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ABSTRACT ARTICLE HISTORY

The vertical dynamic interaction between a railway vehicle and Received 31 August 2017

a slab track is simulated in the time domain using an extended Revised 15 November 2017
state-space vector approach in combination with a complex-valued ~ Accepted 28 December 2017
modal superposition technique for the linear, time-invariant and KEYWORDS
two-dimensional track model. Wheel-rail contact forces, bending Vehicle—track interaction;

moments in the concrete panel and load distributions on the sup- slab track; imperfections;
porting foundation are evaluated. Two generic slab track mod- modelling; vehicle-track
els including one or two layers of concrete slabs are presented. coupled dynamics;

The upper layer containing the discrete slab panels is described  ballastless track
by decoupled beams of finite length, while the lower layer is
a continuous beam. Both the rail and concrete layers are mod-
elled using Rayleigh-Timoshenko beam theory. Rail receptances for
the two slab track models are compared with the receptance of
a traditional ballasted track. The described procedure is demon-
strated by two application examples involving: (i) the periodic
response due to the rail seat passing frequency as influenced by
the vehicle speed and a foundation stiffness gradient and (ii) the
transient response due to a local rail irregularity (dipped welded
joint).

1. Introduction

The use of slab track structures for high-speed railway lines has increased over the
last decades [1,2]. By using a slab track design, the need for maintenance can be
reduced (compared to ballasted track), which is essential due to the trend of growing
traffic and reduced time slots for track works. Other advantages with slab tracks are
increased service life, high lateral track resistance and eliminated problems with degra-
dation of ballast. There are, however, also disadvantages with slab tracks, which include
higher construction cost, a limited possibility of readjustment of the rail if there is an
irregularity in track geometry due to subgrade settlement, and lower vibration/noise
absorption [3].

Accurate simulations based on a comprehensive model of the dynamic vehicle-track
interaction are required for the design of railway track. Today, there is a large span of exist-
ing models that can be used depending on the purpose of the simulation, cf. Connolly
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et al. [4] and Knothe and Grassie [5]. One of the first models was presented in 1982 by
Grassie et al. [6]. In this relatively simple model, a point mass moving on a continuously
supported and infinitely long beam is considered, and linearised Hertzian theory is used
for the wheel-rail contact.

Imperfections in the vehicle and track may cause severe damage, independently of the
track design. Typical examples of imperfections are wheel flats, rail corrugation and differ-
ential ballast/soil settlement. In order to understand how these imperfections affect the
deterioration of the vehicle and track, simulation of coupled vehicle-track dynamics is
needed. Combining the dynamics of the vehicle and track in the modelling procedure
started in the early/mid-1990s [7-9], albeit for ballasted tracks. A common approach when
considering coupled vehicle-track dynamics is to model the track using finite elements
together with a modal analysis. Lin and Tretheway [10] applied this approach to model a
mass—spring-damper system moving on an elastic beam. This framework was extended
with a complex-valued modal analysis technique by Nielsen and Igeland [7].

In the last decade, the research regarding slab track structures has grown. For a floating-
slab track system, Li and Wu [11] investigated how load transmission to the soil depends
on the length of the slabs. Bezin et al. [12] used a multi-body system analysis to sim-
ulate key differences between slab track and ballasted track. Zhai et al. [13] developed
a three-dimensional model to investigate the overall vehicle-track system, both for bal-
lasted track and for slab track. Their work included numerical implementations and
experimental validation. The concrete slabs were modelled as elastic rectangular plates,
and asymmetrical vertical irregularities on the two rails were considered. Lei and Wang
[14] modelled the vehicle and track with finite elements and used a moving reference
frame (the track model was assumed to be invariant along the track structure). In doing
so, the vehicle acts at the same position on the rail throughout the simulation, and the
study of the dynamic interaction between a vehicle and a continuous slab track can,
therefore, be done efficiently. For discontinuous slabs, Zhang et al. [15] calculated the
dynamic wheel-rail contact force due to a sinusoidal rail imperfection. In this work, lin-
ear Hertzian theory for the wheel-rail contact was considered, and all simulations were
performed in the frequency domain. In recent studies, Sadeghi et al. [16,17] extended the
model by including nonlinear properties of the wheel-rail contact and simulations in three
dimensions.

In this paper, the vehicle-track interaction is modelled with a complex-valued modal
superposition technique for the track and an extended state-space vector approach. The
vertical dynamic response can then be calculated by considering a generic initial-value
problem. This model was initially developed by Nielsen and Igeland [7] (although for a
ballasted track). The performance of the model is demonstrated by considering imperfec-
tions in both the track and soil. The track imperfection is a dipped rail weld, whereas the
soil imperfection consists of a linear gradient in foundation stiffness and damping.

The paper is organised as follows: Section 2 gives a review of existing slab track systems
with reference to the European standard. Section 3 describes the track and vehicle mod-
els that are used in this paper as well as the generic initial value problem and its solution
procedure. Section 4 presents numerical examples where the rail receptance for different
track forms are compared, and the track response due to periodic and transient excitation
mechanisms are studied. Finally, Section 5 concludes the paper with a summary and an
outlook to future work.
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2. Slab track systems with reference to the European standard

Existing slab track systems can be divided into two major categories, cf. [18], which are
continuous rail support systems and direct rail support systems. Continuous rail support
systems, where the rail is embedded in an elastomeric layer, were developed from tram
applications [2]. When using continuous rail support systems, a settlement-free soil is
required due to a minimal possibility of rail readjustment. Direct rail support systems,
where the rail is supported at discrete, repetitive locations, is the most common category for
high-speed applications and, therefore, the modelling of continuous rail support systems
is not included in this paper.

Direct rail support systems can be divided into systems with or without sleepers [18].
When sleepers are used in slab track systems, they can either be laid on the slab, e.g.
STEDEE or embedded in the slab, e.g. Rheda 2000. When sleepers are not used, either
prefabricated slabs, e.g. Shinkansen, OBB-Porr and Max Bdgl, or monolithic systems
(paved-in track on civil structures) are used; most of these systems are described in [18].
Independently whether sleepers are used or not, a strengthening layer is placed underneath
the slab. If the track is installed in a cold region, a frost protecting layer is required between
the soil and the strengthening layer.

