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Abstract

As for other disciplines of engineering, ground vibrations induced by railway traffic are more and
more studied by simulation. However, as validation can only be performed by measurements,
there is still a need in experimental results. The proceeding paper presents a synthesis of the
experimental data collected in the context of the implementation of the new RER network in the
Brussels Capital Region. The paper first presents the three in situ tests that have been carried out
along the line L161, in order to determine the track and soil characteristics. The soil configuration
(number and characteristics of the layers) is obtained with the help of the impact of falling mass.
Seismic refraction test is used, coupled with the fitting of a finite/infinite element model, for the
damping. The track dynamic parameters are obtained by tuning experimental receptances with
numerical ones, with the help of a track/soil model, based on the finite element approach. The
second part consists in the analysis of the horizontal and vertical ground vibrations measured
during the passage of domestic trains (AM96, AM86, AM80 or AMT75) at various speeds (from
40 to 120km/h). In order to compare the levels and to have a global view, various indicators are
used as the peak particular velocity and the time-average velocity, associated to the standard
evaluation of the risk of building failures and human exposure in buildings respectively. These
results show that the ground vibrations amplitude depends on various factors: soil configuration,
train type and speed, direction of measurement, track quality. In a particular case, a local defect
(rail joint) induces large deformation on the soil. This report is complementary of the main
paper, giving all the measurements in a detailed form.
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CHAPTER 1

Introduction

This companion report presents all the measured vibratory data obtained for three sites in the
region of Brussels: Watermael (site 1 and 2) and Ottignies. Figure 1.1 presents an overview of
the railway track for the two locations (sites 1 and 2 of Watermael consist of the same track).

(a) Watermael (b) Ottignies

Figure 1.1: Investigated sites in the Brussels Region Network

Each chapter focuses on one investigated site, presenting all the measurement performed
during the passing of domestic trains. The position of the sensors and the relevant dimensions

are also given. Four kinds of magnitude are emphasized, for each investigated distance xp from
the track:

e the time history of the horizontal v,(t) and v, (t) and vertical v,(t) vibrations,

e the frequency content v;(f) associated on each curve (i =z, y or z),

e the time-average velocity v; yms(t),

e the spectrogram v;(t,w), useful to describe to time evolution of the spectral content.

The analysis and the conclusion can be found in the main paper.
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CHAPTER 2

Measurement in Watermael (site 1)

Train type Track Speed [km/h] # carriages
AMT5 A 115 3 x4
AMS0 B 80 2x3
AM96 A 125 2x3
HLE27+M4 B 80 1+9
AM96 B 120 4x4
AMS0 B 100 2x3
AM96 B 115 4x3
HLE27+MA4 B 120 1+9
AMT5 A 110 2 x4
AMS80 B 80 2x3
AMS0 B 90 2x3
HLE27+M4 B 120 149
AMO96 A 110 I x3
AM96 B 90 4x2
AMT5 B 115 4
HLE27+M4 B 120 146
AMT7T5 B 85 4
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Figure 2.1: Located measurement points and review of all the train passing



4 2. MEASUREMENT IN WATERMAEL (SITE 1)

2.1 AMT5 unit at 115km/h
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Figure 2.2: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 115km/h



2.1. AM75 unit at 115km/h
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Figure 2.3: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 115km/h
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Figure 2.4: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 115km /h



2.1. AM75 unit at 115km/h
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Figure 2.6: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 80 km/h
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Figure 2.8: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 80 km/h
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Figure 2.9: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMS80 unit at 80 km/h
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Figure 2.10: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 125km /h
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Figure 2.11: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 125km /h
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2.3. AM96 unit at 125km/h
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Figure 2.13: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 125km/h
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2.4 MM railcar at 80km/h

Figure 2.14: Time history of the vertical and horizontal velocities measured in free field during
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2.4. M4 railcar at 80 km/h
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Figure 2.15: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 80 km/h
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Figure 2.16: Time-average of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 80 km/h
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Figure 2.17: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 80 km/h
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2.5 AMO96 unit at 120 km/h

Figure 2.18: Time history of the vertical and horizontal velocities measured in free field during
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2.5. AM96 unit at 120 km/h
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Figure 2.19: Spectral content of the vertical and horizontal velocities measured in free field during
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Figure 2.20: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 120km /h



2.5. AM96 unit at 120 km/h
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Figure 2.21: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 120 km/h
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2.6 AMBSO0 unit at 100 km/h

Figure 2.22: Time history of the vertical and horizontal velocities measured in free field during
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2.6. AM80 unit at 100 km/h
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Figure 2.23: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 100 km /h
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Figure 2.24: Time—average of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 100 km/h



2.6. AM80 unit at 100 km/h
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Figure 2.25: Spectrogram of the vertical and horizontal velocities measured in free field during

the passage of an AMS80 unit at 100 km/h
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2.7 AMO96 unit at 115km/h
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2.7. AM96 unit at 115km/h
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Figure 2.27: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 115km /h
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Figure 2.28: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 115km/h
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Figure 2.29: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 115km/h
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2.8 M4 railcar at 120km/h

Figure 2.30: Time history of the vertical and horizontal velocities measured in free field during
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Figure 2.31: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 120 km /h
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Figure 2.32: Time-average of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 120 km/h
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2.8. M4 railcar at 120 km/h
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Figure 2.33: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 120km/h
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2.9 AMT5 unit at 110km/h

