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External sources such as traffic and construction work cause noise and vibration in nearby buildings, potentially
annoyinghuman residents. Today, almost everyfifth European is harmfully affected by traffic noise and vibration.
Wave barriers placed on or embeddedwithin the soil between the source and the receiver canmitigate the trans-
mission of ground vibration, and the airborne noise transmission can be reduced in a similar manner with a
screen acting as a noise barrier. As a novel approach, the present work explores the efficiency of combining
ground vibration and noise barriers into one. To this end, numerical experiments were performed by a semi–
analytic finite-element method for ground vibration and the boundary-element method for sound propagation.
This involved time-harmonic analyses carried out in order to study the performance of various configurations of
barriers focusing on vertical barriers rigidly attached to the ground surface or embedded into the soil. Parametric
analyseswere conducted on the achieved vibration and noisemitigationwith different types of ground-vibration
barriers and noise barriers, respectively. The combined effect of the noise and ground vibration barriers were
then assessed to investigate their potential for possibly reducing the negative impact on lineside residents. The
aim of this work, though, is to highlight a metric, recently developed, which reports the probability on the num-
ber of residents who could be annoyed by intrusive railway noise and vibration. It is shown that a single
structural-element can target a combined reduction of around 15% probability in annoyance to vibration levels
combined with a 12 dB insertion loss which amounts to a 30% reduction in probability of annoyance due to rail-
way traffic intrusive noise.
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1. Introduction

The problem of traffic-induced noise and vibrations, especially rail
traffic, has received an increasing interest in recent years becoming a
relevant scientific and technical research area in engineering design
and environmental health. Due to the frequent construction of railways
andmass rapid transit systemsworldwide,most highly developed cities
and metropolitan areas have encountered the problem that the rail
tracks inevitably come close to residential houses and/or vibration-
sensitive facilities such as hospitals and laboratories. Today, almost
every fifth European is harmfully affected by traffic noise and vibration
(World Health Organization, 2018). In addition, tall multi-storey build-
ings with lighter and more environmentally friendly materials (such as
timber) can bemore sensitive to nearby traffic. The economic and envi-
ronmental aspects of the issue require a careful assessment of the prob-
lem before the construction of new infrastructure or of new buildings
near existing rail lines. Noise and vibration are generated by the passage
of trains due to the surface irregularities of wheels and rails, by the rise
and fall of axles over sleepers. Similarly, road traffic generates noise and
vibration due to vehicles passing over uneven pavements and speed-
bumps. The airborne noise is transmitted through the air and im-
pinges on the receiving building. The vibrations are transmitted
through the track structure, including rails, sleepers, ballast, and
sub-layers, and propagate as waves through the soil medium and
hits the building foundation (Thompson, 2009; Yang and Hung,
2009).

The engineering problems of modelling train-induced noise and vi-
brations in buildings involve several unknown factors. In general, the
study of traffic-induced noise and vibrations requires consideration of
mainly three components: the “External source”, that generates the
noise and vibrations; the propagation path through the “Medium”
(ground and air); and the “Receiver”, that is, the nearby buildings and/
or people; see Fig. 1 for a sketch. To mitigate exceeding levels, a fourth
component has to be included in the analysis: a modification of the sys-
tem or an insertion to the system. Ground vibrations may be reduced:
a) at the excitation source by, for example, soil stabilization or elastic
mats (Sol-Sánchez et al., 2015; Andersen and Nielsen, 2005); b) by an
obstacle placed between the source and the receiver by, for example, a
wave barrier (Andersen and Nielsen, 2005), shaped landscapes
(Persson et al., 2014), or wave-impeding blocks (Sheng et al., 2006);
c) at the receiver by, for example, soil stabilization (Persson et al.,
2016a) or structural modifications (Persson et al., 2017; Clot et al.,
2017). In the present paper, we focus on mitigation of noise and vibra-
tion by means of wave barriers. Due to the growing demand on trans-
portation, road and railway networks have resulted in increased levels
of annoyance from traffic, and noise barriers as a means of noise abate-
ment. Well-designed, natural arrangements offer ways of abating sur-
face transport noise, either to complement conventional noise barriers
or provide useful alternatives in cases where noise barriers are neither
practical nor desirable (Attenborough et al., 2014). However, to provide
a notable reduction in intrusive noise, both outdoor and indoor, it is sen-
sible and often practicable to consider a tall lineside noise screen
(Kotzen and English, 2009). In terms of environmental vibration this
2D study provides satisfactory results as root mean square values
(Norén-Cosgriff et al., 2019), and the results are primarily used to com-
pare different mitigation measures. However, since geometrical attenu-
ation is not correctly captured in 2Dmodels, these results should not be
used to assess absolute noise and vibration values. In a case study we
present the effects of concrete wall columns adjacent to the track bed
and as a noise-reducing screen parallel to the track are calculated and
compared. The barrier partially screens the propagatingwaves between
the source and the affected structures to be protected. When the wave
and/or noise barrier is located nearby the vibratory source, such applica-
tion is known as active (or near-field) isolation.We focus on this type of
isolation. The wave barrier can be realized by an open trench or by a
solid barrier of soft or stiff material (Andersen and Nielsen, 2005;
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Dijckmans et al., 2016; Hung et al., 2004; Adam and von Estorff, 2005;
Thompson et al., 2016).

In mitigating traffic-induced noise, there are in general three differ-
ent ways to reduce the noise levels: i. at the source by, for example, de-
creasing the speed of the train; ii. by intercepting the sound propagation
by installment of a barrier located between the source and the receiver;
iii. by improving the sound insulation of the receiving building(s),
which may be a very expensive measure in the case of enhancing pres-
ent buildings when a new railway is to be built. In addition, option iii.
does not aid the environment around the buildings. In the present
paper, we are focused on alternative ii. In this respect, it is common to
use a noise barrier to reduce excessive airborne noise. The barrier can,
for example, be a vertical screen erected along the track where noise
needs to bemitigated. Railwaynoise barriers have, for example, been in-
vestigated in Morgan and Hothersall (1998) and Bunn and Zannin
(2016). A noise barrier should be tall enough to avoid direct passage
of acoustic waves above it, and the diffraction of waves should be miti-
gated adequately. The reflected sound field should be diffuse to avoid
critical reflections or resonance between the barrier and the rolling
stock.

