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computed in a stationary frame of reference (black line) and a moving frame of reference for
speeds of 50 km/h, 150 km/h and 300 km/h (dark to light grey lines). . . . . . . .. .. ...

Vibration velocity level difference AL, (x;) due to the computation of the track compliance in
a stationary instead of moving frame of reference. Results are shown for the IC train running
at (a-c) 50 km/h, (d-f) 150 km/h and (g-i) 300 km/h on the ballasted track supported by soft
(light grey line), medium (dark grey line) and stiff (black line) soil. Receivers are located at
(a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32m fromthetrack. . . . . . . .. ... ... ... ...

Vibration velocity level difference AL, (x;) due to the low-speed approximation. Results
are shown for the IC train running at (a-¢) 50 km/h, (d-f) 150 km/h and (g-i) 300 km/h on the
ballasted track supported by soft (light grey line), medium (dark grey line) and stiff (black
line) soil. Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track. .
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Vibration velocity level difference AL, (x;) due to the assumption of incoherent instead
of coherent axle loads. Results are shown for the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by soft (light grey line), medium
(dark grey line) and stiff (black line) soil. Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m
and (c,fi)32mfromthetrack. . . . . .. . . . . .. .. .. ... [

Free field vibration velocity level Ly(x;) for the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by soft soil. Receivers are
located at (a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed
with TRAFFIC for a moving train (black line) and using a low-speed approximation where
the track compliance is computed in the stationary frame of reference assuming incoherent
axleloads (grey line). . . . . . . .

Free field vibration velocity level Ly(x;) for the IC train running at (a-c) 50km/h, (d-f)
150km/h and (g-i) 300 km/h on the ballasted track supported by medium soil. Receivers
are located at (a,d,g) 8 m, (b,e,h) 16 m and (c.f,i) 32 m from the track. Results are computed
with TRAFFIC for a moving train (black line) and using a low-speed approximation where
the track compliance is computed in the stationary frame of reference assuming incoherent
axle loads (grey line). . . . . . . . e

Free field vibration velocity level Ly(x;) for the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by stiff soil. Receivers are
located at (a,d,g) 8 m, (b,e,h) 16 m and (c.f,i) 32 m from the track. Results are computed
with TRAFFIC for a moving train (black line) and using a low-speed approximation where
the track compliance is computed in the stationary frame of reference assuming incoherent
axle loads (grey line). . . . . . . L [74]

Vibration velocity level difference AL, (x;) between predictions with the full (moving loads)
and simplified model. Resuls are shown for the IC train running at (a-c) 50km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by soft (light grey line), medium
(dark grey line) and stiff (black line) soil. Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m
and (cfii)32mfromthetrack. . . . ... .. . . ... ... .

Vertical soil mobility iw/ks..(k,,w) as a function of the dimensionless wavenumber %, at
(a) 1Hz, (b) 10Hz and (c) 100 Hz. Results are computed for the soft, medium and stiff soil
(light grey to black lines) and for track widths equal to 3 m (solid line), 3.4 m (dashed line)
and 3.6m (dotted line). . . . . . . .. L 79

Vertical track-soil transfer mobility ﬁszz(az, k,,w) as a function of the dimensionless wavenum-
ber Ey at (a) 1 Hz, (b) 10Hz and (c) 100 Hz for a receiver at 8 m from the centre of the track-
soil interface. Results are computed for the soft, medium and stiff soil (light grey to black
lines) and for track widths equal to 3 m (solid line), 3.4 m (dashed line) and 3.6 m (dotted line).

Vertical track-soil transfer mobility Bszz(x, ky, w) as a function of the dimensionless wavenum-
ber Ey at (a) 1 Hz, (b) 10 Hz and (c) 100 Hz for a receiver at 16 m from the centre of the track-
soil interface. Results are computed for the soft, medium and stiff soil (light grey to black
lines) and for track widths equal to 3 m (solid line), 3.4 m (dashed line) and 3.6 m (dotted line). [80]
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Verti_cal track-soil transfer mobility ﬁszz(az, k,,w) as a function of the dimensionless wavenum-
ber k, at (a) 1 Hz, (b) 10 Hz and (c) 100 Hz for a receiver at 32 m from the centre of the track-
soil interface. Results are computed for the soft, medium and stiff soil (light grey to black
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lines) and for track widths equal to 3 m (solid line), 3.4 m (dashed line) and 3.6 m (dotted line).

Line source transfer mobility TMp, (X, x1) of the ballasted track supported by soft, medium
and stiff soil (light to dark lines) for receivers at (a) 8 m, (b) 16 m and (c) 32 m from the track.
Results are computed with TRAFFIC (grey lines) and the prototype vibration prediction tool
(blue lines). . . . . . e

Vibration velocity level L, (x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and
(g-i) 300 km/h on the ballasted track supported by soft, medium and stiff soil (light to dark
lines). Receivers are located at (a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32m from the track.
Results are computed with TRAFFIC (grey lines) and the prototype vibration prediction tool
(blue lines). . . . . . . e

Vibration velocity level Ly (x;) for the IC train running at 50 km/h, 150 km/h and 300 km/h
(light to dark lines) on the ballasted track supported by (a-c) soft, (d-f) medium and (g-i)
stiff soil. Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track.
Results are computed with TRAFFIC (grey lines) and the prototype vibration prediction tool
(blue lines). . . . . . e

Force density Lr(X,x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and (g-i)
300 km/h on the ballasted track supported by soft, medium and stiff soil (light to dark lines).
Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are
computed with TRAFFIC (grey lines) and the prototype vibration prediction tool (blue lines).

Force density Ly(X,x1) for the IC train running at 50 km/h, 150 km/h and 300 km/h (light
to dark lines) on the ballasted track supported by (a-c) soft, (d-f) medium and (g-i) stiff sail.
Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are
computed with TRAFFIC (grey lines) and the prototype vibration prediction tool (blue lines).

Line source transfer mobility TMp, (X, x;) of the slab track supported by soft, medium and
stiff soil (light to dark lines) for receivers at (a) 8m, (b) 16 m and (c) 32m from the track.
Results are computed with TRAFFIC (grey lines) and the SILVARSTAR prototype vibration
prediction tool (blue lines). . . . . . . . . . . e

Vibration velocity level Ly (x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and
(g-i) 300 km/h on the slab track supported by soft, medium and stiff soil (light to dark lines).
Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are
computed with TRAFFIC (grey lines) and the prototype vibration prediction tool (blue lines).

Vibration velocity level Ly (x;) for the IC train running at 50 km/h, 150 km/h and 300 km/h
(light to dark lines) on the slab track supported by (a-c) soft, (d-f) medium and (g-i) stiff soil.
Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are
computed with TRAFFIC (grey lines) and the prototype vibration prediction tool (blue lines).

Force density Ly (X, x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and (g-i)
300km/h on the slab track supported by soft, medium and stiff soil (light to dark lines).
Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are
computed with TRAFFIC (grey lines) and the prototype vibration prediction tool (blue lines).
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Force density Lyr(X,x;) for the IC train running at 50 km/h, 150 km/h and 300 km/h (light
to dark lines) on the slab track supported by (a-c) soft, (d-f) medium and (g-i) stiff soil.
Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are
computed with TRAFFIC (grey lines) and the prototype vibration prediction tool (blue lines).

(a) Satellite view of the measurement site in Lincent. (b) Plan of the measurement site. The
two boxes correspond to the location of the receivers and the SCPT, SASW and SR tests

(figure[B0). . . . . . . . o

Cross-section of the measurement siteinLincent. . . . . . . . . .. . ... ... ......
Location of the SCPT, SASW and SR tests at the siteinLincent. . . . . . .. ... ... ..

Line source transfer mobility TMp, (X, x;) for receivers at (a) 12m, (b) 32m and (c) 64m
from the track at Lincent. Results are computed with TRAFFIC for source points at both rails
(black line) and at the sleeper edge (grey line). . . . . . . . . .. .. .. ...

Difference ATMp,(X, x;) for the line source transfer mobility computed with source points
at both rails and at the sleeper edge for receivers at (a) 12m, (b) 32m, and (c) 64 m from
thetrack atLincent. . . . . . . . . ..

Line source transfer mobility TMp, (X, x1) for receivers at (a) 12m, (b) 32m, and (c) 64m
from the track at Lincent. Experimental data are shown for source points at the sleeper
edge (black line). The experimental data are corrected to account for the position of the
source points (grey line) and are compared to results obtained with the prototype vibration
prediction tool (blue line). . . . . . . . . .

Vibration velocity level L (x) for receivers at (a) 12m, (b) 32 m, and (c) 64 m from the track
at Lincent. A total of 26 passages of the IC-A train in a speed range between 178 km/ and
218 km/h were measured (light grey lines), from which the average vibration velocity level
(black line) is computed. A single passage (dark grey line) and the vibration velocity level

99

99

[100]

predicted with the prototype tool (blue line) for the IC train running at 198 km/h are also shown[107]

Vibration velocity level L (x;) for receivers at (a) 12m, (b) 32 m, and (c) 64 m from the track
at Lincent. A total of 5 passages of the Thalys train in a speed range between 272 km/
and 312km/h were measured (light grey lines), from which the average vibration velocity
level (black line) is computed. A single passage (dark grey line) and the vibration velocity
level predicted with the prototype tool (blue line) and TRAFFIC (red line) for the Thalys train
running at 292km/h are alsoshown. . . . . . . . . .. ... Lo

Force density Lr(X,x;) for receivers at (a) 12m, (b) 32m, and (c) 64 m from the track at
Lincent. Results are computed with the prototype tool for the passage of the IC-A train at
198 km/h using the FRA procedure (black line) and a direct computation from the dynamic
axleloads (grey line). . . . . . . . L

Force density Lr(X,x;) for receivers at (a) 12m, (b) 32m, and (c) 64 m from the track at
Lincent. The force density is estimated with the FRA procedure for the 26 passages of the
IC-A train in the speed range between 178 km/h and 212 km/h (grey lines), from which the
average force density (black line) is computed. The force density for a single passage at
198 km/h (dark grey line) and the prediction with the prototype tool (blue line) using the FRA
procedure is also shown. . . . . . . . . . .
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Force density Lr(X,x;) for receivers at (a) 12m, (b) 32m, and (c) 64 m from the track at
Lincent. Results are computed with the prototype tool for the passage of the Thalys train at
292 km/h using the FRA procedure (black line) and a direct computation from the dynamic
axleloads (grey line). . . . . . . . e

Force density Ly(X, x;) for receivers at (a) 12m, (b) 32m, and (c) 64 m from the track at
Lincent. The force density is estimated with the FRA procedure for the 5 passages of the
Thalys train in the speed range between 272 km/h and 312 km/h (grey lines), from which the
average force density (black line) is computed. The force density for a single passage at
292 km/h (dark grey line) and the prediction with the prototype tool (blue line) using the FRA
procedure is also shown. . . . . . . . . . .

Average force density Lp(X, x;) for receivers at 6,m, 8m, 16 m, and 24 m (black to light
grey lines) and 12m, 32m, 48 m, and 64 m (dark to light red lines) from the track at Lincent.
The average force density is estimated with the FRA procedure for (a) 26 passages of the
IC-A train and (b) 5 passages of the Thalys train. The average force density (blue line) is
computed from the force density at 12m, 32m, 48 m,and64m. . . . . . . .. ... .. ..

Vibration velocity level L (x;) for receivers at (a) 12m, (b) 32 m, and (c) 64 m from the track
at Lincent. A total of 26 passages of the IC-A train in a speed range between 178 km/ and
218 km/h were measured (light grey lines), from which the average vibration velocity level
(black line) is computed. The vibration velocity level is also computed with the prototype
tool: fully numerical (blue line), hybrid model 1 (red line), and hybrid model 2 (green line). .

Vibration velocity level Ly (x; ) for receivers at (a) 12m, (b) 32 m, and (c) 64 m from the track
at Lincent. A total of 5 passages of the Thalys train in a speed range between 272km/ and
312km/h were measured (light grey lines), from which the average vibration velocity level
(black line) is computed. The vibration velocity level is also computed with the prototype
tool: fully numerical (blue line), hybrid model 1 (red line), and hybrid model 2 (green line). .
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Measured and predicted global vibration velocity level L%l"bal(xl) [dB ref. 5 x 10~8m/s] at
12m, 32 m, and 64 m from the track at Lincent during the passage of the IC-A train running
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running at 292km/h. . . . . . L 1102
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EXECUTIVE SUMMARY

This report forms Deliverable D1.3 "Validation of the prototype vibration prediction tool against documented
cases" of the Collaborative Project SILVARSTAR that is funded under the European Union’s Horizon
2020 Research and Innovation Program under the open call as part of the Cross Cutting Activities of
the Shift2Rail Joint Undertaking.

The report initially presents the comparison between state-of-the-art numerical models TRAFFIC (devel-
oped by KU Leuven) and MOTIV (developed by ISVR) corresponding to work carried out in Task T2.2 of
the Description of Work. The comparison is performed in terms of vehicle and track compliance, dynamic
axle loads, vibration velocity levels, line source transfer mobility and force density. There are 18 case
histories (two track types, three soil types and three train speeds) considered.

Next, TRAFFIC is used to validate the simplifying assumptions made in the prototype vibration prediction
tool to reduce the computational time. The modelling simplifications are introduced gradually. First, the
track compliance is computed in a stationary instead of a moving frame of reference. Subsequently, the
dynamic axle loads are applied to the track at fixed positions, which results in a low-speed approximation
that does not account for the Doppler effect. As a final simplification, the axle loads are assumed as
incoherent.

Subsequently, the validation of the prototype vibration prediction tool against numerical case histories
corresponding to Task T1.4 in the Description of Work is presented. We focus on the following quantities
of interest: line source transfer mobility, vibration velocity level and force density. These quantities are
computed for the 18 numerical case histories with TRAFFIC (including all modelling simplifications) and
are compared with the predictions of the prototype vibration prediction tool.

The final part of this report presents the validation of the prototype vibration prediction tool against ex-
perimental case histories corresponding to Task T1.4 in the Description of Work. Extensive experimental
data (transfer functions and train passages) were collected at a site in Lincent (Belgium). The prototype
vibration prediction tool is used to predict the line source transfer mobility, vibration velocity level and force
density, which are subsequently compared to the experimental data.

SILVARSTAR GA 101015442 18 |
Deliverable D1.3 Validation of the prototype vibration prediction tool against documented cases



2 : SRR Horizon 2020 i
hlft Ral . *.* *: Es:gzpogan Union Funding L\/
- for Research & Innovation SI LV/\ RST/\R

1. INTRODUCTION

This report focuses on the validation of the prototype vibration prediction tool against numerical and exper-
imental case histories, corresponding to Task T1.4 in the Description of Work.

For the numerical validation, results obtained with the prototype vibration prediction tool are validated
with state-of-the-art prediction models TRAFFIC (developed by KU Leuven) [9] and MOTIV (developed by
ISVR) [14], 12, [13]. An extensive description of both models is presented in Deliverable D1.1 [2], while
detailed information on the prototype vibration prediction tool is provided in Deliverable D1.2 [1]. For the
experimental validation, measurement data (transfer functions and train passages) collected at a site in
Lincent (Belgium) are used.

The numerical validation of the prototype vibration prediction tool is performed for 18 cases: two track
forms (ballasted and slab track), three soil conditions (soft, medium and stiff), one train (IC train with 4
carriages), and three train speeds (50 km/h, 150 km/h and 300 km/h). The properties of the track, train and
soil, as well as the track unevenness are taken from the numerical database described in Deliverable D2.1
[17].

Prior to the validation of the prototype vibration prediction tool, results obtained with state-of-the-art models
TRAFFIC and MOTIV are compared for the 18 case histories (ballasted and slab track), corresponding to
work carried out in Task T2.2 in the Description of Work. The comparison is performed in terms of vehicle
and track compliance, dynamic axle loads, transfer functions, line source transfer mobility, vibration velocity
levels and force densities. The vibration velocity level is computed accounting for the Doppler effect (due
to the moving axle loads) and includes the contribution of the quasi-static and dynamic excitation (due to
the rail unevenness).

In the prototype vibration prediction tool, however, a number of modelling simplifications are made in order
to reduce computation times. These simplifications include: (1) the computation of the track compliance in
a stationary instead of a moving frame of reference; (2) the application of the dynamic axle loads at fixed
positions (low-speed approximation neglecting the Doppler effect); and (3) the assumption of incoherent
instead of coherent axle loads. The influence of these modelling assumptions on the free field vibration
velocity levels is quantified with TRAFFIC.

Next, the implementation of the prototype vibration prediction tool is validated by comparing the line source
transfer mobility, vibration velocity level and force density with computations made with TRAFFIC for the
18 cases accounting for the aforementioned modelling simplifications. The prototype vibration prediction
tool uses pre-computed soil impedance and transfer functions available in the numerical database, as
described in Deliverable D2.1 [17].

The prototype vibration prediction tool is subsequently validated by means of experimental results that
have been collected at a site in Lincent (Belgium) next to the high speed line L2 Brussels-KdIn. Extensive
vibration measurements were performed at this site, resulting in a large data set containing transfer func-
tions and vibration velocity levels during train passages. This is completed with determination of dynamic
soil characteristics by means of situ geophysical prospection tests (SASW, SCPT, seismic refraction) and
laboratory tests (bender element tests). The validation is performed by comparing experimental vibration
velocity levels to those obtained with numerical and hybrid models.

SILVARSTAR GA 101015442 19|
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This report is organized as follows. Section 2 presents the comparison between state-of-the-art numerical
models TRAFFIC and MOTIV for 18 case histories. Section 3 assesses the modelling assumptions made
in the prototype vibration prediction tool by means of comparison with results computed with TRAFFIC.
Section 4 reports on the validation of the prototype vibration prediction tool for the 18 case histories by
means of comparison with results computed with TRAFFIC. Section 5 reports on the validation of the
prototype vibration prediction tool by means of comparison with experimental results measured on the site
in Lincent. Section 6 concludes the report.

SILVARSTAR GA 101015442 20 |
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2. COMPARISON OF STATE-OF-THE-ART NUMERICAL MODELS

2.1 Introduction

In this section, we use two state-of-the-art models TRAFFIC [9] and MOTIV [12, [13] [14] to compute the
track and free field response for 18 case histories. Comparisons between them are used to verify that
they can give equivalent results. A detailed description of the train-track-soil models used in TRAFFIC and
MOTIV is presented in Deliverable D1.1 [2]. The 18 case histories consist of two tracks (ballasted and
slab track) on top of a homogeneous halfspace with three stiffness values (soft, medium, and stiff). An IC
train with 4 carriages is running on these tracks with three speeds (50 km/h, 150 km/h and 300 km/h). The
properties of the track, soil and train, and the unevenness profile are selected from the numerical database
as described in Deliverable D2.1 [2]. In section [4] these 18 case histories are also used for the numerical
validation of the prototype vibration prediction tool.

