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Abstract. Numerical simulations have been carried out with a two-and-a-half dimensional
coupled finite element - boundary element methodology to assess the effectiveness of a sheet
piling wall to reduce railway induced vibrations. In the method, the geometry of the problem is
assumed invariant in the longitudinal direction along the track.

The sheet piling wall acts as a stiff wave barrier of which the effectiveness is determined
by the depth and the contrast in stiffness between the barrier and the soil. It is important to
take into account the orthotropic behavior of the sheet piling wall, as the bending stiffness
in the vertical direction (along the profiles) is much larger than the bending stiffness in the
longitudinal direction (perpendicular to the profiles). Calculations show that the reduction of
vibration levels is entirely due to the relatively high axial stiffness and vertical bending stiffness,
while the longitudinal bending stiffness is too low to affect the transmission of vibrations.

At Furet, Sweden, a sheet piling wall has been installed next to the track to reduce train in-
duced vibrations in several buildings close to the track. The vibration levels caused by train
passages have been measured before and after the construction of wall. Furthermore, the
Rolling Stiffness Measurement Vehicle (RSMV) has been used to perform measurements with
stationary track excitation. A preliminary comparison is made of the experimental results and
predicted insertion loss values.
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1 INTRODUCTION

At Furet vibration problems occur in several buildings close to a railway track (Figure 1a).
The site of Furet is located in the southwest of Sweden in the city of Halmstad along the West
Coast Line between Gothenburg and Lund. The buildings in Furet have two to three floors and
are mostly built around 1950, along 750 m at the west side of the track, 700 m north of Halmstad
station. The track consists of a classical ballasted track.

In 2002 an Environmental court decided that residents should have less than 1.0mm/s fre-
quency weighted RMS at night (10pm-07am). Measurements indicate that in at least eight
buildings the vibration levels exceed this value. The highest vibration levels were measured in
the frequency range 4− 5Hz.

(a)  (b)
Figure 1: Site of Furet: (a) track, noise barrier and buildings close to the track, and (b) installation of the sheet
piling wall.

The first attempt to mitigate vibration has been done in 2006. Sleepers at the track close to
the noise barrier have been replaced and substituted by sleepers with under sleeper pads (USP).
At the same time the ballast has been exchanged and leveling of the track has been carried
out. Unfortunately measurements performed after these measures showed insufficient vibration
mitigation. Therefore it was decided to use a sheet piling wall as a method to further reduce the
train induced vibrations at the site. A sheet piling wall with a length of 100m was installed next
to the track in November 2011 (Figure 1b).

The sheet piling wall is a VL 603-K profile (Figure 2). The depth of the sheet piles is 12m
with every fourth pile extended to 18m. Adjacent sheet piles were welded together over the top
30 cm. The distance from the center of the nearest track to the center of the sheet piling wall is
approximately 5.60m. The properties of the VL 603-K profile are given in Table 1.

Measurements after installation of the sheet pile wall have showed sufficient reduction of
vibration levels, except for a small house with wooden structure at approximately 40m distance
from the track.

The sheet piling wall designed and constructed by Trafikverket is subjected to a program of
measurements and theoretical analysis within the frame of the EU FP7 project RIVAS (Railway
Induced Vibration Abatement Solutions). First simulation results and experimental results are
presented in this paper.
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Figure 2: Cross section of the sheet piling wall (VL 603-K profile)

Mass mw Sectional area Aw Moment of inertia Iw Width tw
[kg/m2] [cm2/m] [cm4/m] [m]

113.5 144.8 18900 0.310

Table 1: Characteristics of the sheet piling wall (VL 603-K profile)

2 MEASUREMENTS

2.1 Dynamic soil characteristics

Geotechnical and geophysical surveys performed by the consulting company Tyréns in the
area include cone penetration tests (CPT), seismic cone penetration tests (SCPT), standard pis-
ton sampling, sampling by Helical auger and weight sounding. The undrained shear strength is
20−35 kPa to 13 m depth and 50−70 kPa deeper than 13 m, investigation done in 4 boreholes
with depth to at least 18 m.

