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Abstract

The effectiveness of heavy masses next to the track as a measure for the reduction of railway induced ground

vibration is investigated by means of numerical simulations. It is assumed that the heavy masses are placed

in a continuous row along the track forming a wall. Such a continuous wall could be built as a gabion

wall and also used as a noise barrier. Since the performance of mitigation measures on the transmission

path strongly depends on local ground conditions, a parametric study is performed for a range of possible

designs in a set of different ground types. A two-and-a-half dimensional coupled finite element - boundary

element methodology is used, assuming that the geometry of the problem is uniform in the direction along

the track. It is found that the heavy masses start to be effective above the mass-spring resonance frequency

which is determined by the dynamic stiffness of the soil and the mass of the wall. At frequencies above this

resonance frequency, masses at the soil’s surface hinder the propagation of surface waves. It is therefore

beneficial to make the footprint of the masses as large and stiff as possible. For homogeneous soil conditions,

the effectiveness is nearly independent of the distance behind the wall. In the case of a layered soil with a

soft top layer, the vibration reduction strongly decreases with increasing distance from the wall.

Keywords: ground-borne vibration, heavy masses, gabion wall, 2.5D modelling, coupled finite element -

boundary element models.

1. Introduction

Railway induced ground vibration can be a source of annoyance for lineside residents. Vibration in

buildings (1−80Hz) may cause malfunctioning of sensitive equipment and lead to discomfort of inhabitants.

The vibrating walls and floors also radiate noise in the low frequency range (16 − 250Hz). In case of
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excessive vibration levels, mitigation measures can be taken at the source, on the transmission path, or at

the building where vibration problems occur [1, 2]. The most effective way is to tackle the problem at the

source [3]. Mitigation measures at the source for railway induced ground-borne noise and vibration include

soft railpads [4], under-sleeper pads [5], ballast mats [6, 7] and floating slab tracks [8] and are frequently

used for new railway infrastructure. Vibration reduction measures at the receiver side, such as base isolation

[9], are only effective for the structure to which the mitigation measure is applied.

Renewed attention has recently been paid to vibration reduction technologies in the transmission path,

but installed close to the track so that they can still be regarded as part of the railway infrastructure [10].

These measures include include open trenches [11], soft and stiff buried wall barriers [12, 13, 14, 15], subgrade

stiffening [16, 17] and wave impeding blocks [18, 19]. Interventions on the propagation path between source

and receiver have the advantage that no modifications of the track are required. This paper focuses on the

possible application of heavy masses next to the track as a feasible vibration mitigation measure on the

transmission path.

Jones [1] investigated the effect of concrete masses placed in various configurations along the track. Krylov

[20] studied the effect of individual masses such as concrete or stone blocks placed on the ground surface

along the track. The reduction in transmitted vibration obtained by blocks at the surface is attributed to

the scattering of the incident surface waves into surface and body waves. Similar studies of the scattering

of waves by irregularities at the surface have been performed in the fields of solid state physics [21] and

earthquake engineering [22, 23, 24]. The scattering turns out to depend on the spatial distribution and the

number of irregularities per unit area [21]. In the case of soft soils, seismic wave fields are scattered when

the excitation frequencies are close to the resonance frequencies of buildings on the ground stiffness [22].

Similarly, heavy masses next to the track are expected to be especially effective in reducing vibrations near

the natural frequency of the mass coupled to the soil [1, 20]. Two-dimensional (2D) calculations indicate

insertion loss values up to 10 dB in a frequency range from about 20% below to about 20% above the natural

frequency [20]. Tests with 600 kg concrete masses failed to give conclusive results [1].

More recently, Mhanna et al. [25] and Masoumi et al. [26] investigated the vibration mitigation effect of

heavy masses by means of numerical simulations and experiments. Mhanna et al. [25] used a 3D time domain

finite element (FE) model and compared simulations with test results for steel tanks filled with water. The

observed reduction in vibrations was attributed to reflection of incident waves by the stiff irregularities,

restriction of ground surface movements by the heavy masses and destructive interference between direct

and secondary scattered waves. Masoumi et al. [26] investigated the effectiveness of a row of concrete blocks

with a two-and-a-half-dimensional (2.5D) coupled finite element - boundary element (FE-BE) model. The

model was validated with small scale tests performed in a test bench and full scale tests next to a railway

line. Simulations showed an increased reduction for wider and heavier blocks. Including a resilient layer

under the concrete blocks significantly reduced the effectiveness.
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The reduction in transmitted vibration by heavy masses next to the track has been attributed to different

phenomena. It is the aim of this paper to identify relevant physical phenomena that contribute to the

vibration reduction and thus improve the knowledge necessary for the design of heavy masses as a vibration

mitigation measure.

In this study, a continuous row of masses along the track is considered. Although the results of the

theoretical analysis are generally applicable, gabion walls consisting of free standing stackable wire baskets

filled with stones are considered in this paper. Gabion walls have been installed as noise barriers next to

railway lines (figure 1). In this case, an acoustic nucleus is integrated within the wall to fulfill the acoustic

requirements on sound transmission. The noise barriers consist of gabions with a width of 1m and a height

of 0.5m or 1m, possibly stacked next to or on top of each other. The length of the gabions forming the wall

can vary between 1m and 5m. If the gabions would also lead to a significant reduction of ground-borne

vibration, such a wall could be designed as a combined barrier for airborne noise [27] and ground-borne

vibration. Because the stiffness of the gabions is of the same order of magnitude as the stiffness of typical

soils, the gabion walls primarily act as an additional mass on the soil’s surface. The case of a continuous

concrete wall next to the track is included in the present study to investigate the performance of a stiff

barrier.

(a) (b)

Figure 1: Gabion walls installed as noise barriers next to railway tracks in (a) Bonn-Südstadt and (b) München Laim. Photos
courtesy of (a) Deutsche Bahn AG, Gerd LeDosquet and (b) Deutsche Bahn AG, Hans-Jörg Terno.