This section is organized as follows. First, the track models, soil properties, track unevenness and train
properties are briefly recapitulated. Next, the comparison between TRAFFIC and MOTIV is presented in
terms of track and vehicle compliance, dynamic axle loads, transfer functions, line source transfer mobility,
vibration velocity level and force density. This is first performed for the ballasted track, and next for the
slab track.

2.2 Track models

In TRAFFIC and MOTIV, two-and-a-half-dimensional (2.5D) track models are used to efficiently solve the
track-soil interaction problem and account for moving loads. It is assumed that the track geometry, material
properties and soil layering are invariant in the longitudinal direction e,. By application of a forward Fourier
transform from the coordinate y to the wavenumber domain £, the 3D track-soil interaction problem is
solved as a superposition of 2D problems for each wavenumber k.

2.2.1 Ballasted track

The ballasted track model is shown in figure [1] and the track properties are summarized in table [1] The
origin of the Cartesian frame of reference is at the centre of the track-soil interface X, with the x—axis
pointing to the right and the z—axis pointing upwards.

The numerical implementation of the ballasted track model in TRAFFIC and MOTIV is elaborated in section
4 of Deliverable D1.1 [2]. The implementation mainly differs in the kinematic assumptions made at the
track-soil interface: TRAFFIC assumes that the track-soil interface is rigid in the plane of the track cross-
section, resulting in two degrees of freedom (DOFs) (vertical displacement and rotation about the y-axis)
as illustrated in figure [Ta. MOTIV, on the other hand, allows for an arbitrary distribution of displacements
and tractions across the width of the track by dividing the track-soil interface in ng strips (figure [Tp). This
results in ng DOFs at the track-soil interface, corresponding to the vertical displacement for each of the
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Figure 1: Cross-section of the ballasted track model with kinematic assumptions made in (a) TRAFFIC

and (b) MOTIV.

Table 1: Properties of the ballasted track.

Rail UIC60

Rail positions
Cross-sectional area

Moment of inertia about z-axis

Young’s modulus
Damping loss factor
Density

ll = lg =0.72m

A, = 76.70 x 107* m?
I, =3057.1 x 108 m*
E, =210 x 10 N/m?
. = 0.01

pr = 7850 kg/m3

Rai Stiffness kep = 150 x 105 N/m
ail pad .
Damping loss factor Nep = 0.3

Spacing dgp = 0.6 m

Length lgp =2.6m
Sleeper Height hsip = 0.2 m

Width bsip = 0.25 m

Mass mslp = 325 kg

Height hpa = 0.3 m

Top width bparr = 3.0 m

Bottom width bhalp = 3.6 M

Stiffness per sleeper kpal = 500 x 10% N/m
Ballast Poisson’s ratio Upal = 0.0

Damping loss factor
Density
Mass per unit length

Tlbal = 0.15
Pbal = 1500 kg/m3
Mpa) = 1485 kg/m

ng strips. Both models assume relaxed boundary conditions, as there is no coupling between horizontal

DOFs of the track and the soil.

The rails are modelled as Euler-Bernoulli beams with bending stiffness E.. I, and mass per unit length p, A;.
The rail displacements are denoted as u,1(y, t) and u2(y, t). The positions of the rail are determined by

{1 and [5.
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The rail pads are modelled as continuous springs between the rails and the sleeper. The stiffness k., of
a single rail pad is used to calculate an equivalent stiffness per unit length l_crp = kyp/d, where d is the
distance between sleepers. Damping is accounted for by a hysteretic loss factor 7., resulting in a complex
value for the rail pad stiffness k;;, = kup (1 + inrp).

The sleepers are assumed to be rigid in the plane of the track cross-section. Hence, the vertical motion
of the sleeper is described by the vertical displacement gy, (y,t) at its centre of mass and the rotation
Bsip(y, t) about the longitudinal axis. The sleepers do not contribute to the longitudinal stiffness of the
track, and are modelled as a uniformly distributed mass mg, = mslp/d per unit length along the track,
where my,, is the mass of an individual sleeper.

If the ballast bed is assumed to act as a set of distributed, independent linear springs and dampers, each
sleeper is only supported by that part of the ballast that is in contact with the sleeper. Hence, the ballast
stiffness per sleeper ki, [N/m] is calculated from the sleeper width by, the sleeper length [, and the
ballast bedding modulus K3, [N/m?] as bsiplsip Kbal- The smeared ballast stiffness kpal [N/m?] is equal to
kna1/d. Damping in the ballast bed is accounted for by a hysteretic loss factor 7y, resulting in a complex
value for the ballast stiffness &y ,; = kpai (1 + injba1)-

Analytical expressions are derived for the elements of the track stiffness matrix K (w), which are given in
section 4.2.2 of Deliverable D1.1 [2] for TRAFFIC and MOTIV.

2.2.2 Slab track

The track is a typical monolithic wet-poured slab track based on the Rheda 2000 slab track system shown
in figure 2| [13]. The slab system rests on a hydraulically bonded layer (HBL) consisting of a mixture of
aggregates with a bonding agent. Both UIC60 rails are discretely supported every 0.65m by rail pads
between the rails and the slab.

The track model as it is implemented in MOTIV and TRAFFIC is shown in figure 3] An analytical model of
the slab track is coupled to the underlying soil. Equivalent slab properties were computed to account for
the hydraulically bonded layer.

The rails are modelled as Euler-Bernoulli beams with bending stiffness E.. I, and mass per unit length p, A;.
The rail pads are represented by a spring connection between the rails and the slab. The smeared rail pad

2.8 m

03m HEL

(a) - (b)

Figure 2: The Rheda 2000 slab track system [13]. (a) 3D segment of the continuous track and underlying
HBL and (b) track cross-section.
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Figure 3: Problem geometry for slab track.

Table 2: Properties of the slab track [13].

Rail positions l1=101=072m
Cross-sectional area A, = 76.70 x 10~* m?
. Moment of inertia about z-axis I, = 3057.1 x 108 m*
Rail UIC60 Young’s modulus E, = 210 x 109 N/m?
Damping loss factor 7 = 0.01
Density pr = 7850 kg/m3
Spacing d=0.65m
Rail pad Stiffness kyp = 120 x 10% N/m
Damping loss factor Mep = 0.15
Width bg =3.4m
Mass per unit length ps1Aq = 3720 kg/m
Siab’ Bending stiffness Egly = 233 x 105 Nm?
Damping loss factor ns = 0.015
Torsional stiffness G4Cy = 339 x 105 Nm?
Mass moment of inertia psilsi s = 3086 kgm

"Equivalent properties of the slab and the hydraulically bonded layer.

stiffness is equal to Erp = kyp/d. Damping is accounted for by a hysteretic loss factor 7.y, resulting in a
complex value for the rail pad stiffness &, = kyp (1 + inrp).

The slab (including the hydraulically bonded layer) is simplified to an equivalent beam which is assumed
to be rigid in the plane of its cross-section. The beam has a width by, mass per unit length pg Ag), bending
stiffness Eq 15, mass moment moment of inertia pq /g ¢ and torsional stiffness G Cy. The vertical motion
of the slab ug.(z,y, t) is described by the vertical displacement of its centre ug (y, t) and rotation S (y, t)
about the longitudinal axis:

uslz(w,y,t) = usl(y’t)+$185(y7t)' (1)

Analytical expressions can be derived for the elements of the track stiffness matrix K (w) in a similar way
as for the ballasted track. The resulting track properties are based on the specifications of the Rheda 2000
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track as detailed by Ntotsios et al. [13] and are summarized in table[2]

2.3 Soil properties

Three homogeneous soils are considered. The dynamic soil characteristics are summarized in table [3}
these correspond to the soft, medium and stiff soil as discussed in section 5.1.1 of Deliverable D2.1 [17].
Each soil is characterized by its shear wave velocity C, dilatational wave velocity C,, density p and material
damping ratios s and 3, for shear and dilatational deformation, respectively.

Table 3: Dynamic soil characteristics.

Soiltype  C% Cp p Bs Bp
[m/s]  [m/s]  [kg/m?] [ ]

Soft 100 200 1800  0.025 0.025
Medium 200 400 1800  0.025 0.025
Stiff 400 800 1800  0.025 0.025

2.4 Track unevenness

The track unevenness is determined following guidelines from the Federal Railroad Administration (FRA)
taking into account track quality. Figure [4] shows the one-sided PSD functions of the track unevenness

S‘rzz(k:y) [m?/(rad/m)] for FRA track quality classes 1 to 6. These are determined by the following expres-
sion [6]:

% 1 nga(ny +niy)
Spz(ky) = Ay Y 2)
e 2 ng(n2 + nfﬂ)
where ny, = k;, /27, ny1 = 0.0233m~ ! and nye2 = 0.13m™~!. The parameter A depends on the track quality
class, labelled from 1 to 6, where 1 represents the poorest and 6 the best track quality [4] [6]. The values
for A are summarized in table [4] for each class. For the 18 numerical case histories, we assume a track
quality class 6 corresponding to smooth track. Wheel unevenness is disregarded.

-2
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E
a 10* 1
(%]
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c
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S 10 :
4
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S 10
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107" 10° 10"

Wavenumber [rad/m]

Figure 4: One-sided PSD of the track unevenness for FRA track quality classes 1 (black line) to 6 (light
grey line).
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Table 4: Track quality parameters according to the FRA database [6].
Class 1 2 3 4 5 6

A[10-"m] 1672 953 529 296 1.67 0.96

From the one-sided PSD S‘rzz(k:y), a sample of the track unevenness u,,(y) [m] is generated using the
spectral representation theorem [16]:

ur(y) = Z \/ 25522 (kym) Aky cos(kymy — Om) (3)

m=1

where k,,, = mAk, is the wavenumber sampling, Ak, the wavenumber bin and ¢,,, are independent ran-
dom phase angles uniformly distributed in [0, 27]. Figure shows a track unevenness sample generated
from the one-sided PSD for FRA track quality class 6. The one-sided PSD of this track unevenness sample
uy-(y) can be estimated using Welch’s method [20]. Figure compares the PSD obtained from the track
unevenness sample to the PSD for FRA track quality class 6.

0.15 T T : . 10°

0.1 K
= o
= 0.05 E 10° ;
& 8 N
= 0 o \\‘
@ o N
3 B 1910 A
2 0.05 210
> @

-0.1 5

-15
-0.15 10
0 100 200 300 400 500 1072 10° 102
(a) Horizontal coordinate [m] (b) Wave number [rad/m]

Figure 5: (a) Track unevenness sample as a function of the coordinate y. (b) Comparison of the estimated
PSD obtained using Welch’s method (grey line) to the PSD for FRA track quality class 6 (black line).

The track unevenness in the frequency domain ﬁw/r(w) [m/Hz] perceived by each axle moving at speed v
is determined as:

) = i (-2) Pw) @

v

where 1, (k,) is the wavenumber transform of the rail unevenness u,,(y) and T(w) is a 3n, x 1 vector
that contains the phase shift for each axle:

T(w) = {...,O,exp (+iw%),0,...}T (5)

with yio the initial position of axle k. The first term on the right-hand side of equation is given by:

1 o . .
—lUr; (_g> = E —=4/ 2522 (|wm|> Awp, [71'(5(&) — Wm)€+19m + 7'['(5(&) + wm)eﬂam] (6)
v v — ﬁ v
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where Aw,, = vAk, and w,, = —vk,,,. For different samples of unevenness, the harmonic functions
have the same modulus, but a different random phase.

2.5 Dynamic axle loads

The dynamic axle loads g4(w) [N/Hz] are determined by assuming perfect contact betweer] the train and
the track. This leads to a coupled system of equations in terms of the vehicle compliance C"(w) and the
track compliance C*(w):

Cw) + €' (W) Baw) = —fwpw) 7)

The inverse [Ct(w) + CY¥(w)]~! [N/m] of the total compliance matrix can be considered as the dynamic
stiffness matrix of the coupled vehicle-track system.

The one-sided PSD matrix of the dynamic axle loads Sg(w) [N2/(rad/s)] is determined from the one-sided
PSD of the track unevenness:

N —H

Sg(w) = Ct(w)+év(w)] T(w)

where (-)H denotes the complex conjugate transpose.

2.6 Train properties

For the estimation of the dynamic axle loads, the vehicle is usually modelled as a multi-degree of freedom
system, where the vehicle’s car body, bogies and wheelsets are considered as rigid parts (characterized
by their mass and pitching moment of inertia), while the vehicle’s primary and secondary suspensions are
represented by springs and dashpots. The contact stiffness can also be included in the vehicle model,
linearized, and represented by springs (and dashpots).

The IC train considered in this section consists of 4 identical vehicles with a length I, = 23 m. The vehicle
properties are taken from Table 7 in Deliverable D2.1, and are summarized in table[5] The 10-DOF vehicle
model (figure [6p) consists of the vehicle body, two bogies, four axles, as well as primary and secondary
suspensions. Alternatively, a 4-DOF model (figure [6b) can be used consisting of one bogie and two axles,
or each axle can be represented by a 1-DOF model (figure [6) consisting of only the axle (unsprung) mass.

SILVARSTAR GA 101015442 27|
Deliverable D1.3 Validation of the prototype vibration prediction tool against documented cases



L . . ol Horizon 2020
hlft Ral . European Union Funding

Table 5:

for Research & Innovation

AN

SILVARSTAR

Vehicle properties of the IC train.

Vehicle length Iy, =23m

Car body Mass me = 32000 kg
Pitching moment of inertia Jex = 1.2 x 10° kgm?
Bogie spacing lb=17m

Bogie Mass mp = 5000 kg
Pitching moment of inertia Jpx = 6000 kgm?
Axle spacing a=25m

Wheelset (unsprung mass) Mass ma = 1200 kg

Contact stiffness (per wheel)

kg = 1.26 x 10° N/m

Primary suspension

Vertical stiffness per axle
Vertical viscous damping per axle

k1 =2 x 10° N/m
¢1 = 40 x 10® Ns/m

Secondary suspension

Vertical stiffness per axle
Vertical viscous damping per axle

ks = 0.5 x 10 N/m
¢z = 31.6 x 10® Ns/m

Up
My, Jy, ‘ZB’B
b
kq Cq k4 Cq
Yat | @ @ | Yaz
Ky | Ky
a

Figure 6: (a) 10-DOF, (b) 4-DOF and (c) 1-DOF vehicle models.
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2.7 Comparison for the ballasted track

In the following, a comprehensive comparison between results obtained with TRAFFIC and MOTIV is
presented for the ballasted track.

2.7.1 Track, vehicle and total compliance

The vertical component of the track compliance Ct(w) is computed in a moving frame of reference. Fig-
ure[7]shows the vertical compliance for a load moving at 150 km/h on the ballasted track supported by soft,
medium and stiff soils. At low frequencies (below 16 Hz), the track compliance decreases with increasing
soil stiffness, while at higher frequencies the track compliance slightly increases. For the medium and stiff
soils, a resonance is observed close to 125 Hz due to the flexibility of the ballast layer. The results with
TRAFFIC and MOTIV are in excellent agreement. The influence of the load speed on the track compliance
is discussed later in section[3.2]

1074 107 1074
z z z
E E E
8 105 g 10° 8 106
5 3 s
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g 10 x o 10 g 10
[} [S] [}
< o <
= = =
1010 . . . . . . . 1010 . . . . . . . 1010 . . . . . . .
1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(a) (b) (c)

Figure 7: Vertical track compliance C'il(w) for the ballasted track supported by (a) soft, (b) medium and
(c) stiff soil for a load moving at 150 km/h. Results are computed with TRAFFIC (black line) and MOTIV
(grey line).

The vehicle compliance C"(w) is computed with the 1-DOF model (figure ) and 10-DOF model (figures
and ). Above 10 Hz, the 1-DOF and 10-DOF models show identical results for the compliance C‘lvl (w)
of the first axle (figures[8a and[8p), since only the axle (unsprung) mass of the vehicle affects the dynamic
response of the wheelset. Below 10 Hz, the differences are attributed to the contribution of the bogie and
vehicle mass in the 10-DOF model, which are not included in the 1-DOF model. For the 10-DOF model,
the peaks around 2Hz and 8 Hz are related to the resonance frequencies of the sprung masses on the
primary and secondary suspensions. Figure |8c shows that the coupling term C’va(w) between the first
two axles is very low at high frequencies. The results obtained with TRAFFIC and MOTIV are in excellent
agreement.

The total compliance C(w) = Cf(w) + CY(w) is shown in figure |§Ifor a load moving at 150km/h. The
track and vehicle compliance (computed with the 10-DOF model) are also shown in the figure. At low
frequencies, the total compliance is governed by the vehicle compliance. Around 80 Hz, which can be
identified as the P2 resonance, the curves for the track and vehicle compliance intersect, and the total
compliance is close to its minimum value. At higher frequencies, the total compliance is governed by the
track compliance. The results computed with TRAFFIC and MOTIV are in excellent agreement.
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Figure 8: Vehicle compliance (a) Ah(w) for the 1-DOF model, (b) A‘l’l (w) for the 10-DOF model and (c)
CY5(w) for the 10-DOF model. Results are computed with TRAFFIC (black line) and MOTIV (grey line).

104 T T T T T T T 104

1074
z z z
£ 10° E 10° £ 10°
@ (o] [0
o o o
[ = C j =
8 8 8
a a a
5 10° 5 108 5 10°
o o o
1010 . . . 1010 . . . . . . . 1010 . . . . . . .
2 4 8 16 315 63 125 1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(a) (b) (c)

Figure 9: Total compliance Cn(w) for the ballasted track supported by (a) soft, (b) medium and (c) stiff soil
for a load moving at 150 km/h. Results are computed with TRAFFIC (black line) and MOTIV (grey line).
The light grey lines correspond to the track (dotted line) and vehicle (dashed line) compliance.

2.7.2 Track response and transfer functions

The vertical sleeper response due to a unit axle load distributed equally to both rails at y = 0m is con-
sidered first. Figure |10 shows the sleeper response for the ballasted track on soft, medium and stiff soil.
Similar to the track compliance (figure[9), the sleeper response at low frequencies decreases with increas-
ing soil stiffness. A resonance around 125 Hz is observed in the case of medium and stiff soil due to the

108 108

108

Sleeper response [m/N]
Sleeper response [m/N]
Sleeper response [m/N]

10°° 10°°

10°
1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(a) (b) (c)

Figure 10: Vertical sleeper response due to a unit axle load for the ballasted track on (a) soft, (b) medium
and (c) stiff soil. Results are computed with TRAFFIC (black line) and MOTIV (grey line).
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Figure 11: Track-soil transfer function at 4y = 0 m for the ballasted track on soft soil at (a) 8 m, (b) 16 m and
(c) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV (grey line).
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Figure 12: Track-soil transfer function at 4y = 0 m for the ballasted track on medium soil at (a) 8 m, (b) 16 m
and (c) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV (grey line).
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Figure 13: Track-soil transfer function at y = 0 m for the ballasted track on stiff soil at (a) 8 m, (b) 16 m and
(c) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV (grey line).

flexibility of the ballast. The results computed with TRAFFIC and MOTIV are in very good agreement.