The soil profile consists of a relatively firm layer of sand up to 2 − 3 m depth underlain by
clayey silt up to a depth of 5 − 10 m (layers of clay), underlain by silty clay. The silt has a
density of 1850 kg/m3 and the clay 1710 kg/m3. These densities are determined as average
values from three samples per meter from one of the boreholes.

The shear wave velocity Cs has been measured by means of a SCPT and multichannel anal-
ysis of surface waves (MASW) test. The SCPT test indicated a shear wave velocity of 110 m/s
between 3 − 14 m, and 150 m/s between 15 − 18 m. Two setups were used for the MASW
test. The first setup employed 24 geophones in a straight line perpendicular to the track, equally
spaced between 10m and 56m from the hand-held hammer impact aluminium plate. The sec-
ond setup used 24 geophones in a straight line perpendicular to the track, equally spaced be-
tween 10m and 33m from the hand-held hammer impact aluminium plate. The analysis shows
a 2m thick top layer with a shear wave velocity of 160 m/s, a 10 m thick mid layer with a shear
wave velocity of 115 m/s and a halfspace with a shear wave velocity of about 200 m/s.

The results from the different in situ tests are in good agreement. The SCPT results showed
a shear wave velocity of 110m/s for the mid layer and a shear wave velocity of 150 m/s for
the halfspace. The MASW results showed a slightly higher shear wave velocity, 119 m/s and
200 m/s. The presence of the stiffer top layer impedes the determination of the dilatational
wave velocity Cp from a seismic refraction test, the values for Cp have been estimated from
the results for Cs assuming a Poisson’s ratio of 0.40. Table 2 provides a summary of the soil
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parameters for each layer.

Layer Thickness h Shear wave Dilatational wave Damping Density ρ Poisson’s
velocity Cs velocity Cp ratio β ratio ν

[m] [m/s] [m/s] [-] [kg/m3] [-]
1 2 154 375 0.025 1800 0.40
2 10 119 290 0.025 1850 0.40
3 ∞ 200 490 0.025 1710 0.40

Table 2: Dynamic soil characteristics for the Furet test site.

2.2 Vibration measurements

Vibration measurements were performed according to the RIVAS measurement protocol [1].
In the protocol, the combination of two procedures is recommended to determine the efficiency
of vibration mitigation measures. In the first procedure, the vibration levels obtained at adjacent
track sections with and without mitigation measure are compared to determine the insertion loss.
In the second procedure, vibration levels before and after installation of the mitigation measure
are compared.

At Furet, vibration measurements were performed both before and after installation of the
sheet pile wall on two measurement lines perpendicular to the track, one at the test section with
sheet pile wall and one at a reference section. Measurement line A was close to the middle of
the sheet pile wall (Figure 3). Geophones were placed at 8m, 16m, 32m and 64m from the
center of the track. Geophones were also placed at 8m and 16m at the opposite side of the
track to verify whether there is no increase in vibration levels. Two geophones were placed on
the sleepers to measure the track stiffness. A second, reference measurement line was placed a
couple of hundred meters south of the sheet piling wall. Here, measurements were performed
on the sleepers and at 8m and 16m from the track center.

 

 

Measurement line 

 

Measurement line A 

Tri-axial sensors 

Vertical sensors 

Vertical sensors on sleeper 
 

Sheet piling wall 

Figure 3: Measurement setup for the vibration measurements at the test site.
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Vibration measurements during train passages have been performed during an entire week
to include all types of traffic and to cover differences between working days and weekend days.
At the test site, a total of 112 train passages occur per 24 hours, of which 29 are freight trains.

Preliminary comparison between the results at the test section before and after installation of
the sheet pile wall indicate a significant reduction in vertical vibration levels behind the sheet
pile wall at 8m, 16m, and 32m from the track center. The effectiveness is higher closer to the
wall where the maximum vibration levels are reduced by about 50%. At 32m the maximum
levels are reduced by about 30%. At 64m from the track center, no reduction in maximum
vibration levels is seen. Measurements at the other side of the track show no increase in vertical
vibration levels.