The general and specific requirements for different types of slab track systems are
described in the European standard prEN16432 [19].! In particular, it is stated that the
rail supporting structure (prefabricated elements and/or pavement) shall be designed to
distribute the load to the substructure by bending. The calculation models for the load dis-
tribution along the track given in [19] assume continuous properties of the slab structure
resting on a Winkler foundation with a given bed modulus. Hence, the interaction of the
bound and unbound layers is simplified to a model of a track structure with an equivalent
thickness that is supported by a representative bed modulus. Two principle designs of the
track structure, given in [19], are modelled according to Figure 1(a,b).

There is, however, no indication in [19] regarding which parts of the track that should
be designed to distribute the load by bending when prefabricated elements are used. In
particular, it is stated that the reinforcement bars in the roadbed are mainly installed to
handle temperature variations and not to distribute the vehicle load by bending. Further,
requirements for the materials used in the substructure are given in Chapter 10.4 in [19].
Since such components have limited tensile strength and thereby cannot distribute loads

Concrete panels Concrete panels Elastic layer
l<—Filling <—Filling
| Unreinforced roadbed | Reinforced roadbed
Frost protection layer Frost protection layer
Foundation/soil Foundation/soil

(a) ®)

Figure 1. Profile of two typical designs used for slab track systems described in [19]. Track systems corre-
spond to (a) German design with hydraulically bound layer and (b) Austrian design with load distribution
slab.
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by bending, it is evident that they are intended to act only as members that transfer vertical
loads in the track structure. Thus, it is not clear which of the track components that should
handle the design principle of distributing the load by bending.

In this paper, both the slab track systems sketched in Figure 1 will be modelled.
Depending on the physical properties of the different layers, different models can be used.
Throughout this paper, the rail and concrete panels are modelled using finite elements,
while the foundation/soil and the frost protection layer are combined into an effective
stiffness and damping of a Winkler foundation. For the slab track type in Figure 1(a), the
roadbed is also included in the Winkler foundation, while the roadbed is modelled with
finite elements for the slab track type in Figure 1(b).

3. Modelling and simulation of vertical vehicle-track interaction

Two different types of slab track models are considered, see Figures 2 and 3. In Figure 2,
the slab is modelled by one continuous layer of beam elements, whereas in Figure 3, the
slab is modelled by two layers of beam elements. In the two-layer model, the upper layer
containing the discrete slab panels is described by (possibly coupled) beams of a given
length p. In both models, the rail is discretely supported at rail seat distance L =0.65m.
The bottom beam layer (panel for the track model shown in Figure 2 and roadbed for
the track model shown in Figure 3) is supported by non-interacting springs and dampers
(Winkler foundation) with the bed modulus k¢(X) = 100 MN/m> and viscous damp-
ing cf(X) = 82kNs/m>. The corresponding foundation stiffness per unit beam length is
obtained by multiplying the bed modulus with the width of the slab. For the track model
shown in Figure 3, the length p of the discrete panels is 5.2 m (which corresponds to eight
rail seat distances) and the discrete connection between two panels is centred between two
adjacent rail seats.

The slab track model in Figure 2 represents the type of slab track illustrated in
Figure 1(a). In this model, it is assumed that the layers beneath the continuous concrete
panel do not distribute any loads by bending. Hence, it is sufficient to model the rail and
concrete panel as two layers of beam elements, while remaining layers are incorporated
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Figure 2. Sketch of track model where the slab is modelled as one continuous layer of beam elements.
The model contains two layers of beams: rail (r) and concrete panel (s). The concrete panel is supported
by a Winkler foundation, where the prescribed (possibly random) variation in stiffness is indicated by the
irregular ground surface. This slab track model is used to model the slab track type in Figure 1(a).




VEHICLE SYSTEM DYNAMICS (&) 1637

]\/f()gJ v
A{bi‘} Jb3
k c k c
My M,
k2 ki X
T —
l l l l l l l L=l 1 l f l
ww%a il % wgw
[SLELE[L1[S02] L]

Figure 3. Sketch of track model where the slab is modelled as two layers of beam elements. The model
contains three layers of beams: rail (r), discrete panels of concrete slab (s1) and continuous concrete
roadbed (sy). The concrete base is supported by a Winkler foundation. Note that the coupling between
layers (s1) and (sy) is continuously distributed. This slab track model is used to model the slab track type
in Figure 1(b).

in the Winkler foundation. Similarly, the slab track model in Figure 3 represents the slab
track illustrated in Figure 1(b). Here, the reinforced roadbed may distribute the load by
bending and, therefore, the rail, concrete panels and reinforced roadbed are all modelled
as layers of beam elements, while the frost protection layer and soil are incorporated in
the Winkler foundation. Note that the spring-damper coupling between the two concrete
layers is continuously distributed.

The load from the vehicle is assumed to be symmetrically distributed between the two
rails and, therefore, only half of the slab and one rail need to be considered. Moreover, only
vibrations in the vertical direction are studied in this paper.

In the simulations, the moving wheel-rail contact forces are converted into spatially sta-
tionary nodal forces on the finite element track model. The conversion implies that the true
local deflections under the contact forces are somewhat underestimated between nodes
[20]. This effect can be reduced by increasing the number of beam elements per unit length.
In the current study, the rail and concrete slabs between two rail seats are each modelled
by 16 elements. For such a discretisation, the effect is negligible. Convergence studies in
terms of the influence of the number of beam elements on receptance, wheel-rail contact
forces and bending moment in the panels have been performed. From these studies, it was
found that convergence of the track responses could be seen already when four elements
were used.? However, 16 elements per rail seat distance are preferred to improve the load
representation without introducing unmanageable computational times.

3.1. Railway track model

In this study, finite elements are combined with a complex-valued modal analysis to
determine the dynamic response of the track. The slab and rail are both modelled using
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the Rayleigh-Timoshenko beam elements. The disadvantage of using finite elements in
simulations of the vehicle-track dynamics (compared to multi-body simulations) is that
the system of equations of motion becomes large and coupled. The computational effort
can, however, be reduced by using a modal superposition technique that decouples the
equations of motion.

Throughout this paper, the same rail properties are used and hence the rail is labelled
with index ‘r’ for both track models. In Figure 2, the panel is labelled ‘s’, whereas in Figure 3,
the panel and roadbed are labelled ‘s;” and ‘sy’, respectively. Each layer of beam elements
has bending stiffness EI (X),? shear stiffness kGA o (X), mass m4 (X) per unit beam length,
rotatory inertia ma ri (X) per unit beam length, width bs and height /4 (X) that may vary
along the longitudinal track coordinate X. However, in the present paper all beam prop-
erties of each layer are taken as constant. The connection between each vertical pair of
adjacent nodes in the different layers is modelled as a spring and viscous damper in paral-
lel and denoted as B¢;p.* For example, the rail pad stiffness for the track model in Figure 2
is denoted k5. For the rail pad connection, also rotational stiffness k; /552 /12 is accounted
for, where § = 0.15 m is the width of the pad. The values used for the track in the numerical
simulations are presented in Tables 1 and 2.

