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Abstract

Co-simulation techniques start to be of high interest when building a vehicle—track—soil
model dedicated to ground-borne vibrations’ assessment. If this model includes a relatively
comprehensive representation of the vehicle, track, and soil subdomains, different solvers
may be used to simulate them. In this paper, the vehicle and track are modeled in a multibody
dedicated software and the soil is simulated in a finite element analysis software. The aim of
this paper is to investigate the effect of displacement/force and displacement/displacement
co-simulation types in the case of coupled railway-soil dynamics. Both Jacobi and Gauf3—
Seidel approaches are used without iterations and using a zeroth-order hold extrapolation of
the coupling variables. The modeling of the subdomains is described and an implementation
of the co-simulation is proposed. By observing the ground and vehicle motions, as well as
the peak particle velocity of the soil with respect to the distance from the track, it is stated
that the choice of displacement/force or displacement/displacement co-simulation type has
a significant effect on the results. Indeed, while the displacement/displacement type offers a
larger stability region than the displacement/force type, the accuracy of the results is more
heavily affected.

Keywords Solver-coupling - Co-simulation - Railway dynamics - Finite element analysis -
Ground-borne vibrations

1 Introduction

The displacement of heavy vehicles is usually an important factor in the generation of
ground-borne vibrations. In the case of railway dynamics, the vibrations propagating
through the soil may disturb the surrounding environment, leading to disturbance or discom-
fort and even to structural damages in the buildings surrounding the track [1]. The estimation
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of the ground-borne vibrations is therefore of high interest either when building a new track
or when constructing a building nearby a railway track. In order to efficiently assess the
vibration level generated by a moving train, a numerical model can be built, including a suf-
ficiently comprehensive model of the soil. Since the soil and vehicle are two fundamentally
different subsystems, a co-simulation technique coupling two software packages especially
dedicated to each subsystem (one for the vehicle and one for the soil dynamics) is investi-
gated in this paper.

The interaction of railway vehicles with the surrounding structure is a frequently con-
sidered and discussed subject in the literature. Not necessarily concerning ground-borne vi-
bration assessment, plenty of different vehicle-structure models were successively built over
the decades. Regarding methods applied in time-domain only, there exist one-step methods
[2, 3] in which the whole system is usually simulated in a same solver. Due to the consid-
erable behavioral differences between the soil, track, and vehicle, decoupling-recoupling
techniques were already tested. Zhai et al. [4, 5], Yang et al. [6], and Kouroussis et al. [7-9]
developed two-step approaches (one for the forces’ estimation and one for the forces’ appli-
cation) that differ by the way they include the track modeling in both steps.

During the last decades, co-simulation techniques were largely studied on different
kinds of multiphysics systems from the simplest possible, the double oscillator [10-14],
to multibody-hydraulic systems [15, 16], multibody-electric systems [17], or even multi-
body and finite element analysis coupling [18-21]. Due to its intrinsic applicability to mul-
tiphysics systems, co-simulation remains highly used in a wide range of fields. Gomes made
a general review of the usage of co-simulation applied to multiphysics systems [22, 23].

Co-simulation was already used in the specific case of railway dynamics while focusing
on the interaction between the vehicle and the track [18, 21, 24-26]. Most of them usually
focus on the vehicle and track dynamics without necessarily taking into account an accurate
model of the soil (for vibration assessment). The model studied in this work, whose subsys-
tems composition is detailed in [27], includes a three-dimensional finite element modeling of
the soil (& 500.000 degrees of freedom, in a finite element analysis software) co-simulating
with a two-dimensional vehicle/track model (= 500 degrees of freedom in a multibody ded-
icated in-house software). In the present paper, both MBS and FEM software packages were
kept from [27] in order to produce a valid comparison. Originally, these software tools were
used to build a two-step (without co-simulation) model [7-9].