Furthermore, vibration measurements have been carried out with the Rolling Stiffness Mea-
surement Vehicle (RSMV). In this case stationary excitation of the track has been applied. The
excitation has been performed before and after installation of the sheet pile wall at both the test
site and the reference site. The excitation duration was 30 seconds at each operating frequency
(3Hz, 4Hz, 5Hz, 6Hz, 7Hz, 8Hz, 9Hz, 10Hz, 15Hz and 20Hz). Figure 4 shows preliminary
results for the measured insertion loss for the excitation frequencies of 5Hz and 20Hz, as deter-
mined from the measurements at the test site before and after installation of the sheet pile wall.
These results indicate that a considerable reduction is already obtained at 5Hz. Furthermore,
the reduction generally decreases with increasing distance from the sheet piling wall.

Further processing of the measurements is needed for a more detailed assessment of the
effectiveness.
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Figure 4: Vertical insertion loss measured at 8m (×), 16m (�) and 32m (◦) with stationary track excitation
(RSMV) at 5Hz and 20Hz.

3 SIMULATIONS

3.1 Methodology

For the prediction of railway induced vibrations, the geometry of the track-soil system is
often assumed to be invariant in the longitudinal direction. The loading due to a point force or
train introduces a dependence on the longitudinal dimension. By assuming homogeneity of the
geometry and material properties in the track direction, a Fourier transform of the longitudinal
coordinate allows for a two-and-half-dimensional (2.5D) approach [2, 3, 4]. This method is
computationally more efficient than a full 3D approach. Andersen and Nielsen [5] have applied
the methodology to study the effect of vibration isolating screens along a railway track.

For the computation of the dynamic interaction between a layered soil and structures with
a longitudinally invariant geometry, a coupled finite element - boundary element (FE–BE)
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methodology formulated in the frequency domain is used [6]. The classical 2.5D FE method
is combined with the 2.5D BE method using 2.5D Green’s functions of a horizontally layered
halfspace [7, 8]. In this way, the free surface and the layer interfaces of the halfspace don’t have
to be discretized with boundary elements, avoiding spurious reflections at mesh truncations.
The BE mesh can be limited to the interface between the structure and the soil, significantly
reducing the size of the BE mesh.

Solving the set op coupled FE–BE equations provides the structural response in the frequency-
wavenumber domain. The radiated wavefield in the soil is obtained by means of the wavenum-
ber domain formulation of the integral representation theorem [6]. Finally, an inverse Fourier
transform is used to recover the three-dimensional response in the frequency-spatial domain.

3.2 Sheet piling wall model

The sheet piling wall was analyzed by means of 2.5D calculations. Since this requires as-
suming the geometry of the sheet piling wall to be longitudinally invariant, separate calculations
have been made for depths d of 12 m and 18 m. The actual sheet piles have a depth of 12 m,
with every fourth sheet pile extended to 18 m. To reduce the computational cost, the presence of
the track was disregarded in the models. A vertical unit harmonic point force is applied directly
at the surface at a distance R = 5.60m from the sheet pile wall (Figure 5). This corresponds
with the distance from the center of the nearest track to the center of the sheet piling wall at the
test site in Furet.

z

y x

F

R

d

Figure 5: 2.5D plate model of the sheet piling wall

An equivalent orthotropic plate model of the sheet piling wall was adopted in the calculations
to account for the fact that the stiffness is much larger for bending with respect to the horizon-
tal axis than for the vertical axis. In the frequency range of interest (0-100 Hz), the bending
wavelength λb in the sheet piling wall is much larger than the repetition distance dr = 1200mm
of the sheet piling wall. Therefore, the profiling of the plate can be disregarded and the sheet
piling wall can be modeled as an equivalent orthotropic plate.