As indicated in Figures 2 and 3, the slab and rail are clamped at both ends. Since the
model uses finite elements and the analysis is in the time domain, a finite length of track is
suitable. This implies that reflections of vibrations will occur at the ends. For this reason,
structure-borne vibration energy is not fully transmitted away from the excitation. This
effect will, however, be negligible at the centre of the track if the length of the model is
sufficient. Here, the length of the track model is set to 78 m (corresponding to 120 rail seat
distances), which results in a small boundary effect on the track receptance, see Section 4.1.
However, in the simulations of vehicle-track interaction, these boundary effects are small
and considered negligible.?

Since the rail is modelled by Rayleigh-Timoshenko beam elements, there is a (non-
physical) discontinuity in slope over the element boundaries due to the applied interpola-
tion polynomials, cf. [21]. In the numerical examples, this can be observed to cause small

Table 1. Beams properties in the track models.

Concrete panel, Figure 2 Concrete panel, Figure 3 Concrete roadbed, Figure 3 Rail, Figures 2and 3
Els = 30 MNm? Elsy = 15MNm? Els; = 30 MNm? Ely = 6.4 MN m?
kGAs = 2.1GN kGAs1 = 1.7GN kGAs; = 2.1GN kGA; = 250 MN

ms = 580 kg/m ms1 = 460 kg/m msy = 580kg/m m, = 60kg/m

mgr2 = 1.92kgm msiry, = 0.98kgm msory, =1.92kgm mer? = 024kgm
bs=12m b1 =12m by =12m

hs =0.2m hs1 = 0.16m hs; =02m

Table 2. Stiffness and damping of resilient layers in the
track models.

Stiffness Damping

ks = 100 MN/m3 s = 82kNs/m3

kiys = 40 MN/m Crjs = 10kNs/m
ki/s, = 40 MN/m Crss, = T0kNs/m
ks, /s, = 1.0GN/m3 Cs, /5, = 250 kNs/m?

k51/5] = 0 MN/m Cs1/s7 = 0kNs/m
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disturbances in the wheel-rail contact force each time an element boundary is passed
(which would not be present if Euler-Bernoulli beam elements were used). In the numeri-
cal example in Section 4.2, this effect is rather pronounced since no wheel/rail irregularity
is considered.

Mass, stiffness and damping matrices for the track structure are derived using third-
degree polynomial shape functions derived for Rayleigh-Timoshenko beam theory, cf.
[21,22]. Let x*(t) be a vector containing the degrees-of-freedom (DOFs) of the track model
and let F'(f) contain the external loads (in particular, the wheel-rail contact force F,(t)).
The coupled equations of motion can then be written in state-space form (superscript t
denoting track) as

AN + BYy'(t) = Ftét)}, (1a)
where
) — x4(t) Al ct M B _ Kt o0 (1b)
YO=12n) AT o] B0 —m)

where K, Ct and M! are the stiffness, damping and mass matrices of the track, respectively.
By utilising that A' and B' are symmetric, which makes the left and right eigenvectors each
other’s transpose, the complete modal solution to Equation (1a) is given by

K'Fl Ct thlMt B(”) _ 1 B(”)
I 0 o o™= T iw o™ [ (2)
- 1w, p w, 12,0

where w,, are angular eigenfrequencies, p(" are eigenvectors and I denotes the unit
matrix.® By solving the eigenvalue problem expressed in Equation (2), the modal matrix,
P, can be assembled. The modal matrix works as a mapping between the spatial and modal
domains as

t
»(6) = Pq'(t), gm=£ﬂF$} 3)

where gt(t) is the modal displacement and Qt(t) is the modal load vector. By using the
orthogonality of the modal matrix, the decoupled equations of motion can be written as

diag(a,)q'(t) + diag(b,)q'(t) = Q'(0), (4)
where
diag(a,) = P'A'P, diag(b,) = P'B'P. (4b)

When gt(t) and (_2t(t) have been calculated (see Sections 3.3 and 3.4), it is straightforward
to determine the physical displacements, velocities and accelerations. For more general
information about the track modelling approach, see [7].

3.2. Vehicle model

As indicated in Figures 2 and 3, the vehicle model consists of one bogie. More advanced
vehicle models, e.g. including several bogies and car bodies, can be implemented. Here, a
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Table 3. Parameter values for the vehicle model.

My = 28 tonnes My = 1.8 tonnes My, = 1.8 tonnes Mp3 = 2.6 tonnes
Jp3 = 1476 kg m? k=1.2MN/m ¢ =4kNs/m A=26m

single bogie model is considered since the secondary suspension acts as a dynamic filter
isolating the car body from the bogie in the frequency range where the dynamics of the
track is significant (20 < f < 1500 Hz) [5].” The bogie is modelled by six DOFs and is con-
taining wheel-rail contact stiffness and primary suspension stiffness k and damping c. Four
of the vehicle DOFs represent the motion of the vehicle and bogie, while the two remaining
DOFs are interfacing the track and are used in the formulation of the constraint equations.
The weight of half of the car body is accounted for by a static point-force acting at the cen-
troid of the bogie. The axle load of the vehicle is 17 tonnes. The bogie also contains two
unsprung masses My, and My, corresponding to the two wheelsets, separated by distance
A from each other, and a bogie frame with mass M3 and inertia J,,3. The parameter values
for the vehicle are presented in Table 3 and were collected from [23] (except My).

The DOFs of the vehicle are collected in two vectors: x; = {xa1 xa2}T that contains the
two massless DOFs that are interfacing the track and xy = {xp1 xp2 xb3 xpa) T that contains
the non-interfacial DOFs (representing the two wheelsets and one bogie). Superscript v
denotes vehicle and will be used throughout this paper. The equations of motion for the
vehicle can then be written as

[0 0:|:5&X(t)}+|:0 ong(t)}
0 My, | |5 0 C ] |xm
K}, K31 [x0 Fn] _[ o
*[Kza Kzﬂ {xzm}*{ 0 } _{Fﬁ’“} ’ ®

where F,(t) are contact forces between the wheels and the rail and Fle)Xt contains all exter-

nal forces (in this study only gravity loads). The stiffness matrix K" includes the Hertzian
contact stiffness, which is given by

ki = Cr (xpi — Xai) /%, (6)
where Cy is the Hertzian constant and the Macaulay brackets are defined as

(8) = (e + o).