Figure 2.34: Time history of the vertical and horizontal velocities measured in free field during
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2.9. AM75 unit at 110km/h
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Figure 2.35: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 110km /h
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2.9. AM75 unit at 110km/h
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Figure 2.37: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 110km/h
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2.10

Figure 2.38: Time history of the vertical and horizontal velocities measured in free field during

AMBSO0 unit at 80 km/h
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2.10. AMS80 unit at 80 km/h

41

x
I
o,

Velocity [m/s]
- T R -

o

50 100 150 200 250
Frequency [Hz]

(a) v, (2% = 13,w)

Velocity [m/s]
o o o o
o R 2 o @ -

o

50 100 150 200 250
Frequency [Hz]

(d) v, (zf = 18,w)

N
x
I
°

Velocity [m/s]
o =
o & N o

o

50 100 150 200 250
Frequency [Hz]

(g) Uz (IR = 24)“)

x
oy
S,

-

Velocity [m/s]
o o o o
o N B o ®»

o

50 100 150 200 250
Frequency [Hz]

(J) Vg (IR = 14)“)

o
x
o
15

Velocity [m/s]
Eﬁ”

0 50 100 150 200 250
Frequency [Hz]

(m) vy (2! = 14,w)

x 10

N

Velocity [m/s]
- &

o
5

-
50 100 150 200 250
Frequency [Hz]

(b) v, (zf =14, w)

o

-5

Velocity [m/s]
°
>

aoli
0
50 100 150 200 250

Frequency [Hz]

(e) v, (zf = 20,w)

o

Velocity [m/s]

=)
5

o
o

50 100 150 200 250
Frequency [Hz]

(h) v, (zf = 28,w)

Velocity [m/s]

-

0

o

50 100 150 200 250
Frequency [Hz]

(k) v (2t = 20,w)

25

15

Velocity [m/s]

0.5

o

50 100 150 200 250
Frequency [Hz]

(n) vy (z® = 20,w)

x10°

Velocity [m/s]

0 il L
0 50 100 150 200 250
Frequency [Hz]

(c) vy (zf =16,w)

.
IS

Velocity [m/s]
o o o o N
N A O = N

o
o

50 100 150 200 250
Frequency [Hz]

(f) vy (2B = 22,w)

Velocity [m/s]

0
0 50 100 150 200 250

Frequency [Hz]

(i) v, (2 = 32,w)

x10°
25
— 2
w
£
=15
>
=
o
81
Q
> o0s
0 e 1 L
0 50 100 150 200 250
Frequency [Hz]
R
(1) v (2" = 28,w)
x10°
14
12
w'
2 1
£
08
2z
© 06
k=)
Q 04
0.2
o - T
0 50 100 150 200 250

Frequency [Hz]

(0) vy(zft = 28,w)

Figure 2.39: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 80 km/h
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Figure 2.40: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 80 km/h
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Figure 2.41: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMS80 unit at 80 km/h
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2.11 AMSO0 unit at 90km/h

Figure 2.42: Time history of the vertical and horizontal velocities measured in free field during
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2.11. AM80 unit at 90 km/h
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Figure 2.43: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 90 km/h
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Figure 2.44: Time—average of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 90 km/h
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Figure 2.45: Spectrogram of the vertical and horizontal velocities measured in free field during

the passage of an AMS80 unit at 90 km/h
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2.12

Figure 2.46: Time history of the vertical and horizontal velocities measured in free field during

M4 railcar at 120km/h
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Figure 2.47: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 120 km /h



50

X107

w

N
23

N

Velocity [m/s]
- &

o
o

o

5 10 15
Time [s]

(a) Vs rms(z® = 13)

x10™
12

I

Velocity [m/s]

0

5
Time [s]

(d) vzyrms(:rR =18)

x10™

-

Velocity [m/s]
o o o
S o o

o
N

o

o

5 10 15
Time [s]

(g) Vz,rms (zR == 24)

x10™

IS

Velocity [m/s]

5 10 15
Time [s]

(J) Uz,rms(xR = 14)

x10
35
3
@ 35
E
2 |
2
‘C 15
©
(G
>
0.5
0
0 5 10 15
Time [s]

(M) vy rms(zf = 14)

x10

Velocity [m/s]
N )

o
o

o

5 10 15
Time [s]

(D) Vs pms (2t = 14)

1.4

x10™
12
1
08
0.4
02
0 5 10 1

Velocity [m/s]

0

5
Time [s]

(e) vz,rms(xR = 20)

x10°

Velocity [m/s]
ok N w s oo N

o

5 10 15
Time [s]

(h) vzyrms(xR = 28)

x10™

N
23

N

Velocity [m/s]
- &

o
o

o

5 10 15
Time [s]

(k) Vg rms (2t = 20)

)

5
Time [s]

(1) vy rms(xf = 20)

x10™

N

Velocity [m/s]
-
- »n

o
o

10 15

2. MEASUREMENT IN WATERMAEL (SITE 1)

x10

Velocity [m/s]
S

o
o

5 10 15
Time [s]

() Vs pms(zft = 16)

x10™

Velocity [m/s]

0 5 10 15
Time [s]

() vzﬂrms(zR =22)

x10°

o

>
—_

Velocity [m/s]

-

o

o

5 10 15
Time [s]

(i) vzyrms(:rR =32)

"

x10~
2
© 15
E
21
‘©
©
Los MJ\N
0
0 5 10 15
Time [s]