In reality, the whole problem is obviously completely coupled. However, in order to use
the dedicated software for the soil and vehicle subsystems, a choice has to be made regard-
ing the split location and therefore the location of the track (rail-railpads—sleepers—ballast)
in these subsystems. Unlike the approaches in [21, 24] that split the system at the wheel/rail
contact level, the choice was made to split the system at the ballast level, so that the track
is completely included in the vehicle subsystem. Consequently, opting for applied-force co-
simulation techniques and using the ballast as the coupling element between the subsystems
leads to two main categories of coupling type defining the nature of the coupling variable
that each subsystem will receive from the other one every macrotimestep. Generally speak-
ing, a subsystem may receive a kinematic quantity (displacement and velocity) and send
either a kinematic quantity as well or a force quantity. For the sake of simplicity and as
already stated by Wang for gluing techniques [28], the kinematic and force quantities will
be denoted, in the rest of the paper, by X and T, respectively. Besides providing information
about the modeling of the co-simulated vehicle—track—soil system, the aim of this paper is
to investigate the effect of X—X and X-T co-simulation coupling types in the specific case
of railway dynamics. Both considered configurations are depicted in Fig. 1.
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Fig. 1 Tllustration of both X-T (——) and X-X (------ ) co-simulation coupling types for the considered
vehicle—track—soil model. The dashed (- - -) lines represent an inclusion of the elastic element in the corre-
sponding subsystem.

2 Subsystems composition

The model implementing the X-T coupling type was already detailed and its results already
examined in a previous paper [27]. Since then, the X—X coupling type was implemented
without modifying the modeling choices previously made. This model will therefore be
briefly reminded in the present section.

The vehicle—track—soil model is composed of 4 subdomains spread into 2 subsystems.
Since the recoupling is performed at the ballast level using applied-force co-simulation tech-
niques, both subsystems are defined as follows:

— The upper (or vehicle) subsystem contains the vehicle, rail and sleepers’ subdomains.
Implicitly, this means that the coupling elements in-between (the wheel/rail contact and
the railpads) are also included. The complete modeling of this subsystem is performed
in two-dimensions due to the symmetry of the system. This two-dimensional modeling
of the vehicle limits the system since the results obtained will be valid for straight mo-
tion only. In order to simulate the effect of lateral displacement of the vehicle or curved
motion, a three-dimensional modeling would be required. All equations representing the
vehicle behavior, given in Egs. (1a), (1b), (1¢), are implemented in an in-house multibody
dedicated software called EASYDYN [29, 30].

— The lower (or soil) subsystem contains the soil. The modeling of this subsystem is per-
formed in three-dimensions. The third dimension becomes mandatory for vibration as-
sessment along the direction perpendicular to the track. The soil, whose general form of
equations is given in Eq. (2), is modeled and solved in ABAQUS [31], a commercial finite
element analysis software.

The upper subsystem is illustrated in Fig. 2. It can be noticed that the track is divided
into three sections whose central one is coupled with the lower subsystem. The sections
located at both extremities are used to perform a static equilibrium of the vehicle and its
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Fig.2 Representation of the vehicle (upper) subsystem included in EASYDYN for a split at the ballast level.
The dashed (- - -) line represents the separation between EASYDYN and ABAQUS. The start and end regions
are completely included in EASYDYN

track while considering that the soil is not directly affected by the vehicle and track weights.
For the sake of clarity, the proportions between the lengths of the three zones were not
kept for Fig. 2. In the actual modeling, the start and end zones are approximately 8 times
smaller than the coupling that contains 81 sleepers spaced by 0.6 meters. The useful length
is therefore around 48 meters. Compared to usual bogie sizes and considering that only
one axle is used for the vehicle modeling, the coupling zone size remains reasonable for
ground-borne vibration assessment [32].