The outline of this paper is as follows. Section 2 describes the 2.5D model used for the analysis of the

vibration reduction of heavy masses next to the track. Results for a benchmark reference case are presented

in section 3. To explain the observations made in the benchmark study, different idealized models with an

increasing degree of complexity are set up. In section 4, the underlying physical mechanisms are discussed

in detail by comparing results from different simplified models. In section 5, a comprehensive parametric

study is performed to study the influence of the size of the wall and the soil characteristics. Concluding

remarks are given in section 6.
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2. Methodology

Figure 2 gives a schematic view of the problem considered in the parametric study. A continuous wall

with height h and width w is placed on the soil’s surface at a distance d from the centre of the track. The

origin of the Cartesian frame of reference is placed at the soil’s surface at the centre of the track. The x-axis

is in the direction perpendicular to the track, the y-axis is parallel to the track and the z-axis is vertical.

The free field response due to a train passage can be calculated from the track-soil transfer function

(impulse response function) Hts(x,x
′, t) that relates the response at a point x′ to the load at a point x on

the track as follows [28]:

u(x′, t) =

na∑
k=1

∫ t

−∞
Hts(xk(τ),x

′, t− τ)gk(τ)dτ (1)

where na is the number of axles, xk(t) is the position of the k-th axle (k = 1, . . . , na) and gk(t) is the time

history of the load of the k-th axle. The transfer function Hts(x,x
′, t) between the track and the free field

determines how the loads applied to the track are transferred to the soil.

h

d

w

x

y
z

Figure 2: Geometry of the 2.5D model for heavy masses next to a railway track.

The axle loads can be decomposed into static and dynamic load components [29]. At frequencies above

a few Hertz, the response in the free field sufficiently far from the track is dominated by the dynamic load

if the train speed is small compared to the Rayleigh wave velocity CR of the soil. This dynamic load is

determined by train-track interaction resulting from several excitation mechanisms such as wheel and track

unevenness and parametric excitation caused by the spatial variation of support stiffness. Often only the

dynamic axle loads originating from the track unevenness are taken into account. The dynamic axle loads
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are calculated based on a compliance formulation in a moving frame of reference, which requires the vehicle

and track compliance [28].

In this paper, the free field response and insertion loss for the passage of a train are calculated in a

simplified way to reduce the calculation time. Previous studies have shown that the stationary part of the

free field response due to the passage of a train can be well approximated by assuming the dynamic axle

loads to be applied at fixed positions, i.e. xk(t) ≈ xk0 [30]. Assuming in addition that the axle loads are

incoherent, equation (1) can be simplified and written in the frequency domain as:

|û(x′, ω)|2 =

na∑
k=1

|Ĥts(xk0,x
′, ω)ĝk(ω)|2 (2)

where ω is the radial frequency and a hat above a variable denotes its representation in the frequency

domain. The train load considered in this paper is thus represented by a sequence of fixed, incoherent point

sources. It is furthermore assumed that the forces applied by different axles have the same amplitude, i.e.

ĝk(ω) = ĝ0(ω).

The transfer functions Ĥts(xk0,x
′, ω) are determined by track-soil-wall interaction. Because the distance

between the railway track and the wall is small, through-soil coupling between the track and the wall cannot

be disregarded. In this paper, the geometry of the track-soil-wall system is assumed to be uniform along

the track. The soil is modelled as a horizontally layered halfspace. An equivalent continuous model [28] is

employed for the track which has a periodic layout due to the discrete support of the sleepers.

The assumption of a longitudinally invariant geometry enables the use of a computationally efficient

2.5D approach, where a Fourier transformation of the coordinate y along the track to the wavenumber ky

leads to an efficient solution in the frequency-wavenumber domain:

ũ(x, ky , z, ω) =

∫ +∞

−∞
û(x, y, z, ω) exp(ikyy) dy. (3)

A tilde above a variable denotes its representation in the frequency-wavenumber domain. A track-soil-

wall interaction problem with 2D geometry is solved for each frequency ω and wavenumber ky to compute

ũ(x, ky , z, ω) and the 3D solution û(x, y, z, ω) is obtained by an inverse Fourier transformation with respect

to the wavenumber ky:

û(x, y, z, ω) =
1

2π

∫ +∞

−∞
ũ(x, ky , z, ω) exp(−ikyy) dky. (4)

The track-soil-wall interaction problem is solved by means of a coupled FE-BE methodology [31]. The

track and heavy masses are modelled by means of finite elements, while boundary elements on the soil-

structure interfaces are used to model the layered soil domain. A weak variational formulation of the
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equilibrium of the track (structure j = 1) and the wall (structure j = 2) results in the following set of

coupled FE-BE equations [31]:

[
K̃j(ky, ω)− ω2Mj

]
ũj(ky , ω) +

2∑
k=1

K̃s
jk(ky, ω)ũk(ky , ω) = f̃ j(ky , ω) for j = 1, 2. (5)

ũj(ky, ω) collects the nodal degrees of freedom of structure j, while K̃j(ky , ω) and Mj are the finite element

stiffness and mass matrix of this structure. The stiffness matrix K̃j(ky, ω) can be elaborated as follows [31]:

K̃j(ky, ω) = K̃0
j − ikyK̃

1
j − k2yK̃

2
j for j = 1, 2 (6)

where K̃0
j corresponds to a combination of the classical two-dimensional in-plane and out-of-plane stiffness

matrix. The stiffness matrices K̃1
j and K̃2

j account for 3D wave propagation in the structure. K̃s
jk(ky , ω) is

the dynamic soil stiffness matrix and is computed by means of the BE method. K̃s
12(ky , ω) and K̃s

21(ky, ω)

represent the through-soil coupling between the track and the wall. The force vector f̃ j(ky , ω) results from

the external forces on structure j, in this case the dynamic axle load on the track.

3. Benchmark reference case

The case of a gabion wall with a height h = 2m and a width w = 1m is taken as reference. The wall is

placed at d = 4m from the track centre line, which is the typical distance of noise barriers. Calculations are

performed with the 2.5D coupled FE-BE software BEMFUN [31] and WANDS [32]. The track is disregarded

to eliminate possible discrepancies caused by small differences in the track models of BEMFUN and WANDS.

