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ABSTRACT ARTICLE HISTORY
This paper proposes a three-layered co-running track model for pre- Received 19 February 2021
dicting and analysing the dynamic behaviour of railway turnouts Revised 21 July 2021
during the passage of trains. It is a multi-body dynamic model with ~ Accepted 2 September 2021
space-dependent track parameters. The method is demonstrated KEYWORDS

by applying a UIC60-760-1:15 turnout (with curve radius 760 m Turnout; finite element (FE);

and turnout angle 1:15). Equivalent track properties are introduced, multi-body simulation (MBS);
based on the turnout track flexibility, and the rail receptance and track flexibility; rail
impact force results are compared with the results from a finite ele- receptance; co-running track

ment (FE) model. The validation results show a good agreement with
those of the FE model, but with far less computational expense in
terms of power and time. The new model is found to capture the
dominant dynamic behaviour of the turnout across all frequencies up
to 2000 Hz. The results have drawn that consideration of higher fre-
quencies is important due to the nature of dynamic forces affecting
the crossing region and high-speed cases.

1. Introduction

Turnouts, which are also called switches and crossings (S&Cs), are among the most
problematic assets in the railway system. They generally result in high maintenance and
replacement costs due to poor system performance. Therefore, there is a need for engi-
neers to understand the mechanical behaviour of turnouts, during the passage of trains to
investigate potential improvements to the existing systems; numerical simulation has been
widely used for this purpose.

To capture the complete system performance, it is important to consider the vehi-
cle/turnout interaction dynamics. Multi-body simulation (MBS) has been widely used for
modelling vehicle/track interaction dynamics and for vehicle/turnout dynamics [1]. A co-
running track approach is used for the MBS model, which places a simplified multi-body
track model under the wheelset which moves with the vehicle (with the same velocity).
The track model, usually with only a few degrees of freedoms (dofs), represents the track
components, such as the rail and sleepers. Alternative approaches use finite element (FE)
models, which provide a complete track model that is able to capture the actual track flexi-
bility, which is important for modelling vehicle/track interaction dynamics [2,3], especially
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for capturing results at higher frequencies [4]. However, simulation time for such FE mod-
els is far greater than that for MBS models [2], due to their computational complexity;
hence, often they are inefficient to use.

Some authors extend the use of a MBS’ numerical approach to capture the track flex-
ibility, and different types of MBS track model have been presented and discussed in [5].
The track parameters for MBS co-running track model can be calibrated through the rail
receptance measurement [6,7], or can be tuned by fitting the rail receptance results from
the FE model [8], or can be simply calculated based on an infinite beam on elastic founda-
tions [4,9]. The track flexibility for a turnout is even more difficult to estimate than that for
the plain track. The rail cross-sections and sleeper lengths change along the turnout and
consequently change the structural dynamic characteristics. Consequently, the MBS co-
running track parameters for the whole turnout, based on calibration at only one location,
are not sufficiently accurate [6]. Although space-dependent parameters of a co-running
track model were used to consider the complete turnout flexibility by [7,8], the results are
only valid up to 200 Hz.

The aim of the study is to propose a strategy to derive equivalent track properties for a
co-running MBS track model inspired by [4,9], which can capture the dynamic behaviour
of the whole flexible turnout up to 2000 Hz. It is important to consider higher frequency for
vehicle/turnout interaction modelling because significant impacts, which cause rail dam-
age, occur at higher frequency range and this frequency tends to increase when the train
speed increases.

The flexible turnout model, from which the parameters of MBS models are derived, is
explained in section 2. Results from two MBS models, which contain two and three lay-
ers, are compared in this paper. The layout of the two-layered MBS model is the same as
proposed in [1]. The first (bottom most) layer of the co-running track model contains the
equivalent properties of the sleeper and the ballast. The second layer contains those of rails
and the rail pads. In the three-layered model, the third layer does not represent any physi-
cal components, but rather a virtual spring-mass-damper system to better approximate the
higher frequency responses. These models, along with the method to calculate the param-
eters, are described in section 3. The rail receptance results from a high fidelity FE turnout
model is used for validating the results of the newly proposed method. Section 4 shows
the results from vehicle/track interaction with these co-running track models, comparing
them with the results of co-simulation of MBS vehicle and FE track structure model [2].