Next, the track-soil transfer function ﬂzz(xl, w) is discussed. This is the vertical free field displacement at
positions along a line perpendicular to the track at y = 0 m due to a unit axle load distributed equally to both
rails. Figures [T} [T2]and[13]show the track-soil transfer functions at 8 m, 16 m and 32 m from the ballasted
track on soft, medium and stiff soil, respectively. At low frequencies, the highest free field response is found
for the soft soil, shown in figure [T1] The response decreases with increasing distance from the track due
to geometrical attenuation in the soil. At high frequencies, the response rapidly attenuates due to material
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damping in the soil, and the response is lower for the soft soil compared to the medium and stiff soils,
shown in figures[12 and[13] respectively. The oscillations in the transfer functions are related to the width of
the track-soil interface relative to the Rayleigh wavelength in the soil; dips appear at f = kCgr/bpai [Hz] for
k=1,2,....Inthe MOTIV results, these dips are more prominent and occur at slightly higher frequencies
because of the different kinematic assumptions applied at the track-soil interface.

The results computed with TRAFFIC and MOTIV are in excellent agreement up to 30 Hz. At higher frequen-
cies, the different kinematic assumptions made in the two track models lead to some discrepancies in the
transfer functions. The discrepancy is largest for receivers close to the track and increases with increasing
stiffness of the soil relative to the ballast material. Due to the assumption of a rigid track-soil interface in
TRAFFIC, the track-soil transfer function is generally higher compared to MOTIV at high frequencies.

2.7.3 Line source transfer mobility

First, a summary of the computation of the line source transfer mobility is presented. Next, a comparison
of results obtained with TRAFFIC and MOTIV is presented.

Computation of the line source transfer mobility

The track-soil transfer function ﬁzz(xl,w) at receiver location x; is used to compute the point source
transfer mobility TMp (X}, x1) represented in one-third octave bands with centre frequencies w;. The
modulus of the track-soil mobility iwﬁzz(xl,w) is averaged in the frequency band [wi;,wy;| with centre
frequency w;, and the result is expressed in dB with reference velocity v,¢f, as follows:

Wuj

TMp(Xg,x1) = 20logy m/\lwhzz X1, W )|2dW/Uref 9)
j

UJIJ

where X, denotes the position of the unit axle load for which the transfer function ﬁzz(xl, w) is computed,
and v.f = 5 x 108 m/s is the reference value for the velocity used within the SILVARSTAR project.

The line source transfer mobility TMp, (X, x;) at a receiver location x; is subsequently computed as a
superposition of point source transfer mobilities for n source points X (kK = 1,2, ...,n) along the track
centred around y = 0. These n source points represent the n, axle positions or ny, = n,/2 bogie positions
of a train (figures [T4p and [T4b), but are often considered to be equidistantly spaced anng a length L
(figure ). If a fixed spacing h = L /n between the source points is assumed (figure ) the line
source transfer mobility is calculated as:

TML(X,x1) = 10logy, [hz 10 (10)

TMP(Xk,xl)]
10
k=1

Alternatively, the contribution of the source points at both ends of the line load can also be weighted by
half (figure [14E), so that equation becomes:

—1
TM( ,x1) TM (x x1) 1 TMp (X ,x1)
TML(X,x1) = 10logy, [h( 10 0= Z ot 5107110 1)] (11)
k=
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where b/ = h-"-. Within the SILVARSTAR project, the line source transfer mobility is computed with

n—1

equation (T1) for n = 21 source points and »’ = 10 m, corresponding to a total length of 200 m.

v Yy Yy v

(a) ' L |
| L y
(b)} I, l
A
(c)} I, l
N
e e e
| S T 2 2

© s — | —

Figure 14: Location of the source points for the determination of the line source transfer mobility
TMy (X, x1) with (a) n, source points corresponding to the axle locations, (b) n}, source points corre-
sponding to the bogie locations, (c) n, equidistant source points, (d) n equidistant source points with
spacing h and (e) n equidistant source points with spacing /' including two edge points.

The location of the source points X affects the line source transfer mobility TMy, (X, x1). Unless otherwise
mentioned, source points are considered at both rail heads: a unit load is equally distributed across both
rails when computing the transfer functions ﬁzz (x1,w). Alternatively, the source points could be located at
one rail, the sleeper centre, or the sleeper edge. The influence of the source positions has been studied
by Verbraken [18].

Figure shows the line source transfer mobility for the ballasted track on soft soil. As the track-soil
transfer function fzzz(xl,w) at y = 0m shown in figure mainly determines the line source transfer
mobility, similar observations can be made regarding the influence of geometrical attenuation and material
damping. The discrepancy at high frequencies between TRAFFIC and MOTIV is around 5dB close to the
track and 3-5 dB in the far field. The discrepancy is attributed to the different kinematic assumptions at the
track-soil interface.

For the medium soil, figure shows that the line source transfer mobility is around 12dB lower at low
frequencies than for the soft soil, but a few dB higher in the 125 Hz frequency band. The discrepancy be-
tween results computed with TRAFFIC and MOTIV is limited to between 0dB and 3dB in every frequency
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Figure shows the line source transfer mobility for the stiff soil. At low frequencies, the line source
transfer mobility is close to 12dB lower than for the medium soil. Close to the track, the discrepancy
between TRAFFIC and MOTIV is limited to 2 dB, while significant differences were observed in the transfer
function at y = Om (figure [T3a). However, the amplitude of the transfer functions at y = 10,20,... m
computed with MOTIV is higher than with TRAFFIC, which compensates for the lower amplitude of the
transfer function at y = 0m (figure [T3a) when computing the line source transfer mobility. At 16 m and
32m from the track (figures and [17k), the difference at high frequencies is around 4dB and 5dB,

respectively.
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Figure 15: Line source transfer mobility TMy, (X, x;) of the ballasted track supported by soft soil for
receivers at (a) 8 m, (b) 16 m and (c) 32 m from the track. Results are computed with TRAFFIC (black line)

and MOTIV (grey line).
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Figure 16: Line source transfer mobility TMp, (X, x;) of the ballasted track supported by medium soil for
receivers at (a) 8 m, (b) 16 m and (c) 32 m from the track. Results are computed with TRAFFIC (black line)

and MOTIV (grey line).
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Figure 17: Line source transfer mobility TMp, (X, x1) of the ballasted track supported by stiff soil for re-
ceivers at (a) 8m, (b) 16 m and (c) 32 m from the track. Results are computed with TRAFFIC (black line)
and MOTIV (grey line).

2.7.4 Dynamic axle loads

First, the dynamic axle loads are computed using equation for the case of unit track unevenness by
setting the term %arz (—%) in equation equal to unity for each frequency w. The vehicle compliance is
computed with the 10-DOF model, and the track compliance is evaluated in the moving frame of reference.

Figure 18| shows the first axle load of the IC train running on the ballasted track on soft soil. Three train
speeds are considered: 50 km/h, 150 km/h and 300 km/h. As unit unevenness is considered, the amplitude
of the dynamic axle load is not affected by the train speed. Peaks are observed in the dynamic axle load at
multiples of the axle passage frequency f, = v/l, (see table@]for an overview of the quasi-static excitation
components).

Table 6: Quasi-static excitation components for the IC train running at different speeds.
Speed [km/h] 50 150 300

Axle passage frequency f, = v/l, [HZ] 56 16.7 33.3
Bogie passage frequency fi, = v/l [Hz] 08 25 49
Vehicle passage frequency f, =v/l, [Hz] 06 1.8 3.6

Figure [T9 shows the dynamic axle load for the track on medium soil. The maximum amplitude of the load
is reached around 80 Hz, which corresponds to the P2 resonance (minimum in the total compliance in
figure[9). Besides peaks at multiples of the axle passage frequency f,, smaller peaks are identified below
100 Hz at multiples of the vehicle passage frequency f, = v/l}, [11]. Due to the higher soil stiffness, the
contribution of the coupling terms in the track compliance matrix increases. This explains why the peaks
at multiples of the vehicle passage frequency f, were not visible for the soft soil.

For the stiff soil, figure [20] clearly shows the P2 resonance around 80 Hz. The maximum amplitude of the
dynamic axle load is also higher than for the medium and soft soil. Peaks are observed at multiples of f,
and fy in the entire frequency range. The results computed with TRAFFIC and MOTIV are in very good
agreement, which was also the case for the soft (figure [18) and medium (figure [T9) soil.

Next, a track unevenness profile is generated from the PSD given by the FRA (class 6 track quality, figure[4)
using equation (6). The dynamic axle loads for unit unevenness are multiplied with the frequency content
of the generated unevenness profile.
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Figure 18: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h

on the ballasted track supported by soft soil. Results are computed with TRAFFIC (black solid line) and
MOTIV (grey dashed line) for unit track unevenness.
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Figure 19: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h on
the ballasted track supported by medium soil. Results are computed with TRAFFIC (black solid line) and
MOTIV (grey dashed line) for unit track unevenness.
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Figure 20: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h

on the ballasted track supported by stiff soil. Results are computed with TRAFFIC (black solid line) and
MOTIV (grey dashed line) for unit track unevenness.
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Figure shows the first dynamic axle load of the IC train running on the ballasted track on soft sail.
For a train speed of 50 km/h, the perceived unevenness in the frequency range between 1 and 125Hz
corresponds to the wavenumber range £, between 0.07 rad/m and 9 rad/m, for which the amplitude of the
track unevenness is relatively low (figure [4). For higher train speeds, excitation between 1 Hz and 125 Hz
corresponds to lower wavenumbers, and consequently, the dynamic axle loads are higher.

The effect of increasing soil stiffness is presented in figures (medium soil) and (stiff soil). Around
the P2 resonance at 80 Hz, the dynamic axle load increases with increasing soil stiffness. This is best
observed for a train speed of 300 km/h.
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Figure 21: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h
on the ballasted track supported by soft soil. Results are computed with TRAFFIC (black solid line) and
MOTIV (grey dashed line) with track unevenness according to FRA class 6.
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Figure 22: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h on
the ballasted track supported by medium soil. Results are computed with TRAFFIC (black solid line) and
MOTIV (grey dashed line) with track unevenness according to FRA class 6.
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Figure 23: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h
on the ballasted track supported by stiff soil. Results are computed with TRAFFIC (black solid line) and
MOTIV (grey dashed line) with track unevenness according to FRA class 6.

2.7.5 Vibration velocity level

First, a summary is given on the computation of the vibration velocity level in TRAFFIC and MOTIV. Next,
the vibration velocity level predicted with TRAFFIC and MOTIV is compared for the ballasted track.

Computation of the vibration velocity level in TRAFFIC

The free field vibration velocity level L, (x;) [dB] is computed from the vertical RMS velocity v,zrnms(x1) in
one-third octave bands as:

Ly(x1) = 20logo(v.rMs(x1)) — 2010g;o(vret) (12)

The RMS velocity 9,rms(x1) [m/s] is computed according to the German standard DIN 45672-2 [3] for
a reference period T5. This period T is the duration of the stationary part of the time history v, (x;,t)
[m/s] obtained as the inverse Fourier transform of the velocity 0.(x1,w) [(m/s)/Hz]. In paragraph 3.3.3
of Deliverable D1.1, it was illustrated that the vertical velocity v,(x1,w) is computed from the track-soil
transfer function Bzz(x, ky,w) in the frequency-wavenumber domain and the dynamic axle loads g4 (w):

+oo
. 1 [ = : .
'Uz(x’ Y, w) - Z % / 1thz (‘Ta kyv w) €xp [_lky(y - ka)] 9dkz (O.) — kyv)dky (13)
k=1 -

or, alternatively, by substituting w = w — kyv:

n +OO ~ ~

. S 1 L= w—w wW—w . N

wepw) = Y g | ke (x—w) exp [—1 2y~ )| (@) (14)
k=1 """ J_

where @ is the frequency content of the dynamic axle loads, which is shifted with respect to the fre-
quency content w of the receiver due to the Doppler effect. The explicit dependence of variables on the
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z-coordinate is omitted from the notation. The time history v.(z,y,t) of the velocity is obtained as the
inverse Fourier transform of v, (z, y,w).

The transfer function h.. (, ky,w) is deterministic, but the axle loads g4.(w) are determined by the ran-
domly generated track unevenness profile through equation (7). Hence, the vibration velocity level Ly (x;)
is different for each realization of the track unevenness. For this reason, the ensemble average of the
vibration velocity level is calculated instead, which is the average vibration velocity level for multiple real-
izations of the track unevenness. Lombaert et al. [10] presented a statistical procedure to directly obtain the
ensemble average of the vibration velocity level from the PSD Sg(w) of the dynamic axle loads. First, the
power spectrum S’dzz(az, y,w) [(m/s)?/Hz?] of the dynamic contribution to the free field velocity is computed
as:

“+00

Sdzz(x7y7w) - / Z [‘zz(xay_ykﬂvwa@)®‘A/;z(y_yl07w7&))j| : Sgkl(‘:))d‘b (15)
oo k=1 1=1
where
N _ 1. - w—w w—w
Ve (2,9 — Yo, w,0) = EIthz <:v, v,w> exp [—1 ” (y— yko)] (16)

The RMS velocity v.rms(x1) in one-third octave bands with centre frequency w; is subsequently obtained
as:

W
X 1 A
U.rMS(X1,wj) = \/T/V Sdzz(x1,w)dw (17)
5

wlj

This procedure is illustrated by computing the time history (figure and frequency content (figure
of the free field velocity at 8m, 16 m and 32m from the ballasted track on medium soil for the IC train
running at 150 km/h (note: the contribution of the quasi-static axle loads to the vibration velocity level is
not accounted for).
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Figure 24: Time history v,(x1,t) of the free field velocity during the passage of the IC train running at
150 km/h on the ballasted track supported by medium soil. Receivers are located at (a) 8 m, (b) 16 m and
(c) 32m from the track. Results are computed with TRAFFIC for one realization of the track unevenness
according to FRA class 6.
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The time history is characterized by an increasing response when the train approaches, a nearly stationary
response during the passage of the train, and a decreasing response after the train has passed. The
passage of individual axles or bogies cannot be observed. The frequency content is characterized by
peaks at multiples of the axle and vehicle passage frequencies f, and f,, respectively.
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(a)
Figure 25: Frequency content 0, (x1,w) of the free field velocity during the passage of the IC train running
at 150 km/h on the ballasted track supported by medium soil. Receivers are located at (a) 8 m, (b) 16 m and
(c) 32m from the track. Results are computed with TRAFFIC for one realization of the track unevenness
according to FRA class 6.

The computations are repeated for 10 realizations of the track unevenness. Figure |26/ shows the running
RMS velocity averaged in a 1s time window for each realization of the track unevenness, as well as the
average running RMS velocity. The amplitude of the RMS velocity varies considerably depending on the
randomly generated track unevenness: at 8 m from the track, differences up to a factor 1.5 are observed.
The running RMS velocity is used to estimate the time period 75 [3] during which the response is nearly
stationary; this is illustrated by the blue line in the figures which shows that T, varies between 3.1s at
xr=8mand4.6satz =32m.
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Figure 26: Running RMS velocity v.rms(x1,t) during the passage of the IC train running at 150 km/h on
the ballasted track supported by medium soil. Receivers are located at (a) 8 m, (b) 16 m and (c) 32m
from the track. Results are computed with TRAFFIC for 10 realizations of the track unevenness (light grey
lines). The average RMS velocity is indicated by the black line, and the time period 75 is indicated by the
superimposed blue line; the beginning and end of the time period 75 is marked by the dotted blue lines.
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Figure 27: Vibration velocity level L, (x1) during the passage of the IC train running at 150 km/h on the
ballasted track supported by medium soil. Receivers are located at (a) 8 m, (b) 16 m and (c) 32 m from the
track. Results are computed with TRAFFIC for 10 realizations of the track unevenness (light grey lines).
The average vibration velocity level (black line) and the ensemble average (blue line) computed with the
statistical procedure are also shown.

The vibration velocity level is subsequently computed using equation (T2) for each realization of the track
unevenness; the RMS velocity ©.rms(x1) is calculated from the time history v, (x1,t) during the time
period T5. The average vibration velocity level is computed for the 10 realizations of the track unevenness
and compared to the ensemble average obtained from the power spectrum S‘dzz(xl, w) in equation (T5).
These results are summarized in figure [27] where the quasi-static contribution to the response is included
(it is not affected by the track unevenness). The ensemble average and the average vibration velocity level
for the 10 realizations are in very good agreement. Note, however, that the computation of the ensemble
average with the statistical procedure takes as long as the computation of the vibration level for a single
realization of the track unevenness. In the following, the ensemble average is therefore computed with the
statistical procedure.

Computation of the vibration velocity level in MOTIV

In an alternative but broadly equivalent approach, MOTIV computes the vibration velocity level Ly (x;)
with equation (T2) using the velocity power spectral density of the ground calculated according to the
formulation in [15]. At distance x from the track and for a train speed v, this results in:

n

1

TS (18)

[‘iwdgz(a:,w,dzm)ﬁ + ‘iwﬂgz(m,w, —(Dm)ﬂ Se. <

A Oml|\ AW,
Sdzz(l',LU) = ||) E—
v v

m=1

where w = w,, — kyv is the receiver frequency accounting for the Doppler effect and w,,, is the excitation

21

frequency due to the track unevenness of wavelength \,, = Ty The period T5 is derived from the

length of the train and the speed v. In equation (18), @?,(z,w, &) is the transfer function of the ground
displacement:

Na ~
-~ - = - . - W — W
40, (2, w,0m) = hu(,w,dm) Zggkz(wm) exp [—1 mv yko] (19)
k=1
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for dynamic loads g3, (@,,) of unit amplitude unevenness 14, (—%=) = 1 calculated using equations ()
and (7) form=1,...,n.