The thickness t̄, moduli of elasticity Ēy and Ēz, and Poisson’s ratios ν̄yz and ν̄zy of the
equivalent orthotropic plate are chosen such that the plate has approximately the same bending
stiffness as well as axial stiffness as the VL 603-K profile. The axial stiffness and bending
stiffness in the vertical direction can be determined from the characteristics of the VL 603-K
profile (Table 1).

Ēz t̄

1− ν̄yzν̄zy
= EsAw = 3.041× 109N/m (1)
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Ēz t̄
3

12(1− ν̄yzν̄zy)
= EsIw = 3.97× 107Nm2/m (2)

with Es = 210GPa the modulus of elasticity of steel. Solving equations (1) and (2) yields
t̄ = 0.396m and Ēz

1−ν̄zy ν̄yz
= 7.68GPa. Due to the profiling of the sheet piling wall, the

Poisson’s ratios ν̄yz and ν̄zy can be assumed zero. This eventually gives a modulus of elasticity
Ēz = 7.68GPa.

The bending stiffness in the longitudinal direction is approximately the same as this of a flat
steel plate with the same thickness, but taking into account the effective increase in plate width
due to the profiles [9].

Ēy t̄
3

12(1− ν̄yzν̄zy)
=

Esh
3

12(1− ν2s )

dr∑
bn

= 1.27× 104 Nm2/m (3)

with νs = 0.30 the Poisson’s ratio of steel, h = 9mm the thickness of the steel plate and∑
bn = 1320mm the total length of the sheet piling wall profile along the length dr = 1200mm

(Figure 2). Solving for the longitudinal modulus of elasticity yields a value Ēy = 2.47MPa,
which is approximately 3100 times smaller than Ēz.

The shear modulus µ̄yz of the equivalent orthotropic plate is taken equal to the geometric
mean of the Young’s moduli in the two orthogonal directions [9].

µ̄yz =

√
ĒyĒz

2
= 6.89× 107N/m2 (4)

For the mass density ρ̄, a value of 286.6 kg/m3 is chosen such that the equivalent plate has
the same mass as the VL 603-K profile.

ρ̄t̄ = mw = 113.5 kg/m2 (5)

An overview of the model parameters can be found in Table 3.

R d t̄ Ēy Ēz µ̄yz ν̄yz ν̄zy ρ̄
[m] [m] [m] [N/m2] [N/m2] [N/m2] [-] [-] [kg/m3]

Model 1 5.60 12 0.396 2.47× 106 7.68× 109 6.89× 107 0.0 0.0 286.6
Model 2 5.60 18 0.396 2.47× 106 7.68× 109 6.89× 107 0.0 0.0 286.6

Table 3: Geometric parameters and properties of the sheet piling wall used in the models

The sheet piling wall was modeled with 2-noded 2.5D orthotropic shell elements. These ele-
ments were coupled to a conforming BE mesh for the surrounding soil. The element dimensions
were chosen to ensure at least eight elements per minimal shear wavelength.

3.3 Results for homogeneous halfspace

First, the effectiveness of a sheet piling wall as a mitigation measure and the influence of the
orthotropic behavior is investigated. To facilitate the physical interpretation, the soil is assumed
to be homogeneous in this section. The site at Horstwalde (Germany) with homogeneous soil
conditions, which is one of the reference sites considered in the RIVAS project, is used. The
soil characteristics of the Horstwalde site are given in Table 4.
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Layer Thickness h Shear wave Dilatational wave Damping Density ρ Poisson’s
velocity Cs velocity Cp ratio β ratio ν

[m] [m/s] [m/s] [-] [kg/m3] [-]
1 ∞ 250 1470 0.025 1945 0.485

Table 4: Dynamic soil characteristics of the homogeneous halfspace (Horstwalde)
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Figure 6: Vertical insertion loss at 8m (solid line), 16m (dashed line), 32m (dash-dotted line) and 64m (dotted
line) for the 12m deep sheet piling wall installed in the homogeneous halfspace. Excitation by (a) a point load and
(b) a line load.

