MODELING OF TRAIN TRACK VIBRATIONS
FOR MAINTENANCE PERSPECTIVES:
APPLICATION

Tse Spartan Azoh
PhD Candidate, National Advanced School of Agro-Industrial Sciences,
Ngaoundere University, Cameroon
Wolfgang Nzie
Bonaventure Djeumako
Senior Lecturer, Department of Mechanical Engineering, National Advanced
School of Agro-IndustrialSciences, Ngaoundere University, Cameroon
Bertin Soh Fotsing
Associate Prof., IUT-FV, Dschang University, Cameroon

Abstract

The change of geometries, heterogeneities, degradation of
components and the increase of maintenance cost of the railway track are due
to the phenomenon of vibrations, which is the main problem of structural
dynamic. The aim of this work is to propose a dynamic model for the
prediction of rail vibrations during starting and steady state response. The
DEM (Discret Elements Method) is adopted for the modeling of the vehicle.
Thus components are assumed as rigid bodies mounted on series of springs
and dampers with several degrees of freedoms. The rail road is discretized
and modeled using FEM (Finite Elements Method). Rail-pad is modeled as a
massless series of springs - dampers connected along the total contact area in
between the rail and the m™sleepers. The sleepers are modeled as rigid
elements connected by spring-damper. The ballast is modeled as separate
vibrating mass connected by spring-damper coupled together vertically and
horizontally while only the stiffness and damping effects of the subgrade is
taken into account. The wheel-rail contact is modeled according to Herzian
theory. Newmark time discretization and Newton Raphson iteration method
have been used for models simulation in MATLAB. Displacements,
velocities and accelerations of each modeled subsystem of components
during starting and steady state response of the vehicle are calculated. The
evolution of the wheel-rail contact load is also evaluated. Proactive
maintenance actions are proposed in design.
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Introduction

The dynamic interaction between the train and the track system has
called lots of attentions in the past decades. Since they vary in complexity
due to the rapid increase of technology and several degrees of freedoms
systems. The first ever existing model to determine rail deflection using an
infinite EB beam with a continuous longitudinal support from a Winkler
foundation was proposed by Timoshenko (Zurich, 1926). From then a lot of
works such as the prediction of high-frequency vibration on a railway track
operating under high speed train was presented (Sato Y. ,1977), (Graissie
S.L. and al., 1982), (Knothe K.L. and al., 1993), (Mazilu T., 2007),(Collette
C. and al., 2008). Experiments were carried out for the measurement of
vibration sources on curve and straight section on the railroad. The dynamic
model for the investigation of the rail and sleepers vibration generated due to
wheel-rail irregularities and under the passage of a moving train was
proposed (Jabbar A. Z. and al., 2009).While a plane frames finite element
that takes in consideration the train vertical displacement due to traffic was
furtherly proposed(Oliveira M. H. Z. and al., 2010). Modeling and
experiment of the ballast vibration were previously studied (Zhai W.M. and
al., 2004). (Huan Feng, 2011) developed and simulated a 3-D numerical
model for the prediction of rail road track vibration using ABAQUS, while a
model to investigate the influence of vertical section parameters such as
vertical slope and curve on the characteristic of wheel-rail vibration with the
use of SIMPACK was later evaluated (Yang H. and al., 2012). In other to
improve previous works, a numerical modeling of train induced vibration
was introduced (Ferrara R. and al., 2012). They proclaim that the
heterogeneity of track properties, irregularities, corrugation and the behavior
of materials are parameters that must be taken into consideration when
modeling and predicting railway vehicle track vibration. Rail irregularities,
wheel defects and variation stiffness due to the discrete supporting of rail are
the origin of vibration induced by train. Even though the model brought in
different changes in analyzing the dynamic behavior of the track, it never
took in consideration the effect of the sub and supper structure components
during starting and steady state response of track with respect to the train
effect. And more resonance of components which creates our domain of
interest is not considered and evaluated
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Modeling of Train—-track structure
The vehicle model

As a mechanical structure, the components of the vehicle, CC 2600
locomotive used in Camrail (Cameroon Railways Corporation), are assumed
to be rigid bodies without elastic deformation during vibrations mounted on
springs and viscous dampers C;. It is composure of a rigid body, two bogies
sets of four wheels. The model shown in fig.1 is illustrative of CC 2600
locomotive with train track and tables 1- 2 represent parameters
nomenclature.