(1) Vg s (zf = 28)

x10™

/

0

15

-

Velocity [m/s]
°
5

0

5 10 15
Time [s]

(0) vy rms(zf = 28)

Figure 2.48: Time-average of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 120 km/h
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Figure 2.49: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 120km/h
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Figure 2.50: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 110km /h
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Figure 2.51: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 110km /h
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Figure 2.53: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 110 km/h
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Figure 2.54: Time history of the vertical and horizontal velocities measured in free field during

AMOI96 unit at 90 km/h
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Figure 2.55: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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Figure 2.56: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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Figure 2.57: Spectrogram of the vertical and horizontal velocities measured in free field during

the passage of an AM96 unit at 90 km/h
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Figure 2.58: Time history of the vertical and horizontal velocities measured in free field during

AMT5 unit at 115km/h
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Figure 2.59: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 115km/h
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Figure 2.61: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 115km/h
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Figure 2.62: Time history of the vertical and horizontal velocities measured in free field during

M4 railcar at 120km/h
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2.16. M4 railcar at 120 km/h
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Figure 2.63: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 120 km /h
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Figure 2.64: Time-average of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 120 km/h
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Figure 2.65: Spectrogram of the vertical and horizontal velocities measured in free field during

the passage of a M4 railcar at 120km/h
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2.17

Figure 2.66: Time history of the vertical and horizontal velocities measured in free field during

AMT5 unit at 85km/h
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2.17. AM75 unit at 85km/h
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Figure 2.67: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 85 km/h
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Figure 2.68: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 85 km/h
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Figure 2.69: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 85 km/h
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2. MEASUREMENT IN WATERMAEL (SITE 1)



CHAPTER 3

Measurement in Watermael (site 2)
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Figure 3.1: Located measurement points and review of all the train passing
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74 3. MEASUREMENT IN WATERMAEL (SITE 2)

3.1 AMO96 unit at 75km/h
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Figure 3.2: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 75km/h



3.1. AM96 unit at 75km/h

x 10
8 7
6
6 S %6
E E E
24 2 ! 24
S G 3 S
o o o
(] D 2 (]
> 2 > > 2
1
50 100 150 200 250 00 50 100 150 200 250 50 100 150 200 250
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(a) v, (2% = 16,w) (b) v, (zf =17, w) (c) vy (zf = 18,w)
x10°
12 1

N

Velocity [m/s]
o o o o
o v 5 o &
Velocity [m/s]
~ = >

o
@

Velocity [m/s]
o o
S o

=)
N

M

]

Mm

50 100 150 200 250 0 50 100 150 200 250 50 100 150 200 250
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(d) v, (zf =19,w) (e) v, (2t =21, w) (f) v, (2f = 23,w)
x10° x10°
12 1
— ! — 08
£ £
é 0.8 é 06
2 06 2z
% 04 % 0.4
> 02 > 02
0 0
0 50 100 150 200 250 0 50 100 150 200 250
Frequency [Hz] Frequency [Hz]
R _
(2) Uz( = 25,w) (h) v: (2™ =27,w)
x10° x10°
15 12 12
1 1
0 o) o)
E ! E 08 £ 08
2z 206 206
3 5 5
3 05 3 04 3 04
> > >
0.2 0.2
0 0 o
0 50 100 150 200 250 0 50 100 150 200 250 50 100 150 200 250
Frequency [Hz] Frequency [Hz] Frequency [Hz]
: R _ : R _ R _ 9r
(i) vz (2™ = 16,w) (j) vz(x™ =19,w) (k) vg(z™ = 25,w)

x10°

1 15 14
12
— 08 — —
° o 2
Ege E E,,
2 2 2
S S S 06
g™ g os g
0.4
> 0, > >
0.2
o il L o o
0 50 100 150 200 250 0 50 100 150 200 250 50 100 150 200 250
Frequency [Hz] Frequency [Hz] Frequency [Hz]
R _ R _ R _
(1) vy(z™ =16,w) (m) vy(z"™ =19,w) (n) vy(x™ =25,w)

Figure 3.3: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 75km/h
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Figure 3.4: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 75km/h
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Figure 3.5: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 75km/h
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3.2 AMO96 unit at 90 km/h

x10"

@
[

Velocity [m/s]
o

1
)
!

@

Velocity [m/s]
o
Velocity [m/s]

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time [s] Time [s] Time [s]
(a) v, (zf = 16,1) (b) v, (2t = 17,1) (c) v, (xf =18,¢)
x10™ x10™ x10™
5 4
g5 Q) S
E £ £
20 20 >0
: H‘W‘ : :
G o 9
> -5 > >
5 ”
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time [s] Time [s] Time [s]
(d) v, (2% =19,t) (e) vy (zf = 21,¢) (f) v, (xf = 23,1)
x10™ x10™
5 4
T T >
E E
20 20
3 8
2 S
-5
-4
0 5 10 15 20 0 5 10 15 20
Time [s] Time [s]
(g) Uz('TR = 257t) (h) Uz('TR =27, t)
x10° x10° x10™

a

Velocity [m/s]

Velocity [m/s]
Velocity [m/s]

1
@

[
N

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time [s] Time [s] Time [s]
(i) v.(a® = 16,1) (5) va(a® = 19,) (k) v («F = 25,1)
x107° x10° WX 10°
1 1
g 05 g 05 g 05
g g -—W ‘g ‘“W
E -05 EJ -05 EJ 05
4 -1
0 5 10 15 20 0 5 10 15 20 710 5 10 15 20
Time [s] Time [s] Time [s]
(1) v, (2 = 16,1) (m) v, (2% =19,1) (n) vy (28 = 25,1)