Figureshows the comparison of the vibration velocity level L. (x;) computed with TRAFFIC and MOTIV
for the ballasted track on soft soil. The contribution of the quasi-static axle loads is accounted for. For a
train speed of 50 km/h, the quasi-static contribution dominates the response close to the track at low
frequencies. A peak is observed at the axle passage frequency f, around 5.5Hz. At high frequencies,
the vibration velocity level predicted with TRAFFIC is higher than with MOTIV. This is due to the kinematic
assumptions at the track-soil interface, and the observation is consistent with earlier observations for the
transfer functions in figure [11|and line source transfer mobility in figure

For a train speed of 150 km/h, the axle passage frequency increases to 16.6 Hz, where the vibration
velocity level shows a peak. The vehicle passing frequency f, is 1.8 Hz which explains the peak at low
frequencies. At 300 km/h, the axle and vehicle passage frequencies are close to 33.3Hz and 3.6 Hz,
respectively (table [6). For both train speeds, the predicted vibration velocity level with MOTIV is lower
than with TRAFFIC at high frequencies. Overall, results computed with TRAFFIC and MOTIV are in good
agreement with differences up to 5dB in most frequency bands.
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Figure 28: Vibration velocity level L, (x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by soft soil. Receivers are located at (a,d,g)
8m, (b,e,h) 16 m and (c,f,i) 32m from the track. Results are computed with TRAFFIC (black line) and
MOTIV (grey line).
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Figure [29] shows the vibration velocity level for the ballasted track on medium soil. The response is char-
acterized by the axle and vehicle passage frequencies, as discussed earlier for the soft soil. The vibration
velocity level increases with increasing train speed for every receiver distance. The discrepancy between
results computed with TRAFFIC and MOTIV is particularly evident for a train speed of 50 km/h; the dis-
crepancy reduces at higher speeds. Overall, the predictions with the two models are in good agreement.
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Figure 29: Vibration velocity level L, (x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by medium soil. Receivers are located at
(a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC (black line)
and MOTIV (grey line).
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Figure [30] shows the vibration velocity level for the ballasted track on stiff soil. The P2 resonance around
80 Hz is clearly observed in the response; around this frequency, the dynamic axle loads reach their
maximum values (figure [23). For a train speed of 50 km/h, a discrepancy of 10dB is observed at high
frequencies between results obtained with TRAFFIC and MOTIV, which is consistent with observations for
the soft and medium soil. The discrepancy reduces to a few dB for higher train speeds.
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(9
Figure 30: Vibration velocity level L, (x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by stiff soil. Receivers are located at (a,d,g)
8m, (b,e,h) 16 m and (c,f,i) 32m from the track. Results are computed with TRAFFIC (black line) and
MOTIV (grey line).
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2.7.6 Force density

First, a summary is given on the computation of the force density. Subsequently, a comparison between
results computed with TRAFFIC and MOTIV is presented.

Computation of the force density

Following the FRA procedure, the force density Ly(X, x;) is estimated from the vibration velocity level
Ly(x1) and the line source transfer mobility TMp, (X, x1):

LF(X, Xl) = LV(XI) — TML(X, Xl) (20)

This excitation force term represents the equivalent fixed incoherent line source that results in the same
vibration velocity level as the train passage, and can be determined experimentally or predicted with a
numerical model. The force density is affected by the train characteristics as well as the track and soil
properties and unevenness, and depends on the position of the source points X used for the computation
of the line source transfer mobility as well as the receiver location x; .

Alternatively, the force density Ly can also be computed from the RMS value g.rnms of the dynamic axle
load for a single uncoupled axle:

Ny,
Lr = 10logy, (L—jngMs> (1)

where §.rns is computed from the one-sided PSD Sg (w) for each one-third octave band as:

Wuj

B = / B )t (22)

wlj

The advantage of computing the force density from the axle loads is that the dependence on the position
of the source points X and the receiver location x; is removed.
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Figure 31: Force density L during the passage of the IC train running at 150 km/h on the ballasted track
supported by medium soil. Receivers are located at (a) 8 m, (b) 16 m and (c) 32 m from the track. Results
are computed with TRAFFIC based on the dynamic axle loads (blue line), and with the FRA procedure
where Ly (x7) is computed for a moving train (black line) and for incoherent axle loads at fixed positions

(grey line).
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A comparison between both methods to compute the force density is shown in figure [31] for the IC train
running at 150 km/h on the ballasted track supported by medium soil. At 8 m from the track, the discrepancy
at low frequencies is due to the quasi-static contribution to the vibration velocity level L, (x;), which is
not accounted for in the RMS value of the axle load g.rums in equation (27). At higher frequencies, the
computation of the force density with the FRA procedure (equation (20)) and equation yield similar
results. The Doppler effect and the interaction between different axles is, however, not accounted for
in equation (21). At 16m and 32m, similar observations can be made, but the quasi-static contribution
to the vibration velocity level is much lower, which reduces the discrepancy at low frequencies. At high
frequencies, the force density computed with the FRA procedure is very similar and is in good agreement
with the force density computed from the dynamic axle loads.

In section [3} the vibration velocity level will be computed for dynamic axle loads at fixed positions (ne-
glecting the Doppler effect) and incoherent axles, since these modelling simplifications are made in the
prototype vibration prediction tool. In figure 3] the force density is also computed with the FRA procedure
accounting for these simplifications. The result is in very good agreement with the force density computed
from the dynamic axle loads (equation (21)).

Figure [32 shows the force density computed with TRAFFIC and MOTIV for the IC train running on the bal-
lasted track supported by soft soil. The force density is computed with the FRA procedure (equation (20)).
The force density increases with increasing train speed, which is consistent with observations for the dy-
namic axle loads shown in figure[21] For receivers at 16 m and 32m from the track, where the quasi-static
contribution to the vibration velocity level is limited, the force density is very similar and only differs by a
few dB. The discrepancies between TRAFFIC and MOTIV are consistent with earlier observations for the
vibration velocity level in figure [28]
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Figure 32: Force density Ly (X, x;1) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by soft soil. Receivers are located at (a,d,g)
8m, (b,e,h) 16 m and (c.f,i) 32m from the track. Results are computed with TRAFFIC (black line) and
MOTIV (grey line).
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Figure[33|shows the force density for the IC train running on the ballasted track supported by medium soil.
The trend of the force density is very similar to that for the soft soil (figure [32), characterized by peaks
at the axle and vehicle passage frequencies. The peak at the P2 resonance (around 80 Hz) is, however,
more pronounced in the force density for the medium soil. The results computed with TRAFFIC and MOTIV
are in good overall agreement. The largest discrepancy is found for the force density for a train speed of
50 km/h at 8 m from the track, showing differences up to 10 dB in some frequency bands.

100 100 100
x=8 m x=16 m x=32m
'g* 80 r 'E* 80 'g* 80
3 3 3
Z 60 Z 60 Z 60f
® ® ®
o o o
w w w
= 20t - 20 = 20t
0 0 0
1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
1/3 octave band center frequency [Hz] b 1/3 octave band center frequency [Hz] 1/3 octave band center frequency [Hz]
(a) (b) (c)
100 100 100
x=8 m x=16 m x=32 m
= 80 = 80 = 80
3 3 3
Z 60 Z 60 Z 60f
® ® ® M_r‘"’\-"
m 40r m 40 m 40
o o o
w w w
= 20t =20 = 20t
0 0 0
1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
(d) 1/3 octave band center frequency [Hz] (e) 1/3 octave band center frequency [Hz] (f) 1/3 octave band center frequency [Hz]
10— 100 10—
x=8m x=16 m x=32 m
= 80 = 80 = 80
z 2 z
e
® 2 ®
m 40r m 40 m 40r
S, S, S,
w w w
= 20f - 20 - 20f
0 0 0
1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
(g) 1/3 octave band center frequency [Hz] (h) 1/3 octave band center frequency [Hz] (I) 1/3 octave band center frequency [Hz]

Figure 33: Force density Ly (X, x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by medium soil. Receivers are located at
(a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC (black line)

and MOTIV (grey line).
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For the stiff soil, the force density is shown in figure[34] A clear peak around the P2 resonance is observed.
The results obtained with TRAFFIC and MOTIV are in good agreement, especially for train speeds of
150 km/h and 300 km/h where the discrepancy is limited to 5dB in some frequency bands. For a speed of
50 km/h, the force density at high frequencies predicted with TRAFFIC at 8 m from the track is higher than
with MOTIV due to the different kinematic assumptions at the track-soil interface.
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Figure 34: Force density Lr(X,x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the ballasted track supported by stiff soil. Receivers are located at (a,d,g)
8m, (b,e,h) 16 m and (c.f,i) 32m from the track. Results are computed with TRAFFIC (black line) and
MOTIV (grey line).
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2.8 Comparison for the slab track

In the following, a comprehensive comparison between results obtained with TRAFFIC and MOTIV is
presented for the slab track.

2.8.1 Track, vehicle and total compliance

Figure shows the vertical component of the track compliance Ct(w) for a load moving at 150 km/h on
the slab track supported by soft, medium and stiff soil. At low frequencies, the track compliance decreases
with increasing soil stiffness and is lower compared to the ballasted track (figure[9). Above 63 Hz, the track

compliance is very close for the three soil types. The results obtained with TRAFFIC and MOTIV are in
excellent agreement.

The vehicle compliance Cv(w) for the IC train shown in figure |8|is independent from the track type. The
discussion of the vehicle compliance is therefore not repeated here.
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Figure 35: Vertical track compliance Cﬁl(w) for the slab track supported by (a) soft, (b) medium and (c)

stiff soil for a load moving at 150 km/h. Results are computed with TRAFFIC (black line) and MOTIV (grey
line).

The total compliance C(w) is shown in figure for a load moving at 150km/h. The track and vehicle
compliance (computed with the 10-DOF model) are also shown in the figure. The total compliance is
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Figure 36: Total compliance Cll(w) for the slab track supported by (a) soft, (b) medium and (c) stiff soil for
a load moving at 150 km/h. Results are computed with TRAFFIC (black line) and MOTIV (grey line). The
light grey lines correspond to the track (dotted line) and vehicle (dashed line) compliance.
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dominated by the vehicle compliance at low frequencies. The total compliance has its minimum value
around 90 Hz, corresponding to a slightly higher P2 resonance frequency than for the ballasted track
(80 Hz). The results obtained with TRAFFIC and MOTIV are in excellent agreement.

2.8.2 Track response and transfer functions

The vertical response at the centre of the slab due to a unit axle load distributed equally across both rails
at y = 0m is shown in figure [37| for the soft, medium and stiff soil. The results computed with TRAFFIC
and MOTIV are in excellent agreement. Below 8 Hz, the slab response is highest for the soft sail.

-8
10 108 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 108

Sleeper response [m/N]
Sleeper response [m/N]
>
Sleeper response [m/N]
=)
©

107 10710 10710

1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(a) (b) (c)

Figure 37: Vertical response at the center of the slab due to a unit axle load for the slab track on (a) soft,
(b) medium and (c) stiff soil. Results are computed with TRAFFIC (black line) and MOTIV (grey line).

Next, the vertical track-soil transfer function fzzz(xl,w) is discussed. This is the free field displacement
along a line perpendicular to the track at y = Om due to a unit axle load distributed equally to both rails.
Figures and [40| show the track-soil transfer functions at 8 m, 16 m and 32 m from the track for the
slab track on soft, medium and stiff soil, respectively. The highest free field response is found for the soft
soil at low frequencies (38). At high frequencies, the effect of material damping is largest for the soft soll,
resulting in the lowest track-soil transfer function. The results computed with TRAFFIC and MOTIV are in
very good agreement in the entire frequency range, which was not the case for the ballasted track. This is

due to the fact that the slab-soil interface is assumed to be rigid in the track cross-section in both TRAFFIC
and MOTIV.
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Figure 38: Track-soil transfer function at y = O m for the slab track on soft soil at (a) 8 m, (b) 16 m and (c)
32m from the track. Results are computed with TRAFFIC (black line) and MOTIV (grey line).
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Figure 39: Track-soil transfer function at y = 0 m for the slab track on medium soil at (a) 8 m, (b) 16 m and
(c) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV (grey line).
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Figure 40: Track-soil transfer function at y = 0 m for the slab track on stiff soil at (a) 8 m, (b) 16 m and (c)
32m from the track. Results are computed with TRAFFIC (black line) and MOTIV (grey line).

2.8.3 Line source transfer mobility

The line source transfer mobility TMy, (X, x;) is computed for 21 source points located at the rail heads
(0.5N on each rail) with equidistant spacing b’ = 10m (see equation (T1)). Figures [41] [42] and [43] show
the line source transfer mobility at 8 m, 16 m and 32 m from the track supported by soft, medium and stiff
soil, respectively. The maximum value is reached around 10 Hz for the soft soil, 30 Hz for the medium soil
and between 50 Hz and 63 Hz for the stiff soil. Above these frequencies, the line source transfer mobility
rapidly decreases, particularly for receivers far from the track.

The discrepancy between results predicted with TRAFFIC and MOTIV is limited to 1 dB, which is much
lower than for the ballasted track (differences up to 5dB). This is explained by the fact that the slab is
assumed to be rigid in the cross-section by both models.
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Figure 41: Line source transfer mobility TMp, (X, x1) of the slab track supported by soft soil for receivers at
(a) 8m, (b) 16 m and (c) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV

(grey line).
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Figure 42: Line source transfer mobility TMy, (X, x;) of the slab track supported by medium soil for re-
ceivers at (a) 8m, (b) 16 m and (c) 32 m from the track. Results are computed with TRAFFIC (black line)

and MOTIV (grey line).
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Figure 43: Line source transfer mobility TMp, (X, x;) of the slab track supported by stiff soil for receivers at
(a) 8m, (b) 16 m and (c) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV

(grey line).
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2.8.4 Dynamic axle loads

First, the dynamic axle loads are computed using equation (7), considering unit track unevenness by
setting the term %ﬂrz(—%) in equation equal to unity. The vehicle compliance is computed with the

10-DOF model, and the track compliance is evaluated in the moving frame of reference.
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Figure 44: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h on
the slab track supported by soft soil. Results are computed with TRAFFIC (black line) and MOTIV (grey
dashed line) for unit track unevenness.
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Figure 45: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h
on the slab track supported by medium soil. Results are computed with TRAFFIC (black line) and MOTIV
(grey dashed line) for unit track unevenness.

Figure shows the first dynamic axle load of the IC train running at 50 km/h, 150 km/h and 300 km/h
on the slab track supported by soft soil. A peak due to the P2 resonance of the unsprung axle mass on
the track stiffness around 90 Hz is clearly observed for each train speed. Furthermore, smaller peaks are
observed related to the axle and vehicle passages (table [6). Compared to the ballasted track (figure [18),
the dynamic axle load above 60 Hz is significantly higher for the slab track. The axle loads computed with
TRAFFIC and MOTIV are in excellent agreement in the entire frequency range.

Figure [45] shows that the maximum amplitude of the first axle load for the track on medium soil is slightly
lower than for the soft soil, particularly for a train speed of 50 km/h, but the trend is very similar. For the
stiff soil, figure [49 shows that the first axle load reaches its maximum value around the P2 resonance and
is similar to the axle loads for the soft and medium soil. Overall, the influence of the soil stiffness on the
dynamic axle loads is limited.
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Figure 46: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h on
the slab track supported by stiff soil. Results are computed with TRAFFIC (black line) and MOTIV (grey
dashed line) for unit track unevenness.

Next, the dynamic axle loads for unit unevenness are multiplied by the actual track unevenness %arz(_%)
corresponding to FRA class 6. Figure [47] shows the first dynamic axle load of the IC train running on the
slab track supported by soft soil. The maximum amplitude of the axle load increases from around 1000 N
for a train speed of 50 km/h to above 10000 N for a train speed of 300 km/h. Similar observations can be

made for the medium (figure [48) and stiff (figure [49) soil. The dynamic axle loads computed with TRAFFIC
and MOTIV are generally in very good agreement.
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Figure 47: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h on
the slab track supported by soft soil. Results are computed with TRAFFIC (black line) and MOTIV (grey
dashed line) with track unevenness according to FRA class 6.
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Figure 48: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h
on the slab track supported by medium soil. Results are computed with TRAFFIC (black line) and MOTIV
(grey dashed line) with track unevenness according to FRA class 6.
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Figure 49: First dynamic axle load of the IC train running at (a) 50 km/h, (b) 150 km/h and (c) 300 km/h on
the slab track supported by stiff soil. Results are computed with TRAFFIC (black line) and MOTIV (grey
dashed line) with track unevenness according to FRA class 6.
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The vibration velocity level L, (x1) during the passage of the IC train on the slab track supported by soft
soil is shown in figure A peak is observed around the axle passage frequency f,, which is equal to
5.6 Hz, 16.7 Hz and 33.3 Hz for train speeds of 50 km/h, 150 km/h and 300 km/h, respectively (table [6).
At lower frequencies, peaks are observed around the vehicle passage frequency f,. For a train speed of
50 km/h, the vehicle passage frequency is below 1 Hz, and the peak is therefore not clearly visible. For train
speeds of 150 km/h and 300 km/h, the vehicle passage frequency equals 1.8 Hz and 3.6 Hz, respectively.
The discrepancy between results obtained with TRAFFIC and MOTIV is limited to 5dB in most frequency
bands. The largest discrepancy is observed at frequencies below 30 Hz. At high frequencies, the results
are generally in good agreement.

100

80

60

40

20

L, [dB ref. 5 x 10°® m/s]

0

®

o
o

80

60

40

L [dB ref. 5x 108 m/s]

\

20

s

L, [dB ref. 5 x 10°® ms]
n S D -] 8
o o o o o

o

(@)

x=8 m
1 2 4 8 16 315 63 125

1/3 octave band center frequency [Hz]

x=8m

AL

1 2 4 8 16 315 63 125
1/3 octave band center frequency [Hz]

x=8 m

1 2 4 8 16 315 63 125
1/3 octave band center frequency [Hz]

L, [dB ref. 5x 10 m/s]

(

RS

L [dB ref. 5x 108 m/s]

\

©

L [dB ref. 5x 108 m/s]

\

(h)

o
o

©
oS

2}
o

N
o

N
o

o
s)

@
o

2}
o

IS
o

N
o

100

80

60

100
x=16 m x=32 m
w
c 80
©
o
— 60
x
[Ie)
:,_D:jj_FﬁF_E_:__I _@ 40
m
S
1 > 20
-
0
1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
1/3 octave band center frequency [Hz] (C) 1/3 octave band center frequency [Hz]
100
x=16 m x=32m
2
c 80
©
)
1 — 60
x
I
1 © 40
m
S
> 20
—
1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
1/3 octave band center frequency [Hz] (f) 1/3 octave band center frequency [Hz]
100
x=16 m x=32m
o
c 80
(=]
=)
— 60
x
0
® 40
m
h=A
> 20
-
0
1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125
1/3 octave band center frequency [Hz] (I) 1/3 octave band center frequency [Hz]

Figure 50: Vibration velocity level L, (x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the slab track supported by soft soil. Receivers are located at (a,d,g) 8 m,
(b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV

(grey line).
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Figure [51] shows the vibration velocity level for the slab track on medium soil. Besides peaks due to the
axle and vehicle passages, an additional peak is observed around the P2 resonance frequency where
the vibration velocity level reaches its maximum value. The largest discrepancy between TRAFFIC and
MOTIV is observed below 30 Hz, where differences up to 15dB are observed in some frequency bands.
At high frequencies, the vibration velocity level predicted with the two models is in very good agreement
(differences up to 3dB).
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Figure 51: Vibration velocity level L, (x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the slab track supported by medium soil. Receivers are located at (a,d,g)
8m, (b,e,h) 16 m and (c.f,i) 32m from the track. Results are computed with TRAFFIC (black line) and
MOTIV (grey line).
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In figure [52] the vibration velocity level is shown for the slab track on stiff soil. The P2 resonance around
90 Hz dominates the response. Again, the discrepancy below 30 Hz is significant in some frequency bands,
while at high frequencies, the results are in very good agreement.
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Figure 52: Vibration velocity level L, (x1) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the slab track supported by stiff soil. Receivers are located at (a,d,g) 8 m,
(b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV

(grey line).
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2.8.6 Force density

The force density Ly (X, x1) is computed using the FRA procedure given in equation (20). Figureshows
the force density computed for the slab track on soft soil. The force density is characterized by peaks at
the axle and vehicle passage frequencies, as well as a peak around the P2 resonance. The force density
increases with increasing train speed, since the dynamic axle loads are higher. At 8 m from the track, the
influence of the quasi-static axle loads is observed at low frequencies, resulting in a high force density. At
16 m and 32 m, the quasi-static axle loads do not contribute significantly to the free field response, and
the force density is very similar at both distances. The discrepancies between TRAFFIC and MOTIV are
mainly due to differences in the vibration velocity level, and are largest in frequency bands below 30 Hz.
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Figure 53: Force density Lr(X,x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the slab track supported by soft soil. Receivers are located at (a,d,g) 8 m,
(b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV

(grey line).