Dynamic equation of motion

The following equations are respectively modeled along the vertical
ui-axis and around rotation v-axis through 6; coordinates for the subsystems
considered. Dynamics fundamental principle of Newton is used for that
purpose sequentially.

= Vertical and rotational displacements for the car body
Mii; (t) + Cs(7(t) — us(D) + Co(7(t) — U(D)) + Ky(u7 () — us(t))
+ Ks(u7(t) — Ug (t))
=1f7(0) 1)

J187(6) + Cs (8, (8) = 65(9)) Lag + Cs (87(9) — 66(0)) L

+ Ks5(07(t) — 85(0))Lig + Ke(87(t) — 06(t))Lig
=0 (2)

= Vertical and rotational displacements for the bogie:
Mjiis (t) + Cs(us(t) — () — CsLpgus(t) + Cq(05(t) — uy (1))
+ Co(s(0) — iz (1) + Ks(us(t) — uy (D))
— KsLpgus(t) + Ki(us() — uw, (1))
+ K; (us(t) - Uwz(t)) = f5(t) 3)

262



]sés + Cl(LWGS(t) - l.1w1(t))]-‘w + C2 (Lwes(t) - l.1w2 (t))Lw
+ Kl (Lwes(t) — Uw1 (t))Lw + KZ (Lwes(t) — U2 (t))Lw
=0 (4)

The wheels

The vehicle is made up of four wheels in each bogie set that are under
vertical displacement. Rotational motion involve here when the wheels are
taking a curve section on the track. So for this reason, the model will be used
only for straight section on the track.

Majitg (8 + Cp (s (8) — () — Ly, 85 (©)
+ Ky (w1 (1) —us () — 85()Ly) + Pr/
= fw1 (D) ©)
For the (5) equation, Lw: half the distance between the center of two
consecutive wheel base; LBG the distance between the center of two
consecutive bogies and Pr/withe wheelrail contact force i = (1+4)

The (5) equation after assembling can be written in the general matrix
formas:

[Mc]{ﬁc} + [Cc]{uc} + [Kc]{uc} - [Pr/w] = [Fc(t)] (6)
[M.],[K¢],[C.] are respectively the mass, the stiffness and damping
matrices, while the [Pr/w] and [F.(t)] arerespectively  wheel-rail
interactionand load distributed one on the vehicle components.

The wheel-rail contact model

As a very important component of the train and track structure, the
wheel-rail interaction can be formulated as a rolling contact problem
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between two nonlinear profiles in the presence of friction. So in this case, the
non-linear Hertzian contact theory is used to model the contact force
between thej™ wheel and the rail. A two third power factor is used to create
relationship between force and deflection (Jabbar A. Z. and al., 2009).

Py (€)= K (10 (8) = 1 (©) = 1, (0) Y + (80 (8) = () = (D)),

(7)
If Pw,j(®) =0 & uy; < () +n-(0)j
For simplicity and the use of time step integration for resolving the
interaction wheel and rail equation (7), the non-linear Hertzian contact
stiffness is being linearized as:

Ky = €t () = 1 (8) = 1, (0) ) I 0y (6 2 2y () + 1y (O

knj = 0if w,,;(©) < u,;(©) +n,;(¢) (8

u,, (t)andu,;(t) are respectively the wheel and rail displacements,
n,j(t) the rail defects (irregularities, corrugation etc.) and cy the Hertzian
contact coefficient; kj; and cy,; are respectively the Hertzian stiffness and
damping contact coefficients.

The track model

The railway track model is made up of the rail itself, rail pad which is
represented as a massless series of spring and dampers inter connected to the
sleepers assembled to ballast structure that is made up of granular concrete
stones. The ballast is connected to the subgrade by a series of spring and
dampers while this subgrade is directly linked to the natural soil. The spring-
dampers systems couples together represent the viscos-elastic characteristics
of the track components. The horizontal springs and dampers enables
vibration transmission on the track structure with respect to the train sense of
motion as seen in fig.1.