The motion of the vehicle is described using the minimal coordinates’ approach through
homogeneous transformation matrices. The equations of motion of the vehicle subdomain
are then automatically derived by a symbolic tool and written in C++ in such a way that it
can be time-integrated with EASYDYN. In this paper, however, the vehicle is a single axle
with its two wheels whose motion is allowed in the vertical direction only. The vehicle is
genuinely simplified to focus on the effect of co-simulation techniques applied to railway
dynamics problems including a more comprehensive modeling of the soil. Furthermore, the
equations of motion of the vehicle can be written in a generic form expressed in Eq. (1a)
where Tl)u, T'fv, and 71?,) represent the vehicle configuration parameters and their first and
second time derivatives, respectively. This notation will be kept in the following lines. The
matrix M, (q ,) contains the mass and inertial terms. The vector ﬁ » represents the Coriolis,
gyroscopic, and centrifugal contributions, while g , contains the applied forces. It can be
seen that this specific term is a function of f,,, which is a scalar containing the reaction of
the rail on the vehicle. This reaction force comes from the wheel/rail contact that is defined
using the nonlinear Hertz contact theory [33].

The rail is entirely composed of Euler—Bernoulli beam elements connected by nodes
whose motion is described by two degrees of freedom: one for the vertical motion of each
node and one for the rotation of each node about the horizontal axis perpendicular to the
rail. All rail degrees of freedom are concatenated in the vector  ,. The Euler—Bernoulli
beam theory provides the local stiffness and mass matrices of each element located between
two nodes. By assembling these local matrices, the global stiffness K g0 and mass M, giop
matrices are recovered. The equations of motion of the rail subdomain are expressed in
Eq. (1b). Besides the weight of the rail nodes, denoted by _g>,, the vector of reaction force

RN
of the sleepers f ;. and the action force of the vehicle f ,,, are taken into account in the

rail equation set. The vector of reaction force of the sleepers _f)s /r s computed considering
that the railpads are elastic and damped elements that link one sleeper with one specific rail
node as depicted in Fig. 2, or further in the paper in Figs. 4 and 5. The railpads are supposed
to have a linear behavior described by k&, stiffness and d. damping coefficients. The action

force of the vehicle _f>v /r» derived from the scalar f,,, evoked in the vehicle subdomain
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Fig.3 Representation of the soil (lower) subsystem included in ABAQUS for a split at the ballast level

Infinite elements

composition, is sprayed on the rail nodes using shape functions as described by Nielsen et
al. [34].

Among other things, the stability of the rails and their parallelism are insured, in this
model, by concrete sleepers. Due to their limited motion, each sleeper is here modeled by
lumped masses whose motion is entirely represented by a vertical degree of freedom. There-
fore, with m; being the mass of a sleeper, the set of equations of motion of all the sleepers
is summarized in Eq. (1c). Their weight Tg)s is also taken into account. As it was consid-
ered in the rail subdomain equations set, the action of the rail exerted through the railpads is

—
represented by the term f ,,:

MG &0+ B (o @)= Eo(Gos dust, fr) =0, (1a)
— — —
Mr,glob q- + Kr,glole)r - f v/r — f s/r — _g>r = 07 (lb)
- = —
msqs — f rls — f g/s (TJ)ED) - _g)s =0. (1C)

The term —f> o/s (Tl) ED), given in the set of equations providing the sleepers motion, repre-
sents the force developed by the ground surface on the sleepers through the ballast. As in the
case of the railpads, the ballast is, in this model, considered as a set of independent, elastic,
and damped elements acting on each sleeper. This can be seen in Fig. 2. Again, the behavior
of the ballast elements is linearly defined by stiffness and damping coefficients denoted k;
and d,, respectively. In the upper subsystem, the forces exerted through the ballast directly
depend on the dynamics of the lower subsystem. Hence, these forces are functions of the
coupling variables. Their nature (kinematic or force quantities) being not clearly defined for
now, these coupling variables are defined as EASYDYN inputs W Ep.