Figure 6 shows the vertical insertion loss in 1/3 octave bands for the 12m deep sheet piling
wall installed in the homogeneous halfspace, for several receiver points at the other side of the
wall. The vertical insertion loss ILz is the difference in vertical vibration levels in the case with
and without vibration mitigation measure,

ILz = 20 log10
|ûref |
|û|

,

where û is the vertical displacement in the case with mitigation measure and ûref is the vertical
displacement in the reference case without mitigation measure. The hat denotes the representa-
tion in the frequency domain.

Figure 6a shows the insertion loss values when a vertical harmonic point force is applied to
the soil at the surface at position (x, y) = (0m, 0m).

To simulate the efficiency of the sheet piling wall for train induced vibrations, the velocity
response due to a number of uncorrelated forces applied at the line x = 0m (referred to as a line
load in the following) and the corresponding insertion loss are also calculated. For the line load,
the positions of the point forces are determined from the positions of the axles of an InterCity
train, when the middle of the train is located at y = 0m. The InterCity train consists of a
locomotive HLE13, seven standard central HVI11 coaches and one back coach HV I11 BDx. It
has a total length of 230.31m. The carriage length Lt, the distance Lb between bogies and the
axle distance La of all carriages are summarized in Table 5. The 1/3 octave band insertion loss
values when the line load is applied, are shown in Figure 6b.

For the homogeneous halfspace, very little vibration reduction is seen below 12Hz. The
frequency above which a reduction in vibration levels can be expected, is in the first place de-
termined by the depth of the wall, relative to the Rayleigh wavelength. As a rule of thumb, it is
stated that an open trench could reduce surface vibration propagation significantly at frequen-
cies for which the ratio of the depth of the trench to the Rayleigh wave length of propagating
vibration is larger than about 0.6 [10]. As the Rayleigh wave velocity is 233m/s, a significant
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Axles Lt Lb La

[-] [m] [m] [m]
Locomotive HLE13 4 19.11 10.40 3.00
Central coach HVI11 A 4 26.40 18.40 2.56
Central coach HVI11 B 4 26.40 18.40 2.56
End coach HV I11 BDx 4 26.40 18.40 2.56

Table 5: The InterCity train

reduction can only be expected from 12Hz on for an open trench with depth 12Hz. Therefore,
the insertion loss for a sheet piling wall with the same depth will also be negligible below this
frequency. Above 12Hz, the insertion loss of the sheet piling wall increases slowly to a plateau
value which is reached at 30Hz. This plateau value depends on the distance from the point
load. At the receiver position x = 8m, which is located 2.4m behind the wall, a value of 4 dB
is reached. At 64m, the insertion loss at high frequencies is limited to 2 dB.

At frequencies where the depth of the wall is large compared to the Rayleigh wavelength,
the insertion loss will be determined by the reflection and transmission properties of the sheet
pile wall. The difference in stiffness between the sheet piling wall and the soil will strongly
determine the possible reduction in vibration levels. For the sheet piling wall, the bending
stiffness along the vertical direction (z) is much larger than the bending stiffness along the
longitudinal direction (y). Here, the influence of the orthotropy and the relative influence of the
vertical and longitudinal stiffness is investigated by considering two cases (Table 6). In the first
case, the sheet piling wall is modeled as an equivalent isotropic plate having the same bending
stiffness in the longitudinal as in the vertical direction. In the second case, the longitudinal
stiffness and mass of the sheet piling wall are set to zero.

R d t̄ Ēy Ēz µ̄yz ν̄yz ν̄zy ρ̄
[m] [m] [m] [N/m2] [N/m2] [N/m2] [-] [-] [kg/m3]

Case 1 5.60 12 0.396 6.99× 109 6.99× 109 2.69× 109 0.3 0.3 286.6
Case 2 5.60 12 0.396 0.0 7.68× 109 0.0 0.0 0.0 0.0

Table 6: Geometric parameters and properties of the walls used to investigate the influence of the orthotropy and
the relative influence of the vertical and longitudinal stiffness

Figure 7 shows the vertical insertion loss at 25Hz for the sheet piling wall and the isotropic
wall (case 1). At 25Hz, the sheet piling wall reduces the vibration levels at the surface with
insertion loss values around 3 dB. The reduction in vibration levels is fairly homogeneous at the
surface behind the sheet piling wall. For the isotropic wall, the insertion loss at 25Hz is larger
than for the sheet piling wall in certain areas. On a line perpendicular to the wall, the insertion
loss is similar as in the case of the sheet piling wall. Here, the longitudinal bending stiffness does
not influence the vibration levels. The longitudinal bending stiffness does, however, influence
the insertion loss noticeably for points further away from this line.