3.3. Coupling of vehicle and track models

In order to formulate constraint equations, consider the four third-degree interpolation
polynomials,8 cf. [22],

oo L (% +i<1_§)
11_1-{-,31' ljz B 1+ B; l; ’

J

. AT Y (A




VEHICLE SYSTEM DYNAMICS 1641

382 g3 .
N3 = ! (i—i)-i- i é

L+ \ P 1+ 61
2 3
1 5 Bj £ &1
Nyj=—+ (2L =21}y == 1), 7
’ 1+ﬂf(lf lf>]+1+ﬂf<{’j ]2 7

where §; = 12EI/ (kGAljz) and &; € [0 [;] is the local coordinate of element j with length /;
in the finite element model of the rail. The constraint between the vehicle and the track can
then be formulated as [24]

x\af(t) — Nl_)intgt(t) 4 xirr) (8)

where x'™ contains the prescribed wheel/rail surface irregularity, P"* is the time-variant
partition of the modal matrix corresponding to the rail DOFs that are adjacent to the cur-
rent position of the vehicle DOFs and N is a block matrix containing the interpolation
polynomials given in Equation (7).

The constraints on the interfacial velocities can then be calculated as the time derivative
of Equation (8) as

(1) = NP™g'(t) + %v(t)l_’imc_f(t) + 3 )

Similarly, the constraints of the interfacial accelerations are obtained by a second differen-
tiation as

B (1) = ROG'(1) + S(Hq'(t) + &, (10)

where

dN int it 1e .
R(t) = 2= -v(OP™ + NP™diag(iw,),
dé
) (11)

_ d_N 2 int div int
S() = gz VOP™ + oo OP™,

Here, R contains the Coriolis and vertical accelerations and § includes the effect of the

centripetal acceleration and the longitudinal acceleration of the vehicle.
Moreover, the modal load vector is obtained as

Q' = P™INTF, (1. (12)

Further details on the derivation of the constraint equations are given in [24].

3.4. Solution of the vehicle-track interaction problem

In order to solve the interaction problem, the mixed extended state-space vector z is defined
as

T T  ovT  =vT  §I,T
% % X F) (13)

z=1{q" «x
where f:a = f F,(t)dt. The total coupled and time-variant system is written as

é(g’ t)g + E(g’ t)g = E(g’ 1), (14)
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where
diag(a,) ; 0 0 0 0 —P"™NT]
0 i 0 0 0 0 1
A A 0 0 CY 0o M 0
A ) = =10 =12 - : bb bb 15
420 |:421 Ay 0 -0 I 0 0 0 (152)
R 0 o0 —I o 0
| NP | -1 0 0 0 0 |
 diagh,) | 0 0 0 0 0]
0 K, Kj 0 0 0
0 'Ky Ky, 0 0 0
B B I 'b bb
Bzt = |21 21| _ o 10 0 0 -1 0 (15b)
B, By !
s 0 0 0 0 0
dN |
—uv(HP"t | 0 0 0 0 O
| d§ 1 i
T , . . T
F(z,t) = [E;F E;F] = [OT | ol F§XtT o7 _3‘-:1rrT —klrrT] ) (15¢)
An initial-value problem can now be formulated as
t=A""(F-B2), zli=o=2 (16)

By exploiting that the modal analysis yields complex-conjugated sets of modal parameters,
the real and imaginary parts of Equations (4a) and (9)-(12) can be separated making the
initial-value problem in Equation (16) real valued. Moreover, it is noted that both A and B
are sparse matrices.

3.5. Calculation of track response including the influence of residual terms

In the numerical examples (see Section 4), typical outputs of interest are wheel-rail contact
forces, bending moments in the slab and load distributions on the foundation. The contact
forces are included in z and can be determined from the initial-value problem. However,
in order to calculate a track response, additional calculations are required to compensate
for the truncated modes. From the solution of the initial-value problem, physical displace-
ments can be obtained by multiplying the modal displacement with the modal matrix. In
this paper, the influence of the truncated modes on the total physical displacement is added
as a quasistatic contribution, cf. [25]. By assuming that the dynamic effects of the truncated
modes can be neglected, Equation (4a) is reduced to

q (t) =

q, (b T & (17)

where the subscript t indicates that the equation is only valid for the truncated modes.
The contribution from the truncated modes to the physical displacements and velocities
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(denoted 8, x'(t) and 8 x'(t), respectively) can then be expressed as

S.xt(t FU(t i
{8,;8} = (Se{ (§ )} , de= Brdlag(l/gn)l_);r. (18)

Exploiting that the flexibility elements ejx can be calculated from a frequency-dependent
flexibility matrix implies that

(n) ,(m)

o pVpy
Sex = e (w _2(—1— 19
‘jk _]k( ref) . iQn(wref_Qn) ( )

where r is the number of retained modes and eji(@ref) is the flexibility matrix at a much
lower frequency than any of the eigenvalues of the truncated modes.

The sectional forces (shear force and bending moment) at a given node in the track
model are calculated using the corresponding element stiffness matrix, F, and the asso-
ciated physical displacements and rotations. Let the subset of x' containing the physical
displacements and rotations (including the quasistatic contribution from the truncated
modes) at the two nodes of the given element be denoted as n. The vector N(), containing
the time-variant sectional forces, is then calculated as

N(t) = Fn(). (20)

The bending moment for the given node is obtained by extracting the associated term in
N. To calculate the load distribution on the foundation, the physical displacements and
velocities of the bottom beam layer (panel for the track model shown in Figure 1(a) and
roadbed for the track model shown in Figure 1(b)) are extracted from x' and &, respec-
tively. For a given longitudinal coordinate X, the time-variant load Ly(X, t) per unit beam
length [N/m] is calculated as

La(X, 1) = b(ke(XIN(E)n (1) + ce(X)N(E)n(1)), (21)

where k¢(X) and ¢r(X) are the properties of the foundation at the given element, b is the
width of half of the slab (since only half of the slab is used in the track model) and n
contains the physical displacements and rotations (including the quasistatic contribution
from the truncated modes) at the two nodes adjacent to the coordinate X. The four inter-
polation polynomials in N are evaluated at the corresponding local coordinate & of the
corresponding element.