The soil is assumed to be homogeneous. A halfspace with layer thickness h and dynamic soil characteristics

(shear wave velocity Cs, dilatational wave velocity Cp, density ρ, material damping ratios βs and βp in both

deviatoric and volumetric deformation) given in table 1 is considered. These soil properties correspond to

a saturated sandy soil as present at a site in Horstwalde (Germany), which is described in more detail in

section 5.2. The density of the fill material of the gabions is approximately 1700 kg/m3. The stiffness and

damping properties of the gabion wall are estimated from typical properties of track ballast: a shear wave

velocity Cs = 300m/s, a Poisson’s ratio ν = 0.20 and material damping ratios βs = βp = 0.02. The wall

is modelled as an elastic continuum taking into account the flexibility of the cross section and stiffness in

the longitudinal direction. It is therefore assumed that the gabion baskets are interconnected so that wave

propagation in the wall along the track is possible.

In the BEMFUN model, the gabion wall is modelled using a 10 by 10 mesh of eight-node quadrilateral

2.5D finite elements (figure 3a). The finite element model of the gabion wall is coupled to a conforming

boundary element mesh using 10 3-node elements for the layered soil. This mesh ensures that there are at
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Layer h Cs Cp βs βp ρ
[m] [m/s] [m/s] [-] [-] [kg/m3]

1 ∞ 250 1470 0.025 0.025 1945

Table 1: Dynamic soil characteristics for the Horstwalde site.

least 10 elements per wave length up to 100Hz. Green’s functions for a halfspace are used as fundamental

solutions in the BE formulation [33, 34]. The boundary element mesh can therefore be limited to the

interface between the mass and the soil. Calculations are made for frequencies between 1 and 100Hz with

a frequency bin Δf = 1Hz. A linear wavenumber sampling from k̄y = 0 to k̄y = 1.2 with Δk̄y = 0.01,

completed with a logarithmic sampling of 50 samples up to k̄y = 100, is used in terms of the dimensionless

wavenumber k̄y = kyCs/ω.

In the WANDS model, the gabion wall is modelled using a 4 by 8 mesh of eight-node 2.5D finite elements

and the ground is modelled using 3-node boundary elements with a maximum element size equal to 0.38m

(figure 3b). Using these elements ensures that there are at least 6 elements per wave length up to 100Hz.

Fundamental solutions of a homogeneous full space are used for the boundary element formulation. The

ground surface is meshed from x = −10m to x = 68m. A special edge element [35] is used to avoid

reflections at the end of the ground mesh. Calculations are made for 3 frequencies in each one-third octave

band covering the bands 1.25 to 100Hz at wavenumbers ky from −8 to 8 rad/m with Δky = 16/1024 rad/m.

−4 −2 0 2 4 6 8

−1

0

1

2

x [m]

z 
[m

]

−4 −2 0 2 4 6 8

−1

0

1

2

x [m]

z 
[m

]

(a) (b)

Figure 3: Finite element and boundary element discretization for the benchmark reference case in (a) the BEMFUN model
and (b) the WANDS model.

Figure 4 shows the transfer mobilities between a vertical point load applied at the soil’s surface at

(x = 0m, y = 0m) and the vertical velocity at y = 0m at several distances from the source for the cases

without and with gabion wall. The corresponding insertion loss values are shown in figure 5. The gabion

wall does not affect the transmission of vibrations at frequencies below 30Hz, apart from a small peak in

insertion loss at 12Hz related to a rocking mode of the gabion wall (section 4.2). Around 60Hz, a peak

value of 8 dB is obtained for the insertion loss. Above this frequency, the insertion loss starts to decrease

again. A very good agreement is observed between results obtained by both models.

At first sight, these results show the resonant behaviour of masses next to the track as reported previously

in literature [1, 20]. Modelling the heavy mass as a simple point mass, a maximum reduction is obtained
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Figure 4: Transfer mobility without (dotted lines) and with (solid lines) a gabion wall (width 1m, height 2m) for a point load
at the Horstwalde site. Results at the soil’s surface at y = 0m and (a) x = 8m, (b) x = 16m, (c) x = 24m, (d) x = 32m, (e)
x = 48m, and (f) x = 64m obtained with BEMFUN (◦) and WANDS (∗).
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Figure 5: Vertical insertion loss of a gabion wall (width 1m, height 2m) for a point load at the Horstwalde site. Results at the
soil’s surface at y = 0m and (a) x = 8m, (b) x = 16m, (c) x = 24m, (d) x = 32m, (e) x = 48m, and (f) x = 64m obtained
with BEMFUN (◦) and WANDS (∗).
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around the mass-spring resonance frequency of the mass coupled to the soil [20]. The frequency at which a

maximum insertion loss is obtained in figure 5 does not correspond, however, with the calculated mass-spring

resonance frequency of 41Hz for the gabion wall (section 4.2). Furthermore, the small peak at 12Hz cannot

be predicted with a simplified point or line mass model. Apart from the mass, the finite dimensions of the

footprint and the stiffness of the masses also play an important role. This is discussed extensively in the

following section.

4. Physical mechanisms

In order to investigate the physical mechanisms leading to reduced vibration transmission, additional

simulations are performed for the reference case of a gabion wall at the Horstwalde site. As in the previous

section, the presence of the track is disregarded to facilitate the physical interpretation of results. Different

idealized models with an increasing degree of complexity are set up for the heavy masses. This enables

physical interpretation of the observations made in the benchmark study. In the simplest case, they are

modelled as a line mass. Next, they are modelled as a wall with rigid cross section to discuss the influence

of its finite dimensions. Afterwards, the influence of the cross sectional flexibility and longitudinal stiffness

is investigated, both for the reference gabion wall and a concrete wall.