The wave impeding effect depends on the relationship between the Rayleigh wavelength
in the soil and the free bending wavelength in the sheet piling wall [11]. The transmission
of plane waves in the soil with a longitudinal wavelength smaller than the longitudinal bending
wavelength is hindered. This is clear from Figure 8b which shows the insertion loss for case 1 in
function of frequency and dimensional longitudinal wavenumber k̄y = kyCs/ω. Superimposed
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(a) (b)

Insertion loss [dB]

Figure 7: Vertical insertion loss for the sheet piling wall in the homogeneous halfspace at 25Hz. (a) sheet piling
wall and (b) case 1.

(a) (b)

Insertion loss [dB]

Figure 8: Vertical insertion loss ILz (x = 32m, ky , ω, z = 0m) for (a) the sheet piling wall and (b) case 1.
Superimposed are the Rayleigh wave dispersion curve (solid black line) and the dispersion curve of a free bending
wave in the wall in the longitudinal direction (dotted line).

is the dispersion curve of a Rayleigh wave propagating in the y-direction and the dispersion
curve of a free bending wave in the longitudinal direction. Above a critical frequency, at which
the Rayleigh wavelength in the soil is equal to the free bending wavelength in the wall, the
isotropic wall starts to be effective as a wave impeding barrier. The critical frequency fc can be
calculated from [9, 11]:

fc =
C2

R

2π

√
ρwAw

Ew,yIw,y

(6)

where CR is the Rayleigh wave velocity of the soil. ρw, Aw, Ew,y and Iw,y are the density, the
cross section area, the Young’s modulus in the y-direction and the moment of inertia in the y-
direction of the wall, respectively. For the isotropic wall (case 1), the critical frequency is equal
to 15Hz. This wave impeding effect caused by the longitudinal bending stiffness is not seen for
the sheet piling wall (Figure 8a). The longitudinal bending stiffness is far too low, leading to a
critical frequency of approximately 850Hz.

The area for which a significant reduction of vibration levels is obtained above the critical
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frequency, is determined by a critical angle θc. The critical angle depends on the ratio between
the free bending wavelength λb,y in the wave barrier in the y-direction and the Rayleigh wave-
length λR in the soil,

θc = sin−1

(
λR
λb,y

)
= sin−1

(
CR

4

√
ρwAw

Ew,yIw,yω2

)
(7)

For the isotropic wall (case 1), the critical angle is equal to 51◦ at 25Hz. This angle is also
indicated on Figure 7b.

Figure 9 compares the 1/3 octave band insertion loss results of the sheet piling wall with the
results for case 1 and case 2. The results are identical for the sheet piling wall model and case
2. This indicates that the reduction in vibration levels by the sheet piling wall is entirely due
to the relatively high axial stiffness and vertical bending stiffness of the sheet piling wall. The
effect of the longitudinal bending stiffness and the inertia of the sheet piling wall are negligible
in the frequency range considered.

The vertical insertion loss values for a point load are similar for the orthotropic and isotropic
wall model (case 1), especially at larger distances from the point load. For a point load, the
vibration levels at a line perpendicular to the track are determined by Rayleigh waves which
impinge perpendicularly on the sheet piling wall. At normal incidence, the longitudinal bending
stiffness does not influence the vibrations in the sheet piling wall.