Rail model

Since the railroad is considered as a continuous Timoshenko beam,in
this work is used plane frame finite element discretized method to determine
the vertical deflection. A finite length of the track is selected since the
continuous beam can be divided into segments of sub beams elements.

Railroad stiffness matrix

Considering the railroad as a uniform homogenous beam structure,
the element stiffness matrix is written as K ¢with a cross sectional moment of
inertia I, rail cross sectional area A, the length of element , L is the total
length of the rail, material young modulus of elasticity E, n; nodes and
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neielements. The stiffness matrix is obtained in adding the axial and bending
deformation sub matrices.

The analysis of a railroad can be undertaken by applying the stiffness
matrix which is define as a series of beam elements (Ne) connected to each
other.

Railroad mass matrix

The lump mass method has been adopted because it takes in
consideration the material properties of the rail. This method assumes that
the mass coefficient of the beam correspond to its nodal coordinate and can
be evaluated using the same procedure as that of the stiffness coefficients. L
is the length of the ibeam element illustrated in equation (8).

Mg = [N(s)"™N(s) dv = pA ['N(s)"™N(s) dl (8)

Railroad damping matrix

Since it is often difficult to use numerical solution to calculate the
damping matrix of an element, but only the stiffness K and massM,thus the
damping matrix of the rail beam can be evaluated using the following
Rayleigh damping theory(Ferrara R. and al., 2013):

[C°] = o[M®] + B[K®] (9)

The realistic damping ratio of the n™ vibration mode of the rail

system is obtained as

th=5—+5wy, (10)

Where o and p are constants to be determined from two given
damping ratios ¢; and {; that correspond to two unequal frequencies of
vibration w;and wjrespectively. These two modes can be expressed in matrix
form as:

1 1
1 fwi 7/, wi] {a} _ {Zi} (11)
2|1 1 BJ ™ (g
/(Dj /(1)]- )
The coefficient o and B are determined in solving equation (11).
(Ekevid and al., 2001) propose the following values o = 0.005 and = 0.005
for the calculation of the rail damping matrix.

Equivalent nodal force of a rail element

Considering geometrical feature of the car, it is possible to calculate
the equivalent nodal force P;;. To evaluate the load of the system F, the
following terms are to be considered: the wheel-rail contact force P,, the
sleepers-rail contact forces P;; and the vertical distributed load of the rail q,.
- The wheel-rail contact force in between two nodes is obtained from:
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Py = N(S)T * Dw)r (12)
- The vertical force of a generic beam under uniformly distributed load
is computed as:

L
Fo = qo JyN(s)T dl (13)
- The sleepers-rail contact force can be evaluated when the connection
force occurs either on the i or j rail connected to te sleepers as.
. C.(.- : n K,
p=) np(ur,i—us,ij+z n”(Ur,i—Us,i) (14)
i=1 i=1

In which n is the number of the rail paddampings and stiffnesses
considered during simulation.

The material coefficient included in the above nodal force equation
will be added in the damping and stiffness matrices of the rail and sleepers
during the simulation process.

The rail general equation of motion in matrix form is:

M.} + [Celtag) + [Kdfud =[P, | = [Pow, ] = [-Fe(®]  (15)

Where: [M; ], [C/], [K:], [Pcy], [Psub/r] and [—FE.] represent
respectively overall mass, damping, stiffness, the equivalent vehicle-rail
interaction force, substructure-rail equivalent force and lastly the equivalent
nodal force matrices.

e Rail-pad model

The rail pad in presently work is modeled as a contact area, which is
assumed as viscous layer distributed in between the rail foot and the sleepers.
The total stiffness and damping are obtained as, with n representing the
number of stiffness and damping coefficient that constitutes the rail-pad.

n kr n C,

stiffness: K, = Z—p and damping: C,, = Z—p

i-1 it N

n

e Sleeper model
The dynamic equation of motion for the m™ sleeper is evaluated as:

Mg;li; () + (Cp;i + Crpi ) Usi () — Cpjlipi (£) — Crpitr () + (Kpi +
Kypi)Usi(t) — Kpjupi () — Kppiue(t) = £5(2) (16)

e Ballast model
The continuous granular ballast is modeled as a series of separate
vibrating masses, by which the analytical process of the ballast vibration is
greatly simplified. The method used to determine ballast vibration is in
accordance with(zhai and al.,2004).
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The vibrating mass and stiffness of the ballast under a sleeper
supported are determined from:
Mp = pphp(lel + (le +1b) hy tan a +  hZtana (17)

_ 2(le-lp) tana

kp = In[(le/1p).(Ip +2hp tan a)/(le+2hy, tan o)] Ep (18)

The ballast damping coefficient Cy, is obtained using the curve fitting
theory while the coefficients for longitudinal springs and dampers are
obtained according to the theory of (Sun and Dhanasekar, 2002).