Unlike the vehicle subsystem, the soil subsystem is, on the one hand, modeled and solved
in a finite element analysis software and, on the other hand, it is modeled in three dimen-
sions since its intrinsic purpose is ground-borne vibration assessment. As depicted in Fig. 3,
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the soil is divided in two different parts, namely the soil mesh and an envelope of infinite
elements. The soil is supposed to be homogeneous and its characteristics are completely
defined by Young’s modulus E, Poisson’s coefficient v, density p, and viscous damping co-
efficient 8. This soil construction, detailed in [7], is performed to model the infinity of the
soil as well as to avoid undesirable wave reflection at the boundary between the soil mesh
and its envelope. Figure 3 also shows that rigid surfaces are created at the ground surface.
The motion of these rigid surfaces is then reduced to the motion of their center point to fa-
cilitate the coupling with the sleepers contained in the upper subsystem. The residual form
of the equations of motion representing the soil motion can be symbolized by Eq. (2) where
the vector Tl) o.tot TEpresents the whole set of degrees of freedom of the soil. This vector
necessarily includes the specific degrees of freedom describing the motion of the ground
surfaces, denoted by chg in the rest of the paper,

e e re
_l?g ( q g.tot, q g tots Tfg,tota f s/g (?Ab)) =0. (2)

The coupling between both subsystems is represented by the action force of the sleep-
ers on the rigid surfaces through the ballast. In Eq. (2), this contribution is symbolized by

—
the vector f /. (i) ab)- As in the sleepers equation set, these forces are functions of the
ABAQUS inputs TfAb.

The definition of the forces exerted through the ballast f ,, (Wgp) and £/, (W p) is
given in the following section.

3 Subsystems interaction

Regarding the co-simulation schemes, both Jacobi (parallel) and Gau3—Seidel (sequential)
approaches are implemented between EASYDYN and ABAQUS. In order to emphasize the
effect of co-simulation on the results, a noniterative zeroth-order hold (ZOH) [35] method is
kept. While, in the parallel approach, both subsystems are time-integrated simultaneously,
it is not the case in the sequential approach. Moreover, the co-simulation master being im-
plemented within the upper subsystem, the choice was made to time-integrate the upper
subsystem before the lower subsystem.

The principal aim of this paper is to investigate the effect of the co-simulation type
which defines the nature of the coupling variables exchanged between the subsystems at
each macrotimestep. As it was already described in [27], using applied-force co-simulation
techniques in the vehicle—track—soil model leads to two different options (theoretically de-
scribed by Busch [11]) for the nature of the coupling variables:

— A displacement/force (X-T) coupling: in this case, the upper subsystem receives a kine-
matic quantity (X) from the lower subsystem. The coupling element is hence explicitly
defined in the upper subsystem. The lower subsystem, however, receives the force (T)
exerted through the coupling element computed in the upper subsystem.

— A displacement/displacement (X—X) coupling: in this case, both the upper and lower
subsystems receive a kinematic quantity (X) from the other one. The coupling element is
hence defined in both subsystems.

Practically, in the vehicle-track—soil model implemented with the X-T type, the vehicle
subsystem receives, for sleeper i, the displacement g, ; and velocity g, ; of the rigid surface
i created at the ground surface, using the motion of its center point. The force f;, ; de-
veloped by the ballast element i, which links center point i with its corresponding sleeper

@ Springer



Comparison of X-T and X-X co-simulation techniques applied on railway... 45

Fig.4 Focus on coupling

element i of the X-T coupling

type used in the ;
vehicle—track—soil modeling with S

a split at the ballast level. Figure :\ ! Force computation (ballast)

from [27] . hie
q’ .
UED,; = { .-gﬂ} /
dg.i

VAVA G A Wavzarg st
/ << "V"

SRR
YOO
X0 R

i, is computed such that it can be shared with the soil subsystem. This force applied by
the sleeper on the soil is transformed into a pressure to be applied on the specific soil rigid
surface. An illustration of this methodology is presented in Fig. 4.

In the X-T case, the inputs of the vehicle subsystem also called EASYDYN inputs o
are given in Eq. (3a). These inputs correspond to the vectors of displacements Tf; and

velocities Tl)z of the rigid surfaces created on the soil. The inputs of the soil, also called
ABAQUS inputs W b, given in Eq. (3b), are the forces _f)ﬁ /¢ applied by the sleepers through

the ballast on the soil in the coupling region:

ch

Upp=|>¢|. (3a)
a;
—_

Wap= 1, (3b)