For each case, the vertical insertion loss at the soil-mass interface (x = 4m, y = 0m) and at the soil’s

surface at (x = 8m, y = 0m) is shown for three different vertical excitations: a unit line load, i.e. for ky = 0

(2D), a unit point load, and a train load. The train load consists of 16 uncorrelated unit point forces applied

at the soil’s surface at the axle positions of a typical four-car EMU train [36], when the train is centred at

y = 0m. The considered train has a total length of 106.4m. Each car is supported by two bogies. The car

length is 26.6m and the bogie centre distance is 19.0m. The distance between two axles of a bogie is 2.7m.

The results for the point load and the train load are calculated with the 2.5D approach.

4.1. Line mass model

First, the heavy masses are modelled as a distributed line mass on the soil with a mass per unit length

of 3400 kg/m. To represent the line mass, a footprint of 0.01m is used in the FE-BE model, which is small

compared to the Rayleigh wavelength in the frequency range considered. Lateral motion of the line mass is

disregarded in the model, only allowing for vertical translation. This model is similar to the 2D line model

used by Krylov [20]. The longitudinal stiffness is disregarded by setting the wall stiffness matrices K̃1
2 and

K̃2
2 in equation (6) equal to zero. It is thus assumed that individual masses are not interconnected and wave

propagation in the wall along the track direction is prevented. The influence of the longitudinal stiffness is

studied in section 4.3.

Figure 6a shows the insertion loss for the line mass model at the soil-mass interface and at a distance of

8m for the 2D calculation. The behaviour of the distributed line mass resembles that of a mass-spring system,
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Figure 6: Vertical insertion loss of a distributed line mass of 3400 kg/m without longitudinal stiffness for (a) a line load, (b) a
point load, and (c) a train load. Results at y = 0m at the soil-mass interface (dashed line) and at the soil’s surface at x = 8m
(solid line).

as found by other researchers [1, 20, 26]. At low frequencies, the mass follows the vertical displacement at

the soil’s surface and no reduction is seen. Around the mass-spring resonance frequency of 31Hz, a clear

dip is observed in the insertion loss at the soil-mass interface. Above the resonance frequency, the insertion

loss rises steeply due to the inertia of the mass. The mass-spring resonance frequency ω0 can be estimated

from:

ω0 =

√
K̂s

z(ω)

m
(7)

where m is the total mass per unit length and K̂s
z(ω) represents the vertical dynamic stiffness per unit

length of the soil under the masses. The stiffness K̂s
z(ω) can be estimated from the vertical dynamic soil

stiffness of a rigid strip foundation. For a line mass of 3400 kg/m, the predicted resonance frequency for

this homogeneous halfspace equals 29.2Hz, which corresponds well to the observed resonance frequency of

31Hz in figure 6a. The imaginary part of K̂s
z(ω) is approximately 30% of the real part, which indicates that

the radiation damping in the soil is low for the line mass and which explains the pronounced mass-spring

resonance dip.

The insertion loss at 8m starts to increase at the mass-spring resonance frequency of 31Hz (figure 6a).

This leads to a peak in the insertion loss curve at 39Hz. While the insertion loss at the soil-mass interface

reaches very high values at higher frequencies, the insertion loss behind the distributed line mass starts to

decrease again above 40Hz. Only a small reduction is predicted above 50Hz. This can be understood by

considering the dynamic behaviour of a simple mass-spring system with an imposed base motion û0(ω). The

displacement of the mass ûm(ω) is determined by:

ûm(ω) =
k

−mω2 + k
û0(ω) (8)

where m is the mass and k is the spring stiffness representing the soil. The line mass displacement ûm(ω)
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results in a diffracted wave field. The phase difference between ûm(ω) and û0(ω) increases from 0 at

0Hz to −π/2 at the resonance frequency ω0 and further to −π at high frequencies. Destructive interference

between the incident and diffracted wave field occurs when the phase difference is larger than π/2. Therefore,

vibration levels behind the line mass are only reduced at and above the resonance frequency. The combination

of large mass displacement around ω0 and increasing phase difference above ω0 leads to a peak in insertion

loss just above the resonance frequency.

Figure 6b shows the insertion loss when a vertical point load is applied at the soil’s surface. While the

trends for the 2D and 2.5D simulations are very similar, the peak of the insertion loss at 8m is now found at

the slightly lower frequency of 35Hz and the maximum insertion loss value is reduced from 21 dB to 14 dB.

The peak insertion loss is further reduced to 7.5 dB when a train load, consisting of 16 uncorrelated vertical

point loads, is considered (figure 6c). This is caused by the large spatial variation of the insertion loss at

close distance from the wall (section 5.4). At larger distances, the maximum insertion loss values for a point

load and a train load are similar.

4.2. Model with rigid cross section

In reality, the heavy masses have finite dimensions and the width of the wall cannot be disregarded in

the entire frequency range of interest. The aim of this subsection is to study the influence of the finite

dimensions of the footprint. Therefore, a wall with a rigid cross section, only allowing for a global vertical

translation and rotation, is considered. The lateral motion and the longitudinal stiffness of the wall are still

disregarded. The insertion loss at the soil-mass interface and at the soil’s surface at a distance of 8m from

the source are shown in figure 7 for the three excitation cases.
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Figure 7: Vertical insertion loss of a gabion wall (width 1m, height 2m) with rigid cross section without longitudinal stiffness
for (a) a line load, (b) a point load, and (c) a train load. Results at y = 0m at the soil-mass interface (dashed line) and at the
soil’s surface at x = 8m (solid line).

In the 2D case, a wall with rigid cross section has two degrees of freedom and thus two modes on the

ground stiffness. Apart from a translational mode, a rocking mode is also present. The corresponding
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resonance frequency can be estimated from:

ω0,θ =

√
K̂s

θ(ω)

I0
(9)

where K̂s
θ(ω) represents the rotational dynamic stiffness of the soil under the mass and I0 is the mass moment

of inertia of the rigid wall around the central axis at z = 0m:

I0 = ρ

(
wh3

3
+

hw3

12

)
. (10)

The predicted resonance frequency is 21.1Hz for the homogeneous halfspace. As the rotational radiation

damping in the soil is small, a narrow peak can clearly be seen at 22Hz in the insertion loss results at

8m (figure 7a). This peak was not observed when the wall is modelled as a distributed line mass without

rotational inertia (figure 6a).