SILVARSTAR GA 101015442 61 [111]
Deliverable D1.3 Validation of the prototype vibration prediction tool against documented cases



hift’Rail BN

Horizon 2020
European Union Funding

for Research & Innovation

AN

SILVARSTAR

For the track on medium soil, figure [54] shows that the force density is maximum around the P2 reso-
nance, except at 8 m from the track where the quasi-static axle loads result in a high force density at low
frequencies. At 16 m and 32 m, the force density is very similar. The results obtained with TRAFFIC and
MQOTIV are in good agreement at high frequencies, while discrepancies up to 15dB are observed in some

frequency bands below 30 Hz.
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Figure 54: Force density Lrp(X,x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the slab track supported by medium soil. Receivers are located at (a,d,g)
8m, (b,e,h) 16 m and (c.f,i) 32m from the track. Results are computed with TRAFFIC (black line) and

MOTIV (grey line).
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Figure 55| shows the force density for the slab track on stiff soil. The P2 resonance around 90 Hz is clearly
observed. The discrepancy between TRAFFIC and MOTIV is limited to a few dB at high frequencies, while

considerable differences are observed below 30 Hz.
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Figure 55: Force density Ly(X,x;) during the passage of the IC train running at (a-c) 50 km/h, (d-f)
150 km/h and (g-i) 300 km/h on the slab track supported by stiff soil. Receivers are located at (a,d,g) 8 m,
(b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC (black line) and MOTIV

(grey line).
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2.9 Conclusions

This section presents an extensive comparison of state-of-the-art models TRAFFIC and MOTIV for 18
numerical cases: an IC train running at 50 km/h, 150 km/h and 300 km/h on a slab and ballasted track sup-
ported by soft, medium and stiff soil. The track and vehicle compliance computed with the two models are
in excellent agreement. Hence, the dynamic axle loads, which depend on the track and vehicle compliance
as well as the track unevenness (FRA class 6), are also in very good agreement. The track free-field trans-
fer functions differ at high frequencies for the ballasted track due to different kinematic assumptions at the
track-soil interface in both models: the transfer functions predicted with TRAFFIC are generally higher than
predicted with MOTIV. This also results in higher amplitudes for the line source transfer mobility and the
vibration velocity level at high frequencies (differences up to 10dB). For the slab track, the track free-field
transfer functions are in very good agreement in the entire frequency range, which is also reflected in the
line source transfer mobility. The vibration velocity level corresponds well at high frequencies (differences
up to 5dB), but larger discrepancies are observed below 30 Hz. For the force density, similar deviations
are observed since it is computed from the vibration level and the line source transfer mobility using the
FRA procedure.
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3. ASSESSMENT OF MODELLING ASSUMPTIONS

3.1 Introduction

The prototype vibration prediction tool uses specific modelling assumptions in order to reduce the compu-
tation time. In this section, these assumptions are assessed using TRAFFIC for the ballasted track case
described in section In section the track compliance was computed in a moving frame of
reference, and the vibration velocity level was computed for moving, coherent axle loads. In this section,
the following modelling simplifications will be introduced step-by-step:

1. The effect of train speed on the track compliance Ct(w) is disregarded and the track compliance
C*(w) is computed for a stationary load.

2. The dynamic axle loads are applied at fixed positions instead of moving along the track with the train
speed v. This corresponds to a low-speed approximation for which the Doppler effect is neglected.

3. The axle loads are assumed to be incoherent by neglecting the cross-PSD terms S‘gkl(w) of the
dynamic axle loads.

The influence of these simplifications is assessed in terms of vibration velocity level difference ALy (x1):
ALy(x1) = L{PP(x1) — Ly (x1) (23)

where LiPP"(x;) is the vibration velocity level accounting for the simplification, and L (x1) is the ref-
erence vibration velocity level. Note that, as the simplifications are introduced step-by-step, the reference
Lrf(x;) is taken as the vibration velocity level LiPP"(x) from the previous step. For the first step, the
reference vibration velocity level Lf,ef(xl) corresponds to the vibration velocity level (computed with TRAF-
FIC) presented in section 2| Note that the contribution of the quasi-static axle loads to the vibration velocity
level is disregarded in this section.

In the following, the theoretical background for each simplification is discussed first, followed by its effect
on the vibration velocity level L, (x;). Results are shown in terms of AL, (x;) for the IC train consisting
of 4 vehicles (each represented by a 10-DOF vehicle model) running at 50 km/h, 150 km/h and 300 km/h
on the ballasted track supported by soft, medium and stiff soil. The section is concluded with a summary
comparing the vibration velocity level from section[2.7.5](moving train, coherent axle loads) to the vibration
velocity level accounting for all modelling assumptions. In order to assess and compare the overall vibra-
tion velocity level summed over all frequency bands, the global vibration velocity level L%bbal(xl) is also
presented in subsection [3.5] calculated by summing the contributions in each one-third frequency band j:

L (xp)
LEbl(x)) = 10logyy [ Y 10710 (24)
j
SILVARSTAR GA 101015442 65 |[111]

Deliverable D1.3 Validation of the prototype vibration prediction tool against documented cases



L . » T Horizon 2020 i
hlft Ral . European Union Funding |
for Research & Innovation

SILVARSTAR

3.2 Track compliance in a moving versus a stationary frame of reference

The vertical components C?,(w) of the track compliance matrix C*(w) correspond to the vertical displace-
ment at the position of axle [ due to a unit vertical load at the position of axle k£, and is calculated in a
moving frame of reference as:

+oo

. 1 . .
Chlw) = o / R, (ky,w + kyv) exp [—iky (Y10 — yko)] dky (25)

—0o0

where Bgz(ky, w + kyv) denotes the track-to-track transfer function in the wavenumber-frequency domain
in a frame of reference moving with speed v. By setting the train speed equal to zero, the effect of the
train speed on the transfer function Bgz(k:y,w), and thus the track compliance, is disregarded. With this
simplification, the transfer function h!_(k,,w) becomes an even function of the wavenumber k, and the
computational effort to calculate the integrals in equation (25) is reduced.

Figure shows the magnitude of the vertical track compliance function C{l(w) computed for a non-
moving load and for a load moving at 50 km/h, 150 km/h and 300 km/h on the ballasted track on medium
soil. It can be seen that the effect of speed on the track compliance is limited. In addition, figure
shows the effect of the speed on the coupling term C’fz(w) (i.e. the response at the position of the second
wheelset due to a load at the first wheelset). A dip is observed around 75 Hz for the non-moving load; the
dip shifts to lower frequencies with increasing train speed. However, as the amplitude of the coupling term
C’{Q(w) is much lower than C‘{l(w), the overall effect of speed on the track compliance, and hence on the
dynamic axle loads and vibration velocity level, is expected to be limited.

108 108
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< < /
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~
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© Y
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1011 . . . . . . . 1011 . . . . . . .
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Figure 56: Vertical track compliance (a) C‘{l(w) and (b) é’{z(w) for the ballasted track on medium soil
computed in a stationary frame of reference (black line) and a moving frame of reference for speeds of
50 km/h, 150 km/h and 300 km/h (dark to light grey lines).

Figure |57| shows the vibration velocity level difference AL, (x;1) between the free-field response at dis-
tances 8m, 16 m and 32m from the track calculated using the track compliance due to the non-moving
loads and that for moving loads. Results are shown for train speeds of 50 km/h, 150 km/h and 300 km/h,
and for the three soil types.

A very good agreement is shown in figure between results computed with the track compliance in a
moving and non-moving frame of reference. Some small differences can be seen for the train speed
of 300 km/h in figures to [57]. As these level differences are less than 1dB, the influence of the
moving load on the track compliance does not affect the vibration predictions in the free field. This is also
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demonstrated from the global vibration velocity levels reported in tables [7]to[9] of section[3.5] where almost
no difference is reported between the global vibration velocity level from the nominal case and the current
approximation (defined as approximation A1 in the tables).
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Figure 57: Vibration velocity level difference AL, (x1) due to the computation of the track compliance in a
stationary instead of moving frame of reference. Results are shown for the IC train running at (a-c) 50 km/h,
(d-f) 150 km/h and (g-i) 300 km/h on the ballasted track supported by soft (light grey line), medium (dark
grey line) and stiff (black line) soil. Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from

the track.
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3.3 Low-speed approximation

The free field response increases when the train approaches, is almost stationary during the train passage,
and decreases once the train has passed. This is illustrated by the RMS velocity shown in figure [26] The
duration of the stationary part depends on the train length and the train speed. It is expected that the
low-speed approximation yields accurate results for long trains and low train speeds.

The low-speed approximation aims to predict the vibration velocity level L, (x;) during the stationary part
of the response by assuming fixed axle positions. This is achieved by considering the speed v equal to
zero in equation (13), which results in:

n +o0
N ~ 1 . . .
Uz(xa Y, w) = Z % / 1thz (:E? kyv w) exp {*1ky(y - ka)] gde(w)dky

k=1 VAN
Na

= Z iUJhZZ (IL‘; Y — Yko, (/J) gdkz (w) (26)
k=1

by evaluating the inverse Fourier transform from the wavenumber domain k, to the coordinate y. As a
result, the frequency shift between the receiver and the source due to the Doppler effect is disregarded.

Since the dynamic axle loads gqx.(w) are determined by random track unevenness, they represent a
random process. The free field response 0. (z,y,w) due to random axle loads is a random process as
well, characterized by the one-sided PSD S, (z, y,w):

TNa  MNa

Sv(x7 y,w) = Z szillzz ($7 Yy — ka,W) Sgkl<w)il;z (.I, Y — Yo, w) (27)
k=1 1=1

The vibration velocity level Ly (x;) is subsequently obtained by integrating the PSD S‘V(m,y,w) in each
one-third octave band.

Figure shows the vibration velocity level difference AL, (x;) between the response calculated with the
low-speed approximation and the moving train response for the three trains speeds 50 km/h, 150 km/h
and 300 km/h. Results are shown for receivers at different distances from the track and for the three soil

types.

It is observed that the differences increase when the train speed increases with respect to the dominant
wave speed in the soil; deviations of more than 10 dB are found in individual frequency bands at the highest
speed of 300 km/h. Nevertheless, these differences mainly correspond to a redistribution of energy into
different frequency bands due to the Doppler effect, and hence, the overall vibration level summed over all
frequency bands is affected much less. This can be seen in the global vibration levels reported in tables[7]
to [9] of section [3.5| where the differences between the nominal case of a moving train (case A1) and the
current approximation (defined as case A1+A2) show differences of 1 dB to 3dB.
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Figure 58: Vibration velocity level difference ALy (x1) due to the low-speed approximation. Results are
shown for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and (g-i) 300 km/h on the ballasted track
supported by soft (light grey line), medium (dark grey line) and stiff (black line) soil. Receivers are located
at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track.
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3.4 Coherent versus incoherent axle loads

The final simplification is the assumption of incoherent axle loads. This means that the coherence between
two axles k and [, included through the cross-PSD Sgkl(w), is not taken into account. As the cross-PSD
terms S’gkl(w) are oscillating functions with a period determined by the time lag (yxo — vi0)/v, they give
rise to an oscillating PSD S”V(w) as well. It is expected that these oscillations cancel out when integrating
in sufficiently wide frequency bands to obtain the vibration velocity level L (x1). Hence, it is expected that
the assumption of incoherent axle loads will mostly affect the vibration velocity level at low frequencies
where the one-third octave bands are narrower. Assuming incoherent axle loads, equation becomes:

Se(@,y,w) = Y Wb (2,5 — yro, w) [ Sgrn(w) (28)
k=1

The vibration velocity level difference AL, (x;) between results based on this approximation and the refer-
ence case (non-moving, but coherent axle loads) is shown in figure 59| for the three train speeds 50 km/h,
150 km/h and 300 km/h. Results are shown for receivers at different distances from the track and for the
three soil types.

Most of the differences in the response due to this approximation occur for frequencies below 4 Hz for a
train speed of 50 km/h (figures to 69c). Above 4 Hz, the differences are small (less than 5dB). For
higher train speeds of 150 km/h and 300 km/h (figures[59d to [59f and 59 to[59]), there is a good agreement
in the response above 10 Hz and 20 Hz respectively, which is where the highest response generally occurs

(see figures [28] to [30).

The overall vibration velocity level considering all the frequencies bands of the current approximation is
denoted as case A1+A2+A3 in tables[7] to O] of section [3.5l The differences are less than 3dB from the
nominal case (no simplifications), and less than 1dB from case A1+A2 (non-moving, but coherent axle
loads).
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Figure 59: Vibration velocity level difference AL, (x1) due to the assumption of incoherent instead of
coherent axle loads. Results are shown for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and (g-i)
300 km/h on the ballasted track supported by soft (light grey line), medium (dark grey line) and stiff (black
line) soil. Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track.
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3.5 Summary

The effect of three modelling simplifications on the vibration velocity level was studied in this section: (1)
track compliance in a stationary versus moving frame of reference, (2) fixed (non-moving) positions for
the dynamic axle loads (i.e. low-speed approximation) and (3) incoherent versus coherent axle loads. Of
these three approximations, the low-speed approximation has the largest influence on the vibration velocity
level, whereas the assumption of incoherent axle loads mainly affects the response at low frequencies. The
effect of the train speed on the track compliance is negligible.

The combined effect of all three approximations is shown in figures (soft sail), (medium soil) and
[62] (stiff soil) for the IC train running at 50 km/h, 150 km/h and 300 km/h on the ballasted track. Although
there are significant differences in individual frequency bands, the spectrum shape is closely followed.
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Figure 60: Free field vibration velocity level L (x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h
and (g-i) 300 km/h on the ballasted track supported by soft soil. Receivers are located at (a,d,g) 8 m, (b,e,h)
16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC for a moving train (black line)
and using a low-speed approximation where the track compliance is computed in the stationary frame of
reference assuming incoherent axle loads (grey line).
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Generally, the vibration level is overestimated by a few dB when the modelling simplifications are taken
into account.
In figure the vibration velocity level difference AL, (x;) is presented for every case. It can be seen

that despite the differences in individual frequency bands shown in figure mainly in the low and mid
frequency range, the overall spectrum shape in figures [60|to [62]is closely followed.
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Figure 61: Free field vibration velocity level L (x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h
and (g-i) 300 km/h on the ballasted track supported by medium soil. Receivers are located at (a,d,g) 8 m,
(b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC for a moving train (black
line) and using a low-speed approximation where the track compliance is computed in the stationary frame
of reference assuming incoherent axle loads (grey line).
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Figure 62: Free field vibration velocity level Ly (x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h
and (g-i) 300 km/h on the ballasted track supported by stiff soil. Receivers are located at (a,d,g) 8 m, (b,e,h)
16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC for a moving train (black line)
and using a low-speed approximation where the track compliance is computed in the stationary frame of
reference assuming incoherent axle loads (grey line).
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Figure 63: Vibration velocity level difference AL (x1) between predictions with the full (moving loads)
and simplified model. Resuls are shown for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and (g-i)
300 km/h on the ballasted track supported by soft (light grey line), medium (dark grey line) and stiff (black
line) soil. Receivers are located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track.
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In order to assess and compare the overall vibration velocity level summed over all frequency bands, the
global vibration velocity level L&°"* (x, ) is presented in tables and@for receivers at distances 8 m, 16
m and 32 m, respectively. In these tables, column A1 reports the global vibration level neglecting the load
speed in the calculation of the track compliance; column A1+A2 reports the global vibration level when,
additionally to A1, a low-speed approximation is used; column A1+A2+AS3 reports the global vibration level
when, additionally to A1+A2, incoherent axle loads are assumed. The results from the full model (section|2)
are also given as reference, together with the vibration level difference.

The low-speed approximation (A2) leads to the largest differences between the full model and the simplified
model. The vibration level difference is generally highest for the soft soil, and increases with increasing
distance to the track. The overall vibration velocity level is on average 2dB to 3dB higher for the sim-
plified model (A1+A2+A3) than for the full model (None). This is consistent with results presented by
Verbraken [18] and demonstrates that, although the proposed modelling simplifications are a compromise
to achieve efficient calculations, the differences introduced by these approximations, and shown in figure
are stronger in individual frequency bands, but have much less effect on the overall vibration spectrum.

Table 7: Global vibration velocity level L8°"* (x;) [dB ref. 5 x 108 m/s] at 8 m from the ballasted track on
soft, medium and stiff soil during the passage of the IC train at 50 km/h, 150 km/h and 300 km/h. Results
are computed for combinations of the three modelling assumptions: track compliance in the stationary
frame of reference (A1), low-speed approximation (A2) and incoherent axle loads (A3).

Train speed Soil type Modelling assumptions
None A1 A1+A2 A1+A2+A3
Soft 64.6 64.6 67.0 67.1
50 km/h Medium 63.4 63.3 65.0 65.7
Stiff 60.3 60.4 61.9 62.2
Soft 78.6 78.6 80.5 81.1
150 km/h Medium 77.6 77.6 79.8 79.9
Stiff 75.0 74.8 76.0 76.5
Soft 87.8 87.8 89.6 89.7
300 km/h Medium 86.3 86.3 88.7 88.8
Stiff 84.5 84.0 85.1 85.5
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Table 8: Global vibration velocity level L%lObal(xl) [dB ref. 5 x 10~% m/s] at 16 m from the ballasted track on
soft, medium and stiff soil during the passage of the IC train at 50 km/h, 150 km/h and 300 km/h. Results
are computed for combinations of the three modelling assumptions: track compliance in the stationary
frame of reference (A1), low-speed approximation (A2) and incoherent axle loads (A3).