Figure 3.6: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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Figure 3.7: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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Figure 3.8: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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Figure 3.9: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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3.3 AMO96 unit at 85km/h
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Figure 3.11: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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Figure 3.12: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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Figure 3.13: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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3.4 AMBSRO unit at 85km/h
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3.4. AM8O0 unit at 85 km/h
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Figure 3.15: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 85 km/h
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Figure 3.16: Time-average of the vertical and horizontal velocities measured in free field during

the passage of an AM80 unit at 85 km/h



3.4. AMS80 unit at 85km/h
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Figure 3.17: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMS80 unit at 85 km/h
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3.5 AMO96 unit at 85km/h
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Figure 3.18: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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Figure 3.19: Spectral content of the vertical and horizontal velocities measured in free field during

the passage of an AM96 unit at

85 km/h
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Figure 3.20: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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Figure 3.21: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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Figure 3.22: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 100 km /h
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Figure 3.23:

the passage of an AM96 unit at 100 km /h
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3. MEASUREMENT IN WATERMAEL (SITE 2)
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Figure 3.24: Time-average of the vertical and horizontal velocities measured in free field during

the passage of an AM96 unit at 100 km/h
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Figure 3.25: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 100 km/h
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3.7 AMT75 unit at 85km/h
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3.7. AM75 unit at 85km/h
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Figure 3.27: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 85 km/h
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Figure 3.28: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 85 km/h



3.7. AM75 unit at 85km/h 101

N
o
=3
N
a
N
a
S

N
S
S}
N
S
IS}

N
a
S
N
a
S

’H‘ I

1

| ‘HHH I\ -90

-100
-110

H‘ i ‘w\‘”\ ! ‘}‘ I

i
o
]
i
o
]

Frequency [Hz]
Frequency [Hz]

-120

@
S
@
S

0
ILTARRA" ~60 m‘\\ m\ 1] T mmr I ~ | i ‘H\ 60
':Iﬁ:‘ 200 \\'\”m‘\“u ”Mu “ I‘WW W ‘\ \‘\ ” ” \W‘\ N ‘\”‘m“\“\ :u‘”urul‘\‘\:“\ ] m‘\ll‘w W" } M‘HW‘ M\“\v ,jz N il \‘\ “ \‘ I \M I I “W\ \“\ : i
: 150 H)'H\l I \‘ | ‘\“ ‘:\ i I “\/I} \‘/ il B I’J;‘(\‘ “m;»\“\‘”\‘ “: “ ‘:\‘H:“\ ‘HWM "' il B “‘ ) “/ 1tk “\ “ il I %0
I

Huw Y

Lt 4 . w130 BN nmmw | o
0 10 15 0 15 0 5 15
T|me [s] Tlme [s] Time [s]
(a) v, (z® =16,t,w) (b) v, (xf = 17,1, w) (c) v, (xf = 18,t,w)
60 250 -
20 0 20 80
et T T 3 100
(7] [
;'; -120 § -120
iy i
140 J -140
0 5 10 15
Time [s] Time [s]
(d) v, (2 =19,t,w) (e) v.(aft =21,¢,w) (f) v.(zf = 23,t,w)
z - Y z - Y z - Y
250 -60
T 200 80 i~ 200 -8
E‘ | I | \‘\ | \‘\H \‘\ Ea ‘ -100
g - | o g ‘ | \ ‘ H 120
> 10 > |
5 w gl ikl
* 140 - ‘ \ -160
15 15
Time [s] Time [s]
(g) v.(zft =25t w) (h) v, (zf =27,t,w)
i -60 20 it /‘\“( M' \H‘v\\""v”\\‘\‘\\:‘ ‘ \‘w(“m’u’\u -60 ~60
,]E:‘ V".“ #{ _70 ,g 200 | \‘I ‘ ‘H \l\ ‘H H\ (‘\H ’H ’ | H‘H\ -70 ,g 80
= ”|I i) , Il , w I, -80 = | | 0 -
a\ W ‘“1”“ ‘ H\ ‘ Hw (H W #i‘ ‘ -%0 3‘ 150 \HJH\"\ ”\ ”\y IW ’\" ““‘ | ‘t“u HH;“H‘\“ “ :\ I\!’lwl -0 3‘ -100
S \“ \N i ‘Y M\ \ _100 S ~100 S
] w i T S 110 2 120
[ ’ i \ \HI\\ 110 [ [
i ‘ -120 o 120 o -140
-130 -130
o 5 10 15 o s 0 15 o 5 10 15
Time [s] Time [s] Time [s]
(i) ve(2f =16,t,w) () ve(z® =19,t,w) (k) v (zf = 25,t,w)
-60 60 60
E 200 a0 E 80 E -80
3 -100 Iy -100 ) -100
o g g
=3 -120 2 ~120 2 -120
[ [ [
i -140 i -140 T -0
e o s 10 15 T
Time [s] Time [s] Time [s]
(1) vy (2B = 16,t,w) (m) vy (z® =19,t,w) () v, (2 = 25,1, w)