The mass-spring resonance frequency for vertical translation is now less pronounced in the insertion

loss results at the soil-mass interface for all excitation cases. This can be explained by the fact that the

radiation damping of the soil for translational motion is larger when the footprint is increased. Moreover,

the resonance frequency is shifted to a higher frequency compared to the case of a distributed line mass.

This is due to the fact that the dynamic soil stiffness of a rigid foundation with width 1m is larger than that

for a line mass. The predicted resonance frequency is equal to 41.3Hz. Above this resonance frequency, the

insertion loss at 8m increases steadily with increasing frequency.

In contrast to the results for the distributed line mass, a large reduction is also obtained at higher

frequencies for positions behind the wall with rigid cross section. Figure 8 compares the wave fields at

90Hz with and without wall for the 2D case. These results show that the rigid masses block the wave field

along the interface because the footprint is sufficiently large compared to the Rayleigh wavelength. The

vibration reduction at higher frequencies can thus be attributed to the restriction of the ground motion and

the hindrance of the propagation of the Rayleigh waves by the wall, as also suggested by Mhanna et al. [25]

and Masoumi et al. [26].

4.3. Model with flexible cross section

It is now investigated how the behaviour of the wall changes when the flexibility of the cross section is

taken into account. Figure 9 shows the insertion loss at 8m for a model of a gabion wall that accounts for

the flexibility, with and without longitudinal stiffness.

A comparison with the results for the rigid cross section model shows that the behaviour of the masses is

again significantly changed when the flexibility of their cross section is taken into account. Above the mass-

spring resonance frequency of approximately 40Hz, the insertion loss increases strongly up to a frequency of
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(a) (b)

Figure 8: Real part of the vertical displacement (in m) at 90Hz for the 2D case (a) without and (b) with gabion wall (width
1m, height 2m) with rigid cross section.
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Figure 9: Vertical insertion loss of a gabion wall (width 1m, height 2m) with flexible cross section without (solid line) and
with (dashed line) longitudinal stiffness for (a) a line load, (b) a point load and (c) a train load. Results at the soil’s surface
at y = 0m and x = 8m.

60Hz for the masses with flexible cross section. The frequency range with a considerable vibration reduction

is broader compared to the case of the distributed line mass (figure 6). The insertion loss values, however,

are considerably lower at higher frequencies than for the wall with a rigid cross section (figure 7). In this

frequency range, the width of the wall is of the same order of magnitude as the Rayleigh wavelength. The

interaction between the soil and the wall depends strongly on the flexibility of the wall and its footprint.

These results indicate that it is beneficial to make the footprint of the masses as large and stiff as possible

to improve the performance at higher frequencies.

The influence of the longitudinal stiffness of the gabion wall on the wave impeding effect is small. It

follows directly from equation (6) that the longitudinal stiffness has no effect for the case of a line load, i.e.

for ky = 0 (figure 9a). The influence of the longitudinal stiffness on the insertion loss for a point load is

negligible, apart from a small improvement around 40Hz (figure 9b). In the frequency range between 40

and 60Hz, the insertion loss for a train load is 1 to 2 dB lower when the longitudinal stiffness is taken into

account (figure 9c). This indicates that it is better to place the gabions next to each other without any

connection. The effect is limited, however, which can be explained by the fact that the stiffness contrast of
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the gabions and the soil is small.
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Figure 10: Vertical insertion loss of a concrete wall (width 1m, height 2m) with flexible cross section without (solid line) and
with (dashed line) longitudinal stiffness for (a) a line load, (b) a point load and (c) a train load. Results at the soil’s surface
at y = 0m and x = 8m.

The effect of the longitudinal stiffness is much more important when the stiffness contrast between the

masses and the soil is large. Figure 10 shows results for a concrete wall with width 1m and height 2m,

taking into account the flexibility of the cross section. The concrete wall has a density ρ = 2400 kg/m3, a

shear wave velocity Cs = 2280m/s, a Poisson’s ratio ν = 0.20, and material damping ratios βs = βp = 0.02.

The higher density of the concrete results in a small shift of the natural frequencies compared to the case of

the gabion wall. The behaviour of the concrete wall is similar to the one of a wall with rigid cross section.

Because it has a stiffness two orders of magnitude larger than the soil, the concrete wall can effectively hinder

the propagation of Rayleigh waves at higher frequencies. Again, the longitudinal stiffness has no influence

on the results of the 2D case (figure 10a). The longitudinal stiffness however has a significant effect on the

insertion loss for a point and a train load (figures 10b and 10c). The insertion loss is increased by 1− 4 dB

already from 9Hz on. The concrete wall acts as a stiff wave barrier. The additional wave impeding effect

depends on the relationship between the Rayleigh wavelength in the soil and the free bending wavelength

in the concrete wall [15]. The wall with longitudinal stiffness reduces transmitted vibrations at frequencies

above a critical frequency, where the Rayleigh wavelength in the soil equals the free bending wavelength in

the wall. The critical frequency fc can be calculated from [15, 37]:

fc =
C2

R

2π

√
ρwAw

EwIw
(11)

where CR is the Rayleigh wave velocity of the soil, ρw the density, Aw the cross sectional area, Ew the

Young’s modulus and Iw the moment of inertia for bending around the horizontal x−x or vertical z−z axis

of the wall. For the concrete wall on a homogeneous halfspace with CR = 238.6m/s, the critical frequencies

are equal to 4.4Hz and 8.7Hz for bending around the horizontal axis and vertical axis, respectively. In

the present case, bending around the vertical axis is dominating the wave impeding effect. As a result,
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the concrete wall with longitudinal stiffness is effective above 9Hz. This wave impeding effect caused by

the longitudinal bending stiffness is not seen for the gabion wall, because the stiffness contrast between the

gabions and the soil is too low for the wall to act as a stiff wave barrier.