Train speed Soil type Modelling assumptions
None A1 A1+A2 A1+A2+A3
Soft 58.0 58.0 61.0 61.0
50 km/h Medium 57.4 57.4 60.6 59.9
Stiff 56.2 56.2 58.4 58.7
Soft 71.9 71.9 73.9 74.7
150 km/h Medium 74.7 71.7 74.2 74.2
Stiff 70.5 70.3 72.7 72.9
Soft 80.4 80.4 82.8 83.0
300 km/h Medium 80.4 80.2 82.9 83.0
Stiff 79.8 79.4 82.1 81.9

Table 9: Global vibration velocity level LE°"* (x, ) [dB ref. 5 x 1078 m/s] at 32 m from the ballasted track on
soft, medium and stiff soil during the passage of the IC train at 50 km/h, 150 km/h and 300 km/h. Results
are computed for combinations of the three modelling assumptions: track compliance in the stationary
frame of reference (A1), low-speed approximation (A2) and incoherent axle loads (A3).

Train speed  Soil type Modelling assumptions
None Al A1+A2 A1+A2+A3
Soft 51.0 50.9 54.2 53.9
50 km/h Medium 47.9 47.9 51.2 51.5
Stiff 494 49.5 52.5 52.0
Soft 63.3 63.2 65.9 67.1
150 km/h Medium 62.7 62.6 65.3 65.6
Stiff 63.6 63.6 66.4 66.3
Soft 71.1 71.1 73.8 74.5
300km/h Medium 71.3 71.1 74.2 74.2
Stiff 73.0 72.6 75.2 75.2
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4. NUMERICAL VALIDATION

4.1 Introduction

In this section, a numerical validation of the prototype vibration prediction tool is presented. The line
source transfer mobility, vibration velocity level and force density are computed for the 18 cases introduced
in section This validation focuses on the correct implementation and solution of the train-track-soil
interaction problem in the prototype tool, and therefore results are compared with predictions with TRAFFIC
taking all modelling simplifications from section [3] into account. Hence, the comparison presented in this
section is expected to be good, and the differences between the full and simplified model presented in
section 3| should be kept in mind while reading.

Contrary to TRAFFIC, the prototype vibration prediction tool uses pre-computed soil impedance and trans-
fer functions in the frequency-wavenumber domain from the numerical database presented in Deliverable
D2.1 [17]. These pre-computed functions are available for the soft, medium and stiff soil, and for track
widths of 3m, 4.5 m and 6 m. As the width of the track-soil interface for the ballasted and slab track equals
3.6 m and 3.4 m respectively, the pre-computed functions for a track width of 3 m are used, while the actual
track width is used in TRAFFIC.

The section is organized as follows. First, the influence of the width of the track-soil interface on the soil
impedance and transfer functions is presented. Next, the line source transfer mobility, vibration velocity
level and force density computed with the prototype vibration prediction tool and TRAFFIC are compared
for the ballasted track and the slab track. We also take the opportunity in this section to highlight the
influence of soil stiffness on the line source transfer mobility, as well as the influence of soil stiffness and
train speed on the vibration velocity level and force density.

4.2 Pre-computed soil impedance and transfer functions

For the numerical validation of the prototype vibration prediction tool, the modelling simplifications dis-
cussed in section [3| are also included in TRAFFIC. Hence, differences in the results obtained with both
models are mostly due to the fact that pre-computed soil impedance and transfer functions are used by the
prototype vibration prediction tool. These functions are computed in the frequency-wavenumber domain
for fixed widths of the track-soil interface (3m, 4.5m and 6 m for single tracks), as discussed in section 5
of Deliverable D2.1 [17]. The width of the track-soil interface equals 3.6 m for the ballasted track (table [1)
and 3.4 m for the slab track (table[2). In TRAFFIC, the soil impedance and transfer functions are computed
with the actual track width, while in the prototype vibration prediction tool, pre-computed values are used
for a width of 3m (closest to the actual width).

The 2 x 2 soil stiffness matrix Ks(ky, w) contains the reaction forces due to a unit vertical displacement and
unit rotation of the track-soil interface and is computed in the frequency-wavenumber domain (see section
4.2.3 in Deliverable D1.1 [2]). As the vertical and rotational motion are uncoupled, Ks(ky, w) is a diagonal
matrix. We focus on the vertical soil stiffness l%szz(ky, w) [N/m] defined as the total vertical reaction force
due to a unit vertical displacement of the track-soil interface.

The vertical soil mobility is obtained as iw/l%szz(ky,w) [(m/s)/N] and is shown in figure [64|at 1 Hz, 10 Hz
and 100 Hz as a function of the dimensionless wavenumber k, = k,Cs/w. The soil mobility is computed
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for the soft, medium and stiff soil, and for track widths equal to 3m, 3.4m and 3.6 m. The peak in the
soil mobility around l?:y = 1 is due to the propagation of Rayleigh waves in the soil. For l_cy > 1, all
waves are evanescent and the soil mobility rapidly decreases. Furthermore, the soil mobility increases
with decreasing soil stiffness and increasing frequency. Regardless of the soil stiffness, the soil mobility
always decreases with increasing track width. However, since the vertical soil mobilities for track widths
equal to 3m, 3.4 m and 3.6 m are very similar, only a slight increase of the dynamic axle loads is expected
with increasing track width.
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@ >
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107 10° 10° 107! 10° 10° 107! 10° 10°
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(a) (b)
Figure 64: Vertical soil mobility iw/ks..(k,,w) as a function of the dimensionless wavenumber , at (a)
1 Hz, (b) 10Hz and (c) 100 Hz. Results are computed for the soft, medium and stiff soil (light grey to black
lines) and for track widths equal to 3 m (solid line), 3.4 m (dashed line) and 3.6 m (dotted line).

The vertical track-soil transfer mobility ﬁszz(x, k,,w) [(m/s)/N] is defined as the vertical free field velocity
due to a unit vertical load applied to the track-soil interface and is computed in the frequency-wavenumber
domain (see section 4.2.4 in Deliverable D1.1 [2]).

Figure |65 shows the transfer mobility at = 8m as a function of the dimensionless wavenumber £, at
1Hz, 10Hz and 100 Hz. The peak in the transfer mobility around Ey = 1 is due to the propagation of
Rayleigh waves in the soil, and the peak around l_cy = 0.5 is observed because the dilatational wave
becomes evanescent. At 1 Hz, the transfer mobility is highest for the soft soil and the influence of the track
width is very limited. At 10Hz and 100 Hz, the transfer mobility becomes negligible above Ey = 1 since
all waves are evanescent. At 10 Hz, the influence of the track width is limited, while at 100 Hz the transfer
mobility decreases with increasing track width.

Similar observations can be made on figures [66]and [67] which show the transfer mobility at + = 16 m and
x = 32m, respectively. Due to material damping, the transfer mobility decreases rapidly with increasing
distance from the track for the soft soil at 100 Hz.

It can be concluded that a slight change in the width of the track-soil interface does not much affect
the soil impedance and transfer functions. Generally, the soil mobility and transfer mobility decrease with
increasing track width, particularly at high frequencies. The effect of the track width on the vibration velocity
level during a train passage is, however, difficult to predict, as it depends on the dynamic axle loads
(which increase with increasing track width) and the transfer mobility (which decreases with increasing
track width).
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Figure 65: Vertical track-soil transfer mobility Bszz(m, ky,w) as a function of the dimensionless wavenumber
l_cy at (a) 1Hz, (b) 10Hz and (c) 100 Hz for a receiver at 8 m from the centre of the track-soil interface.
Results are computed for the soft, medium and stiff soil (light grey to black lines) and for track widths equal
to 3 m (solid line), 3.4 m (dashed line) and 3.6 m (dotted line).
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Eigure 66: Vertical track-soil transfer mobility Bszz(a:, ky, w) as a function of the dimensionless wavenumber
k, at (a) 1Hz, (b) 10Hz and (c) 100 Hz for a receiver at 16 m from the centre of the track-soil interface.
Results are computed for the soft, medium and stiff soil (light grey to black lines) and for track widths equal

to 3 m (solid line), 3.4 m (dashed line) and 3.6 m (dotted line).
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Eigure 67: Vertical track-soil transfer mobility Bszz(x, ky, w) as a function of the dimensionless wavenumber
k, at (a) 1Hz, (b) 10Hz and (c) 100 Hz for a receiver at 32 m from the centre of the track-soil interface.
Results are computed for the soft, medium and stiff soil (light grey to black lines) and for track widths equal

to 3 m (solid line), 3.4 m (dashed line) and 3.6 m (dotted line).
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4.3 Validation for the ballasted track

In the following, results obtained with the prototype vibration prediction tool are compared to TRAFFIC;
identical modelling assumptions (see section [3) are made in both models. The prototype tool, however,
uses pre-computed soil impedance and transfer functions for a track width of 3m, while TRAFFIC con-
siders the actual track width equal to 3.6 m. The comparison is presented in terms of line source transfer
mobility, vibration velocity level and force density for the ballasted track (subsection[2.2.1).

4.3.1 Line source transfer mobility

The line source transfer mobility TMy, (X, x;) is shown in figure at 8m, 16 m and 32 m from the track
on soft, medium and stiff soil. At low frequencies, the line source transfer mobility is highest for the soft
soil and reaches its maximum around 20Hz at 8 m, 16 Hz at 16 m and 12.5Hz at 32m. Above these
frequencies, the line source transfer mobility decreases rapidly due to material damping in the soil. For
the medium and stiff soil, similar trends are observed, but compared to the soft soil, the maximum value
is reached at twice and four times the respective frequencies. As the wavelength in the soil at a particular
frequency increases with increasing soil stiffness, the effect of material damping is less pronounced for the
medium and stiff soil due to the lower number of dissipative cycles.

The results computed with the prototype tool and TRAFFIC are in excellent agreement up to 10 Hz. At
higher frequencies, slightly higher values (1 dB to 3dB) are predicted with the prototype tool due to the
lower track width; the discrepancy is larger at 32 m than at 8 m from the track. Overall, the line source
transfer mobility computed with the two models is in very good agreement, which proves that the track-soil
system is correctly modelled in the prototype vibration prediction tool.
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Figure 68: Line source transfer mobility TMy, (X, x;) of the ballasted track supported by soft, medium and
stiff soil (light to dark lines) for receivers at (a) 8m, (b) 16 m and (c) 32m from the track. Results are
computed with TRAFFIC (grey lines) and the prototype vibration prediction tool (blue lines).

4.3.2 Vibration velocity level

Figureshows the vibration velocity level L, (x;1) at 8 m, 16 m and 32 m from the track during the passage
of the IC train at 50 km/h, 150 km/h and 300 km/h. The vibration velocity levels for the soft, medium and
stiff soil are shown on the same figure. For a train speed equal to 50 km/h, the vibration velocity level is
highest for the soft soil up to 30Hz. For the medium and stiff soil, the vibration velocity level reaches its
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maximum value at the P2 resonance close to 80 Hz. Around this frequency, the vibration velocity level is
similar for the three soils at 8 m, while at 16 m the vibration velocity level is lower for the soft soil due to the
influence of material damping. At 32 m, the highest vibration velocity level is predicted for the stiff soil at
the P2 resonance, which is approximately 8 dB higher than the level for the medium soil and 22 dB higher
than that for the soft soil.

For higher train speeds, the vibration velocity level increases, but the trends are very similar to those found
for the vibration velocity level for a train speed of 50 km/h. This is illustrated by figure [70] which shows the
vibration velocity level for the three train speeds on the same figure. It is concluded that between 30 Hz and
125 Hz the vibration velocity level increases by approximately 16 dB when increasing the train speed from
50 km/h to 150 km/h, independent of the soil stiffness and the receiver location. An additional increase of
approximately 8 dB is observed by increasing the train speed to 300 km/h.

The results computed with the prototype tool and TRAFFIC are in very good agreement. Below 30 Hz, the
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Figure 69: Vibration velocity level Ly (x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and (g-i)
300 km/h on the ballasted track supported by soft, medium and stiff soil (light to dark lines). Receivers are
located at (a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC
(grey lines) and the prototype vibration prediction tool (blue lines).
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vibration velocity level predicted with TRAFFIC is 1 dB to 2dB higher than found using the prototype tool.
At high frequencies, the prototype tool tends to predict a slightly higher vibration velocity level.
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Figure 70: Vibration velocity level Ly (x;) for the IC train running at 50 km/h, 150 km/h and 300 km/h (light
to dark lines) on the ballasted track supported by (a-c) soft, (d-f) medium and (g-i) stiff soil. Receivers are
located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC
(grey lines) and the prototype vibration prediction tool (blue lines).

4.3.3 Force density

The force density Lr(X, x;) is estimated using the FRA procedure (equation (20)). Figure shows
the force density Ly(X,x;) at 8m, 16 m and 32m from the track during the passage of the IC train at
50 km/h, 150 km/h and 300 km/h. The force density for the soft, medium and stiff soil is shown in the
same figure. Since the influence of the soil stiffness on the dynamic axle loads is limited below 50 Hz
(figures [21]to [23), the force density is almost identical for the three soil types up to this frequency. At high
frequencies, the force density is higher for the soft soil. Furthermore, the force density is almost identical
for the three receiver locations up to 80 Hz. The peaks around 5Hz and 80 Hz correspond to dips in the
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Figure 71: Force density Lp(X,x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and (g-i)
300 km/h on the ballasted track supported by soft, medium and stiff soil (light to dark lines). Receivers are
located at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32m from the track. Results are computed with TRAFFIC
(grey lines) and the prototype vibration prediction tool (blue lines).

vehicle compliance and total compliance, respectively.

The aforementioned observations are independent of the train speed. The influence of the train speed on
the force density is shown in figure Since the line source transfer mobility TMp, (X, x1) is not affected
by the train speed, the differences are solely due to the increasing vibration velocity level L (x1) with
increasing speed, as was discussed in figure[70]

The force densities computed with the prototype vibration prediction tool and TRAFFIC are in very good
agreement. The discrepancy is limited to 3dB in each frequency band and is due to the selected track
width for the pre-computed soil impedance and transfer functions.
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Figure 72: Force density Lr(X, x1) for the IC train running at 50 km/h, 150 km/h and 300 km/h (light to
dark lines) on the ballasted track supported by (a-c) soft, (d-f) medium and (g-i) stiff soil. Receivers are
located at (a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC
(grey lines) and the prototype vibration prediction tool (blue lines).
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4.4 Validation for the slab track

The comparison between results obtained with the prototype vibration prediction tool and TRAFFIC is
performed for the slab track. The prototype tool uses pre-computed soil impedance and transfer functions
for a width of the track-soil interface equal to 3m, while the actual track width of 3.4 m is used in the
TRAFFIC computations. The comparison between the two models is presented in terms of line source
transfer mobility, vibration velocity level and force density.

4.4.1 Line source transfer mobility

The line source transfer mobility TMy, (X, x;) is shown in figure at 8m, 16 m and 32 m from the track
on soft, medium and stiff soil. At low frequencies, the line source transfer mobility is highest for the soft
soil and reaches its maximum around 12.5 Hz, after which it decreases rapidly due to material damping in
the soil. For the medium soil, the line source transfer mobility has its maximum around 25 Hz, while for the
stiff soil the maximum is found around 80 Hz at 8 m, 63 Hz at 16 m and 50 Hz at 32 m.

The results obtained with the prototype vibration prediction tool and TRAFFIC are in very good agreement.
At high frequencies, the difference is around 1 dB for the stiff soil, while there is no noticeable difference
for the medium and soft soil.
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Figure 73: Line source transfer mobility TMy, (X, x;) of the slab track supported by soft, medium and stiff
soil (light to dark lines) for receivers at (a) 8 m, (b) 16 m and (c) 32 m from the track. Results are computed
with TRAFFIC (grey lines) and the SILVARSTAR prototype vibration prediction tool (blue lines).

4.4.2 Vibration velocity level

Figureshows the vibration velocity level L, (x;) at 8 m, 16 m and 32 m from the track during the passage
of the IC train at 50 km/h, 150 km/h and 300 km/h. The vibration velocity levels for the soft, medium and
stiff soil are shown on the same figure. The P2 resonance of the unsprung mass on the track is clearly
observed for the medium and stiff soil around 90 Hz, which is slightly higher than for the ballasted track.
At 8 m, the vibration velocity level around the P2 resonance is similar for each soil type and increases with
increasing train speed. At 16 m and 32m, the effect of material damping in the soil is observed at high
frequencies, particularly for the soft soil, resulting in significantly lower vibration velocity levels.

The effect of the train speed on the vibration velocity level is shown in figure where results for the
three train speeds are grouped together in one figure. The train speed mainly affects the amplitude of the
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Figure 74: Vibration velocity level L (x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and (g-i)
300km/h on the slab track supported by soft, medium and stiff soil (light to dark lines). Receivers are
located at (a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC
(grey lines) and the prototype vibration prediction tool (blue lines).

vibration velocity level at high frequencies. Increasing the train speed from 50 km/h to 150 km/h results
in an increase of 16 dB on the vibration velocity level. An additional 8dB is added by increasing the train
speed to 300 km/h. Similar observations were made for the ballasted track in figure

The results computed with the prototype vibration prediction tool and TRAFFIC are in very good agreement.
The prototype tool tends to predict higher vibration velocity levels at high frequencies (differences up to
4 dB).
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Figure 75: Vibration velocity level L (x;) for the IC train running at 50 km/h, 150 km/h and 300 km/h (light
to dark lines) on the slab track supported by (a-c) soft, (d-f) medium and (g-i) stiff soil. Receivers are
located at (a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC
(grey lines) and the prototype vibration prediction tool (blue lines).

4.4.3 Force density

The force density is shown in figure [76based on the responses at 8 m, 16 m and 32 m from the track. The
results for the soft, medium and stiff soil are shown on the same figure. The peak around 5 Hz corresponds
to a local minimum in the vehicle compliance related to the suspension stiffness of the vehicle, and was
also observed in the force density for the ballasted track. The peak around 90 Hz corresponds to the P2
resonance where the total compliance has its minimum. Below 30 Hz, the force density is nearly identical
for the three soils. At higher frequencies, deviations up to 5dB are observed between the force density
for the soft and the stiff soil. Furthermore, a good agreement is found between the force density at three
distances from the track.