In this work we have focussed on the transmission of vibrations in
the near field of the surface of the layered ground which is investigated
numerically. Our approach is to calculate vibration responses by a semi-
analytical finite-element (SAFE) model which is applied to a geometry
in the form of a horizontally layered ground. Assuming plane strain,
the mixed primary (P) and vertically polarized secondary (SV) waves
are consideredwith the interior of the ground beingmodelled as homo-
geneous, isotropic elastic layers over a rigid foundation (or “bedrock”).
For the forced response, the load is modelled as a line source, in compli-
ance with the assumption of plane strain. For noise, results are pre-
sented in various forms of the track-side noise barrier based on the
solution of a two-dimensional acoustic boundary element formulation.
Use of each model separately enables the effects of various designs of
the single-leaf barrier to be investigated in a systematic manner. In
order to focus on the barrier's effectiveness in a parametric study we
have chosen a single site for this analysis since the soil material param-
eters are known with a high degree of certainty and represent well the
local geology of the region surrounding the southern part of Sweden
(Persson et al., 2016a).

The frequency range of interest is 1–80 Hz for the ground vibration,
20–250Hz for the ground-borne noise, and 20–3150Hz for the airborne
noise. The latter is assessed in terms of the acoustic pressure levels at
three observation points placed 1.5 m above ground level and 20, 40,
or 80 m from the barrier. Similarly, the vibration levels are evaluated
in terms of vertical and horizontal particle velocities at three evaluation
points placed on the ground surface and at the same three distances
from the barrier. Note that the term “observation points” is used solely
for the acoustic response, whereas the expression “evaluation points” is
used for the ground vibration response.

The psychological state of being irritated or annoyed is difficult to
quantify especially under the stimulus of acoustic or vibration sources.
Hence, the identification and measurement of noise and vibration an-
noyance is an increasingly important task (Ögren et al., 2017). The pres-
ent study explores the possibility of quantifying the reduction, as a
percentage, of typically annoyed complainants of traffic-induced noise,
using the quantified levels of annoyance dose by extensive question-
naires (Miedema and Oudshoorn, 2001), or vibration. As explained in
the recent work (Ögren et al., 2017), we treat vibration and noise sepa-
rately but we consider the possibility of doing this with one type of
wave-barrier. Although reduction of vibrations is proven to be difficult
largely due to the low-frequency, i.e. longwavelength, content of the vi-
bration source, it is not the purpose of this work to consider this prob-
lem, but to highlight new metrics which would be useful in promoting
new designs or solutions.

Section 2 discusses the approach to modelling of traffic-induced
noise and vibration and Section 3 presents the numerical models used



Fig. 1. Sketch of the combined noise screen and ground-vibration barrier.
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in the paper. Screening of ground vibrations, ground-borne noise, and
airborne noise are discussed in Section 4 and in Section 5, annoyance
mitigation is reviewed for selected cases. The article is completed by
Section 6 which provides the conclusions as a short summary and
discussion.

2. Modelling traffic-induced ground vibrations and noise

For noise propagation over obstacles, a boundary-integral-equation
approach is ideally suited to the modelling as it only requires
discretisation of the barrier and, if necessary, parts of the ground sur-
face. It allows arbitrary geometry of the barrier, and, without extension
to the method, encompasses the modelling of infinite domains, which
means far-field responses can be calculated. To perform studies to de-
terminewhich parameters have the greatest effect on ground vibration,
and its mitigation, a semi-analytical model is used that offers speed and
accuracy and also encompasses modelling to distances in the far-field.
We shall use both approaches, separately, in this study.

2.1. Ground vibrations

An elastic wavemodel has been developedwhich enables the vibra-
tion wave field to be calculated with a reduced number of degrees of
freedom compared to standard finite-element method approximations.
General finite-element and boundary-element methods are common
modelling schemes for investigating ground-borne vibration. These
methods permit accurate modelling, but they imply long calculation
times when large models are to be analyzed (Persson et al., 2014;
Persson et al., 2016a; Petyt, 2010; Dominguez, 1993). For parametric
tests, it is therefore beneficial to use semi-analytical finite-element
(SAFE) analysis, which reduces the model size considerably (Peplow
and Finnvden, 2008; Hamdan et al., 2016). The SAFE technique is
based on dividing each soil layer into sub-layers and employing a
plane-wave propagation characteristic in the horizontal direction
within each sub-layer. In this work, a polynomial variation, typically
fifth order, of the displacement field is assumed in the vertical direction.
This approach is used for deriving nodal forces to be evaluated on the
nodes of the numerical mesh.

Local variations in the soil and concrete properties, such as granular-
ity, are small compared to the wavelengths present in the frequency
range of interest. Hence, the assumption of isotropic homogeneousma-
terials are applicable in themodel.We study ground vibrations originat-
ing from rail traffic. Hence, we may assume that the induced material
strains are small. This allows linearization of the ground displacement
response utilising linear elasticity and accounting for hystereticmaterial
3

dissipation. As a receiver moves further away from a source of vibration
the amplitude reduces geometrically with distance but, also, there is a
material energy loss which represents material dissipation (Meyers
and Chawla, 2008), commonly called damping. In this work we adopt
a frequency independent damping model. In the frequency domain,
this is achieved by means of a complex-valued stiffness with the imag-
inary part defined as a loss factor η=2ζ, where ζ is commonly called the
damping ratio.