2. The 3-dimensional finite element model of the turnout

Figure 1(a) shows the schematic of the turnout, whose finite element model is described in
detail in [2]. The objective is to parameterise an MBS model based on this structural model.
Track static stiffness is calculated first to investigate the overall turnout characteristics. The
static stiffness at every sleeper location is calculated based on the rail receptance at 1 Hz
from the FE turnout model. The plots in Figure 1(b,c) show the vertical and lateral static
stiffnesses, respectively, along the turnout calculated from the FE model.

As shown in Figure 1(b), the vertical stiffness for the stock rail (outer rail) remains
the same throughout the turnout. The vertical stiffness for the switch rail at the toe is
lower than the stock rail but increases gradually (x < 44.29m). The rail pad stiffness of the
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Figure 1. (a) Schematic of the turnout; (b) static track stiffness of the turnout in vertical; (c) lateral
directions.

crossing nose (44.29m < x < 51.52m) is much higher, after which the stiffness decreases
(x > 51.52m).

The overall lateral stiffnesses are equal for all rails along the turnout, except check rails,
as shown in Figure 1(c). This is due to the fact that the check rails are typically mounted
on very stiff L-brackets in reality; therefore, much higher lateral rail pad stiffness is applied
for the check rails. The lateral stiffness values increase gradually from the switch toe till
the end of the turnout, as shown in Figure 1(c). Around 25% difference is found between
the values at the beginning and end of the turnout for all rails. Some discontinuous points
can be found near the crossing region, highlighted as red circles in Figure 1(a). This is due
to the constraint elements used between the two rail elements in the FE model. Significant
spring stiffness is applied to connect the two rails at the crossing region. Table 1 shows the
summary of the values of various elements in the finite element model for the UIC60-760-
1:15 turnout. Because the cross-section and thereby the mass of switch rail gradually builds
from switch toe onwards, some of its values monotonically increase.

3. The co-running multi-body track model

Figure 2 shows the two-layered co-running track model used in [1]. To better capture
the response at higher frequency, an extra dummy mass (1) is positioned above each
rail mass (m,; — m,4) on the two-layered model to build a three-layered co-running MBS
track model, as shown in Figure 3. Equivalent track properties for two-layered and three-
layered co-running track models are derived based on the corresponding values of flexible
turnout, as shown in Figure 1. The calculation of stiffness and damping properties are
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Table 1. Track properties for the whole FE turnout.

Parameter Stock Switch Crossing Check Units
Rail
Rail mass density, o, 7850 7850 7850 7850 kg/m?
Rail Young’s modulus, £, 207 x 10° 207 x 10° 207 x 10° 207 x10°  N/m?
Rail shear constant, « 0.4 0.4 0.4 0.4
Rail area, A 0.0076668 0.0056262-0.009353 0.023 0.0076668 m?
Rail second moment inertia in the 3.03x107° 523x1076-3.03x 107 9.09x 10> 3.03x10~°> m*
vertical direction, I,
Rail second moment inertia in the 513x107% 513x1076-745%x107® 511x107® 513x107% m*
transversal direction, I,
Sleeper
Sleeper mass density, ps 2400 2400 2400 2400 kg/m?3
Sleeper Young’s modulus, £ 37.5 x 10° 37.5 x 10° 375x10°  375x10°  N/m?
Sleeper area, As 0.054824 0.054824 0.054824 0.054824 m?
Sleeper second moment inertiain the 224 x 1076 224 x 1076 224x1076 224%x10°° m*
vertical direction, /s
Sleeper length, L; 2.5 25 4,06 4,06 m
Stiffness and damping
Vertical rail pad stiffness, ky, 120 x 10° 120 x 108 120x 106 120x10°  N/m
Vertical rail pad damping, ¢, 25 x 10° 25 x 10° 25 % 10° 25%10°  Ns/m
Lateral rail pad stiffness, kp,y 25 x 10° 25 x 10° 25x10% 120 10°  N/m
Lateral rail pad damping, ¢y 10 x 103 10 x 103 10 x 103 25x10°  Ns/m
Sleeper spacing, Ls 0.6 0.6 0.6 0.6 m
Ballast vertical stiffness per unitlength 20 x 10° 20 x 108 20 x 108 2010 N/m?
Sb,z
Ballast vertical damping per unit 200 x 103 200 x 103 200 x 103 200 x 103 Ns/m?
length dp,
Ballast lateral stiffness per unit length 10 x 100 10 x 108 10 x 108 10x 106 N/m?
Sby
Ballast lateral damping per unit length 100 x 103 100 x 10° 100 x 10> 100 x 10> Ns/m?
dpy
Opposite Switch Main
stock Rail rail stock rail
kft Ly Croy rtdy
crt Ly krt2 y krt 4y

S

krtl,z Crtl,z krtz,zcrtZ,z mt,Jt % krt3,z crtS,Z krt4,z crt4,z ctgs)'
Y tgy
== : =
ktg,z Cigz ktg 2 Clez

Figure 2. Two-layered co-running MBS track model [1].

shown in section 3.1 and the mass is shown in section 3.2. The two different track models
are validated against the whole FE turnout model using rail receptance in section 3.3.