The computation of the forces _f> ¢/s developed by the ballast is detailed in Eq. (4) for the
upper subsystem. It can be seen that it is split into three different regions: the start, coupling,
and end regions denoted by s, ¢, and e, respectively. As depicted in Fig. 2, the soil in the
start and end regions is supposed to be perfectly rigid in such a way that the displacements
and velocities are null:

—
fs

— 8 - _9 — —(>)

fos=y o=k lds—ydep |~ ds—as ] )
e 0 0
fg/s

In the vehicle—track—soil model implemented with the X—X type, the vehicle subsystem
still receives, for sleeper i, the displacement g, ; and velocity gg ; of the rigid surface i. The
soil subsystem, however, receives the displacement g ; and velocity g; ; of the correspond-
ing sleeper i. In this case, the ballast is explicitly implemented in both subsystems in such a
way that the developed force is computed independently in both subsystems. This violates
the action—reaction principle, but this violation decreases with the macrotimestep reduction.
Figure 5 shows a representation of the X—X methodology.

In the X-X type of co-simulation, the inputs of the upper subsystem W Ep, summarized

in Eq. (5a), are still the displacements Tf; and velocities q; of the ground surfaces in
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Fig.5 Focus on coupling
element i of the X—X coupling
type used in the
vehicle—track—soil modeling with
a split at the ballast level

the coupling region. The inputs of the lower subsystem W b, given in Eq. (5b), are the
displacements ¢ { and velocities ¢ ¢ of the sleepers in the coupling region:

TI)C

Uep=| ¢, (5a)
a;
Tl)c

W= |:—.>i:| : (5b)
qg

4 Implemented co-simulation strategy

Even though the co-simulation strategy was largely developed in [27], a major improvement
is presented in this paper, namely an implementation of the X—X co-simulation type be-
tween EASYDYN and ABAQUS. The main aim of this paper is then to present and study the
application of both X-T and X—X types to a co-simulated vehicle/track/soil modeling ded-
icated to ground-borne vibration assessment. Figure 6 illustrates the co-simulation strategy
implemented to allow Jacobi and Gauf3—Seidel schemes with X-T and X-X types between
EASYDYN and ABAQUS. This remains a single-rate co-simulation method with a common
macrotimestep, each subsystem having its own adaptive microtimestep.

Regarding the actual communication between both software packages, no specific FMI
protocol [36] is used. Instead, an in-house TCP/IP based methodology is preferred for the
sake of simplicity in the implementation. The details of the different steps presented in
Fig. 6, given in [27], are briefly summarized below:

— Step 0 (executed once). The model is loaded in ABAQUS and the user-defined subroutines
are linked. Meanwhile, the model is loaded in EASYDYN and the static equilibrium of
the vehicle subsystem is performed while considering that the soil is fixed in the coupling
region as well.

— Step 1 (repeated). Both subsystems exchange their data also called coupling variables
above. The TCP/IP communication is highlighted and both Jacobi Tl)i\b and GauB3—Seidel

—)GS . o« L .
u 3 inputs are distinguished.
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Fig.6 Workflow steps for ABAQUS (Ab) and EASYDYN (ED) interaction during co-simulation for both X-T
and X-X coupling type. Plain (—), dashed (- - -), and dotted (------ ) arrows depict common, Jacobi (J),

and GauB-Seidel (GS) workflows, respectively. Figure adapted from [27]

— Step 2 (repeated). The loads are defined by taking into account the coupling variables

previously exchanged.
— Step 3 (repeated). Both subsystems are time-integrated using their respective solvers.
The actual contribution of the model presented in this paper relies in Step 1 of the co-
simulation workflow depicted in Fig. 6. To be more specific, the call of the UDISP user-
subroutine [37] provides a way to impose the displacements and velocities of the “uncon-
nected” nodes of the ballast elements modeled in the soil subsystem. In this case, these
“unconnected” nodes represents the sleepers motion in the soil subsystem. The call of the

UAMP user-subroutine is, however, mandatory since:

— it contains the TCP/IP client that communicates with the server started by the co-
simulation master implemented in EASYDYN and
— it defines ABAQUS “Amplitudes”.