Figure 3.29: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 85 km/h
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Figure 3.30: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 80 km/h
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Figure 3.31: Spectral content of the vertical and horizontal velocities measured in free field during

the passage of an AM80 unit at 80 km/h
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Figure 3.32: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 80 km/h
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3.8. AMS80 unit at 80 km/h
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Figure 3.33: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMS80 unit at 80 km/h
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3.9 AMO96 unit at 95km/h
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Figure 3.34: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 95km /h
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Figure 3.35: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 95km /h
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Figure 3.36: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 95km /h
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Figure 3.37: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 95km/h
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3.10 AMO96 unit at 90km/h

Figure 3.38: Time history of the vertical and horizontal velocities measured in free field during
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Figure 3.39: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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3.10. AM96 unit at 90 km/h
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Figure 3.41: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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3. MEASUREMENT IN WATERMAEL (SITE 2)

3.11 AMBSO0 unit at 85km/h
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Figure 3.42: Time history of the vertical and horizontal velocities measured in free field during
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3.11. AM8O0 unit at 85km/h
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Figure 3.43: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 85 km/h
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3. MEASUREMENT IN WATERMAEL (SITE 2)
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Figure 3.44: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 85 km/h



3.11. AM80 unit at 85km/h 117

N
a
S

ol i 60 ~60 60
E 200 LI | A a0 E 200 80 E 200 80
? 150 100 é -100 é 150 100
9] 5} -120 [
ug.’_ 100 i ag)_ ag)_ 100 -120
L so0 s -0 I so -140
-140 -160
° 20 % -160
Time [s] Time [s]
R _ R _ R _
(a) v, (2" =16,t,w) (b) vy (z"™ =17,t,w) (c) vy (z™ =18, t,w)
‘\;\’I‘\\‘ ‘\“\“I“ ‘ HI} i \’H“"“HH\‘\ | H -60 -60 ‘ H‘ N\I‘\ “ | h “’\H [l | ‘H ‘ 60
~ ~ 200 -80
i i i u m I 80 i -80 i “n M ”H“‘m “““‘}W !
2 oo IR | AR « m‘l'” 3 100 z oI MH e
e | -100 2 2
g | g g -120
g -120 i'; -120 5 o
[ [ [
_140 -140 ~160
o s 0 15 20 0 5 10 5 20 o s 10 15 20
Time [s] Time [s] Time [s]
(d) v. (2 =19,t,w) (e) v.(zf = 21,t,w) (f) v, (2 = 23,t,w)
-60
':Iﬁ:‘ -80 ':Iﬁ:‘ -80
? -100 ? 100
@ -120 @
=3 > -120
o -140 o
= = -140
-160
Time [s]
R _ R _
(g) va(a =25,t,w) (h) v, (z™ =27,t,w)
250 — T 250 —v
IJ \‘ H\'HMH 1 \‘ I’ I‘ H“ \‘ ‘I H‘\ 0 0 o
W 200} i {iy w W 200 a0
ES) f I w ‘\ \‘u‘\ -80 L -80 T
? 150 i ‘\ iy il i » ? oo ? 150 -100
% 1o (e 4L qé' -120 qé' 100 o
9] -120 [} [
L‘E % Lk ) \‘ I‘\‘ “\‘H ‘ CI_- » CI'_ I _140
-140 _160
% 5 10 15 20 %
Time [s] Time [s]
. R _ . R _ R _
(i) vy (x™ = 16,t,w) (j) vz(z™ =19,t,w) (k) vy(z™ = 25,t, w)
250 T ] ] -60
IH ‘ \“‘\ f Il i U‘\ I “H~ u“\\ I -60 Wh ‘/ ”\ WN :)\‘uh \H”NW”\‘ I ‘ -60
N 11 N \ A N -80
) -80 N -80 =
a\ 3, 1501 “m V\ \ ‘ I I ’ m ‘ \HH 3, ~100
e ~100 e I Lt ~100 e
g g g -120
g -120 g -120 g
[ [y [y -140
-140 -140
I ! LL. JULLLLL o Bl 4 160
o 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time [s] Time [s] Time [s]
(1) vy (2B = 16,t,w) (m) vy (z® =19,t,w) () v, (2 = 25,1, w)

Figure 3.45: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMS80 unit at 85 km/h
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Figure 3.46: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 95km /h
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Figure 3.47: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 95km /h
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Figure 3.48: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 95km /h
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Figure 3.49: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 95km/h



122

3.13 AMO96 unit at 120 km/h
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Figure 3.51: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 120km /h
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Figure 3.52: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 120km /h
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Figure 3.53: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 120 km/h
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Figure 3.54: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 120km /h



3.14. AM96 unit at 120 km/h

=
o
x
I
e,

Velocity [m/s]

o

50 100 150 200 250
Frequency [Hz]

(a) v, (2% = 16,w)

g
I

Velocity [m/s]
o o o ©o e
o R 2 o & = i
Velocity [m/s]
o o o o -
o N S =) @ = N

o

50 100 150 200 250
Frequency [Hz]

(d) v, (zf =19,w)

.
IS

Velocity [m/s]

o o o o N

o N A O = N
x
% =
°

o

50 100 150 200
Frequency [Hz]

(b) v, (zf =17, w)

N
a
=}

o

50 100 150 200 250
Frequency [Hz]

(e) v, (zf =21, w)

x10"

Velocity [m/s]

0 50

(2)

Frequency [Hz]

(zf = 25,w)

<
S}

Velocity [m/s]

0.5

o

50 100 150 200 250
Frequency [Hz]

i) v (2f =16,w)

—~

Velocity [m/s]
- T
Velocity [m/s]
N

o

50 100 150 200 250
Frequency [Hz]