Kpo, = %Kbi and Cpo, = %Cbi

- the equation of motion of the m™ ballast block
Mp;iip; () + (2Cho; + Cp, + Csg, )ip, (1) + (2Kpo, + Kp, + Ksg, Jup; (t) —
Cho; U1 (©) + Cpo,Up;_, (©) — Kpo,up;, , (£) — Kpo,up;_, (£) — Cp, 0, () —

Kp;us; (1) = fpi(®)  (20)

(19)

. Subgrade model

The modulus of subgrade stiffness under supporting point is determined
as:
K¢ = (I + 2h, tana)(le + 2hy, tan a)py (21)

Here p,, hpare the density, the depth of the ballast respectively, ais
the ballast stress distribution angle, [, the effective supporting length of the
half sleepers and 1,the width of the sleeper’s underside.

The general equation of motion for the track structure:

[Mr]{iir} + [Crl{ur} + [Krl{ur} — [PC/T] = [Fq] (22)
In which [Mr], [Cr], [Kr].[Pc/ ]and [Fr]are the generalized mass,

damping, stiffness, wheel-rail contact force and force of the track
components matrices respectively.

Methods of resolution

Today, the finite element method is considered as one of the well
established and convenient technique for computer solution of complex
problems such as that of the train and track structure. As a complex system
the train - track dynamic equations of motion are modeled and summarized
according to equations (6) for the vehicle and (22) for the track.

System discretization

The systems of equations (6) and (22) will be resolved using the
classical Newmark method. It is a scheme that permits the evaluation of
solutions with respect to time interval [t,, tn+1] variation. Known as a linear
acceleration method, displacement and velocity are written in function of
acceleration respectively.
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At =ty — t, and Upyq, Upyr, Uneq Verify the systems of following
equations:

. At? ., At?

Upsr = U(tpyr) = Up + At T, + (1 — ﬁz)?un + ﬁz ——Upy1 (23)
Unsr = U(tper) = Upt, (1 — ByAti, + ﬁlAtun+1 (24)
Where B;and B, are integration coefficients.

Replacing equations (23) and (24) in (6) and (22), thus:

Fc(n+1)(ﬁc(n+1)) = Acﬁc(n+1) - Pc(n+1)(ﬂc(n+1)) + Bc,i (25)

Frsn (lirmen) = Artlcmaen) — PT(n+1)(iiT(n+1)) + Br,; (26)

Where: A, = [M + C.B1 + KC,BZ ]and Ar = [MT + Crf1 + KT,BZ—

Bc,i = {Cc[uc(n) + (1- ﬂl)Atu’n +]
. At?
+ K. [ueeny + At, + (1 — ﬁz)Tun
BT,i = {CT[uc(n) + (1- ﬁl)Atﬁn +]

. At?
+ Kr [uc(n) + Atu, + (1 — ﬁZ)Tu"l}

Numerical resolution

The wheel-rail contact model presents the phenomenon of non-
linearity in the system of equations above (25-26). So, Newton Raphson
iterative method has been adopted in resolution. At the initial state where the
iterative k = 0, the (n+1) solution of the displacement that corresponds to
speed and acceleration are denoted as:

u91+1 = Uy Upy = Up(1- ﬁ_zl) + i, (1 - B_:)At lipyg =

Uy — Atﬁ + i, (1 — —) (27)

Construction of the R matrix

The P matrix constitutes the derivatives of all the wheel-rail contact
forces. For proper construction of this matrix, it should be noted that R;; and
R, are related to the equation of the vehicle (wheels) and also contain the
derivative of the wheel-rail contact forces with respect to the wheel
acceleration while R,; and R,, correspond to that of the track and contain
the derivative of the wheel-rail contact forces with respect to the rail nodes
as in equation (7). So R matrix and it components can be evaluated as:
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Rk _ Rfl(n+1) sz(n+1)
n+1

28

Rgl(n+1) Rgz(n+1) ( )
After obtaining the Jacobian J of the above equations system (25-26),
the solution of the acceleration can then be calculated as:

](u,’iﬂ)(u,ﬁ% - ﬁ1€+1) = —F (u'§+1) (29)
where k is the Newton Raphson iteration and n is the time to time step during
simulation.