2.2. Airborne noise

An acoustic model has been developedwhich enables thewave field
for various absorbing noise screens and ground types to be calculated.
To obtain a computationally manageable problem, we employ a
boundary-element-method (BEM) approach. For acoustic problems
the BEM approach is an economical and accurate approach and has
been used extensively in noise screen problems, see Morgan and
Hothersall (1998) and the references herein. This is largely due to the
accuracy and robustness of the numerical modelling, which requires
only a discretisation of the surface of the barrier, combined with the
fact that a scalar problem is treated. Surface characteristics of the bar-
rier, in terms of the acoustic impedance, are defined independently for
each segment of the barrier surface. While themodelled situation is un-
realistic in absolute sound pressure levels, the predictions of changes in
insertion loss are valuable for a variety of screens, source environments
and the final effect on noise annoyance.

2.3. Geometry

The chosen study case concerns mitigation of traffic-induced noise
and vibrations by a single-leaf barrier. To account for a traffic load,
acoustic and vibration load spectra from a passenger train running at
250 km/h (i.e. 56 m/s) were used (Morgan and Hothersall, 1998;
Ntotsios et al., 2017).

Above ground, the airborne-noise model assumes sound propaga-
tion is over a homogeneous impedance plane, referring to the article
(Morgan andHothersall, 1998) inwhich the acoustic source parameters
have been derived. An important feature of the numerical method is
that the ground surface, or any segment on the barrier, can be given dif-
ferent absorbing qualities. We assume a typical surface element to con-
sist of a material with a normalised complex-valued admittance β
which represents an acoustically non-rigid material.

Below ground,we have selected a layered soil with soil stratification.
The location of this ground type is in the south of Sweden, where these
conditions are common. The soil consists of two different over-



Table 1
Material parameters for the two soil layers.

Property Soil, top layer Soil, bottom layer

Depth (m) 7 7
Density (kg/m3) 2100 2100
Shear wave velocity (m/s) 284 567
Young's modulus (MPa) 500 2000
Poisson's ratio 0.48 0.48
Damping ratio (%) 3.5 3.0

Soil, top layer

Soil, bottom layer

Vibration 

source

Bedrock (fixed)

Wave barrier

d

 3 m
20 m

80 m

FFNF MF

20 m

z
x

Ω1

Fig. 2. Cross-section of the ground model, including the locations of the barrier and the
evaluation points. The barrier is 0.2 m wide.
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consolidated clay tills: a Low Baltic 7 m depth clay till layer overlays a
stiffer Northeast clay till, also 7 m depth, which rests on top of bedrock.
Note that there is a difference in Young's modulus and damping ratio
between the two layers. The bedrock is considered rigid; hence, the dis-
placements at the interface between the bottom soil layer and the bed-
rock are assumed to be negligible. The material parameters of the soil
are shown in Table 1. These were calibrated to detailed geotechnical
and geophysical measurements carried out on site. Details of the mea-
surements and the calibration procedure are presented in Persson
et al. (2016a) and thematerial parameters used for the concrete barrier
can be found in Table 2.

2.4. Evaluation of mitigation effectiveness

In the developed numerical models, it is possible to evaluate the
ground vibration levels and the noise levels, respectively, at any location
in the domain. We have chosen to evaluate the vibration levels at three
locations on the ground surface. They are denoted as near-field (NF)
mid-field (MF), and far-field (FF), respectively. As shown in Fig. 2, the
evaluation points are located 20, 40, and 80 m, respectively, from the
wave barrier. The acoustic pressure is observed at the same distances
from the noise barrier as the vibration levels are from the wave barrier,
i.e. at 20, 40, and 80 m, respectively, from the barrier. As indicated in
Fig. 3, the observation points are placed 1.5m above the ground surface.
As shown in Figs. 2 and 3, the distance from the load of the train to the
barrier is 3 m and the barrier is 0.2 m wide.

The acoustic and vibration load spectra provided in Fig. 4 are used in
order to employ realistic train source characteristics (Auersch, 2010),
representing a freight train and two ICE passenger trains travelling at
100 km/h and 250 km/h, respectively. Although absolute predicted
levels are not realistic, the change in values are valuable and can be
used primarily to compare differentmitigationmeasureswith some de-
gree of assurance. Noise source and vibration load data are shown here
for reference; indeed our study could have included results for any
source data.

The vibration levels are evaluated as velocities at the aforemen-
tioned evaluation points. The velocities in the frequency range 20–250
Hz are considered as ground-borne noise and are evaluated using the
A-weighting, which is developed to mimic the human perception of
sound. The velocities in the range 1–80 Hz are considered as vibrations,
presented for both the vertical and the horizontal direction, and
weighted vertical and horizontal contributions Wm and Vm are evalu-
ated according to the international standard on human comfort vibra-
tion ISO 2631-1m (International Organization for Standardization,
1997), respectively. The airborne noise is evaluated using A-weighting
at the three aforementioned observation points (IEC 61672-1:2013,
2013).
Table 2
Material parameters for concrete.

Property Concrete

Density (kg/m3) 2400
Young's modulus (MPa) 35,000
Poisson's ratio 0.25
Damping ratio (%) 2.0
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Bearing in mind that actual predictions of absolute or broadband
noise vibration levels using a two–dimensional mode are not reliable,
we present representative values without mitigation given the two–
dimensional model. For broadband sources this gives an estimated
value of the expected exposure values; so, for the ICE 250 km/h train
load we have calculated maximum weighted velocities Wm = 1.251,
0.810 and 0.358 mm/s in the vertical direction and horizontally Vd =
0.049, 0.040 and 0.029 mm/s at respective evaluation points 20, 40, 80
m. Also, exposure at the façade we expect broadband-noise levels SPL
= 75.9, 69.8, 63.4 dB(A) at the three respective observation points.