1) vy(z® =16,w)

100

Velocity [m/s]
o o o
N S

Velocity [m/s]

.
IS

o =
> © kN

o
o

50 100 150 200 250
Frequency [Hz]

(c) v, (zf = 18,w)

.
IS

o o o o =
N D o ® kN

N NN
50 100 150 200 250
Frequency [Hz]

(f) v, (2f = 23,w)

o

Velocity [m/s]
S (=)

N

150 200 250 0 50

14

12

08
0.6
0.4
0.2

Velocity [m/s]

o

50 100 150 200
Frequency [Hz]

i) ve(z® = 19,w)

N
a
S

—

o

50 100 150 200 250
Frequency [Hz]

(m) vy (2t =19,w)

100 150

Velocity [m/s]

Velocity [m/s]

200 250

Frequency [Hz]

(h) v, (2 =27, w)

0.5

0 50 100 150 200 250
Frequency [Hz]

(k) v (2 = 25,w)

25

15

0.5

0 50 100 150 200 250
Frequency [Hz]

(n) vy (z® = 25,w)

127

Figure 3.55: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 120km /h
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Figure 3.56: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 120km /h
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Figure 3.57: Spectrogram of the vertical and horizontal velocities measured in free field during

the passage of an AM96 unit at 120 km/h
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Figure 3.58: Time history of the vertical and horizontal velocities measured in free field during
the passage of a M5 railcar at 110 km/h
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Figure 3.59: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of a M5 railcar at 110 km/h
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Figure 3.60: Time-average of the vertical and horizontal velocities measured in free field during
the passage of a M5 railcar at 110 km/h



3.15. M5 railcar at 110km/h 133

250

N
a
S

250

i A T\I\I\‘ \1 HI‘\

i _ ~60 (i i T (il .
W 200‘” IM\‘\‘\‘\H | \‘ ‘\“\I h\““ “‘:H: " 60 W 200 W 200 (I AT AT | \“ " I I 60
= ““I\\‘\‘\‘ “‘\“‘ :’”‘ ‘H‘ \‘u ‘ \\‘ fi - = e = ‘\ bl ‘“\ | H I ‘”\ (o8 0
? 150 HI“‘\‘W )“HW“\"‘\ | o Ml ‘ ’ 100 é 150 -100 é 150 ‘}\‘ ‘ \H i “ | 100
8 100}, I 3 100 120 3 100
g ~120 5 g -120
L so L sop 140 L so

olll i -140 o -140
0 0 15
Time [s] Time [s] Time [s]
(a) v, (z® =16,t,w) (b) v, (xf = 17,1, w) (c) v, (xf = 18,t,w)
~60 250 T 250 e T S
w 200 w0 w 200 | ‘ L) | w0 w 200 | | If \ i \“” ‘ W ‘\‘\‘H“\ \MHHU\ I ‘ “M _80
‘]—:‘ B — Al 1| \ | B — i
’ H | \ ‘ M I I \ \ =
é\ (‘\ V“ -100 ? 190 \‘H i \‘ Wih it ‘ J il H | -100 ? 190 i \‘ Wi e
g g 10 g I H‘\“\I“H\ Wil | | ~120
g -120 5 120 5 140
[ [ [
-140 10 -160
0 5 0 15 s 15 % 5 0 15
Time [s] Time [s] Time [s]
(d) v. (2 =19,t,w) (e) v.(zf = 21,t,w) (f) v, (2 = 23,t,w)
Z50 | T Hlv/ -60 20 0
— 200l H’H T S e _ -70
E iy ‘H -80 E | L -80
: il \“ \uu”‘” | “( \”n\‘ \\‘ | : 1500 m | ‘/\'\‘”l“ WH 1l H‘ u’\ | o0
g H“ W P ] \ I ‘ [ H’ H\ i \‘ | H\’ W‘ -100 g ‘le\ w’\ I \‘HHH I‘{ :"’H ’ ‘HHNH ‘H \ ~100
g | 3 100 ik
s 120 s -110
Iy L s0 -120
-140 -130
15 % 5 10 15
Time [s] Time [s]
(g) v.(zft =25t w) (h) v, (zf =27,t,w)
250 T 250
f m“ -60 “M‘ H‘H ‘ il ’\‘ fHim 60 -60

—_— ATHFTE A h\ il —_— L ‘ \ \ H\ I \’HHH —_— |

N k1 i Hu\‘uqu i =70 N \ ! \‘ it N 200] -70

I \) ‘Hw \‘\H 1 I I (g \H\ i -80 I

> 150 ’ \‘V\‘JH ‘ | | HI i I} ‘ ‘ “‘M %0 > 150 \ | ‘\ MH‘\I\H ‘\ ‘ “ “ “ H‘\‘ i \“ > 150§ 80

e I \» \H\‘”hu | W W‘ -9 e il ’ itk i \)‘H _100 e -90

g ‘ | ‘\u ‘u\ :100 qé- %’_100 -100

5] U hil 110 1] -120 1] -110

s -120 T L sof -120

il -130 | A -140 U -130
0 5 10 15 0 5 10 15 % 5 10 15
Time [s] Time [s] Time [s]
(i) ve(2f =16,t,w) () ve(z® =19,t,w) (k) v (zf = 25,t,w)
‘ if
H R U\‘M I u::\‘ -60 —_ ” ‘ I -60 ‘ -60
/ ”‘/u/w il “'(‘H‘HJ B “ ‘ H‘ ‘ | il IHH ‘u i ‘ ‘ Al
I 1 ‘H‘\”‘W “‘\ | -80 - ’\‘ -80 HM“ "} ”” ‘ * W(‘h W -80
‘h “ V“ \‘ ‘M‘ “ ? \H ’\ “ A I Hl JM “\ ‘HH‘\‘ /HHHW\:W\IHJJ\ " \I W\‘I 100
e A »"l.“’ il L 100 e g”“ AL “\‘ Hy
@
R -120 fin -120 120
| RPN [, Lol i, L -140
0 5 10 15 % 5 10 15 ]
Time [s] Time [s] Time [s]
(1) vy (2B = 16,t,w) (m) vy (z® =19,t,w) () v, (2 = 25,1, w)