The train and the track parameters used for the simulation of our

model are structured in the 1 and 2tables:
Table 1: Locomotive CC2600 parameters (Lezin and al., 2012).

Notation Parameters Values  Units
2M, Car body mass 18.8 ton
Mpgg Bogie mass 3000 kg
My, Wheel mass 5500 kg

L, Length of train 23.54 m
Ly Length of wheel base 2.5 m
Lgg Length of bogie bases 17 m
Ko Primary suspension stiffness  86.10* N/m
Co Primary suspension damping 3.102> Ns/m
K¢ secondary suspension stiffness  12.10° N/m
Ce secondary suspension damping  15.10° Ns/m

Result and discussion

The simulating results using MATLAB are presented in two phases.
Firstly the behavior of the vehicle and steady state response of the track
components in the time domain are presented. Next the vibration mode of the
vehicle and the track components are evaluated in which the displacement,
velocity, acceleration and the effect of the dynamic load on the rail are
illustrated.

Behavior of the vehicle

At t = 0.34s, the car body displacement u; = 0.023m, At t = 0.32s, the
displacement of the bogie us, ¢ = 0.0087m while at t = 0.22s, uy; = 0.01004m.
It is notice that us, ¢ < uwj < u7 which is due to the effect of the primary and
secondary suspension parameters, and the non linearity that exist in between
the wheel and the rail contact surfaces.
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Table 2: Track parameters (Lezin and al., 2012) and (De Man, 2000)

Notation Parameters Val_ues Units
(per rail seat)
El Rigidity modulus 4.47 MN.m?
I Inertia moment 2127 cm*
A Rail cross section area 69.34.107* m?
m, Mass of the rail (per unit length) 54 kg/m
mg Sleeper mass (half) 125,5 kg
L Sleepers spacing 60 cm
l, Effective support length of half sleeper 0,95 m
Lys Sleeper width 0,30 m
my, Ballast mass 700 kg
hy, Ballast thickness 0.45 m
oy Ballast stress distribution angle 35 °
Kpp Rail pad stiffness 11,92.108 N/m
Crp Rail pad damping 29,28.103 Ns/m
ky, Ballast vertical stiffness 24.107 N/m
Ch Ballast vertical damping 58,8.103 Ns/m
Kpo Ballast horizontal stiffness 7,2.107 N/m
Cho Ballast horizontal damping 17,64.103 Ns/m
Egg Subgrade K3, 9.107 Pa/m
Ksg Subgrade stiffness 7,68.107 N/m
Csg Subgrade damping 64,6.103 Ns/m

Fig. 2 is illustrative of the car body, bogie and wheel vertical

wehlcle component displace ment at we=0 kmmh
onzs

0.0z -

0015 -

DB planment (i

L L L L L
[} (=) 1 1.5 2 2.5 3
TIme is)

Fig. 2: Comparison of the car body, bogie and wheel displacement

displacements. And Figs. 3show the vertical displacement acceleration of the
bogie and the wheels, so at t = 0.01 s, the maximum acceleration of the bogie
is ii5 6= 0.00091 m/s”. It rapidly decelerates to iis ¢ = -0.00045 m/s at t =
0.29s and regains it stability when ii5 ¢ = -0.00088 m/s® at time step t =
1.35s.At t = 0.2 s, the maximum vertical displacement velocity of rail is 0,=
70 mm/ms and has as minimum 1, = -0.012mm/ms and regains stability at t
=0.3 s (see Fig. 4).
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Fig. 3: Bogie and wheel acceleration at v=0kmh

At time step t = 0.0s, the maximum static load of the locomotive on
the rail is 110 kN. At time step t = 0.05s, the load increases on the rail and
becomes almost 135 kN(fig. 4 below) while minimum load is 20 KN. This
shows the behavior of the vehicle dynamic load on the rail during starting. If
this load is above the maximum value that track components can support,
deformations will occur either on the wheel or on the track components
(principally the rail). All those troubleshootings and phenomena of fatigue
will induce failures on the locomotive or the railway track components.