These “Amplitudes” are stored in a memory shared by the whole ABAQUS program. This
way, these amplitudes can be linked to the definition of the forces applied on the rigid sur-
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Table 1 Parameters defining the upper subsystem

Component Parameter Symbol Value Unit
Wheelset Mass my 10 T
Speed Vo 300 km/h
Contact Hertz contact stiffness kuy, 92.86 GN/m
Rail Section Ay 63.8 cm?
Geometrical moment of inertia I 1987.8 cm?
Young’s modulus E;, 210 GPa
Density or 7800 kg/m3
Number of rail elements per sleeper Ny /s 2 -
Railpads Stiffness kp 180 MN/m
Damping dp 28 kNs/m
Sleeper Number of sleepers in start zone s, start 10 -
Number of sleepers in coupling zone ng,CS 81 -
Number of sleepers in end zone N end 10 -
Mass mg 90.84 kg
Spacing Lg 0.6 m

Table 2 Parameters defining the coupling element

Component Parameter Symbol Value Unit
Ballast Stiffness kp 25.5 MN/m
Damping dp 40 kNs/m

faces created on the ground in the X-T case. In the X—X case, the UDISP subroutine is
called after the UAMP in such a way that the kinematic quantities, stored in the amplitudes
shared memory, can be used to impose the motion of the ballast “unconnected” nodes.

5 Ballast forces and soil motion

The model and its improvement being defined, it is now relevant to show and analyze the
results obtained. Since the final aim of the model is to assess ground-borne vibrations, a
specific attention is paid to the soil motion. First, an investigation of the motion of the soil at
the level of the track, and so at the level of the coupling, is proposed. The motion of the soil
observed along a direction perpendicular to the track will be treated further in this paper. For
the sake of comparison, the parameters defining the model remain identical to the previously
published X-T model [27]. These parameters, originally coming from Kouroussis et al. [38],
are reminded in Tables 1, 2, and 3.

Further in the paper, a velocity-based indicator called the Peak Particle Velocity is used
to quantify the ground-borne vibrations. Therefore, Fig. 7 depicts the time history of the
velocities g, mia Of the soil surface (center point) under the mid-track sleeper for both X-T
and X-X co-simulation types (columns) and for the three soil flexibilities (rows) specified
in Table 3. Since it was already observed that decreasing the macrotimestep leads to a con-
vergence of the results [27], the reference to compare the results with is the GauB3—Seidel
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Table 3 Parameters defining the lower subsystem

Component Parameter Symbol Value Unit

Soil Young’s modulus (soft soil) E 10 MPa
Young’s modulus (medium soil) E 155 MPa
Young’s modulus (hard soil) E 750 MPa
Poisson’s coefficient v 0.25 -
Viscous damping B 0.0004 S
Density P 1540 kg/m3

scheme with an X-T type and a macrotimestep of 10™* s. The compared results are, how-
ever, obtained using a macrotimestep of 1073 s, each subsystem having its own adaptive
microtimestep. This macrotimestep was specifically chosen because it is the largest admis-
sible to accurately model the considered frequency range. The macrotimestep is therefore
manually adaptable while the microtimesteps of each subsystem are not directly control-
lable since they are tuned by specific adaptive numerical methods. Briefly, EASYDYN uses a
Newmark-% implicit numerical scheme (trapezoidal rule) that does not introduce any damp-
ing in the results. In this case, the microtimestep is automatically adapted to reach a conver-
gence of the results. In ABAQUS, the Hilber—Hugues—Taylor (HHT-«) method is used with
the standard parameters of the program. Moreover, the microtimestep is in this case set by
the internal timestep manager of ABAQUS.

Generally speaking, the difference between the results, and hence the effect of co-
simulation, decreases with an increase of the Young’s modulus of the soil. The stiffer the
soil, the closer the results. A major difference can be spotted in Figs. 7a and 7b between
X-T and X-X types. Indeed, for softer soils, where co-simulation effects significantly ap-
pear, it is observed that the results obtained using an X—X type with the Jacobi scheme are
stable while they are not with an X-T type. It also appears that the X—X type provides more
damped results than the X—T one. This overdamping phenomenon seems also amplified by
the Jacobi scheme and might be due to the presence of the damping element in both subsys-
tems.