Figure 3.61: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of a M5 railcar at 110km/h
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Figure 3.62: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 105km /h
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Figure 3.63: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 105km /h
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Figure 3.64: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 105km /h
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Figure 3.65: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 105km/h
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Figure 3.66: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 70 km/h
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Figure 3.67: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 70 km/h
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Figure 3.68: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 70 km/h
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Figure 3.69: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMS80 unit at 70km/h
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Figure 4.2: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 65km/h



4.1. AM75 unit at 65km/h
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Figure 4.3: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 65km/h
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Figure 4.4: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 65km/h
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Figure 4.5: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 65km/h
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Figure 4.7: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 70 km/h



150

Velocity [m/s]
-
- »n

o
o

o

5 10 15
Time [s]

(a) Vg rms (2t = 8)

x10"

Velocity [m/s]

12

0.8
0.6

Velocity [m/s]
2

0.2

0 5 10 15
Time [s]

(g) Um,rms(zR == 12)

Velocity [m/s]
o o o eop
» O = NS

o
)

o

5 10 15
Time [s]

(J) Uz,rms(xR = 16)

Velocity [m/s]
o o o
X o »

o
N

L

5
Time [s]

(M) Vg s (2t = 20)

10 15

x10~

IS

Velocity [m/s]
~

25

N

Velocity [m/s]

o
@

o
o

5 10 15
Time [s]

(e) vymms(:pR =10)

15

Velocity [m/s]

Velocity [m/s]
-
- »n

o
o

o

5 10 15
Time [s]

(k) vy rms(zft = 16)

Velocity [m/s]
o kP N W & O o N

A

5
Time [s]

(1) vy rms(xf = 20)

o

10 15

4. MEASUREMENT IN OTTIGNIES

x 107
15

-

Velocity [m/s]
o
&

5 10 15
Time [s]

() vz rms(xft = 8)

ity [m/s]

0 5 10 15
Time [s]

(f) Vz,rms (z'L'R = 10)

x10~
1

0.8

s W
0.4
0.2
0 5 10

0

Velocity [m/s]

15
Time [s]

(i) vzﬂrms(xR =12)

x10

=
)

-

4
®

Velocity [m/s]
o o
NS

o
N

5 10 15
Time [s]

(1) vsrms(z® = 16)

3.5

25

15

Velocity [m/s]

0.5

5 10 15
Time [s]

(0) Vsrms(z® = 20)
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Figure 4.9: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMS80 unit at 70km/h
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Figure 4.10: Time history of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 110 km/h
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Figure 4.11: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 110 km/h
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Figure 4.12: Time—average of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 110 km/h
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Figure 4.13: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of a M4 railcar at 110km/h
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Figure 4.15: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 80 km/h
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Figure 4.17: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 80 km/h
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Figure 4.18: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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Figure 4.19: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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Figure 4.21: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 90 km/h
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the passage of an AMT75 unit at 85 km/h
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Figure 4.23: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 85 km/h



166

Velocity [m/s]

5Time [s]
(a) Va,rms (2 = 8)

x107"

@

Velocity [m/s]
S (=)

N

o

o

5 10 15
Time [s]

(d) vmyrms(xR =10)

x10™

Velocity [m/s]

0 5 10 15
Time [s]

(g) Um,rms(zR == 12)

x10™

Velocity [m/s]
&

5 10 15
Time [s]

(J) Uz,rms(xR = 16)

x 10
14
1.2
O
£
0.8
2
G 06 \
o
D 04
Qo
0.2
0
0 5 10 15
Time [s]

(M) Vg s (2t = 20)

X107

Velocity [m/s]
o o o
S o © =

o
N

o

o

5 10 15
Time [s]

(b) vy, rms (2 = 8)

x10™

»

Velocity [m/s]

0 5 10 15
Time [s]

10)

(€) vy.rms(z

x10*
35

3
25
2
15

Velocity [m/s]

1
05

0

0 5 10 15
Time [s]

(h) vymms(zR =12)

x10™
3

25

2

15

1

Velocity [m/s]

05

0

0 10 15

5Time [s]
(k) vy,rms (2 = 16)

x10™

=
IS

-

Velocity [m/s]
°o o o k
» O = N

o
o

5 10 15
Time [s]

(1) vy rms(xf = 20)

4. MEASUREMENT IN OTTIGNIES

w
o

3
EZ.S
; \J
2
2
o 15 N
k-]
[
2 1
0.5
0
0 5 10 15
Time [s]

() vz rms(xft = 8)

x10™

g
o

N

Velocity [m/s]

o
@

o

o

5 10 15
Time [s]

(f) Vz,rms (z'L'R = 10)

x10™

Velocity [m/s]

Velocity [m/s]
-
- »n

o
o

0

0 10 15

5Time [s]
(1) vsrms(z® = 16)

x10°

IS

Velocity [m/s]
N

5 10 15
Time [s]

(0) Vs rms(z® = 20)

Figure 4.24: Time—average of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 85 km/h



4.6. AM75 unit at 85km/h

Frequency [Hz]

167

& \ (M |

W hal
i

5 10
Time [s]
(a) vz (2"

2!

o

o I ‘H ”H\
T
0ol w ’[‘H(\MH il \“M

2

=}
S

1!