4. Numerical examples

In this paper, three demonstration examples are presented. In Section 4.1, the track
response is investigated by calculating the rail receptance for the two slab track models,
and comparing the results with the receptance of a traditional ballasted track model. In
the other two demonstration examples, the track model with discrete panels in Figure 3 is
used. In Section 4.2, the influence of a foundation stiffness gradient on the wheel-rail con-
tact force, the corresponding stiffness gradient at the rail level and the load distribution on
the foundation is investigated. Finally, the effect of a dipped welded rail joint is investigated
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in Section 4.3. The weld is modelled by prescribing a vertical rail irregularity (accounted
for in &', see Equation (8)). The resulting wheel-rail contact force and bending moment
in the slab are evaluated for different depths of the dip. Furthermore, the influence of the
weld location, relative to the ends of the discrete panels, is investigated. The demonstra-
tion examples in Sections 4.2 and 4.3 show significant dynamic effects. The magnitudes
of these dynamic effects, which would not have been captured by calculations according
to the European Standard [19] (which only applies static calculations), are easily analysed
using the presented model.

4.1. Track receptance

For a comparison of the different track forms, receptances of the track models are calcu-
lated in the frequency domain. The harmonic force excitation is applied on the rail and the
response is calculated on both the rail and the panel. Let x! denote a (complex-valued) dis-
placement on the rail, x! be a displacement on the concrete panel and FL. be a force applied
on the rail. The considered receptances are then given by

t

X
Hi(w) = =, (22a)
I E§
t ’_C;
Hy(w) = 2. (22b)
=r

In the presented numerical example, the excitation and the response are evaluated at a rail
seat. Magnitudes and phases of the complex-valued receptances H: and H{ are presented
in Figures 4 and 5.

For the ballasted track model, the same rail and soil properties are used, but
the slabs/panels are replaced by discrete sleepers. Each sleeper is modelled by
Rayleigh-Timoshenko beam elements. The pad stiffness and viscous damping are higher
for the ballasted track (kp, = 120kN/mm, ¢, = 25 Ns/mm), compared to the slab track
models since this is common design practice.

From Figure 4, it can be seen that all track types have two resonances and two anti-
resonances in common (in the studied frequency range). At the first resonance frequency
(40-140 Hz depending on track model), the slab/sleeper and rail move in phase, while they
move out of phase at the second resonance frequency (160-300 Hz) [5]. The anti-resonance
at about 950 Hz is the so-called pinned-pinned frequency, where the rail vibrates with a
wavelength corresponding to the distance between two rail seats while the slab/sleeper
does not move. The small difference in magnitude and frequency of the ‘pinned-pinned’
mode between the slab track models and the ballasted track model is due to differences
in the vertical and rotational rail pad stiffness and damping. The point receptance on the
rail between two rail seats is similar to the response on the rail at the rail seat up to about
500 Hz (not shown here). Above 500 Hz, the receptances differ, and at the ‘pinned-pinned’
frequency, there is a resonance peak. The presented receptances can be compared with the
calculated receptance for a floating-slab track (up to 500 Hz) [11]. As expected, the same
resonances can be identified, but with slightly different magnitudes and frequencies due to
different input data.
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Figure 4. Point receptance on the rail at a rail seat: (a) magnitude and (b) phase.

In Figure 5, H! is presented for the different track models. The receptance varies sig-
nificantly between the different models. However, it can be seen that the first resonance
observed in H}. (between 40 and 140 Hz) has a pronounced effect also on H{. Moreover, the
resonance at about 850 Hz for the continuous one-layer model can be seen as a small peak
in Figure 4(a). It is important to emphasise that the presented results are receptances based
on the input values presented in Tables 1 and 2. Although the input values are selected to
be as realistic as possible, no experimental calibration/validation has yet been performed
for the slab track model. The ballasted track model has been verified and compared with
physical testing, cf. [26].

4.2. Foundation stiffness gradient

For the track model in Figure 3, the influence of a foundation stiffness gradient (per unit
beam length) on the wheel-rail contact force and the dynamic response of the track is
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Figure 5. Cross receptance on the sleeper/slab at a rail seat (excitation on the rail): (a) magnitude and
(b) phase.

investigated. In this case, the dynamic excitation is dominated by the rail seat passing fre-
quency (periodic excitation) and a transient excitation due to the stiffness gradient. The
foundation stiffness is altered along the track by a stepwise change in stiffness and damping
of the Winkler foundation in adjacent beam elements according to Figure 6.

Based on the stiffness matrix of the track model, the static stiffness at the rail level
along the track is calculated for the given foundation stiftness gradients, see Figure 7. As
expected, the stiffness at the rail level has a periodic pattern due to the discrete rail sup-
ports. For the given slab track design, it can be evaluated that gradients in the foundation
stiffness of 0, 5 and 15 (kN/mm)/m? correspond to average stiffness gradients of 0, 0.5 and
1.5 (kN/mm)/m at the rail level.?

Figures 8-10 show the calculated wheel-rail contact forces for three different vehicle
speeds. For a given foundation stiffness gradient, it is observed that the influence of the
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Figure 7. Calculated static stiffness at the rail level of the discrete two-layer slab track model for different
foundation stiffness gradients. The start and end points of the stiffness gradient are marked by vertical
lines.

vehicle speed on the amplitude of the wheel-rail contact force due to the periodic excitation
by the rail seat passing frequency is significant. For v= 100 km/h, the two positive stiffness
gradients lead to an increase in contact force amplitude, see Figure 8, whereas the same
gradients lead to a decrease in contact force amplitude at v=150 km/h, see Figure 9. For
v=300 km/h, the influence of the studied stiffness gradients is negligible, see Figure 10.
In the results illustrating the calculated wheel-rail contact forces, a low-pass filter
has been applied for aesthetic reasons since Rayleigh-Timoshenko beam theory has
been used when deriving the finite element matrices. As discussed in Section 3.1, in
Rayleigh-Timoshenko beam theory, there is a (non-physical) discontinuity in slope over
the element boundaries due to the applied interpolation polynomials, cf. [21]. Without a
low-pass filter, this can be observed to cause small disturbances in the wheel-rail contact
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Figure 8. Influence of foundation stiffness gradient on calculated wheel-rail contact forces. Discrete
two-layer slab track model and v =100 km/h. The start and end points of the stiffness gradient are
marked by vertical lines. Low-pass filtered with cut-off frequency f. = 650 Hz.
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Figure 9. Influence of foundation stiffness gradient on calculated wheel-rail contact forces. Discrete
two-layer slab track model and v =150 km/h. The start and end points of the stiffness gradient are
marked by vertical lines. Low-pass filtered with cut-off frequency f. = 650 Hz.

force each time an element boundary is passed. The cut-off frequency is selected to be
below the element passing frequency, which for the lowest considered speed (100 km/h) is
684 Hz. Therefore, the cut-off frequency was set to 650 Hz. It has been confirmed that the
influence of higher frequencies on the dynamic response (except the spurious effect of the
element boundaries) is negligible.