The insertion loss values for a line load differ strongly for the orthotropic and isotropic wall
model. For the orthotropic sheet piling wall, the insertion loss for a line load is similar to
the insertion loss for a point load. For the isotropic wall, the insertion loss for a line load is
significantly larger than for a point load. The difference is larger for higher frequencies and for
smaller distances from the sheet piling wall. This can be understood when looking at the results
in Figure 7. For a line load, contributions from different point loads are added, which complies
with a spatial averaging over the longitudinal direction.
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Figure 9: (a) Vertical insertion loss for a point load and (b) vertical insertion loss for a line load for the orthotropic
sheet piling wall (solid lines), case 1 (dashed lines) and case 2 (dotted lines).
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These results indicate that it is important to take into account the orthotropic behaviour of
the sheet piling wall in the model. By use of an isotropic model for the sheet piling wall, the
bending stiffness in the longitudinal direction is strongly overestimated. This will not affect
the results for a point load at a line perpendicular to the track. The actual insertion loss for a
train passage, here represented in a simplified way by a line load, will, however, be strongly
overestimated.

3.4 Results for Furet test site

In this section, the efficiency of the sheet piling wall installed at the test site in Furet is ana-
lyzed. Separate 2.5D calculations have been made for depths of 12m and 18m. In both models,
the sheet pile wall is modeled as an equivalent orthotropic plate (Table 3). Calculations have
been performed up to 50Hz and 30Hz for the 12m and 18m deep sheet pile wall, respectively.

Figure 10 shows the insertion loss at 5Hz and 25Hz for a vertical point load for the 12m and
18m deep sheet piling wall. At 5 Hz, the 12m deep sheet piling wall only reduces the vibration
levels significantly immediately behind the wall. At larger distances, the insertion loss is very
limited. At 25Hz, the sheet piling wall reduces the vibration at the surface with more than 6 dB.
This reduction is reasonably homogeneous over the entire surface behind the sheet piling wall. It
can be noticed, however, that the reduction in vibration levels is restricted to the top five meters
of soil. Lines of constructive and destructive interference between direct and reflected Rayleigh
waves can be observed at the other side of the sheet piling wall. For the 18m deep sheet piling
wall, a significant reduction is obtained at 5Hz in the entire region behind the wall, although

(a) (b)

(c) (d)

Insertion loss [dB]

Figure 10: Vertical insertion loss for a vertical point load (a) at 5Hz, depth 12m, (b) at 25Hz, depth 12m, (c) at
5Hz, depth 18m and (d) at 25Hz, depth 18m.
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Figure 11: Transfer mobility at a distance of (a) −64m, (b) −32m, (c) −16m, (d) −8m, (e) 8m, (f) 16m, (g)
32m, and (h) 64m from the point load in the reference case (dotted lines), for the 12m deep (solid lines) and 18m
deep (dashed lines) sheet piling wall at the Furet test site.

the effectiveness decreases with increasing distance. The higher effectiveness compared with
the 12m deep sheet piling wall indicates that a significant amount of the vibrational energy
passes underneath the 12m deep wall at 5Hz. At 25Hz, the increased depth of the sheet piling
wall does not significantly change the insertion loss. This may be explained by the fact that
the motion of the Rayleigh waves is mainly limited to the top two layers at this frequency.
Therefore, the insertion loss is largely determined by the transmission of vibrations through the
sheet pile wall.

Figure 11 shows the transfer mobilities from a vertical harmonic point load applied to the
soil at position (x, y) = (0m, 0m) to several positions in the free field for the Furet test site
without mitigation measure, when the 12m deep sheet piling wall is installed and when the
18m deep sheet piling wall is installed. Figure 12 shows the corresponding insertion loss in 1/3
octave bands for the 12m and 18m deep sheet piling wall. Insertion loss values as measured
with the RSMV at the test site are indicated with circles. The 1/3 octave band insertion loss
values for the 12m and 18m deep sheet piling wall when the line load is applied, are shown in
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Figure 12: Vertical insertion loss at a distance of (a) −64m, (b) −32m, (c) −16m, (d) −8m, (e) 8m, (f) 16m,
(g) 32m, and (h) 64m in the case of a point load for the 12m deep (solid lines) and 18m deep (dashed lines) sheet
piling wall at the Furet test site. Measured values with the RSMV are indicated with circles.