3.1. Equivalent stiffness and damping values

3.1.1. Parameters in the vertical direction
To capture the track flexibility, effective lengths for the rail and the sleeper should be deter-
mined. The effective length is the wavelength of the system when a unit point load is
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Figure 4. Effective lengths for the rail and the sleeper.

applied, as shown in Figure 4. To calculate them, the rails and sleepers are considered
to be infinite and finite beams, respectively, on elastic foundation, as shown in Figure 4.
Equations (1) and (5) show the formula to calculate the effective lengths of rail and sleeper,
respectively. Their derivation, presented in the subsequent paragraphs, shows how these
lengths are calculated separately for the rails supported in middle and edge of the sleeper
by Equations (3), (4) respectively, and also the continuously varying support stiffness of
rail by Equations (10) and (15).

The effective length for each rail on the turnout can be calculated by the static track
stiffness (Ky) and the stiffness of an equivalent continuous support layer (k;), as given in
Equations (1) and (2), respectively [9].

Leff,r = Kst/ks (1)
kp,zkb,z

ks = ——————;
) Ls (kp,z + kb,z)

Kst = 2\/E(Erlr,z)1/4ks3/4 (2)
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Here k; » and kp; are the rail pad and ballast vertical stiffnesses, respectively, in the flexible
(FE) track model. L; is the sleeper spacing, and E, I, , is the bending stiffness of the rail.
In the FE model, the ballast vertical stiffness is defined as stiffness per unit length (s ;), as
shown in Table 1. Therefore, equivalent ky, , values are calculated from Equations (3) and
(4). An example of rails supported at the edges of the sleeper is the stock rails when a plain
track is considered. Their equivalent stiffness can be calculated by dividing the total ballast
stiffness by the total number of the supported rails, (i.e. for the plain track n = 2 and for
the crossing region n = 3).

Rail supported in the middle of sleeper (see Figure 4) : ky; = sp;Leg,s (3)
Rail supported in the edge of sleeper (see Figure 4):k;,, = sp,.L¢/n 4)

The effective length for sleeper Lyg  is calculated as

2
1/4
Sb,z>
Ly (41«:5@)
where Ly is the length of the sleeper and E;I is the vertical bending stiffness of the sleeper.
Equation (5) takes the sleeper static stiffness as the response of a finite beam on elastic
foundation into account. For rails supported in the middle of the sleeper, it is important to
consider this factor.

Finally, the values of stiffness and damping in the vertical direction for the three-layer
and two-layered co-running track models can be obtained from Equations (6-9).

Leﬁ,s = (5)

Rail pad vertical stiffness : kyyj; = kpLefsr/Ls  (j=1—4) (6)
Rail pad vertical damping : ¢/tj; = ¢pLegr/Ls  (j=1—4) (7)
Ballast vertical stiffness : kygjz = ki Ler/Ls (j=1—2) (8)
Ballast vertical damping : cgjz = cp Lefrr/Ls  (j=1—2) (9)

Different effective lengths for rail at different regions should be calculated for stock,
check, and crossing rail based on the parameters given in Table 1. The switch rail cannot
be considered as an infinite beam, as its cross-section changes along the turnout until about
22 m from the switch toe. Therefore, the vertical support stiffness of the switch rail is esti-
mated based on the parameters derived for the stock rail and multiplied with a factor A,.
This factor, as given in Equation (11), is the ratio of vertical support stiffness between the
switch rail and stock rail in the flexible turnout model. From the values of the FE turnout
model, the vertical stiffness of the switch rail is approximated by a quadratic equation, as
given in Equation (10).