In Figures 8-10, it is observed that the wheel-rail contact force is dominated by the
periodic response due to the rail seat passing frequency. For direct rail support systems,
the rail seats induce a parametric excitation due to the repetitive variation in track stift-
ness. Therefore, the track dynamics at the rail seat passing frequency will, to a large extent,
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Figure 10. Influence of foundation stiffness gradient on calculated wheel-rail contact forces. Discrete
two-layer slab track model and v =300 km/h. The start and end points of the stiffness gradient are
marked by vertical lines. Low-pass filtered with cut-off frequency f. = 650 Hz.

determine the magnitude of the wheel-rail contact forces. For stationary harmonic exci-
tation, the amplitude of the contact force is proportional to the inverse of the system
receptance, cf. [6,27]. Thus, the influence of the vehicle speed on the wheel-rail contact
force amplitude can be explained by the receptance of the vehicle-track system. By let-
ting x¥ be the displacement of the wheelset/unsprung mass and F" the force applied on
the wheelset/unsprung mass, the receptance of the wheelset/unsprung mass is given by
(neglecting the influence of the primary suspension and the sprung components of the
vehicle)

xY 1
H===——. 23
=% " (23)
The system receptance is obtained by adding the receptance of the vehicle and track as!”
H* =H,+H" (24)

For the two-layer slab track model, Figure 11 shows the magnitude of the system recep-
tance for three different soil stiffnesses (low, mean and high stiffness when the stiffness
gradient is 15 (kN/mm)/m? according to Figure 6). The vertical lines indicate the rail seat
passing frequency when v=100km/h, v=150km/h and v=300km/h. As can be seen
from the figure, at vehicle speed v =100 km/h, the rail seat passing frequency coincides
with a local minimum in the system receptance for the slab track on the high foundation
stiffness. Further, at this frequency, the slab track on the high foundation stiffness has the
lowest system receptance for the three foundation stiffnesses considered. This explains why
the amplitude of the wheel-rail contact force increases with increased foundation stiffness
when v=100 km/h, see Figure 8. An opposite situation occurs at v= 150 km/h, where the
track model on the low foundation stiffness leads to the lowest system receptance, which
explains the negative slope in the amplitude of the wheel-rail contact force in Figure 9.
Moreover, it can be seen that the system receptance is independent of the stiftness of the
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Figure 11. System receptance for wheelset on discrete two-layer slab track model for three different
foundation stiffnesses. The vertical lines mark the rail seat passing frequency at (from left to right)
v =100 km/h, v =150 km/h and v = 300 km/h.
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Figure 12. System receptance for a wheelset on ballasted track model for three different foundation
stiffnesses. The vertical lines mark the rail seat passing frequency at v =100 km/h, v =150 km/h and
v = 300 km/h.

soil at v =300 km/h, which explains why also the amplitude of the wheel-rail contact force
is not influenced by the stiffness gradient in Figure 10.

Figure 12 shows the system receptance, but for the ballasted track model. From the
figure, it can be seen that there is a difference in the receptance for the different foundation
stiffnesses up to much higher frequencies, compared to the slab track model. This phe-
nomenon is expected since the panel, together with the roadbed, is a much stiffer structure
compared to the sleepers. Finally, Figure 13 shows that an increase in foundation stiff-
ness gives an increase in the wheel-rail contact force amplitude when v =150 km/h for the
ballasted track, which is in line with the conclusions drawn from Figure 12.
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Figure 13. Influence of foundation stiffness gradient on calculated wheel-rail contact forces. Ballasted
track model and v =150 km/h. The start and end points of the stiffness gradient are marked by vertical
lines. Low-pass filtered with cut-off frequency f. = 650 Hz.

Based on the calculated displacement and velocity fields of the roadbed, the influence of
the foundation stiffness gradient on the load distribution at the interface between roadbed
and foundation has been investigated. Figure 14 shows the load distribution on the founda-
tion at a time instant for three different cases with uniform soil stiffness (low, mean and high
stiffness when the stiffness gradient is 15 (kN/mm)/m? according to Figure 6). In all simu-
lations, the thickness of the roadbed is ks, = 20 cm and the vehicle speed is v =300 km/h.
For the presented set of track model input data, it can be seen that the soil stiffness has
a low impact on the magnitude and extent of the load distribution (less than 1%). Even
though the effect is small in the presented figure, a higher foundation stiffness leads to a
higher maximum value and a more narrow distribution compared to the case with a lower
foundation stiffness.!! A stiffness increase implies a displacement decrease, which (for the
considered vehicle model) leads to similar load distributions independently of soil stiftness.
Note that the results in Figure 14 are only considering half of the slab.

Note that the shape and peak value of the load distribution depends on the thickness
of the roadbed. A thicker roadbed would imply a wider distribution and a reduced peak
value. If the roadbed was decreased significantly, e.g. s, = 5 cm, two peaks (one from each
wheelset) would have been seen, and the influence of the discrete panels had been more
pronounced (not shown in Figure 14). For results illustrating the influence of the thickness
of the roadbed, see [28].

For each track position, and for the three different stiffness gradients defined in Figure 6,
the maximum value of the load distribution due to the moving vehicle load has been iden-
tified and is presented in Figure 15.! The vertical lines indicate where one discrete panel
ends, and the next panel begins. Two periodic patterns are visible in the figure, one is due
to the discrete rail seats, and one is due to the discrete panels. Further, the foundation
stiffness gradients start at track position x=235.9m and end at track position x=41.4 m.
These track positions correspond to minima and maxima in the load distribution on the
foundation. These extreme points occur since the physical displacement field is smooth
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Figure 14. Load distribution on foundation at a time instant for three different foundation stiffnesses.
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Figure 15. Peak value of the foundation load distribution as a function of track position for three
different stiffness gradients. The vertical lines indicate where panels start/end. No low-pass filter applied.

over the start and end points of the stiffness gradient, while the foundation stiffness has
discontinuous derivatives at these locations, cf. Figure 6 and Equation (21).

