient conditions. The origin of corrugation was linked to
the wheel-rail contact instability state that occurs under
such transient conditions and more precisely during the
slip instability state. For several wheel passages, although
the results were obtained for only the first three wheel
passages under transient conditions, the information ob-
tained in the model showed the trend of corrugation de-
velopment. Furthermore, the use of MRM situated the
consequences of each wheel in phase, thereby providing
a better demonstration of the trend towards the corru-
gation defect than that obtained with the original model
(OM) developed by Saulot et al. [19].

Future work is planned to continue improving this fi-
nite element model of wheel-rail contact using MRM. The
first improvement will focus on 3D modeling to approach
the reality of the wheel-rail even more closely. The second
improvement will focus on the use of a coupled Eulerian-
Lagrangian method to optimize computation time.
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