The results for the concrete wall show that results of a 2D model should be considered with care. While

the results for the 2D (line load) and 2.5D (point load and train load) models are similar for the case of the

gabion wall on a homogeneous halfspace, this is not generally true for the case of a layered halfspace or a

stiff wave barrier.

5. Parametric study

5.1. Introduction

Table 2 gives an overview of the cases considered in the parametric study for the heavy masses next to

the track. Each wall is placed at the sites of Horstwalde, Lincent and Furet (subsection 5.2). These cases

are selected to investigate the influence of dynamic soil characteristics and height and width of the masses

on the reduction in vibration transmission for the case of a gabion wall. Furthermore, the spatial variation

of the insertion loss is discussed.

Case Material Width w [m] Height h [m] Position d [m]
1 Gabion wall 1.0 2.0 4.0
2 Gabion wall 2.0 2.0 4.0
3 Gabion wall 1.0 4.0 4.0
4 Gabion wall 1.0 6.0 4.0

Table 2: Cases considered in the parametric study of heavy masses next to the track. Parameters deviating from those of the
baseline conditions of the reference case (1) are highlighted in bold.

For each case, the vertical insertion loss for a train load excitation is calculated in one-third octave

bands. The flexibility of the walls cross section is accounted for in the parametric study. The longitudinal

stiffness is taken into account because this gives a conservative prediction for the insertion loss for a train

load (section 4.3). A track has been included in all calculations. The physical mechanisms discussed in the

previous section remain the same, but the maximum insertion loss values are affected by the presence of

the track. The track consists of UIC60 rails, supported by rail pads on monoblock concrete sleepers and a

ballast layer with a height of 0.30m. No sub-ballast, form layer or embankment is included. The parameters

of the track are summarized in table 3. Figure 11 shows the finite element discretization of the track. The

model of the rails, the rail pads and the sleeper contains four degrees of freedom in the plane of the cross

section (vertical translation and rotation of the sleeper and vertical translation of left and right rail) [28].

The rails are modelled as Euler-Bernoulli beams, the rail pads as continuous spring-damper connections and

the sleepers as a uniformly distributed mass, rigid in the plane of the cross section. The sleepers are assumed
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not to contribute to the longitudinal stiffness of the track. The ballast is modelled as an elastic continuum

by means of eight-node quadrilateral 2.5D finite elements. The discretization of the ballast ensures that

there are at least 10 elements per minimal wavelength at 100Hz. The maximum element size of the ballast

is governed by the boundary element size of the soil, as the shear wave velocity of the ballast is larger than

the shear wave velocity of the soil. The maximum element size equals 0.24m for the Horstwalde site (figure

11). For the other, softer soils considered in the parametric study, a smaller mesh size is used. Similarly, at

least 10 finite elements per wavelength are used for the gabion wall, with a minimum of 10 elements over

the width and height of the wall in each case.

Part Characteristic Value Dimension

Rail bending stiffness ErIr 6.4 [×106Nm2]
mass per unit length ρrAr 60 [kg/m]
position l1 -0.7175 [m]
position l2 0.7175 [m]

Rail pad stiffness krp 300 [×106N/m]
loss factor ηrp 0.10 [-]

Sleeper length lsl 2.60 [m]
width bsl 0.25 [m]
height hsl 0.20 [m]
mass msl 325 [kg]
sleeper distance dsl 0.60 [m]

Ballast height h 0.30 [m]
shear wave velocity Cs 300 [m/s]
Poisson’s ratio ν 1/3 [-]
density ρ 2000 [kg/m3]
material damping ratio β 0.02 [m]
upper width bu 3.6 [m]
lower width bl 5.6 [m]

Table 3: Characteristics of the track.
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Figure 11: Finite element discretization of the track on the Horstwalde site.

5.2. Dynamic soil characteristics

The parametric study focuses on three sites with different soil conditions: Horstwalde, Lincent and Furet

[38].
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The Horstwalde site is a test site of the Federal Institute for Materials Research and Testing (BAM)

located 50 km southeast of Berlin (Germany). Up to a depth of at least 10m, the soil at the site is a

saturated, Märkischer sand with a grain size ranging between fine and coarse sand. The dynamic soil

characteristics were identified from a multichannel analysis of surface waves (MASW) test [38]. A value of

245− 250m/s was estimated for the shear wave velocity of the soil, while the dilatational wave velocity was

estimated to be 1470m/s. Cone penetration tests (CPTs) indicated that the soil has a high density. The

soil is modelled as a homogeneous halfspace with dynamic soil characteristics given in table 1.

The site of Lincent (Belgium) is situated next to the high speed line L2 between Brussels and Liège.

Conventional soil parameters and a stratification were determined from sample borings and CPT tests.

These tests show that the top layer, with a thickness of 1.2m, is followed by a layer of fine sand which

reaches to a depth of 3.2m. Between depths of 3.2 and 7.5 m, a sequence of hard arenite layers embedded in

clay was found [39]. Up to 15m, the maximum depth of the drilling, a sequence of fine sand and clay layers

was found. The groundwater table varied between a minimum depth of 6.0m and a maximum depth of

12.2 m, with an average depth of 10.4 m. The dynamic properties of the soil were evaluated by means of five

seismic cone penetration tests (SCPT), five spectral analysis of surface waves (SASW) tests and one seismic

refraction test [39]. These tests show that the shear wave velocity increases monotonically with depth from

approximately 120m/s to 250− 300m/s. A layered soil model with two softer top layers above a relatively

stiff halfspace is used in the simulations. The dynamic soil characteristics for the different soil layers are

given in table 4. The high value for the dilatational wave velocity of the underlying halfspace, determined

from the seismic refraction test, is caused by the saturation of the soil.

Layer h Cs Cp βs βp ρ
[m] [m/s] [m/s] [-] [-] [kg/m3]

1 1.4 128 286 0.044 0.044 1800
2 2.7 176 286 0.038 0.038 1800
3 ∞ 355 1667 0.037 0.037 1800

Table 4: Dynamic soil characteristics for the Lincent site.