The influence of the train speed is shown in figure [77] Differences of approximately 16 dB are observed in
every frequency band above 10 Hz between the force density for the IC train running at 150 km/h compared
to a train speed of 50 km/h. For 300 km/h the corresponding difference is 24 dB.
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The force density computed with the prototype vibration prediction tool is a few dB lower at low frequencies
than the TRAFFIC results, while at high frequencies differences between -1 dB and +3dB are observed.
The discrepancies are attributed to the different track width assumed in the prototype vibration prediction
tool by using pre-computed soil impedance and transfer functions.
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Figure 76: Force density Lp(X,x;) for the IC train running at (a-c) 50 km/h, (d-f) 150 km/h and (g-i)
300km/h on the slab track supported by soft, medium and stiff soil (light to dark lines). Receivers are
located at (a,d,g) 8m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC
(grey lines) and the prototype vibration prediction tool (blue lines).
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Figure 77: Force density Lr(X, x1) for the IC train running at 50 km/h, 150 km/h and 300 km/h (light to
dark lines) on the slab track supported by (a-c) soft, (d-f) medium and (g-i) stiff soil. Receivers are located
at (a,d,g) 8 m, (b,e,h) 16 m and (c,f,i) 32 m from the track. Results are computed with TRAFFIC (grey lines)
and the prototype vibration prediction tool (blue lines).
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4.5 Conclusions

A numerical validation of the prototype vibration prediction tool was presented in this section. Predictions
of the line source transfer mobility, vibration velocity level and force density for the ballasted and slab
track were computed with the prototype tool, and with TRAFFIC including the modelling simplifications
presented in section (3| The prototype tool uses pre-computed soil impedance and transfer functions in the
frequency-wavenumber domain for a fixed track width equal to 3 m, which deviates from the actual track
width of the ballasted and slab track (3.6 m and 3.4 m, respectively).

First, the influence of the track width on the soil impedance and transfer functions was assessed. It was
concluded that increasing the track width results in higher soil stiffness (and higher dynamic axle loads),
but lower transfer mobility. Hence, it is difficult to estimate the impact of the track width on the vibration
velocity level in advance.

The line source transfer mobility, vibration velocity level and force density predicted with the prototype
vibration prediction tool and TRAFFIC are in very good agreement. Differences mainly occur at high
frequencies, but are limited to 4dB. The discrepancy can be attributed to the lower width of the track-
soil interface in the prototype tool due to the use of pre-computed soil impedance and transfer functions.
This validation shows that the implementation of vehicle, track and soil models is correct in the prototype
vibration prediction tool.
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5. EXPERIMENTAL VALIDATION

5.1 Introduction

This section presents the comparison of the results of the prototype vibration prediction tool with exper-
imental data collected at a site in Lincent (Belgium) on the high speed line L2 connecting Brussels and
KéIn. The measured data include passages of IC and Thalys trains, as well as track-soil transfer func-
tions. Additional tests (borings, SASW tests and SCPTs) were performed to estimate the dynamic sail
characteristics.

The section is organized as follows. First, a detailed description of the experimental case history is pre-
sented, including track, soil and train properties as well as the track unevenness. A comparison of the
measured and predicted line source transfer mobility is presented next. Subsequently, the measured and
predicted vibration velocity level and force density for a passage of the IC train at 198 km/h and the Thalys
train at 292 km/h are discussed. The section is concluded with hybrid predictions of the vibration velocity
level, where either the source or propagation term in the numerical model is replaced by measured data.

5.2 Case description
5.2.1 Measurement site

An extensive measurement campaign has been carried out at a site in Lincent (Belgium) on the high speed
line L2 connecting Brussels and KdIn. The section between Brussels and Liege was constructed between
1998 and 2002 and mainly follows the E40 highway. The test site in Lincent is located next to the high
speed line L2 at kilometer 61.450, near the access point in the Rue de la Bruyere. Figure [78a provides a
satellite view of the test location, showing the high speed line next to the E40 highway. Figure [78b shows
a plan of the measurement site.

The high speed railway line is constructed in an excavation and runs parallel to the E40 highway separated
by an embankment. A cross-section of the site is shown in Figure The access point in the Rue de
la Bruyere is located at the opposite side of the embankment, where the free field has an approximately
horizontal surface. The excavation, varying in depth along the railway line, is around 1 m deep near the
access point.

5.2.2 Track properties

The high speed line L2 consists of two railway tracks, one track in the direction of Liege (track 1) and
one track in the direction of Brussels (track 2). It is assumed that both tracks can be considered as
separate tracks. The ballasted track consists of two UIC 60 rails supported every 0.6 m by rubber pads on
monoblock concrete sleepers. The track gauge equals 1.435m. The track properties are summarized in
Table[d0l

The UIC 60 rails are continuously welded and have bending stiffness F, I, = 6.42 x 10°Nm?2 and mass
per unit length p. A, = 60 kg/m. The rails are modelled as Euler-Bernoulli beams.
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Figure 78: (a) Satellite view of the measurement site in Lincent. (b) Plan of the measurement site. The
two boxes correspond to the location of the receivers and the SCPT, SASW and SR tests (figure [80).

The rails are fixed with a Pandrol E2039 rail fastening system and supported by resilient studded rubber
rail pads (type 5197) with a thickness of 11 mm. Each rail pad is preloaded with a clip toe load of about
20 kN per rail seat. In order to determine the rail pad properties, a numerical track model was fitted to track
receptance measurements in loaded conditions [8]. This results in an estimate for the rail pad stiffness
kyp = 153.4 x 10% N/m and viscous damping coefficient ¢;, = 13.5 x 103 Ns/m. An equivalent, smeared
rail pad stiffness ky, = kyp/d = 255.7 x 106 N/m? and damping coefficient &, = ¢yp/d = 22.5 x 103 Ns/m?
are computed to be used in a longitudinally invariant track model by dividing by the distance d = 0.6 m
between two sleepers.

The prestressed concrete monoblock sleepers have a length g, = 2.5 m, a width b, = 0.235m, a height
hsip = 0.205 m (under the rail), a mass mg, = 300 kg and a mass moment of inertia pI; g, = 157.3 kgm?.
In a longitudinally invariant model, the smeared sleeper mass equals m;, = 500 kg/m and mass moment
of inertia is pl; qp = 262.17 kgm.

The track is supported by a porphyry ballast layer (caliber 25/50, thickness 1,51 = 0.35m) and a limestone
sub-ballast layer (thickness 0.60 m). The density of these ballast layers is ppa = 1700 kg/m3. The ballast
mass per unit length is estimated as mpa = praithailsiy = 1488 kg/m. Below the ballast, the soil has been
stabilized over a depth of 1 m by means of lime.

The ballast and subgrade properties were estimated by performing a fit of the predicted track recep-
tance with the measured track receptance in a frequency range between 30 Hz and 200 Hz [18], assuming
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Figure 79: Cross-section of the measurement site in Lincent.

Table 10: Track properties for the Lincent site.

Rail positions

ll =l2 =0.72m

UIC60 rail  Bending stiffness E. I, = 6.42 x 105 Nm?
Mass per unit length prAr = 60 kg/m
. Stiffness kyp = 153.4 x 10% N/m
Rail pad . : - 3
Viscous damping coefficient ¢, = 13.5 x 10° Ns/m
Length lsip = 2.5m
Width bsip = 0.235 m
Sleeper Height hsip = 0.205 m
Mass mgp = 300 kg
Mass moment of inertia plysp = 157.3 kgm?
Spacing d=0.6m
Thickness thal = 0.35 m
Top width bpair = 3.6 m
Bottom width bpalpy = 5.6 M
Ballast Mass per unit length Mpal = 1488 kg/m
Stiffness per sleeper kpap = 180 x 10% N/m
Hysteretic loss factor Nbal = 0.06
Thickness teub = 1.0 m
Subgrade Shear wave velocity Cs sub = 300 m/s

Density

psub = 1854 kg/m?

a Poisson’s ratio v = 1/3. This results in an estimated shear wave velocity Cs a1 = 153.7m/s and
Cssub = 300m/s for the ballast and subgrade, respectively. The ballast stiffness per sleeper is subse-
quently estimated as kbal = Kpallsipbsip = Ebarlsipbsip/tbal = 180 x 106 N/m, where K, = 306 x 109 N/m?
is the ballast bedding modulus and Ey, = 107.1 x 10% N/m? is the Young’s modulus. The material damp-
ing ratio for the ballast bed was also included as a model parameter in the fit, and was estimated as
Bs = Bp = 0.03, corresponding to an equivalent hysteretic loss factor n,, = 0.06. In a longitudinally
invariant model, the smeared ballast stiffness equals kpa = kpa1/d = 300 x 106 N/m?.
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5.2.3 Soil properties

At the site in Lincent, several borings were carried out in preparation of the construction of the high speed
railway track in order to identify the local geology. The borings reveal the presence of a shallow Quaternary
top layer of silt with a thickness of 1.2 m, followed by a layer of fine sand up to a depth of 3.2m. Between
3.2m and 7.5m is a sequence of stiff layers of arenite (a sediment of a sandstone residue) embedded in
clay. Below the arenite layers is a layer of clay (from 7.5m to 8.5 m depth), followed by fine sand (from
8.5m to 10 m), below which thin layers of fine sand and clay are found.

A number of in situ tests were performed at the site in Lincent for the identification of the (small strain)
dynamic soil characteristics, including Seismic Cone Penetration Tests (SCPTs), Spectral Analysis of Sur-
face Waves (SASW) tests and Seismic Refraction (SR) tests. Figure [80| gives an overview of the site with
the location of two SCPTs, two SASW tests and two SR tests. The results from these tests are summarized
in [19]. Table|11|presents the dynamic soil characteristics at the Lincent site.

Liege —*

«—— Brussels
p———
—

Figure 80: Location of the SCPT, SASW and SR tests at the site in Lincent.

Table 11: Dynamic soil characteristics at the Lincent site.

Layer h  Cs Cp Bs Bp P
[m] [m/s] [m/s] [ [1  [kg/m?]

1 1.4 128 286 0.044 0.044 1800
2 27 176 286 0.038 0.038 1800
3 oo 35 1667 0.037 0.037 1800

5.2.4 Modelling assumptions

The track is situated in a 1 m deep excavation. Verbraken [18] and Germonpré [5] showed that the exca-
vation does not affect the predicted track compliance provided that it is computed with a reduced height of
the top layer (0.4 m instead of 1.4 m in table [{T).

Additionally, the effect of the 1 m deep lime stabilization directly below the track on the track compliance
was studied. The subgrade stiffening significantly affects the track compliance, and hence, the dynamic
axle loads. It cannot be ignored in the numerical model of the track.

Verbraken [18] showed that, for the computation of the track compliance, the lime stabilization can be
considered as a 1m stiffer top layer with estimated properties Cs sy, = 300m/s, v = 1/3 and pgup, =
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1854 kg/m?3 (see section 3). This results in the soil layering given in table For the computation of the
free field response, however, the soil properties in table [T 1] have to be used.

In the frame of the SILVARSTAR project, the soil impedance and transfer functions are pre-computed
(see section 5.2 in Deliverable D2.1 [17]). For the computation of the soil impedance Ks(ky,w), the soil
properties in table are used, as the soil impedance is used to compute the track compliance. The
soil properties in table [11]| are used to predict free field response, and hence, to pre-compute the transfer
functions hy(, ky, w).

Table 12: Dynamic soil characteristics for the computation of the track compliance, accounting for the 1 m
deep excavation and 1 m thick lime stabilization below the track [19].

Layer h Cs Cp Bs ﬂp P
[m] [m/s] [m/s] [ [1  [kg/m’]

1 1.0 300 600 0.044 0.044 1854
2 21 176 286 0.038 0.038 1800
3 oo 355 1667 0.037 0.037 1800

5.2.5 Train properties

Four different train types are operating on the line L2 in Lincent: the InterCity (IC) trains of type IC-A and
IC-O, and the Thalys and ICE high speed trains. A 1-DOF vehicle model (unsprung mass only) is used to
compute the dynamic axle loads for the IC trains and the Thalys high speed trains. The train speed for the
IC trains varies between 160 km/h to 214 km/h, with an average train speed of 198 km/h. The Thalys train
runs at 300 km/h.

IC train

Two IC train types (IC-A and IC-O types) are operating on the line L2. The considered IC train passages
correspond to the IC-A type. The IC-A train consists of 1 locomotive HLE 13, 11 standard carriages 111
and 1 end carriage 111 BDx, and has a total length Ly = 335.91 m (from first to last axle). The IC-A train is
in push mode in the direction of Lieége and in pull mode in the direction of Brussels.

Each locomotive and carriage has two independent bogies and four axles. The vehicle length [, the bogie
spacing I}, the axle spacing [,, the total mass per axle m¢, the sprung mass mg and the unsprung mass
m,, of all cars are summarized in table [13]

Table 13: Geometrical and mass properties of the IC-A train [18, [7]: vehicle length [, bogie spacing I1,,
axle spacing I,, total mass my, sprung mass ms and unsprung mass m,.

Number Iy Iy la my My My
of axles  [m] [m] [m] [ka] [ka] (ka]
Locomotive 4 19.11 10.40 3.00 22500 19677 2823
Central carriage 4 26.40 18.40 256 11610 10100 1500
End carriage 4 26.40 1840 256 11830 10286 1544
SILVARSTAR GA 101015442 96 |[111]
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Thalys train

The Thalys train operating on the line L2 is of the type PBKA. It consists of 2 locomotives, one at each
end of the train, and 8 carriages in between and has a total length Ly = 200.19m (from first to last
axle). Each locomotive is supported by two bogies and has four axles. The side carriages, next to the
locomotive, have one independent bogie and share the second bogie with the neighbouring carriage.
The six remaining central carriages share both bogies with their neighbouring carriages, resulting in an
articulated train composition. The total number of bogies is 13 and, consequently, the total number of
axles is 26.

The vehicle length [, the bogie spacing [}, the axle spacing ., the total mass per axle m¢, the sprung
mass ms and the unsprung mass m,, of all cars are summarized in table[14]

Table 14: Geometrical and mass properties of the Thalys train [18, [7]: vehicle length [, bogie spacing Iy,,
axle spacing [,, total mass my, sprung mass mg and unsprung mass ms,.

Number ly Iy la My Mg My

of axles  [m] [(m]  [m]  [kg] kgl [kd]
Locomotive 4 22.15 14.00 3.00 17000 14973 2027
Side carriage 3 21.84 18.70 3.00 17000 14973 2027

Central carriage 2 18.70 18.70 3.00 17000 14973 2027

5.2.6 Track unevenness

The Belgian Railway Company NMBS uses the EM130 measurement vehicle equipped with an Applanix
POS/TG system to record the irregularity and alignment of both rails and the curvature, superelevation and
grade of the track. The track unevenness at the Lincent site has been measured during a passage on track
1 in the direction of Liége in April 2011. From these measurements, the PSD S”uw/rz(ky) of the average
vertical unevenness of both rails was computed. The PSD is reliable in a wavelength range between 3m
and 63 m. The unevenness for smaller (or larger) wavelengths was extrapolated from the measurements
by fitting the PSD to the analytical formula proposed by the FRA given by equation (2). The fit results in
an estimate A = 4.75 x 10~? m, which is lower than the value for FRA class 6 (table[4). The fitted track
unevenness level is given in table [T5]for 1/3 octave bands with centre wavelengths between 0.0315m and
100 m.
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Table 15: Fit of the measured track unevenness level in dB (ref. 10~%m) at the site in Lincent expressed

in one-third octave bands.

Wavelength  Unevenness level
[dB ref. 1076 m]

[m]

0.0315
0.04
0.05

0.063
0.08
0.1
0.125
0.16
0.2
0.25
0.315
0.4
0.5
0.63
0.8
1
1.25
1.6
2
2.5
3.15
4
5
6.3
8
10
12.5
16
20
25
31.5
40
50
63
80
100

-32.7
-29.7
-26.7
-23.7
-20.7
-17.6
-14.6
-11.6
-8.6
-5.6
-2.6
0.4
3.4
6.4
9.4
12.4
15.4
18.3
21.2
241
26.9
29.5
32.1
34.4
36.6
38.5
40.3
42.0
43.6
45.2
47.0
48.9
51.0
53.3
55.8
58.4
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5.3 Line source transfer mobility

The line source transfer mobility was measured with hammer impacts applied at the sleeper edge (1.1 m
from the centre, source points indicated as Xgy,). However, in the computations made with the prototype
vibration prediction tool, the source points are considered at both rail heads (0.5N on each rail, source
points indicated as Xgg). Figure plots the line source transfer mobility TMy, (X, x1) predicted with
TRAFFIC for both source point locations. The differences above 25 Hz are due to several reasons. When
applying impacts on the sleeper edge, the rotation of the track is excited, while it is not excited with syn-
chronized impacts on the rail heads. The rail pads also filter the vibration velocity level, and the rails spread
the energy in the longitudinal direction.

30

E x=12m $E x=32 m E X=64 m
S S 20 S 20t
% % 10 % 10t
£ E E Ll
o @ )
2 2 -0 2
x x x
0 o -20 0
° T 30 °
o [an] o
S 40+ 5. 40 S
- - |
Z 50 Z 50 =
= 12 4 8 16 315 63 125 1 2 4 8 16 315 63 125 1 2 4 8 16 315 63 125

1/3 octave band center frequency [Hz] 1/3 octave band center frequency [Hz] 1/3 octave band center frequency [Hz]

—
Q
=
—
O
-
—
(¢
-

Figure 81: Line source transfer mobility TMy,(X, x1) for receivers at (a) 12m, (b) 32m and (c) 64 m from
the track at Lincent. Results are computed with TRAFFIC for source points at both rails (black line) and at

the sleeper edge (grey line).

The measured line source transfer mobility is corrected in order to be consistent with the definition of the
force density Lr(X, x1) with impact on the rail heads. The correction corresponds to the difference in line
source transfer mobility with impacts on both rails and on the sleeper edge:

ATML(X,Xl) = TML(XBR, Xl) — TML(XSE, X1) (29)

This correction factor is shown in figure [82] This is larger at high frequency and for smaller distances.
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Figure 82: Difference ATMp, (X, x;) for the line source transfer mobility computed with source points at
both rails and at the sleeper edge for receivers at (a) 12m, (b) 32 m and (c) 64 m from the track at Lincent.

Figureplots the measured line source transfer mobility TMy, (X, x; ), with and without the correction, as
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well as the predicted one. Good agreement is obtained between the experimental data and the simulation
in the frequency range between 12.5Hz and 40 Hz. Below 8 Hz, the measured values are quite high due to
low frequency measurement noise. Above 40 Hz, the simulated values are generally below the measured
values. The best agreement is observed at 32 m. At 64 m, the simulated values are about 10 dB below the
measured values, possibly due to underestimated soil damping in the model.
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Figure 83: Line source transfer mobility TMy, (X, x1) for receivers at (a) 12m, (b) 32m and (c) 64 m from
the track at Lincent. Experimental data are shown for source points at the sleeper edge (black line).
The experimental data are corrected to account for the position of the source points (grey line) and are
compared to results obtained with the prototype vibration prediction tool (blue line).

5.4 Vibration velocity level
5.4.1 Theoretical considerations

The measured vibration velocity level contains both the quasi-static and dynamic component. Table
gives the main frequencies of the quasi-static components due to axle and vehicle spacing, and the para-
metric excitation due to the sleeper spacing. They are all in the considered frequency range between 1 Hz
and 125Hz. The dynamic component is generally dominated by the P2 (unsprung mass) resonance fre-
quency. With the theoretical mechanical parameters used for the models of the train, the track and the soil
(minor influence of the latter), the frequency is close to 50 Hz (45 to 55 Hz) for both trains.

Table 16: Quasi-static and parametric excitation components.