In order to determine the effectiveness of the wave and noise bar-
riers in terms of reducing ground-borne noise and airborne noise, re-
spectively, the insertion loss parameter (IL) is introduced as the ratio
between the response with (u) and without (u0) the isolation measure.
In the case of ground-borne noise, u refers to the vertical particle veloc-
ity at the considered evaluation point. In the case of airborne noise, u is
the acoustic pressure at the corresponding observation point. The IL
values are defined in terms of the decibel scale:

IL ¼ 20 log 10
∣u0∣
∣u∣

� �
: ð1Þ

It is common practise to evaluatemitigation of vibration levels using
the decibel scale but, for reasons of clarity based on distinguishing be-
tween noise or vibration reduction to evaluate the effectiveness in
terms of ground vibration mitigation, the reduction is given in percent-
age reduction. Calculated as the ratio between the response prior to,
(v0) and after, (v) the insertion of a wave barrier:

Reduction %ð Þ ¼ 100 1−
∣v∣
∣v0∣

� �
: ð2Þ

Here, v refers to the vertical or horizontal component of the particle
velocity at the considered evaluation point. It is noted that particle ve-
locities and acoustic pressures are in general complex valued within
the frequency-domain solution and so comparisons between quantities
before and after the installation of the barriers are based on the modu-
lus, i.e. the phase angle is not considered.

3. Numerical models

Fig. 1 shows a sketch of a noise screen located between the source
and the receivers. The two-dimensional model considers the (x, z)
plane. For the modelling of airborne noise from a train acoustic source,
Acoustic 

source

 3 m 20 m

80 m

FFNF MF

20 m

Noise barrier

h 1.5 m
z

x

Ω2

Fig. 3. Cross-section of the acoustic model, including the locations of the barrier and the
observation points. The barrier is 0.2 m wide.



Fig. 4. Excitation force and sound power levels for different rolling stock: an ICE passenger train travelling at 100 km/h or 250 km/h, and a freight train (Morgan and Hothersall, 1998;
Auersch, 2010).
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the acoustic field is the upper half-plane. The noise barrier and the traf-
fic source are modelled as infinitely long and of uniform cross-section
and acoustic material properties. Then, the mathematical problem re-
duces to a two–dimensional geometry in the plane perpendicular to
the rail track and noise barriers. In the plane, co-ordinates (x,z) are
adopted, with the z-axis vertical and x-axis representing the flat ground
surface, Fig. 3; and for the modelling of ground vibration from train
loads, transmission is within and along the soil layers which may be
interrupted by a trench within or a mass above the ground. The load
acts in the vertical (z) direction along a line of infinite length in the
out-of-plane (y) direction and parallel to a screen of uniform cross-
section and with infinite length in the y direction. This ensures the as-
sumed plane-strain conditions.

3.1. Model for ground-borne vibration

The SAFE method is used to develop the numerical models for
predicting ground surface vibration levels. Fig. 2 represents a horizon-
tally infinite elastic medium overlying bedrock. The medium is divided
into a central region, where a solid noise screen or trench may be lo-
cated, and two lateral regions extending towards infinity. The central
region is usually the region of interest and is modelled by a semi-
analytic element of finite length. The region of interest,Ω1, may contain
a built-up, but rectangular, geometry such as foundations, tunnels,wave
barriers or attached structures.

An analytical solution for each rectangular region is possible in terms
of separable functions. However, an analytical solution is too complex
for the present purpose involving an ensemble of rectangular regions.
It is apparent however (Peplow and Finnvden, 2008), that a separable
solution of the following form may be developed in each region which
lends itself to a finite element formulation:

w x, z, tð Þ ¼ f zð Þ exp iωt−ikxxð Þ: ð3Þ

Here f(z) is a vector of element shape functions dependent only on z.
If Eq. (3) is substituted into the basic equations of elastodynamics and
the indicated operations are carried out ensuring compatibility of
stresses and displacements at the interfaces as well as taking into ac-
count the free and fixed boundary conditions, at the surface and the
base respectively, a global second order eigenvalue problem is obtained
in the formK(kx)Φ= 0, whichmay be cast, simply, as a quadratic eigen-
value problem:

K kxÞΦ ¼ k2xK2 þ ikxK1 þ K0−ω2M
� �

Φ ¼ 0:
�

ð4Þ
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The eigenvalue problem relates the unknown complex-valued
wavenumber kx to the real-valued angular frequency ω, one of them
being given and the other being the eigenvalue to be sought, where F
is now themodal participation factor. ThematricesK2,K0, andM related
to the right-hand side boundary are real-symmetric, whereas K1 is a
skew matrix. The matrices are obtained from the stratification and ma-
terial properties of the horizontal sub-layers.

Solutions of the free-vibration problem generate a set of complex
wavenumbers that complete the set of approximating functions for w
(x, z, t), Eq. (3). Using conventional Galerkin techniques this allows
the entries of a dynamic stiffness matrix to be determined. The numer-
ical solution for the ground vibration problem studied here requires a
120 × 120 quadratic-eigenvalue-problem solution to determine the
wavesolutions in x and for the construction of the stiffnessmatrix for di-
mensions 720 × 720 for a six-element scheme. To reduce computation
times and make the scheme more manageable note that some of the
sub-matrices are frequency-independent too.