Koy = —2.4 % 10°x* + 2.2 % 10%x + 4.2 % 107 (10)
Az = Ky /Kyt (11)
Here Kgis the stock rail continuous support stiffness, which is approximately 6.4 x 107
N/m based on Equation (2). Between 22 m from the switch toe until the crossing region,

the support stiffness of the switch rail is maintained as a constant value similar to the trend
shown in Figure 1(b) for the flexible model.
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To achieve a better approximation to the high-frequency behaviour of the track model, a
three-layered track model is developed, as mentioned earlier. For the extra layer, the mass,
stiffness (kojz) and damping (coj.) in the vertical direction should be determined. The
value of stiffness (kg;.), which is modelled in parallel to the damping, is considered to
be equal to that of the rail pad stiffnesses in the second layer. The dummy mass () is
given a value of 2.5 kg. According to [9], additional damping can be added to capture the
high-frequency response of the point mobility of an infinite Timoshenko beam [10]

Cojz = 24,3/04G,p,  j=1~4 (12)

where G, is the shear modulus of the rail when Poisson’s ratio of 0.3 is considered and p;
is the material density.

3.1.2. Parameters in the lateral direction

The lateral rail pad stiffness for the co-running track model can be calculated follow-
ing the same procedure introduced in Section 3.1.1 but with rail lateral bending stiffness
(E;Iry). However, the lateral equivalent ballast lateral stiffness is calculated by multiplying
the length of the sleeper with the ballast lateral stiffness per unit length from the FE model,
as shown in Equation (13).

kpy = spnLt (13)

where s, is the ballast lateral stiffness per unit length and L, is the length of the sleeper.
Only one lateral spring-dashpot is modelled on each sleeper for the co-running track
model, as shown in Figure 3, because the whole sleeper tends to move rigidly in the lateral
direction.

As shown in Figure 1(c), the lateral stiffness for all rails gradually increases along the
turnout, due to the increasing length of each sleeper, which consequently increases the
resistance between the sleeper and the foundation. This increasing stiftness is modelled
by a factor A, , as defined in Equation (15) similar to the factor defined in Equation (11)
for the vertical direction. This factor is the ratio of lateral stiffness of switch rail support
obtained from the FE turnout model to the lateral stiffness, as given by Equation (2) based
on the nominal sleeper length of 2.5 m. The equivalent lateral track parameters are cal-
culated from stock rail parameters by multiplying the factor A,. The increasing lateral
stiffness, found in the FE model, can be approximated as a linear equation varying with
respect to the distance from the switch toe, as defined in Equation (14) and the factor A,
determined from Equation (15).

Kg, = 1.1 %10°x + 2.9 % 107 (14)
Ay = Ko/ Kst (15)

Note here, the equivalent lateral ballast stiffness used in the MBS co-running track model
is the overall lateral stiffness for one sleeper, which would be twice the lateral stiffness
obtained from the FE turnout model. Furthermore, to obtain better agreement with the
response at lower frequencies, instead of using the same value as the rail pad lateral stiftness,
the parallel stiffness (ko;,) is 5 times higher than the lateral rail pad stiffness.
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3.2. Mass properties

The mass for different bodies in the co-running track can also be calculated by taking into
account the effective lengths, as shown from Equations (16)-(19).

Rail mass  m, = A;p,Leg,r/Ls (16)

Switch rail mass  m, = A;prLefrAz/Ls (17)

Sleeper mass  m; = AspsLiLeg,rAy/Ls (18)

Sleeper mass at the crossing  m; = AspsLef sLef,r/Ls (19)

The switch rail and sleeper builds up mass while travelling from switch toe towards
crossing. This is factored by the variables A, and A, in Equations (17) and (18), respec-
tively. The mass values for each component vary along the track. Furthermore, two different
mass values would be derived for each component in the vertical and lateral directions due
to different bending stiffnesses.

However, space-dependent mass variation and different mass distributions in two direc-
tions are not considered in the present work because the MBS software Simpack restricts
mass to be constant in both vertical and lateral directions during a simulation. Because of
this limitation, the simulation is divided into three zones, as shown in Figure 1, and the
masses are assumed constant based on the vertical bending stiffness within each zone. In a
future study, we could look into discretising the turnout into many more zones and calcu-
late the improvement in the results. Finally, the three-layered co-running track properties
for the whole turnout during three different simulation zones can be found in Table 2.