Train IC-A Thalys

Speed [km/h] 198 292

Axle spacing [m] 2.56 3.0

Axle passage frequency [Hz] 21.0 27.0

Bogie spacing [m] 10.4 (locomotive); 18.4 (carriage) 14.0 (locomotive); 18.7 (carriage)
Bogie passage frequency [HZz] 5.3 (locomotive); 3.0 (carriage) 5.8 (locomotive); 4.3 (carriage)
Vehicle length [m] 19.1 (locomotive); 26.4 (carriage) 22.15 (locomotive); 18.7 (carriage)
Vehicle passage frequency [Hz] 2.9 (locomotive); 2.1 (carriage) 3.7 (locomotive); 4.3 (carriage)
Sleeper spacing [m] 0.6 0.6

Sleeper passage frequency [Hz] 125.0 85.0

The rail unevenness was measured for wavelengths between 3 m and 63 m, corresponding to a frequency
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range from 0.9 Hz to 18 Hz for a train speed of 198 km/h (IC train), and from 1.3 Hz to 27 Hz at 292 km/h
(Thalys train). Outside these ranges, the unevenness is unknown and was extrapolated. This limits the
validity of the results obtained with the numerical model based on the extrapolated unevenness.

5.4.2 IC train

Figure [84] shows the vibration velocity level, measured and predicted with the prototype vibration prediction
tool, during the passage of the IC train. The experimental data show multiple train passages at +=10dB
around the average value at high frequencies, and up to +20dB below 10 Hz. Around 50 Hz, the numerical
and the experimental data show a peak related to the P2 (unsprung mass) resonance. A peak is observed
at 20 Hz due to the axle passage frequency.

In the experimental data, the quasi-static contribution is observed below 8 Hz close to the track; the
prototype tool only considers the response due to dynamic axle loads and thus disregards the quasi-
static contribution to the vibration velocity level. The coach and bogie suspension modes also affect the
response at low frequencies. However, these are not accounted for by the numerical model, as the vehicle
model only considers the unsprung mass. These two factors explain the difference between numerical and
experimental results below 25 Hz.

Above 60 Hz, the predicted vibration velocity level is lower than the measured data, which is consistent
with observations for the TM,(X, x1) (figure [83). This effect is compounded by the fact that the rail and
wheel unevenness are unknown (not measured) in this frequency range.

Although the energy is concentrated in different frequency bands, the difference between the measured
and predicted global vibration level L&°"*!(x,) is less than 2dB as shown in table ﬁ This shows that,
overall, a good estimate of the vibration velocity level during the passage of the IC train is predicted.
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Figure 84: Vibration velocity level L, (x1) for receivers at (a) 12m, (b) 32m and (c) 64 m from the track at
Lincent. A total of 26 passages of the IC-A train in a speed range between 178 km/ and 218 km/h were
measured (light grey lines), from which the average vibration velocity level (black line) is computed. A
single passage (dark grey line) and the vibration velocity level predicted with the prototype tool (blue line)
for the IC train running at 198 km/h are also shown.

5.4.3 Thalys train

Figure [85 shows the measured and predicted (with the prototype vibration prediction tool and with TRAF-
FIC) vibration velocity level Ly (x;) during the passage of the Thalys train at 292km/h. The TRAFFIC
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Table 17: Measured and predicted global vibration velocity level L%l"bal(xl) [dB ref. 5 x 1078 m/s] at 12m,
32m and 64 m from the track at Lincent during the passage of the IC-A train running at 198 km/h.

Receiver location 12m 32m 64m

Measured 68.9 54.2 443
Predicted with the prototype tool 69.3 55.3 42.3

Table 18: Measured and predicted global vibration velocity level L%k’bal(xl) [dB ref. 5 x 1078 m/s] at 12m,
32m and 64 m from the track at Lincent during the passage of the Thalys train running at 292 km/h.

Receiver location x 12m 32m 64m
Measured 67.0 58,5 48.1
Predicted with the prototype tool 76.4 61.8 48.3
Predicted with TRAFFIC 76.8 60.9 46.1

predictions account for the quasi-static contribution due to the moving constant axle loads. A clear peak
is observed at 4 Hz corresponding to the vehicle passage frequency. The peak around 25 Hz is due to the
axle spacing. These peaks are also visible in the measured data. The P2 resonance is observed around
50 Hz to 63 Hz in the measured data, and at 50 Hz in the predictions.

The agreement between measurements and predictions is relatively good in the frequency range where
the track unevenness was measured (below 27 Hz). The vibration velocity level is highly overestimated at
12 m between 20 Hz and 80 Hz. Better agreement is found at 32 m and 64 m, but the predicted response
above 80 Hz is much lower than the measured response. This was also the case for the IC train, and is
possibly related to an overestimation of the material damping ratio in the soil as well as the extrapolated
unevenness data.

As seen in table the global vibration velocity level difference between measurements and predictions
with the prototype vibration prediction tool is up to 9dB at 12 m, but about 3dB at 32 m and less than 1 dB
at 64 m. The predictions with TRAFFIC (including quasi-static effects and moving dynamic axle loads) are
very close to the predictions with the prototype vibration prediction tool: a 1dB to 2dB difference on the
global vibration velocity level is found between the two models.

5.5 Force density

The force density can be computed using the FRA procedure (equation (20)), which estimates the force
density as the difference between the vibration velocity level and the line source transfer mobility. Alter-
natively, it can be computed directly from the dynamic axle loads (equation (21)). With the first approach,
the force density can be determined experimentally as well as numerically, while the latter approach only
allows for a numerical prediction of the force density.

5.5.1 IC train

Figure [86| shows the prediction of the force density with the prototype vibration prediction tool, using the
aforementioned approaches (FRA procedure and based on dynamic axle loads). Differences of about 5dB
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Figure 85: Vibration velocity level L (x;) for receivers at (a) 12m, (b) 32m and (c) 64 m from the track at
Lincent. A total of 5 passages of the Thalys train in a speed range between 272 km/ and 312 km/h were
measured (light grey lines), from which the average vibration velocity level (black line) is computed. A
single passage (dark grey line) and the vibration velocity level predicted with the prototype tool (blue line)
and TRAFFIC (red line) for the Thalys train running at 292 km/h are also shown.

are observed at high frequencies. The P2 resonance is clearly observed around 50 Hz.
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Figure 86: Force density Lr(X,x;) for receivers at (a) 12m, (b) 32m and (c) 64 m from the track at
Lincent. Results are computed with the prototype tool for the passage of the IC-A train at 198 km/h using
the FRA procedure (black line) and a direct computation from the dynamic axle loads (grey line).

Figure [87] depicts the force density computed with the FRA procedure obtained from measured data and
predicted with the prototype tool. Note that the corrected TMy, (X, x;) (to allow for different excitation
positions on both rails instead of sleeper edges) is used for the computation of the experimental force
density (see subsection [5.3). The numerical results are close to the average measured force density
(black line), except below 2 Hz, between 25Hz and 40 Hz, and above 63 Hz. The numerical curves show
a clear peak at the P2 resonance, while this phenomenon is not visible in the experimental data.

5.5.2 Thalys train

Figure |88| shows the force density for the Thalys train running at 292 km/h obtained numerically with the
prototype tool using the FRA procedure and based on the dynamic axle loads. Differences of about 5dB
are observed. The P2 resonance is clearly seen at 50 Hz.

Figure |89 shows the force density computed with the FRA procedure obtained from measured data and
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Figure 87: Force density Lp(X,x;) for receivers at (a) 12m, (b) 32m and (c) 64 m from the track at
Lincent. The force density is estimated with the FRA procedure for the 26 passages of the IC-A train in
the speed range between 178 km/h and 212 km/h (grey lines), from which the average force density (black
line) is computed. The force density for a single passage at 198 km/h (dark grey line) and the prediction
with the prototype tool (blue line) using the FRA procedure is also shown.
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Figure 88: Force density Lr(X,x;) for receivers at (a) 12m, (b) 32m and (c) 64 m from the track at
Lincent. Results are computed with the prototype tool for the passage of the Thalys train at 292 km/h using
the FRA procedure (black line) and a direct computation from the dynamic axle loads (grey line).

from numerical predictions. Note that the corrected TMy, (X, x;) is used for the computation of the ex-
perimental force density (see subsection [5.3). The numerical prediction shows a clear peak at the P2
resonance, while this phenomenon is not visible in the experimental data.

5.5.3 Average force density

For hybrid predictions where the source term corresponds to an experimentally determined force density
Lr(X,x1) (hybrid model 2), an average force density is extracted from the measured data as follows. The
force density is computed at each receiver location and is shown in figure[90] The force densities obtained
at 8m, 16 m and 24 m show very low (and abnormal) values below 16 Hz, and are therefore disregarded
in the computation of the average force density. The force density at 6 m is also disregarded as the quasi-
static contribution affects the force density at low frequencies. The average force density is also shown on
figure [90] and used for the hybrid predictions in the next section.
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Figure 89: Force density Lp(X,x;) for receivers at (a) 12m, (b) 32m and (c) 64 m from the track at
Lincent. The force density is estimated with the FRA procedure for the 5 passages of the Thalys train in
the speed range between 272 km/h and 312km/h (grey lines), from which the average force density (black
line) is computed. The force density for a single passage at 292 km/h (dark grey line) and the prediction
with the prototype tool (blue line) using the FRA procedure is also shown.
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(a)
Figure 90: Average force density Lr(X, x;) for receivers at 6,m, 8m, 16 m and 24 m (black to light grey
lines) and 12m, 32m, 48 m and 64 m (dark to light red lines) from the track at Lincent. The average force
density is estimated with the FRA procedure for (a) 26 passages of the IC-A train and (b) 5 passages of
the Thalys train. The average force density (blue line) is computed from the force density at 12m, 32m,
48 m and 64 m.

5.6 Hybrid prediction
The vibration velocity level L, (x;) is now computed with two hybrid models:

+ hybrid model 1: predicted force density Lr(X,x;) combined with a measured line source transfer
mobility TMp, (X, x;1) (with correction term for impact locations),

« hybrid model 2: measured force density Ly (X, x;) (average) combined with a predicted line source

transfer mobility TMy, (X, x1).

The results obtained with both hybrid models are compared to fully numerical computations as well as
measured vibration velocity levels.
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5.6.1 IC train

Figure compares the experimental data to the hybrid and fully numerical predictions for the IC train.
Hybrid model 1 (predicted force density and measured line source transfer mobility) overestimates the
vibration velocity level around the P2 resonance at 50 Hz. This is due to the fact the unevenness in this
frequency range was not measured. Hybrid model 2 (measured force density and predicted line source
transfer mobility) gives better agreement with measurements, especially at 32 m.
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Figure 91: Vibration velocity level L (x;) for receivers at (a) 12m, (b) 32m and (c) 64 m from the track at
Lincent. A total of 26 passages of the IC-A train in a speed range between 178km/ and 218 km/h were
measured (light grey lines), from which the average vibration velocity level (black line) is computed. The
vibration velocity level is also computed with the prototype tool: fully numerical (blue line), hybrid model 1
(red line) and hybrid model 2 (green line).

Table[T9]summarizes the measured and predicted global vibration velocity levels. Hybrid model 1 gives the
largest discrepancies compared to measurements, with differences of up to 5 dB. The fully numerical model
and hybrid model 1 give differences of 1dB to 2dB compared to the measured data. These differences
are acceptable for numerical predictions, given the model and parameter uncertainty.

Table 19: Measured and predicted global vibration velocity level L8°"* (x;) [dB ref. 5 x 10~8 m/s] at 12 m,
32m and 64 m from the track at Lincent during the passage of the IC-A train running at 198 km/h.

Receiver location x 12m 32m 64m

Measured 68.9 542 443
Predicted with the prototype tool 69.3 55.3 423
Predicted with hybrid model 1 745 57.3 46.8
Predicted with hybrid model 2 69.3 52.1 40.0

5.6.2 Thalys train

Figure [92]compares the experimental data to the hybrid and fully numerical predictions for the Thalys train.
Similar to the IC train, hybrid model 1 overestimates the vibration velocity level around the P2 resonance
frequency at 50 Hz. Hybrid model 2 gives better agreement with the experimental data.

Table lists the global vibration velocity levels for the measurements and the simulations. The highest
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Figure 92: Vibration velocity level L, (x;) for receivers at (a) 12m, (b) 32 m and (c) 64 m from the track at
Lincent. A total of 5 passages of the Thalys train in a speed range between 272 km/ and 312 km/h were
measured (light grey lines), from which the average vibration velocity level (black line) is computed. The
vibration velocity level is also computed with the prototype tool: fully numerical (blue line), hybrid model 1

(red line) and hybrid model 2 (green line).

discrepancies are observed at 12 m, with about 15 dB difference for hybrid model 1. Hybrid model 2 gives

better agreement with differences up to 4 dB.

Table 20: Measured and predicted global vibration velocity level LE°"* (x;) [dB ref. 5 x 1078 m/s] at 12m,
32m and 64 m from the track at Lincent during the passage of the Thalys train running at 292 km/h.

Receiver location x 12m 32m 64m
Measured 67.0 585 48.1
Predicted with the prototype tool 76.4 61.8 48.3
Predicted with hybrid model 1 81.7 64.3 534
Predicted with hybrid model 2 706 56.5 441
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5.7 Conclusions

This section presented the experimental validation of the prototype vibration prediction tool using measure-
ment data (transfer functions and train passages) from a site at Lincent (Belgium). The predictions with
the prototype tool consist of fully numerical as well as hybrid computations.

The comparison between experimental data and numerical predictions at the Lincent site shows reason-
ably good agreement overall. The main discrepancies are due to several reasons. First, the soil strati-
fication and excavation at the site are complex, and not easy to model. More sophisticated models are
required to capture accurately the influence of the excavation of the track and the subgrade stiffening be-
low the track on the track impedance and the free field vibration. Furthermore, the rail unevenness has
been extrapolated, leading to large uncertainty above 25 Hz for the considered train speeds. In addition,
the wheel roughness is unknown and neglected. The quasi-static contribution is not taken into account,
but is observed in the measured data up to 25 Hz for the considered train speeds.

When comparing the global vibration velocity levels, differences between measurements and predictions
are reasonable: 1dB for the best cases, with an average difference of about 4dB, but up to 15dB for
the worst case. In one-third octave bands, the differences can also reach 15dB to 20 dB, but the highest
discrepancies are generally observed below 10 Hz, where the energy is low anyway. The discrepancies are
mainly due to the fact that the quasi-static contribution and the bogie and coach suspension modes are not
accounted for in the numerical predictions. In general, the models tend to overestimate the global vibration
levels. Hybrid model 1 (predicted force density and measured line source transfer mobility) tends to highly
overestimate the vibration velocity levels, with differences up to 20 dB for the worst case. Predictions with
hybrid model 2 (measured force density and predicted line source transfer mobility) give global vibration
levels that differ up to 4 dB compared to measurements, which is acceptable. The fully numerical model
gives the same level of discrepancies.

In conclusion, the prototype vibration prediction tool is compared with measured data, and reasonable
agreement was achieved, despite the simplifying assumptions made in the prediction tool and the remain-
ing uncertainty on the track and soil properties.
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6. CONCLUSIONS

This report presents the numerical and experimental validation of the prototype vibration prediction tool.

For the numerical validation, 18 case histories are considered for the IC train running at 50 km/h, 150 km/h
and 300 km/h on a ballasted and slab track supported by soft, medium and stiff soil. Results computed
with state-of-the-art numerical models (TRAFFIC and MOTIV) are compared in section[2] For the ballasted
track, the track compliance and dynamic axle loads are in excellent agreement. At high frequencies,
however, deviations up to 5dB are observed in the line source transfer mobility and up to 10dB in the
vibration velocity level due to different kinematic assumptions at the track-soil interface. For the slab track,
the track compliance and the dynamic axle loads are also in excellent agreement. The line source transfer
mobility differs by maximum 1 dB, while deviations of up to 5dB are observed for the vibration velocity level
above 30 Hz.

In section [3] the effects of three modelling simplifications made in the prototype vibration prediction tool
are quantified using TRAFFIC: (1) computation of the track compliance for non-moving instead of moving
loads, (2) fixed positions of the dynamic axle loads (low-speed approximation), and (3) incoherent instead
of coherent axle loads. The influence of the train speed on the track compliance is negligible and can
be disregarded in the prediction of vibration velocity levels (differences less than 1dB). The assumption
of fixed positions of the dynamic axle loads disregards the Doppler effect, resulting in a redistribution of
energy to different frequency bands. Significant differences (up to 20dB in some frequency bands) are
observed for the vibration velocity level, particularly when the train speed is high compared to the dominant
wave velocity in the soil. The assumption of incoherent axle loads mainly affects the vibration velocity level
below 20 Hz, where the response is low. For the global vibration velocity level, slightly higher values (up
to 4 dB) are found when all simplifications are included in the model, which is mainly due to the low-speed
approximation.

In section [4] the prototype vibration prediction tool is validated against the state-of-the-art model TRAF-
FIC. For the 18 case histories, the line source transfer mobility, vibration velocity level, and force density
are computed. In TRAFFIC, the same modelling simplifications are imposed as in the prototype vibration
prediction tool (section [3). The latter, however, uses pre-computed soil impedance and transfer functions
for selected widths of the track-soil interface. First, the soil impedance and transfer functions for the actual
track width are compared with those available in the database; the influence of the width is only observed
at high frequencies and remains limited. This is also reflected in the line source transfer mobility: the dif-
ference between the prototype vibration prediction tool and TRAFFIC is limited to 3 dB at high frequencies.
The vibration velocity level and the force density are also in very good agreement, which demonstrates
that the computational core of the prototype vibration prediction tool is implemented correctly.

In section 5] the prototype vibration prediction tool is validated against experimental data collected on a
site in Lincent. The measured and predicted line source transfer mobility are in relatively good agreement
when a correction term is introduced that accounts for the impact position (on the sleeper edge in the
experiments and on the rail heads in the prediction model). The measured data contain high levels of low
frequency noise. The measured and predicted vibration velocity levels show similar trends, including peaks
due to the axle passages and the P2 resonance. Significant differences at low frequencies are due to the
omission of the quasi-static contribution and the bogie and coach suspension modes in the numerical
model. At high frequencies, the predicted response is much lower than the measured one far from the
track, which may be due to an overestimation of material damping in the soil. The difference on the global
vibration level is generally limited to a few dB, which shows that the prototype vibration prediction tool is
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able to make acceptable predictions despite the uncertainty on track and soil properties and the modelling
simplifications.

Hybrid predictions of the vibration velocity level are finally computed with the prototype vibration prediction
tool. Hybrid model 1 (predicted force density and line source transfer mobility) overestimates the response
between 30 Hz and 60 Hz, and hence the global vibration level. Hybrid model 2 (measured force density
and predicted line source transfer mobility) is in better agreement with the measured data. The difference
on the global vibration level is around 4 dB, which is similar as for the numerical model.
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