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 soil profile consists of a relatively firm layer of sand up to 2− 3m

depth underlain by clayey silt up to a depth of 5 − 10m, underlain by silty clay. The silt has a density of

1850 kg/m3 and the clay a density of 1710 kg/m3. The shear wave velocity was measured by means of a

SCPT and a MASW test [38]. The SCPT test indicates a shear wave velocity of 110m/s between 3 and 14m,

and 150m/s between 15 and 18m. The MASW test shows a 2m thick top layer with a shear wave velocity

of 160m/s, followed by a 10m thick layer with a shear wave velocity of 115m/s and a bottom layer with a

shear wave velocity of about 200m/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 are estimated from the results
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for Cs assuming a Poisson’s ratio of 0.40. Table 5 provides a summary of the dynamic soil characteristics.

While the soil stiffness increases with depth at the site of Lincent, an inverse layering is present at the site

of Furet with a stiffer layer on top of a softer layer.

Layer h Cs Cp βs βp ρ
[m] [m/s] [m/s] [-] [-] [kg/m3]

1 2 154 375 0.025 0.025 1800
2 10 119 290 0.025 0.025 1850
3 ∞ 200 490 0.025 0.025 1710

Table 5: Dynamic soil characteristics for the Furet site.

5.3. Influence of the site conditions

In this section, the influence of the site characteristics on the effectiveness of a gabion wall with width

1m and height 2m is investigated. Figure 12 shows the one-third octave band insertion loss values of the

gabion wall at the three sites. For the site of Horstwalde, the insertion loss is very small up to a frequency of

30Hz (figure 12a). Above the mass-spring resonance frequency, the insertion loss increases up to a maximum

value of about 5 dB at 63Hz. At higher frequencies, the insertion loss starts to decrease again due to the

flexibility of the wall. Due to the softer soil at Furet, the mass-spring resonance frequency is lower and the

gabion wall starts to reduce vibrations from 8Hz on with a large reduction above 63Hz (figure 12c). For the

site of Lincent, two maxima are visible in the insertion loss curve (figure 12b). The first maximum occurs

in the frequency range 20 − 30Hz. A second peak is observed around 50− 60Hz. Below 20Hz and above

60Hz, the reduction is negligible. The variation of the insertion loss values with distance is discussed in the

next section.
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Figure 12: One-third octave band vertical insertion loss of a gabion wall (width 1m, height 2m) for a train load at (a) the
Horstwalde site, (b) the Lincent site and (c) the Furet site. Results at the soil’s surface at y = 0m and x = 8m (•), x = 16m
(�), x = 32m (�), and x = 64m (×).
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5.4. Spatial variation of the insertion loss

Figure 13 shows the spatial dependence of the insertion loss for a gabion wall with width 1m and height

2m installed at the Horstwalde site. A harmonic point force is applied to the rails with an excitation

frequency of 30Hz, 60Hz, and 90Hz. At 30Hz (figure 13a), the wave field is not affected by the presence of

the gabion wall, leading to an insertion loss of nearly zero almost everywhere in the soil apart from a small

zone in close proximity of the wall. At 60Hz (figure 13b), the gabion wall can effectively reduce the vibration

levels. Waves impinging perpendicular to the wall are reduced most, showing insertion loss values of more

than 10 dB at y = 0m. The insertion loss is lower for waves impinging at oblique angles. The insertion loss

at 90Hz is lower than at 60Hz, but more uniformly distributed along the surface behind the masses (figure

13c). At both 60Hz and 90Hz, no overall increase in vibration levels is observed at the opposite side of the

track.
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Figure 13: Vertical insertion loss of a gabion wall (width 1m, height 2m) at the Horstwalde site for a point load applied to
both rails at a frequency of (a) 30Hz, (b) 60Hz, and (c) 90Hz.

Figure 14 shows the insertion loss at 30Hz, 60Hz, and 90Hz for the site of Lincent. For all frequencies,

there is an irregular pattern of zones with very high and very low insertion loss values at the ground surface

behind the wall. For a train passage, these values will be levelled out. The zones where a high reduction is

obtained are mainly restricted to the upper soil layers. The gabion wall does not reduce vibration levels in

the stiffer halfspace underlying the soft top layers.

(a) (b) (c) −10

−5

0

5

10
IL

 [d
B

]

Figure 14: Vertical insertion loss of a gabion wall (width 1m, height 2m) at the Lincent site for a point load applied to both
rails at a frequency of (a) 30Hz, (b) 60Hz, and (c) 90Hz.

Figure 15 shows the insertion loss at 30Hz, 60Hz, and 90Hz for the site of Furet. At 60Hz (figure

15b) and 90Hz (figure 15c), the spatial variation of the insertion loss is similar to the one at the site of

Horstwalde. Very high values of insertion loss are obtained for waves at normal incidence. The insertion
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loss decreases with increasing angle of incidence. At small distances from the wall, the reduction is limited

to the upper soil layer. At larger distances from the wall, vibration levels are also reduced in the soft middle

layer and in the stiffer halfspace. At 30Hz (figure 15a), the insertion loss is small in a large zone behind the

wall. Only waves impinging at oblique incidence are effectively mitigated by the wall.
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Figure 15: Vertical insertion loss of a gabion wall (width 1m, height 2m) at the Furet site for a point load applied to both
rails at a frequency of (a) 30Hz, (b) 60Hz, and (c) 90Hz.

The influence of the distance to the wall on the one-third octave band insertion loss values at the three

sites is shown in figure 12. The response at the soil’s surface at distances of 8m, 16m, 32m, and 64m from

the centre of the track is considered. For the homogeneous halfspace of Horstwalde, the insertion loss is

almost independent of the distance (figure 12a). At 8m, the reduction is smaller between 40Hz and 63Hz.