Figure 8 shows the time history of the force applied f;/¢ mia by the mid-track sleeper
on the soil. To obtain these results, a Gaul—Seidel co-simulation scheme is chosen with a
macrotimestep of 1073 s, mainly for its stability. In the X-T type, there is only one force
represented in the graphs since it is the exchange variable that is used as input for the lower
subsystem. In the X—X type, two values of the forces exerted through the ballast are com-
puted due to the explicit definition of the coupling element in both subsystems. The differ-
ence between both computation of the forces is easily spotted in Figs. 8a and 8b for soft soil
cases as well. As for sleeper velocities, this difference decreases with an increase of the soil
rigidity. The stiffer the soil, the closer the forces.

6 Vehicle motion

Regarding the vehicle motion, the time history of the vertical displacement g, of the vehi-
cle is presented in Fig. 9. Both X-T (left) and X—X (right) co-simulation types are shown
with both Jacobi and GauB3—Seidel schemes. Two different macrotimesteps are used, namely
1.107* and 1.1073 5. Since the soft soil case appeared to be the most perturbed by co-
simulation techniques, the medium and hard soil cases are avoided for the sake of clarity.
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Fig. 7 Time history of the velocities gg mig of the soil surface (center point) under the mid-track sleeper.
Results for both X-T and X-X coupling types and both Jacobi (J) and GauB-Seidel (GS) approaches. The
dotted (- -4~ -) curves are the GS-1.10~4 X-T reference.
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Fig.8 Time history of the force applied fj /g mig by the mid-track sleeper on the soil. Results for both X-T

and X-X coupling types with Gau—Seidel (GS) approaches. The dotted (- -4- -) curves are the GS-1.10~%
X-T reference.
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Fig.9 Time history of the vehicle vertical displacement g, for both X—T and X-X types. For the soft soil case
only, GauB—Seidel (GS) and Jacobi (J) schemes are represented with macrotimesteps of 1074 and 1.1073 s

Jacobi, used with a macrotimestep of 1.1073 s and an X-T type, exhibited an unstable
behavior at the level of the soil in Fig. 7a. In Fig. 9a, it can be pointed out that this unstable
behavior does not appear as clearly from the point of view of the vehicle subsystem. This
simulation remains, however, unstable.

The results obtained using a macrotimestep of 1.107 s appear to converge to a unique
solution. This convergence turns out to be faster in the X-T case. This might be justified
by the lack of accuracy created by the repetition of the coupling element in the XX case,
which leads to a violation of the action-reaction principle. Therefore, the GS/X-T-1.10*
case is usually kept as a reference to compare with the other results.

Moreover, while comparing for both X-T and X-X types the results obtained with 1.10~*
and 1.1073 s macrotimesteps, it appears that the X-T case is more accurate while the X-X
case provides more stability.

7 Ground-borne vibration assessment

The principal aim of this model being to assess ground-borne vibrations, it is interesting to
examine the Peak Particle Velocity [39] abbreviated by PPV. This indicator consists of the
peak instantaneous velocity of the signal as given in Eq. (6a) where v; denotes the projection
of the velocity on direction i. In the case of the present model, the vertical velocity v,
remains predominant and the PPV can be computed as in Eq. (6b):

PPV, = max (‘ Jv2 4+ v§ + vf) , (6a)

PPV = max ([[v:|]) - (6b)
Figure 10 provides the PPV with respect to the distance from track for the soft soil case

with an X-T type. GauB—Seidel and Jacobi approaches are represented with 1.10™* and
1.1073 s macrotimesteps. By plotting the PPV, the instability of Jacobi, X-T witha 1.1073 s
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Fig. 10 Peak Particle Velocity with respect to the distance from track for soft soil case with an X-T type.
GauB-Seidel (GS) and Jacobi (J) schemes are represented with macrotimesteps of 1074 and 1.1073 s

macrotimestep, is immediately spotted. Except for this Fig. 10, the results are not explicitly
represented in the rest of the paper for the sake of clarity. It can be seen that unrealistic values
are obtained near the track but more realistic values are still obtained further for Jacobi, X-T
with a 1.107% s macrotimestep. This is due to the fact that the total simulation time is not
large enough, in this case, to let the instability propagate through the soil surface.