Figure 13.
For positions at the same side of the sheet piling wall as the point load (−64m, −32m,

−16m, −8m), the vibration levels are either increased or reduced due to constructive or de-
structive interference of the direct and reflected waves (Figure 11). As a result, the insertion loss
for the point load varies on average between plus and minus 2 dB (Figure 12). The insertion
loss for a line load is smoothed (Figure 13), as the calculation involves a spatial averaging of
the vibration field. For the line load, the vibration levels are on average increased by 2 dB at
these positions due to the presence of the sheet pile of wall. For the 18m deep sheet piling wall,
the increase in vibration levels is about 1 dB larger at frequencies below 10Hz.

The results for receiver points at the other side of the sheet piling wall (8m, 16m, 32m,
64m) indicate that the sheet piling wall can effectively reduce the vibration levels. For a point
load, insertion loss values of 5 dB and more are predicted above 20Hz for the 12m deep sheet
piling wall (Figure 12). It must be reminded, however, that the frequency range 4 − 5Hz is
targeted. Below 20Hz, the insertion loss is limited to 2 dB for the 12m deep wall. Only for
small distances behind the wall (8m), the insertion loss can reach up to 4 dB below 10Hz. For
a line load, the insertion loss is on average 1 to 2 dB larger (Figure 13). The results indicate
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Figure 13: Vertical insertion loss at a distance of (a) −64m, (b) −32m, (c) −16m, (d) −8m, (e) 8m, (f) 16m,
(g) 32m, and (h) 64m in the case of a line load for the 12m deep (solid lines) and 18m deep (dashed lines) sheet
piling wall at the Furet test site.

that the increase in depth to 18m has a favorable effect at low frequencies. The insertion loss
is increased by 2 dB in the 1/3 octave bands between 4Hz and 16Hz, both for a point load and
a line load. Above 20Hz, the insertion loss is not improved. Prediction results even indicate a
slight reduction in efficiency for the deeper wall. For the actually constructed sheet piling wall
with alternating depth, the insertion loss is expected to lie in between the values for a 12m deep
and an 18m deep sheet piling wall.

A preliminary comparison with the experimental results is made in Figure 12. Although the
order of magnitude of the insertion loss is reasonably well predicted, further processing of the
measurements is needed before a detailed comparison can be made and possible reasons for
discrepancies can be investigated.

4 CONCLUSIONS

To reduce the train induced vibrations at the site of Furet, a sheet piling wall was installed
next to the track. The depth of the sheet piles is 12 m with every fourth pile extended to 18m.
The effectiveness of the sheet pile wall was analyzed by means of 2.5D calculations for a 12m
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and 18m deep wall. An equivalent orthotropic plate model of the sheet pile wall was adopted.
The sheet piling wall acts as a stiff wave barrier, of which the effectiveness is determined by

the depth and the contrast in stiffness between the barrier and the soil. The sheet piling wall
only starts to act when the depth of the sheet piling wall is sufficiently large compared to the
Rayleigh wavelength in the soil. Increasing the depth from 12 m to 18 m consequently results
in an increased reduction at low frequencies.

It is important to take into account the orthotropic behavior of the sheet piling wall, as the
bending stiffness in the vertical direction (along the profiles) is much larger than the bending
stiffness in the longitudinal direction (perpendicular to the profiles). Calculations show that
the reduction of vibration levels is entirely due to the relatively high axial stiffness and vertical
bending stiffness, while the longitudinal bending stiffness is too low to affect the transmission
of vibrations. A simplified isotropic model does not allow accounting accurately for the trans-
mission of waves at grazing incidence.

Calculation results for the site of Furet show that at 8m from the track, a reduction in trans-
mitted ground vibration is already obtained at frequencies above 4Hz. The performance de-
creases with increasing distance from the track as observed in the vibration measurements car-
ried out for train passages and with the RSMV. Further processing of the measurements is
needed before a detailed comparison to the numerical results can be made.
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