Rall valocky under the infTuance of bogha
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Fig. 4: Rail velocity under theinfluence of bogie
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Fig. >: Effect of load on the rail during starting and steadw state response.

According to numerical simulation, the displacements of each track
components under steady state response are presented.

Fig. 5 is illustrative of the time history of the load on the rail under
excitation of the vehicle. At t = 0 the applied load on the track is static and
the rail resists to displacement until t = 0.081s when defection starts. The rail
deflection maximum of 2.805 mm occurs at time t = 0.192 s. Furtherly it
repeats itself at t = 0.213s. However at t = 0.2 s the displacement becomes
smaller 1.5 mm, this explains the behavior of the rail under constant
excitation.

The time history of sleeper vertical displacement illustrates that at t =
0 the sleeper resist en displacement until t = 0.081s where displacement
starts and becomes maximum at t = 0.19s i.e. 1.606 mm, furtherly repeats
itself at t = 0.214s. At t = 0.2s the displacement is 0.98 mm.

The time history for ballast vertical displacement at t = 0 the load is
fixed on the rail and the ballast resist deflection until t = 0.081s, it starts and
becomes maximum at t = 0.19 s i.e. u, = 0.791 mm, repeats itself at t =
0.214s. At t = 0.2s the displacement is u, = 0.405 mm.

Dlsplacement ofthe rall, slesper and balast at /=0 kmh
T T T T T T

[

T
Fall
Sleeper H
Eallast

CAgd=mamert (i)

L L L L L L L
s} 0.0s5 0.1 o015 0.2 025 0.3 0.35 o4
Tim & (5%

Fig. 5: Time historv displacement of track components under steady state response.
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From fig. 4, it is seen that the peak of the rail vertical velocities is
between - 0.012 mm/s and 0.07 mm/s while that of accelerations lies
between 0.529 m/s? and 0.85 m/s?. They occur in correspondence of the four
wheel-set effect on the rail and also show the effect of nonlinearity that
exists in between the rail and the wheel contact. These values vary as the
load from the train increases.

The acceleration of the sleepers(fig.6) under steady state effect of the
locomotive lies between 0.026 m/s and 0.028m/s and 0.82 m/s®> and 1.64
m/s’ respectively.
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Fig. 6: Rail and sleeper acceleration at v=0kmh

Conclusion and perspectives

The dynamic model has been developed to predict train-track
vibration. The Discret Element Method (DEM) has been used to model the
vehicle while the rail is modeled using finite elements method. A
mathematical model that explains the dynamic behavior of the system has
been developed. Newmark time discretization and Newton Raphson iteration
methods are used to resolve dynamics equations in MATLAB. The vehicle is
considered as a harmonic load vertically applied on the track structure and
the dynamic effects of the train track components are studied during starting
and steady state response. Load evaluation on rail, deflection, velocity and
acceleration had been calculated for each time step. The rail presents
maximum effects in the analysis as compare to sleepers and the ballast
embankment.

It can be concluded that when vertical displacements of the rail,
sleeper and ballast are more than their maximum values, deformation occur
and create rail irregularities, corrugation, bad geometry and heterogeneities
of the ballast materials. These phenomena increase vibration mode on the
track structure and train induces vibrations that affect the ride comforts and
arriving time of goods and passengers. The parameters of the vehicle
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components need to be taken into consideration because the influence
vibrations behaviour of the track will affect the cost of maintenance and
operating time of the railway line.
As future works, the following need to be done:
= Develop a package for the simulation of train-track system which will
take in consideration the following phenomenon: rail irregularities
and corrugations.
= Study the behavior of the track components under the lateral
displacements relative to the vertical one of the train.
= Carry out experimental analysis at Camrail (transcam 2 and 3) so as
to validate analytical and numerical results.
= Integrate the domain of maintenance at the level of train track design.
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