To ensure accuracy and effectiveness of the semi-analytical finite-
element model, the SAFE model was verified against the commercial
finite-element code COMSOL Multiphysics 5.2 (COMSOL Multiphysics®
v5.2, n.d.). The representative case considered two uniform layers over
bedrock without any inclusions. Since the model is infinite in the hori-
zontal directionwe adopted an approximating PerfectlyMatched Layers
(PML)model which is one of the features for truncating the geometry in
the commercial software. In the SAFEmodel a truncatedmodel is unnec-
essary since propagation to infinity is guaranteed by the underlying for-
mulation. By fixing the two–dimensional finite element mesh in the
commercial code (not shown here) with a depth of 14 m and total
width 200 m, the number of degrees of freedom totalled 250,000 for
the forced-response problem by a triangular mesh using quartic 2D
polynomials. For the SAFE formulation, the problem was assembled
using a model with only meagre 720 degrees of freedom provided 1D
quartic polynomials for the z-direction. The benefits of the SAFEmethod-
ology in computational cost are clear. Fig. 5 shows representative results
for the transfer mobility from a unit point load at the origin to the three
receiver positions of interest. Themobility is quantified on a logarithmic
scale in Fig. 5. A strong rise in the response occurs within the frequency
range 15 to 20 Hz. In a layered medium, vibration propagates parallel to
the surface as wavefronts comprising the modes of vibration within the
layered soil. The first mode for the layers occurs at around 16 Hz for the
soil properties considered here. Below this cut-on frequency, no propa-
gating mode exists in the layer and the deformation of the soil occurs
as a near field in the vicinity of the load. Below the cut-on of propagation,
the response transmitted to an observation point at a distance from load
is made up of the residual of the near field waves and the propagation of
vibration in the stiffer sub-layer. The transfer mobility results compare



Fig. 5. Transfer mobility results calculated by the Semi-Analytical Finite-Element (SAFE) method.
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well against COMSOL Multiphysics 5.2 in magnitude and trend over the
frequency rangewith some discrepancies at the higher frequency range.
After some numerical investigation, it was found that the finite-element
model had not reached convergence at the higher frequencies due to a
number of factors, such as mesh refinement and PML resolution,
whereas the semi-analytic method did not display sensitivity to an en-
hancement in shape function approximation or increase in number of
elements.

3.2. Model for airborne noise

The numerical approach we have adopted here uses the boundary
element method applied to a reformulation of the acoustic Kirchoff–
Helmholtz equation in the acoustic region, Ω2, which surrounds the
noise barrier, Fig. 3.

For the purposes of simplicity the excitation is modelled by a coher-
ent linemonopole source. The boundary is assumed locally reacting and
β(x), see Eq. (5), denotes the surface admittance at a point on the
boundary. It is also assumed that, for some constant value β(x) = βc

at points on the ground surface which can represent grassland for ex-
ample. The perimeter of the acoustic region, γ, specifically denotes
those parts of the boundary on which β ≠ βc. This defines the positions
where the unknown acoustic pressures of the ensuing boundary inte-
gral equation are located. In formulating the integral equation over
the acoustic domain, a Green's function for wave propagation over a
flat homogeneous half-plane of admittance βc is used (Chandler-
Wilde and Hothersall, 1995). Let Gβc(x, x0) denote the Green's function
for this problem: i.e. denotes the acoustic pressure at x due to a unit–
strength monopole source at x0. Then, the following system can be de-
rived (Chandler-Wilde and Hothersall, 1995):

c xð Þp xð Þ ¼
Z

γ

∂Gβc
x, xsð Þ

∂n xsð Þ −ik0β xsð ÞGβc
x, xsð Þ

� �
p xsð ÞdS xsð Þ þ p0 x, x0ð Þ,

ð5Þ

where x is a receiver point and xs is a source point, p(x) is the acoustic
pressure and k0 is the acoustic wavenumber. For points x = (x, y) on
the boundary, the term c(x) = Θ(x)/(2π) where Θ(x) is the corner an-
gle, for points x = (x, y) away from the boundary, the coefficient takes
the value c(x)=1. Finally, p0(x, x0) is the direct source term related to
6

an acoustic source, and dS(xs) denotes a boundary increment with re-
spect to position xs.

For numerical purposes, the boundary, γ, is divided into N segments
(boundary elements) and thefield variable (the acoustic pressure) is as-
sumed constant over each element. By moving the field points x to the
boundary and collocating at the element nodes on the boundary, a sys-
tem of N complex–valued algebraic equations is obtained. Once the
acoustic pressure terms are known on the boundary, to determine
values away from the barrier a numerical quadrature technique is
employed on the right-hand-side of Eq. (5) using the values of the solu-
tion vectors p from step one of the BEMmethod. To give a rough idea of
computation size and possible performance of a numerical solution: for
a 3.0 m high noise barrier on soft grassland requires the construction
and solution, at each frequency, of a complex, asymmetric and fully-
populated 600 × 600 matrix based on ten elements per wavelength as
a sufficient element size.

4. Mitigation of noise and vibration

In this section, we present results on the screening of ground vibra-
tions by using open trenches, infilled trenches and concrete walls, re-
spectively, as wave barriers. For concrete walls we also consider the
reduction of airborne noise separately. The ground-borne vibrations
are evaluated for the frequency range of 1–80 Hz, whereas the re-
radiated noise from the vibrations is also evaluated for the frequency
range 20–250 Hz. This effect is known as “ground-borne noise” and is
particularly associated with rail traffic; above this frequency the load
spectra and hence the vibration transmission along the ground reduce
significantly relative to lower frequencies. Airborne noise is evaluated
for the frequency range 20–3150 Hz.

The acoustic and vibration load spectra described are used in order to
employ realistic train load characteristics (Morgan and Hothersall, 1998;
Auersch, 2010), representing a passenger train travelling at 250 km/h.
We first make predictions of noise or vibration values with and without
the mitigation and evaluate the change in broadband noise or vibration.

4.1. Barrier (open trench): vibration and re-radiated noise

We have studied the effect of the using an open trench to reduce
transmitting ground vibrations. In the parameter study, the depth of
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the trench was varied while all the other parameters were left un-
changed. The trench depth was varied between 0 and 7 m, thus the
deepest trench reached the stiff-soil layer interface.

Direct propagation of solid waves across an open trench is not possi-
ble. Hence, in a homogeneous half-space, P- and S-waves can only pass a
trench by diffraction of waves around the bottom of the trench, or by
travelling as surfacewaves along the vertical and horizontal boundaries
of the trench. In this context, Rayleighwaves propagating on the surface
are only partially influenced by a trench at low frequencies. When the
trench is less than about two wavelengths deep, a significant portion
of the energy associated with the Rayleigh wave passes below the
trench.