4.3. Dipped welded rail joint

In a third demonstration example, the influence of a dipped welded rail joint leading to a
more transient track response is illustrated. The imperfection caused by the weld is mod-
elled as a purely geometrical imperfection by symmetrically prescribing the vertical level
of the rail in the area around the weld.
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Figure 16. Geometrical imperfection representing a dipped welded rail joint: d = 1Tmm,D=1m.

The symmetrical imperfection consists of two second-order polynomials as, cf. [29],

—4d(X — X+ D/2)?/D?, X—-D/2<X <X,
AT(X) ={—4d(X - X —D/2)?/D*, X<X<X+D)/2, (25)
0 else,

where X is the track position, X is the centre position of the weld, d is the depth of the
weld and D is the length of the rail that is affected by the irregularity. An illustration of the
irregularity with depth d =1 mm is shown in Figure 16.

In all simulations in this section, the vehicle speed is 300 km/h, and the weld is located at
X = 38.675 m, which is above the centre of a panel (and therefore also midway between two
rail seats). Figure 17 shows the wheel-rail contact force at the leading wheelset as a function
of track position. From the figure, it can be seen that the depth of the weld has a large
influence on the maximum value of the wheel-rail contact force. For the given input data,
the maximum value of the wheel-rail contact force is increased by 46% for d = 0.5 mm and
by 93% for d =1 mm. Apart from the large dynamic loads when the leading wheelset passes
the weld at X = 38.675m, large dynamic loads can also be seen around X =41.175m,
which is the position when the trailing wheelset passes the weld. The impact load from the
trailing wheelset has a significant effect also at the leading wheelset due to the low stiffness
and damping of the rail pads which imply a low decay rate of rail vibrations.

The effect of a dipped welded rail joint is further studied by calculating the bending
moment in the panels (following the procedure described in Section 3.5). The bending
moment is generally higher below the rail seats compared to between the rail seats, and,
therefore, the bending moment is calculated in the panel below the first rail seat after the
weld. In Figure 18, it is observed that the depth of the weld has a large impact also on the
magnitude of the bending moment. Note that the results in Figure 18 are only considering
half of the slab.

Finally, the influence of the weld location, relative to the end of the discrete panels, is
investigated. Several simulations were performed where the centre position of the dipped
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Figure 17. Time history of wheel-rail contact force for the leading wheelset on discrete two-layer slab
track model. The centre of the weld is located at X = 38.675 m. No low-pass filter applied.
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Figure 18. Time history of bending moment of the discrete two-layer slab track model, calculated at the
rail seat adjacent to the dipped welded rail joint. The leading and trailing wheelsets pass the centre of the
weld at t =0.464 s and t = 0.494 s, respectively (indicated by vertical lines). No low-pass filter applied.

welded rail joint was changed. For each position of the weld, the bending moment in the
panel was calculated below the position of the weld and at the adjacent rail seats. The max-
imum bending moment of the considered simulation was then identified as an indicator
for the considered weld position.

Figure 19 shows the maximum bending moment as a function of the position of the weld
for three different panel lengths, p. The considered panel lengths are p=2.6 m, p=5.2m
and p=10.4 m, which corresponds to 4, 8 and 16 rail seat distances. To compare the shape
of the maximum bending moment as a function of weld location for the different panel
lengths, the track length is normalised such that the length of one panel is 1. The locations
where one panel ends and the next panel begins are indicated by vertical lines. From the
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Figure 19. Maximum bending moment as a function of the position of the centre of the weld for three
different panel lengths. The vertical lines indicate where panels start/end. Depth of the dipped welded
rail joint d = 1 mm. No low-pass filter applied.

figure, it can be seen that there is a periodic pattern due to the discrete panels. In particular,
the bending moment is always lower at the joint between two panels compared to other
positions (independently of panel length).

5. Conclusions

A general procedure for analysing the vertical dynamic vehicle-track interaction has
been presented and implemented successfully in a slab track context. The performance
of the procedure has been illustrated by demonstration examples that contain structural
irregularities.

Based on the demonstration examples, it was found that the influence of a founda-
tion stiffness gradient on the amplitude of the wheel-rail contact force is vehicle speed
dependent due to the rail seat passing frequency and the excitation of the fundamental
vehicle-track system resonance. For the given slab track models, it was observed that the
influence of the studied foundation stiffness gradients on the wheel-rail contact force was
negligible when high speed was considered (v > 200 km/h). Even if the amplitude of the
wheel-rail contact force was found independent of the foundation stiffness gradient at high
speed in the slab track context, other dynamic responses such as the bending moment in
the slab and the load distribution on the foundation were affected. Moreover, it was found
that a geometrical rail imperfection, here exemplified by a dipped welded rail joint, has a
large impact on the wheel-rail contact forces as well as on the bending moment in the pan-
els. In addition, it was found that the spatial location of the weld, relative to the transition
between two slab panels, affects the results significantly. Thus, in the described demon-
stration examples, significant dynamic effects were observed. In contrast to the European
Standard [19], which only applies a static calculation approach, the magnitude of these
dynamic effects is analysed with the presented model.

In future work, the model of the slab will be extended to three spatial dimensions, and
it will be determined whether it is sufficient to model the panels as Rayleigh-Timoshenko
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beams or if a three-dimensional (3D) slab track model with plate elements is necessary.
Since the computational cost can be controlled by the number of used modes, the presented
analysis procedure seems suitable also for a 3D model. Moreover, transition zones between
slab track and ballasted track will be investigated to evaluate an optimal design.

Notes

1.

2.
3.

W~

Ny N

10.

11.

12.

How to interpret the European Standard is further elaborated by the International Union of
Railways [30].

Depending on the accepted error tolerances.

Replace A with the label of the considered layer (r, s, s; or s3). As an example, the bending
stiffness of the rail is denoted EI,(X).

. Replace B with k or c depending on if it is a spring or a damper and let the spring/damper connect

layers C and D.

. This has been confirmed by a convergence study.

. Underline indicates complex-valued quantities.

. When acoustic effects of the track are studied, frequencies up to 5000 Hz is typically studied.

. The interpolation polynomials are the shape functions derived from Rayleigh-Timoshenko

beam theory.

. Since the foundation is described by a Winkler model where the stiffness is %iven as stiffness per
]

unit beam length, the unit of the foundation stiffness gradient is [(N/m)/m~“].

Here, the influence of wheel-rail contact stiffness on the system receptance is neglected as it is
frequency-independent.

This effect is more pronounced if only one wheelset is used as vehicle model or if the distance
between the wheelsets is increased.