Around the mass-spring resonance frequency of 40Hz, there is even an increase in vibration levels. At

Lincent, the insertion loss decreases strongly with increasing distance behind the wall (figure 12b). At 8m,

a dip in insertion loss is observed around the mass-spring resonance frequency of 12Hz. The effectiveness

of the gabion wall decreases for larger distances behind the wall for the site of Furet as well, especially at

higher frequencies (figure 12c).

Figure 16 shows the effectiveness at different depths at the three sites. The vertical insertion loss at a

distance of 8m from the track is shown for four depths: 0m, 3m, 6m, and 9m. As can be expected, the

influence of depth is small at low frequencies and becomes larger at high frequencies for all three sites. For

the site of Horstwalde, the insertion loss decreases gradually with increasing depth above 50Hz (figure 16a).

At larger distances from the track, the reduction is significant up to a depth of 9m (figure 13). The same

trends are visible at the site of Furet (figure 16c). For the site of Lincent, the depth of 3m is located in the

middle of the second layer, while the depths of 6m and 9m are located in the stiffer halfspace (table 4).

There is no reduction in vibrations at frequencies above 20Hz in this underlying halfspace (figure 16b).

5.5. Influence of the height of the masses

In this section, the influence of the height of the masses is investigated. Three heights are considered for a

gabion wall: 2m, 4m, and 6m. Figure 17 shows the corresponding insertion loss values at 8m from the track

for the three sites. For the site of Horstwalde, increasing the height of the wall improves the effectiveness at

low frequencies (figure 17a). The mass-spring resonance frequency which determines the onset of vibration
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Figure 16: One-third octave band vertical insertion loss of a gabion wall (width 1m, height 2m) for a train load at (a) the
Horstwalde site, (b) the Lincent site and (c) the Furet site. Results at x = 8m and y = 0m at a depth of 0m (•), 3m (�), 6m
(�), and 9m (×).

reduction is decreased by increasing the mass of the wall. For the 2m high wall, the insertion loss increases

from the one-third octave band of 40Hz onwards. For the 4m and 6m high walls, positive insertion loss

values are found from the one-third octave bands of 20Hz and 16Hz onwards, respectively. The same trends

are visible in the results for the sites of Lincent (figure 17b) and Furet (figure 17c). Increasing the height

of the wall enhances the effectiveness at low frequencies. At higher frequencies (above 20Hz for the site of

Lincent and above 30Hz for the site of Furet), the influence of the height of the wall is limited.
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Figure 17: One-third octave band vertical insertion loss of a gabion wall (width 1m) with a height of 2m (•), 4m (�), and
6m (×) for a train load at (a) the Horstwalde site, (b) the Lincent site, and (c) the Furet site. Results at the soil’s surface at
y = 0m and x = 8m.

5.6. Influence of the width of the masses

Figure 18 shows the influence of the width of a gabion wall with a height of 2m at the three sites.

For all three sites, doubling the width of the wall from 1m to 2m increases the effectiveness in a broad

frequency range. The higher mass results in a lower mass-spring resonance frequency and, therefore, an

improved performance at low frequencies. Furthermore, Rayleigh waves are hindered more effectively due

to the larger footprint of the wall. As a result, the insertion loss is also improved at higher frequencies.
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Figure 18: One-third octave band vertical insertion loss of a gabion wall (height 2m) with a width of 1m (◦) and 2m (×) for
a train load at (a) the Horstwalde site, (b) the Lincent site and (c) the Furet site. Results at the soil’s surface at y = 0m and
x = 8m.

Finally, it is interesting to compare the effectiveness of the gabion wall with width 2m and height 2m

(figure 18) with the one of a gabion wall with width 1m and height 4m (figure 17), i.e. with the same overall

mass. The insertion loss for the wider wall is larger at higher frequencies (above 40Hz for the Horstwalde

site and 25Hz for the Lincent site). The larger width enhances the hindrance of surface waves. At lower

frequencies, the higher wall performs better at the sites of Horstwalde and Lincent. This indicates that,

depending on the frequency range of interest, it may be better to increase either the width or the height of

the wall. For the site of Furet, the insertion loss for the wider wall is higher in almost the entire frequency

range considered.

In addition to the cases of table 2, the influence of placing a concrete foundation under the gabion wall

and the influence of the position of the gabion wall next to the track have been investigated as well. Doubling

the distance of the gabion wall from the track from 4m to 8m slightly decreases the efficiency of the gabion

wall, but the effect is limited. Similarly, adding a concrete foundation does not improve the insertion loss

significantly. Because the effects are small, these cases are not shown for the sake of brevity.

6. Conclusions

In this paper, a continuous row of heavy masses forming a wall next to the track is studied as a mitigation

measure for railway induced ground vibration. The effectiveness of the wall is determined by means of 2.5D

simulations. The physical mechanisms responsible for the wave impeding effect are discussed, showing that

the behaviour of the walls is much more complex than that of a simple line mass. The effects of flexibility

and finite dimensions of the walls have to be accounted for in the assessment of the vibration reduction,

which makes numerical simulations indispensable.

The masses can lead to a reduction in vibration levels above a mass-spring resonance frequency which is

determined by the vertical dynamic stiffness of the soil and the mass of the wall. Therefore, masses will be
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more effective at sites with a soft soil. Increasing the mass by increasing the height of the wall also reduces

the mass-spring resonance frequency and therefore improves the performance at lower frequencies. At higher

frequencies, transmitted surface vibrations are reduced due to the fact that the propagation of surface waves

is hindered, provided the stiffness contrast between soil and wall is large enough. Increasing the width can

therefore improve the performance at higher frequencies. For a homogeneous halfspace, the insertion loss

for a train passage is almost independent of the distance behind the wall. For a layered halfspace with a soft

upper layer, the insertion loss typically decreases with increasing distance behind the wall and increasing

depth. The paper mainly focusses on the application of a gabion wall, also used as noise barrier, as a feasible

mitigation measure for ground-borne vibration. The effectiveness of a gabion wall is also compared with

that of a continuous concrete wall. A higher insertion loss is found for the concrete wall at low frequencies.

This can mainly be attributed to the additional longitudinal bending stiffness of the concrete wall.
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