Frequency [Hz]
&
g

@

0

0

H \Iv “ HH I PM\

“
b

i !

i

0 5 10
Time [s]

(d) va (2"

250 H’MM\\

‘ H\I w /\H“\\ 1|

N
=}
S

Frequency [Hz]

Time [s]

(g) Vg (IR

' H‘hu‘\‘\‘\‘\

250
I\h |

‘ ‘MII‘\‘ \‘\

] T m\

N
=}
S

=
@
=]

Frequency [Hz]
5
8

@
S

Lt I \\\

Frequency [Hz]

i

=8, t,w)

=10,t,w)

i

=12,t,w)

R =16,t,w)

0 5 10 15
Time [s]
(m) v (z® = 20,t,w)

-100

-120

-140

-160

Frequency [Hz]

Frequency [Hz]

Frequency [Hz]

Frequency [Hz]

5 10
Time [s]

(b) vy (zf

“ T il &
200““”‘ HH}“\ ] ‘:‘\H\} ’\\ HJ}\
0 "W

il ﬂ‘ -100
100 “ I Wil ‘ }
5: ! Iﬂ‘ ] -150

0 5 10 15

=8, t,w)

R =10,t,w)

-50
-100

-150

0 5 10 15
Time [s]

(h) vy (zf
“ ‘\\ M ‘\HJ\“ H‘H‘\"HH\ A HM“ i

=12,t,w)

N
S
[S)

N
@
S

‘;““Y“‘f“f‘ﬂ‘“‘;‘ i iy :“‘v‘u"“ i

| |‘|\ 1 100

i
o
]

@
o

-150

Bl myw Bt

0 15
Tlme [s]

(k) vy (z® =16,t,w)

250 T i T
H‘ ‘ \H‘ (W) \’
H \

I -100

i -120

-140

-160

\ H\ \
'H ‘ |
5 10 15
Time [s]

(n) vy (zf

200

=20,t,w)

iy \\W\H"‘}“‘

\’H |

() vs(

R =8t w)

Frequency [Hz]

a
=)
===

(f) vz (2

250

5 10 15

Time [s]

=10,t,w)

Il (h\

N
o
S}

Frequency [Hz]

(‘H T
1 il w
-100
I
; -120
-140
-160

(i) va (2"

5 10 15

Time [s]

=12,t,w)

N
S

N
a
S

Frequency [Hz]

‘ 'ﬂm]““\“ i i
5 10

R =16,t,w)

0 5 10 15
Time [s]
(0) v (2T = 20,t,w)

Figure 4.25: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 85 km/h
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Figure 4.27: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 65km/h
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Figure 4.29: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 65km/h
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Figure 4.31: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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Figure 4.32: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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Figure 4.33: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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the passage of an AM96 unit at 85 km/h
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Figure 4.35: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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Figure 4.36: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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Figure 4.37: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 85 km/h
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4.10. AMS86 unit at 70 km/h
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Figure 4.39: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM86 unit at 70 km/h
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Figure 4.40: Time-average of the vertical and horizontal velocities measured in free field during
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Figure 4.41: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMS86 unit at 70km/h
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Figure 4.42: Time history of the vertical and horizontal velocities measured in free field during
the passage of a HLE27 locomotive at 40 km /h
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Figure 4.43: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of a HLE27 locomotive at 40 km /h
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Figure 4.44: Time—average of the vertical and horizontal velocities measured in free field during
the passage of a HLE27 locomotive at 40 km /h
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Figure 4.45: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of a HLE27 locomotive at 40km/h
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Figure 4.46: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 75km/h
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Figure 4.47: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 75km/h
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Figure 4.48: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AM80 unit at 75km/h
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Figure 4.49: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AMS80 unit at 75km/h
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Figure 4.53: Spectrogram of the vertical and horizontal velocities measured in free field during
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4.14 AMT5 unit at 65km/h

Figure 4.54: Time history of the vertical and horizontal velocities measured in free field during
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Figure 4.55: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 65km/h
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Figure 4.57: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 65km/h
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Figure 4.58: Time history of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 110km /h
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Figure 4.59: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 110km /h
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the passage of an AM96 unit at 110km /h



4.15. AM96 unit at 110 km/h
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Figure 4.61: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 110 km/h
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4.16. AM96 unit at 100 km/h
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the passage of an AM96 unit at 100 km /h
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4.16. AM96 unit at 100 km/h
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Figure 4.65: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM96 unit at 100 km/h
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4.17. AM75 unit at 105km/h
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Figure 4.67: Spectral content of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 105km /h
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Figure 4.68: Time-average of the vertical and horizontal velocities measured in free field during
the passage of an AMT75 unit at 105km /h



4.17. AM75 unit at 105km/h
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Figure 4.69: Spectrogram of the vertical and horizontal velocities measured in free field during
the passage of an AM75 unit at 105km/h
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