3.3. Validation by rail receptance

The parameters in Table 2 are used for the co-running MBS track model. Rail receptances
of the two- and three-layered models are compared with the results from the complete FE
turnout model, as shown in Figures 5 and 6 for the vertical and lateral directions, respec-
tively. Rail receptance results from the MBS track model along the whole turnout have been
compared with the results from the FE model. Only results at the most crucial locations,
where the load is transferring at the switch and crossing, are shown in Figures 5 and 6,
respectively.

Results from the two-layered MBS track model show a good agreement up to around
125Hz in both directions, for both switch and crossing rail, but there are significant dif-
ferences at higher frequencies. Although the three-layered MBS track model is not able to
capture the detail of the pin-pin resonance, it shows a far better agreement against to the
FE model up to 2000 Hz. Hence we consider that the three-layered MBS track model is a
better approximation of the complete finite element model of the turnout.

4. Vehicle/turnout interaction

The Manchester benchmark vehicle [11] is run over the track and its foundation is under
study. As mentioned in Figure 1, there are three simulation zones in the turnout. The first
zone starts before the switch toe and extends until the crossing region. The second zone
covers the crossing region, and the third covers a small portion of the plain track after that.



Table 2. Three-layer track properties for the present co-running track.

Parameter (and units)

Simulation-1 (x < 44.29m)

Simulation-2 (44.29 < x < 51.52m)

Simulation-3 (x > 51.52m)

Equivalent formula

Vertical properties
k01,z (N/m)
€01,z (Ns/m)
ko2,z (N/m)
€02,z (Ns/m)
ko3z (N/m)
€03,z (Ns/m)
koa,z (N/m)
C04,z (Ns/m)
krﬂ,z (N/m)
i1,z (Ns/m)
krt2,z (N/m)
Crtz;z (Ns/m)
krt3,z (N/m)
i3,z (Ns/m)
krt4,z (N/m)
Crta,z (Ns/m)
kig1,2 (N/m)
Ctg1,z (Ns/m)
kth,z (N/m)
Ctg2,z (Ns/m)
Lateral properties
km,y (N/m)
o1,y (Ns/m)
k02,y (N/m)
Co2,y (Ns/m)
ko3 (N/m)
Cozy (Ns/m)
koa,y (N/m)
Cos,y (Ns/m)
krﬂ,y (N/m)

369 x 10°
315 % 103
369 x 10° A,
315 x 103
369 x 10°
315 x 103
369 x 10°
315 103
369 x 10°
77 x 103
369 x 10° A,
77 x 103 A,
369 x 10°
77 x 103
369 x 10°
77 x 103
77 x 106 A,
77 x 10* A,
77 x 106
77 x 10*

280 x 108 A
315x 103
280 x 108 Ay
315x 103
280 x 105 A,
315x 103
280 x 10% Ay
315x 103
56 x 108 A

369 x 10°
315 x 103

448 x 10°-453 x 10°
946 x 103
369 x 10°
315 x 103
369 x 10°
315 x 103
369 x 10°
77 x 103

448 x 10°-453 x 10°
94 x 103
369 x 10°
77 x 103
369 x 10°
77 x 103

93 x 106-134 x 10°

93 x 10*-134 x 10*
77 x 108
77 x 10*

280 x 106 A
315 x 103
265 x 10°
946 x 103
1075 x 10°
315 x 103

280 x 100 Ay
315 x 103
56 x 105 Ay

369 x 10°
315 103
448 x 10°
315 x 103
369 x 10°
315 % 103
369 x 10°
315 x 103
369 x 10°
77 x 103
448 x 10°
93 x 103
369 x 10°
77 x 103
369 x 10°
77 x 103
93 x 10°
93 x 10*
77 x 106
77 x 104

280 x 108 A
315x 103
280 x 108 Ay
315x 103
280 x 105 A,
315x 103
280 x 10% Ay
315x 103
56 x 108 Ay

Same as kt1,2

Equation (12)

Same as k22

Equation (12)

Same as ki3 2

Equation (12)

Same as kriaz

Equation (12)

Equation (6) with £/, ,

Equation (7) with £,/ ,
Equations (6) and (11) with £,/ ,
Equations (7) and (11) with E//,,
Equation (6) with £/, ,

Equation (7) with £,/ ,

Equation (6) with £,/ ;

Equation (7) with £/, ,
Equations (8) and (11) with E//,
Equations (9) and (11) with £/, ,
Equation (8) with £/, ,

Equation (9) with £,/ ,

5krt‘l,y

Equation (12)

Skrtz,y

Equation (12)

5krt3,y

Equation (12)

5krt4,y

Equation (12)

Equations (15) and (6), with £y,

(continued)
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Table 2. Continued.