For layered soils, including the present case, waves will be reflected
at an horizontal interface (e.g. at bedrock) back up to the surface. Note
that an open trench that reaches the bedrock will produce a total of
100% reduction since the bedrock surface is modelled as rigid. In any
other case, the open trench effectively decreases the thickness of the
layer through which propagation can occur, thereby raising the cut-on
frequency.

The results for the weighted ground vibrations are shown in Fig. 6.
Evident in this figure, the general trend of achieving higher reduction
with deeper trenches is clear. This is valid for both the vertical and the
horizontal components. However, the level of reduction for vertical vi-
brations evaluated 20 m from the barrier shows a deviation in this
trend. The level of reduction obtained for the 4 m deep (i.e. d=4
m) trench is approximately equal to the trenches with 5 ≤ d ≤ 7 m.
This is due to significant reduction in the vibration level for the 4 m
deep trench at the 16 Hz one-third octave band, which is not seen for
the shallower trenches. For the deeper trenches (5 ≤ d ≤ 7 m), this
peak in the level of reduction is shifted to the 12.5 Hz one-third octave
band, which returns a level of reduction comparable to the 4 m deep
trench. For the trenches that show an appreciable reduction in the
level of vibration (5 ≤ d ≤ 7 m), the largest reduction appears at one-
third octave bands between 50 and 80 Hz. A reduction of up to 80%
can be achieved.

In addition,we have studied the effect of the using an open trench to
reduce ground-borne noise. In the parameter study, the depth of the
trench was varied while all the other parameters were left unchanged.
The trench depth was varied between 0 and 7 m, thus down to the
stiffer soil layer. In Fig. 7, the insertion losses at the three evaluation
points (NF, MF,and FF) are shown for the analyzed depths. A general
trend can be seen in thefigure: deeper trenches result in greater screen-
ing ability. A 7mdeep trench can reduce the noise by about 8–10 dB, de-
pendent on whether the noise is evaluated near or far from the noise
source. An interesting result is shown for the 2mdeep trench; the inser-
tion loss obtained in the far-field is negligible (0.2 dB),while in the near-
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depths of the open trench (open trench).
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field evaluation the obtained insertion loss can be of significance (3.5
dB). This demonstrates a diffraction behavior introduced by the barrier.

4.2. Barrier (infilled trench): vibration and re-radiated noise

An open trench can be difficult to realize in practice for different
types of ground conditions. For example, it can be difficult to avoid
water infiltration, which lowers the efficiency of the barrier (Persson
et al., 2016b). As another example, it may be expensive to insert
sheet-piles as retaining walls to be able to secure an open (empty)
trench. In such cases it may be beneficial to insert a material in the
trench to create a solid wall used as barrier.

The screening effect of insertion of a concrete wall, or cast concrete
in a trench, or a combination thereof, was studied by varying the
depth of the concrete wall (barrier) between 0 and 7 m, thus the filled
trench reached down to the stiffer soil layer. A concretewall is consider-
ably stiffer than the surrounding soil. However, the performance of an
infilled trench is not expected to compare well against the open-
trench configuration since it is not expect that the first order modal
wave still has a mechanism in which to propagate.

The effect of barrier depths on reduction in ground vibration levels is
shown in Fig. 8. It can be seen in the figure that theweighted ground vi-
bration levels experience a higher reduction with a deeper barrier. This
behavior is shown for all evaluation points (NF, MF, and FF), and both
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-0.5 0 0.5 1 1.5 2 2.5
IL (dBA)

-7

-6

-5

-4

-3

-2

-1

0
B

ar
ri

er
 d

ep
th

 (
m

)
20 m
40 m
80 m

Fig. 9. Insertion losses in ground-borne noise at the three evaluation points for various
depths of the concrete barrier (infilled trench).

0 5 10 15 20
Reduction (%)

0

1

2

3

4

5

6

7

W
al

l a
bo

ve
 g

ro
un

d 
(m

)

20 m, vert.
20 m, horiz.
40 m, vert.
40 m, horiz.
80 m, vert.
80 m, horiz.

7

6

5

4

3

2

1

0

W
al

l b
el

ow
 g

ro
un

d 
(m

)

Fig. 11. Reduction in weighted ground vibration at the three evaluation points for various
vertical heights of a concrete wall (7 m concrete wall).

6

7

1

0

A. Peplow, P. Persson and L.V. Andersen Science of the Total Environment 790 (2021) 147877
directions. As expected, the achieved mitigation do not reach the levels
of reduction achieved with an open (empty) trench. The reduction of
the vertical component reaches almost 20% for a 7 m deep barrier is,
however, considerable – note that the vertical component being most
significant for human comfort.

The ground-borne noise screening effect of insert a concrete wall, or
cast concrete in a trench,was studied by varying the depth of the barrier
between 0 and 7 m, hence down to the stiffer soil layer. The insertion
losses for the various depths at the evaluation points (NF, MF, and FF)
are shown in Fig. 9. In the figure, a clear trend is seen: a deeper barrier
provides a more significant screening effect. Comparing the results
shown in the figure to that of the insertion losses for an open trench
(cf. Fig. 7), it is interesting to observe a 7 m deep concrete barrier is as
effective as a 1 m deep trench. The difference in mitigating near-field,
in comparison to far-field, responses is demonstrated in this figure as
well. As an example: consider a 4 m deep concrete barrier; the near-
field response experience an insertion loss of 1.6 dBA, while the far-
field response experiences a negligible insertion loss (0.1 dBA).