Figure 10b exhibits the proximity of the results obtained using both Jacobi and Gaul3—
Seidel approaches with a macrotimestep of 1.10™* s. Once again, it is shown that decreasing
the macrotimestep leads to a convergence in the solutions. Moreover, it appears that, while
GauB-Seidel with a macrotimestep of 1.10~3 s provides comparable (slightly overestimated)
results but for a computational burden reduced by a factor of approximately 10.

The comparison of the PPV obtained for X-T and X-X cases is provided in Fig. 11.
Both GauB-Seidel and Jacobi are used with a macrotimestep of 1.107% s and the results
are compared with the Gau—Seidel approach with an X-T type and a macrotimestep of
1.10*s.

It is immediately noticed that, while Jacobi is unstable in the X-T case, it is stable in
the X—X one. The results obtained using the X—X type are, however, significantly underesti-
mated by the Jacobi approach. Moreover, looking at the Gaufi—Seidel results, the difference
between the X—X type and the reference is slightly larger than the difference between the
X-T type and the reference. The tendency observed for the ballast forces and soil motion
in Sect. 5 remains appropriate: if the X—X type stabilize the simulation, the results obtained
exhibits a more damped behavior.

8 Conclusions

A specific attention must be paid on the choice of the coupling type when building a co-
simulated vehicle—track—soil model. Indeed, both displacement/displacement (X—X) and
displacement/force (X-T) coupling types have their specific effect on the results obtained.
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Fig. 11 Peak Particle Velocity with respect to the distance from track for soft soil case. Gaui—Seidel (GS)
and Jacobi (J) schemes are represented with macrotimestep of 1.1073 5. A cross (x) in the legend depicts
unstable results

After describing the general construction of the model, this paper presented a possi-
ble way to implement co-simulation between an in-house multibody dedicated software
and a commercial finite element analysis software using either X-T or X—X type. This co-
simulation, being noniterative and zeroth-order hold, included the management of Jacobi
and GaufB3—Seidel approaches.

The velocity of the soil point located below the mid-track sleeper was observed, as well
as the force exerted on this specific point through the ballast element. It appeared that using
a displacement/displacement type provides a stabilizing effect since Jacobi was stable in
this case but not in the displacement/force type while keeping the same macrotimestep. This
instability of the Jacobi approach also appeared to be still present but less significant in the
displacement of the vehicle. However, computing the PPV gave an undeniable indicator of
instability. Besides, the displacement/displacement type of coupling exhibited a certain lack
of accuracy, especially in the time history of the vehicle displacement and in the PPV. In
any case, reducing the macrotimestep leads to a convergence of the results but at the price
of a larger computational burden. This computational burden was not explicitly described
in the paper since it does not differ from the simulation times obtained for the X-T type
[27]. This is mainly due to the large asymmetry in terms of degrees of freedom between the
upper and the lower subsystem (approximately a ratio of 1000 in-between). Indeed, the time
integration of the soil subsystem remains predominant in the total simulation time.

Regarding ground-borne vibration assessment, the Gaufi—Seidel approach used with the
displacement/force type provided results considerably close to the same simulation executed
with a macrotimestep 10 times smaller. For the vehicle-track—soil model, iterations over the
macrotimesteps and extrapolation of the coupling variables remains solid perspectives to
improve the accuracy of the results and the simulation stability for a larger macrotimestep.
Moreover, several changes could be taken into account in order to improve the ability of the
proposed model regarding vibration assessment. Mainly, a more comprehensive model of
the vehicle including lateral motion or even curved trajectories would enrich the obtained
results. This would, however, require to switch from a two- to a three-dimensional modeling
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of the vehicle subsystem with a more accurate description of the wheel/rail contact as well
as a more accurate modeling of the rail, sleepers, railpads, and also ballast.
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