Similar to Figure 14, the results in Figure 15 are highly dependent on the thickness of the
roadbed.

Acknowledgments

This work has been a part of the research activities within the Centre of Excellence CHARMEC
(CHAlmers Railway MEChanics, www.charmec.chalmers.se). In particular, the support from
Trafikverket (the Swedish Transport Administration) and Abetong AB is acknowledged.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID
Emil Aggestam © http://orcid.org/0000-0002-3796-9232

References

(5]

Esveld C. Recent developments in slab track. Eur Railw Rev. 2003;9(2):81-85.

Gautier P-E. Slab track: review of existing systems and optimization potentials including very
high speed. Constr Build Mater. 2015;92:9-15.

Steenbergen M, Metrikine AV, Esveld C. Assessment of design parameters of a slab track railway
system from a dynamic viewpoint. ] Sound Vib. 2007;306(1):361-371.

Connolly D, Kouroussis G, Laghrouche O, et al. Benchmarking railway vibrations - track,
vehicle, ground and building effects. Constr Build Mater. 2015;92:64-81.

Knothe KL, Grassie SL. Modelling of railway track and vehicle/track interaction at high
frequencies. Veh Syst Dyn. 1993;22(3-4):209-262.


www.charmec.chalmers.se
http://orcid.org/0000-0002-3796-9232

(6]

(16]
(17]
(18]
(19]
(20]

(21]

(22]

(23]

(24]

(25]
[26]
(27]

(28]

(29]

(30]

VEHICLE SYSTEM DYNAMICS (&) 1657

Grassie SL, Gregory RW, Harrison D, et al. The dynamic response of railway track to high
frequency vertical excitation. ] Mech Eng Sci. 1982;24(2):77-90.

Nielsen JCO, Igeland A. Vertical dynamic interaction between train and track - influence of
wheel and track imperfections. ] Sound Vib. 1995;187(5):825-839.

Zhai W, Sun X. A detailed model for investigating vertical interaction between railway vehicle
and track. Veh Syst Dyn. 1994;23(S1):603-615.

Ripke B, Knothe K. Simulation of high frequency vehicle-track interactions. Veh Syst Dyn.
1995;24:72-85.

Lin Y-H, Trethewey MW. Finite element analysis of elastic beams subjected to moving dynamic
loads. J Sound Vib. 1990;136(2):323-342.

Li ZG, Wu TX. Modelling and analysis of force transmission in floating-slab track for railways.
Proc Inst Mech Eng Pt F ] Rail Rapid Transit. 2008;222(1):45-57.

Bezin Y, Farrington D, Penny C, et al. The dynamic response of slab track constructions and
their benefit with respect to conventional ballasted track. Veh Syst Dyn. 2010;48(S1):175-193.
Zhai W, Wang K, Cai C. Fundamentals of vehicle-track coupled dynamics. Veh Syst Dyn.
2009;47(11):1349-1376.

Lei X, Wang J. Dynamic analysis of the train and slab track coupling system with finite elements
in a moving frame of reference. ] Vib Control. 2014;20(9):1301-1317.

Zhang ], Zhao Y, Zhang Y, et al. Non-stationary random vibration of a coupled vehicle - slab
track system using a parallel algorithm based on the pseudo excitation method. Proc Inst Mech
Eng Pt F ] Rail Rapid Transit. 2013;227(3):203-216.

Sadeghi J, Khajehdezfuly A, Esmaeili M, et al. Dynamic interaction of vehicle and discontinu-
ous slab track considering nonlinear hertz contact model. ] Transp Eng. 2016;142(4):04016011.
Sadeghi J, Khajehdezfuly A, Esmaeili M, et al. Investigation of rail irregularity effects on
wheel/rail dynamic force in slab track: comparison of two and three dimensional models. ]
Sound Vib. 2016;374:228-244.

Esveld C. Modern railway track. Zaltbommel: MRT-productions; 2001.

prEN 16432-2 CEN Standard. Railway applications — ballastless track systems - Part 2:
subsystems and components; 2015.

Cook RD, Plesha ME, Malkus David S. Concepts and applications of finite element analysis.
New York: Wiley; 1989.

Sillstrom JH, Akesson B-A. Fluid-conveying damped Rayleigh-Timoshenko beams in trans-
verse vibration analyzed by use of an exact finite element Part I: Theory. J Fluids Struct.
1990;4(6):561-572.

Séllstrom JH. Fluid-conveying damped Rayleigh-Timoshenko beams in transverse vibra-
tion analyzed by use of an exact finite element Part II: Applications. ] Fluids Struct.
1990;4(6):573-582.

Iwnicki S. Manchester benchmarks for rail vehicle simulation. Veh Syst Dyn. 1998;30(3-4):
295-313.

Nielsen JCO, Abrahamsson TJS. Coupling of physical and modal components for analysis of
moving non-linear dynamic systems on general beam structures. Int ] Numer Methods Eng.
1992;33(9):1843-1859.

Abrahamsson TJS, Lundblad M. Transient vibration analysis of nonproportionally damped
linear structures using modal parameters. Int ] Anal Exp Modal Anal. 1988;3:108-114.
Nielsen JCO. High-frequency vertical wheel-rail contact forces — validation of a prediction
model by field testing. Wear. 2008;265(9):1465-1471.

Thompson D. Railway noise and vibration: mechanisms, modelling and means of control.
Oxford: Elsevier; 2008.

Aggestam E, Nielsen JCO. Dynamic interaction between vehicle and slab track - influence of
track design parameters. Proceedings of the 25th Symposium of the International Association
for Vehicle System Dynamics (IAVSD 2017); 2017 Aug 14-18; Rockhampton, AU.

Wu T, Thompson D. On the impact noise generation due to a wheel passing over rail joints. J
Sound Vib. 2003;267(3):485-496.

UIC. Recommendations for design and calculation of ballastless track; 2008. ISBN: 2-7461-
1397-X.



	1. Introduction
	2. Slab track systems with reference to the European standard
	3. Modelling and simulation of vertical vehicle–track interaction
	3.1. Railway track model
	3.2. Vehicle model
	3.3. Coupling of vehicle and track models
	3.4. Solution of the vehicle–track interaction problem
	3.5. Calculation of track response including the influence of residual terms

	4. Numerical examples
	4.1. Track receptance
	4.2. Foundation stiffness gradient
	4.3. Dipped welded rail joint

	5. Conclusions
	Notes
	Acknowledgments
	Disclosure statement
	ORCID
	References