4.3. Barrier (7 m concrete wall): vibration, re-radiated noise and airborne
noise

In this subsection we present a case study of using a concrete wall
with a fixed height of H=7 m in order to reduce railway-induced air-
borne noise and vibration. The acoustic and ground responses, respec-
tively, are acquired at 20, 40 and 80 m from the mitigation measure.
Note that the total length of the concrete wall does not change, so that
it's depth into the ground and it's height above the ground may vary
in each case, but it's total height is fixed at 7 m. The geometry of the
model used in the case study, with a 7mwall is inserted into the ground
Soil, top layer

Soil, bottom layer

Train   

load

Bedrock (fixed)

Barrier

d

 3 m

h

z
x

Fig. 10. Cross-section of the model used in the case study, including the location of the
concrete wall. The wall is 0.2 m wide with a fixed height, H = d + h=7 m.
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to a certain level d ≥ 0 and reaches above the ground surface distance h ≥
0 is shown in Fig. 10. Note that H = d + h=7 m is fixed throughout.

In Fig. 11, the achieved reduction in weighted ground vibration
levels is shown. As expected, the similarities to Fig. 8 are significant.
This is a result of the fact that the part of the wall that is located above
the ground surface do not, to any appreciable extent, influence the
achieved weighted ground-vibration reduction.

In Fig. 12, the achieved reduction in ground-borne noise levels is
shown. The general trend, for all three observation points, shows the
re-radiated ground-borne noise reduces when the wall is inserted fur-
ther down into the soil layer. The similarities to Fig. 9 are notable, espe-
cially for themid- and far-field evaluations. However, for the casewhere
the wall reaches 7 m above ground level (i.e. 0 m below), there is a
strong mitigation of the ground-borne noise for the near-field evalua-
tion point. Note that this is not seen for the mid- nor far-field positions,
nor for the groundvibrations (cf. Fig. 8). This indicates that the phenom-
enon is related to a high-frequency component of the response. Al-
though not show here this is evident in third-octave frequency band
results.

We have investigated the effect of using a 0.2 m wide vertical con-
crete wall with cladding as a noise reduction barrier. The height of the
barrier was varied between 0 and 7 m. A-weighting is used to mimic
the human perception of noise. How the insertion loss is affected by
the height of the barrier above ground is shown in Fig. 13 for the three
different observation points (NF, MF, and FF). It is evident in the figure
that the insertion loss increases with the height of the barrier, as ex-
pected; valid for all three locations of the observation points. However,
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Fig. 12. Re–radiated noise insertion losses at the three evaluation points for various depths
of the fixed length 7 m concrete wall (7 m concrete wall).
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for the 20m distance (NF), a barrier of height 5 m performsworse than
a 4 m barrier. At around 2000 Hz there is a strong destructive interfer-
ence, between the diffracted wave from the barrier top and the direct
wave from the source without the barrier present. Since 2000 Hz is
the frequency highly emphasized inA-weighting this interference exag-
gerates the broad-band insertion loss significantly. It can also be seen
that, the screening efficiency is greater for the first 2 m of the barrier,
in increasing the height of the barrier, than for greater barrier heights.
Note that the labels in the vertical axis indicates how much part of the
wall that is located below the ground surface, in addition to the height
above ground surface, which does not affect the acoustic response in
the airborne BEM model used.

5. Annoyance after mitigation

We now investigate the degree of annoyance after mitigation due to
combined noise andwave barriers. In the study (Ögren et al., 2017), the
authors compared annoyance from rail-traffic induced vibration levels
with annoyance related to generated noise from an equivalent rail
source. Based on questionnaire responses from residents exposed to
both noise and vibration at a building's façade, they established an
equal annoyance curve, i.e. where a certain vibration level is equally
annoying as a certain noise level.

From a logistic regression analysis the authors' produced two rela-
tions: one using the noise level for annoyance prediction; and one
using vibration level as a predictor. The probability of annoyance (P)
could thus determined as:

logit Pð Þ ¼ α0 þ α1x, ð6Þ

whereα0 andα1 are the regression coefficients (see Table 3) and x is either
the 24 h equivalent noise level (LAeq, 24h) or the decimal logarithm maxi-
mum weighted vibration level (log10(vmax)) (International Organization
for Standardization, 1997). This yields an equal annoyance curve, given
in Fig. 14, for railway induced noise and vibration.
Table 3
Regression coefficients for annoyance prediction, for noise and vibration level, respec-
tively, as predictor.

Coefficient predictor Noise level, LAeq, 24h Vibration level, log10(vmax)

α0 −10.2 0.369
α1 0.168 3.18
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In order to estimate the annoyance mitigation, we consider a sce-
nario where 50% of the residents living around 20 m from a railway
are disturbed by the induced noise and vibration levels.We have chosen
this percentage value, see Fig. 14, specifically, because it represents, ap-
proximately, the physical threshold values in which Swedish guidelines
recommend noise and vibration should not exceed. That is, the per-
ceived vibration threshold vm, max≤ 1.0 mm/s which represents the
upper value in which the vibration exposure is deemed disturbing
(Banverket, Naturvårdsverket, 2006). Also, according to Swedish guide-
lines (Naturvårdsverket, 2017), the 24-hour A-weighted averaged
sound pressure level near to a residential façade should not exceed 60
dB. A target value is considered in terms of the reduction of the proba-
bility of an annoyed lineside residential population; specifically a reduc-
tion to 20% probability of annoyance through installation of amitigation
measure. We consider later a population disturbed by airborne noise
only. Re-radiated noise is not included in this study, as discussed in
(Ögren et al., 2017), since it is not possible to make firm conclusions
on residents annoyance where a mixture of two stimuli is experienced.
So, in the first case, we consider a population that is disturbed by vibra-
tions only. For clarity only we consider the maximum resultant vibra-
tion velocity where the weightings are applied prior to evaluating the
resultant. Although note that the following assessment can be applied
in either direction separately.

5.1. Vibration mitigation (open trench)

Consider first the case where only ground-borne vibrations are con-
sidered for reduction. In order to achieve the annoyancemitigation tar-
get of a 20% probability of annoyance group, Fig. 14 shows that the
maximum weighted vibration velocity level should be reduced from
0.77 mm/s to 0.28 mm/s, or equivalently, a 64% reduction in velocity
amplitude. It is indeed possible to achieve this reduction by installing
an open trench as a wave barrier, see Fig. 15(a). It is evident from this
figure that an 5.5 m open trench, 3 m from the load would be sufficient
to meet this need.