Parameter (and units) Simulation-1 (x < 44.29m) Simulation-2 (44.29 < x < 51.52m) Simulation-3 (x > 51.52m) Equivalent formula
Criry (Ns/m) 22x10% Ay 22x10° Ay 22x 10 Ay Equations (15) and (7), with £,
krtzy (N/m) 56 x 106 Ay 53 x 106 56 x 105 A Equations (15) and (6), with £/,
Crizy (Ns/m) 22x 103 Ay 21 x 10 22x 103 Ay Equations (15) and (7), with E;,,,
krizy (N/m) 215 x 106 215 x 108 215 x 108 Equations (15) and (6), with £/,
Crizy (Ns/m) 45 x 103 45 x 10° 45 x 10° Equations (15) and (7), with £/,
Krtay (N/m) 56 x 106 Ay 56 x 106 Ay 56 x 10 A Equations (15) and (6), with £/,
Criay (Ns/m) 22x 103 Ay 22x 103 Ay 22x 103 Ay Equations (15) and (7), with £/,
kigy (N/m) 56 x 108 Ay 86 x 106 56 x 108 Ay Equations (15) and (8), with £,
Ctgyy (Ns/m) 56 x 10* A, 86 x 10* 56 x 104 Ay Equations (15) and (9), with £/,
Masses

mo (kg) 25 25 25

m (kg) 500 881 500 Equation (18) or Equation (19) with £/, ,
mn (kg) 1m 111 111 Equation (16) with £/,

my, (kg) 111 409 111 Equation (16) with £/,

my3 (kg) 111 111 111 Equation (16) with £/,

mya (kg) 1m 111 111 Equation (16) with £/,

Jy (kgm?) 265 1213 265 me(Le+ h?)/12
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Receptance spectrum, m/N
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Figure 5. Vertical rail receptance at the crossing panel; (a) switch rail; (b) crossing rail.
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Figure 6. Lateral rail receptance at the crossing panel; (a) switch rail; (b) crossing rail.

Table 3. Location of different simulation zones and active rail bodies.

Simulation zone Zone 1 Zone 2 Zone 3
[Start, End] in metres with reference to switch toe position [—5,44.29] [44.29, 51] [51, 60]
Active rail bodies mr1 (stock), mr1 (stock), mr1 (stock),
mr2 (switch), mr2 (crossing), mr3 mr4 (stock)
mr4 (stock) (check),
mr4 (stock)

4.1. Vehicle/turnout interaction model

The multi-body simulation executed in Simpack is a co-running track model. The mass
of the rail body is kept constant within each of the three simulation regions, as mentioned
previously. The stiffnesses and damping properties of the different force elements are con-
tinuously varied as a function of the rail position in the running direction. Hence due to
the limitations of the co-running set-up, the masses are only piecewise continuous in the
turnout, whereas stiffness and damping values are continuously variable. Table 3 shows
the three different simulation zones and those rail bodies as shown in Figure 3 which are
activated within each zone.
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Figure 7. Comparing vertical contact forces at switch and crossing nose in through route.

The used software considers multiple contact patches between each wheel of the vehicle
and the rail. To avoid singularity issues when the wheel jumps between different contact
points, the software calculates the contact normal forces by means of an elastic approach,
using parallel spring/damper elements. The spring force uses the penalty, or penetration
method, which allows a realistic simulation of wheel lift and regain of contact.

4.2. Numerical results

The contact forces between the rail and the right wheel of the front most axle in the train are
given in Figures 7 and 8. One of the signals in these figures is from [2], where the FE turnout
model is coupled with the MBS vehicle model as a co-simulation analysis. Experimental
data are not available for this vehicle-track interaction, hence the co-simulation is consid-
ered as the benchmark here as it directly employs the flexible turnout model, from which
the parameters of the MBS model are derived. The vertical and lateral forces are presented
as the vehicle passes through the switch rail and crossing nose. As seen from these forces,
the two-layer equivalent MBS model oscillates more because of non-consideration of the
appropriate rail damping in the track system. This is overcome by the three-layer MBS
model, which also represents the FE model better in a wider frequency range, as shown in
Figures 5 and 6. The results indicate that the equivalent MBS model could reproduce the
same signals as the co-simulation.

As can be seen in Figures 7 and 8, all three models agr