5.2. Vibration mitigation (infilled trench)

Now, we consider an in-filled concrete trench. To reduce the annoy-
ance level so that the probability of only 20% of the population are dis-
turbed, or equivalently, a 64% amplitude reduction in vibration cannot
be achieved by a concretewave barrier. The level of vibration amplitude
reduction only reaches a maximum 18% decrease vibration reduction
for the deepest trenchwave barrier, see Fig. 8. At 20monly amodest re-
duction in annoyance is possible; indeed, Fig. 15(b), it appears that the
probability of annoyance deviates only slightly below 50% threshold.



Fig. 15. Probability of annoyance at 20 m from vibration due to a 250 km/h train: (a) against various depths of open trench; (b) against various depths of an infilled trench; (c) against
various heights of noise screen; (d) against various heights of a single-leaf 7 m concrete wall embedded into the ground.
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5.3. Noise reduction (concrete noise screen)

In the third case, we consider a populationwhich is only annoyed by
an airborne noise intrusion. If the focus is solely on reducing the air-
borne noise, it is evident in Fig. 14 that the averaged noise level is re-
quired to reduce from 60.7 dBA to 52.5 dBA, giving a broadband
insertion loss target of just over 8 dBA. As can be seen in Fig. 15(c),
this can be achieved by a 1.0 m tall screen.

5.4. Noise and vibration reduction (7 m concrete wall)

In the final case we consider a combined noise and vibration wave-
barrier approach. Suppose now the two populations, the airborne-
noise sensitive and the vibration sensitive residents experience a typical
train pass-by and the target is to reduce the annoyance of each group to
20% of the population, for both groups. Clearly, Fig. 15(d), a 1.0 m tall
concrete screenwill suffice for the noise group. However, if this concrete
wall sits on the ground surface very little vibration reduction will be
sustained at the vibration sensitive target group. But, if we consider
the possibility of embedding this concrete below the surface, by 6.0 m
so that 1.0 m remains above, Fig. 15(d) suggests a decrease from 50%
to 43% within the vibration group.

6. Remarks

It is important to highlight some aspects of themethodology and re-
sults: limitations can be found in the two–dimensional model itself
which assumes the source of sound or vibration is described by an infi-
nitely long, coherent, monofrequency line source. Despite the limita-
tions, it can represent well the change in levels from one scenario to
another; in Andersen and Jones (2006) for example, the prediction in
the reduction of vibration levels due to changes in tunnel design is
well documented and accepted. Also a minor, but important, drawback
concerns our numerical experiments which necessarily require a
vertical–sided trench or wall. Sloping trenches, for example, cannot be
10
modelled using our methodology. Nevertheless, our results apply to vi-
bration over a bedrock strata and noise propagation over a vertical
screen, various shapes of barrier or trench can be studied but the
trend in mitigation will have the same outcome. Our approach for
modelling sound propagation over flat but grass-covered land and lay-
ered soils without taking into account roughness of the ground ormate-
rial geometries, is also generally acceptable according to current
engineering practice.

Towards a future prospectwe aim to further and improve our under-
standing of mitigation, by increasing the complexity of the modelling
and involving empirical data through studying the effect of ground
properties to multi–layered strata and halfspaces and on human re-
sponses. In order to improve or innovate various configurations to tar-
get annoyance from railway noise and vibration in the built
environment, annoyance parameters which depend on frequency
could also be an important factor for further study.

7. Conclusions

An open trench, an infilled trench and a concrete embedded wall
have been proposed as realistic measures to help reduce the probability
of annoyance due to low frequency ground vibration and noise arising
from a train passage. To quantify the noise and vibration levels numer-
ical experimental models have been implemented for the analysis of
various types of barriers. The numerical experiments predict the vibra-
tion and acoustic frequency responses over a barrier or through a lay-
ered ground at various distances. General rules which help quantify
the outcomes of this experimental analysis are not straightforward to
summarise since the relation between depth of trench or height of bar-
rier and the amount of noise or vibration reduction is not a linear rela-
tion. The probability of annoyance is dependent on the exposure to
noise and vibration. This exposure can be treated by the following
measures:

• an open–trench situated close to a railway line can deliver a
favourable ground–vibration reduction. This design is commonly
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considered as a good measure for vibration–mitigation in practise.
Achieving almost zero reduction up to 2.0 m depth, the open–trench
design only starts to resist a train vibration load beyond this depth,
mitigating the vibration transmission steadily until a 50% reduction
in amplitude is achieved beyond a 5.0 m trench depth.

• By infilling the trench with concrete, this design provides a negligible
effect in vibration mitigation until around a 4.0 m depth yielding a re-
duction of about one fifth at a position 20.0 m from the train line and
indeed only one–tenth reduction at 80.0 m from the train.

• For airborne noise it is clear that the taller the screen the greater the
noise reduction for the resident. However, there is usually a limit on
the height permitted. For a typical 3.0 m noise screen combined
with a 4.0 m concrete wall embedded underneath this achieves up
to 12 dB noise and 8% vibration amplitude reduction at positions up
to 80.0 m from the train line.

The consequence of these reduction measures means from an an-
noyance perspective related to persons residing close to a train line
the following conclusions can be drawn:

• to reduce the psychological phenomena of annoyance from intrusive
noise by around 20%, both tall or even small acoustic screens are
favourable.

• An open trench also shows promise in reducing the phenomena of vi-
bration annoyance by around 20% for deep trenches.

• A single combined noise and vibration wave barrier shows effective-
ness in reducing the probability of annoyance by around 20% from
noise but only moderately so regarding vibration annoyance.

Whether urban planners or engineers consider noise or vibration to
be dominantwehave shown that it is possible to consider a single struc-
ture which could mitigate both environmental pollution factors.
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