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Abstract

Ground borne noise and vibrations from underground railway tunnels can pose signi cant
challenges in urban environments, negatively a ecting the quality of life of nearby residents.
This thesis investigates the transmission of ground-borne vibration from underground railway
tunnels in bedrock, with a focus on the in uence of fracture zones, tunnel geometry, and
model dimensionality. The aim is to improve understanding of how vibrations propagate
through sti  geological media and how the resulting vibrations at the surface are a ected by
subsurface inhomogeneities.

A series of numerical simulations were carried out using COMSOL Multiphysics in both 2D
and 3D, analyzing single and twin tunnel con gurations under various conditions. Special
attention was given to the presence of vertical fracture zones, which were modeled as weakened
regions within the rock mass. The e ect of tunnel depth and structural layout was also
examined. In addition, a parametric study was conducted to determine which material
properties of the fracture zones a ect the most the wave propagation.

Simulation results showed that when vibration travels from the source through the fracture
zone, attenuation increases signi cantly at the ground surface beyond the fractures, especially
at mid-to-high frequencies (250-800 Hz). Tunnel depth and geometry were also found to
in uence surface vibration levels, with deeper tunnels and certain twin tunnel con gurations
reducing amplitudes. Both 2D and 3D simulations exhibited similar trends in how frequency
in uenced the results. However, the 3D model, by incorporating the third spatial dimension,
provided a more realistic representation and captured greater spatial detail in how the e ects
varied across the environment.

The ndings were compared with site measurements conducted above an operational rail-
way tunnel. The measurements con rmed key simulation trends, including the dominant
frequency range and the general decay of vibration levels with distance.

Keywords: Ground-borne vibration, underground railway, fractured bedrock, COMSOL
Multiphysics, 2D/3D simulation, twin tunnel geometry, frequency analysis.
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Chapter 1

Introduction

Noise and vibration impacts from underground railways are part of the broader environmental
impact in Europe [8], signi cantly a ecting the quality of life of those living close to the
railway routes. Documented health e ects include sleep disturbance, annoyance, and an
increased risk of ischemic heart disease (IHD) and hypertensidll[ 8]. As a train moves
underground, it generates vibrations that travel through the surrounding ground. These
vibrations cause the ground to oscillate, and when they encounter di erent materials or
nearby structures, they can potentially cause damage [14], disturbing vibrations and audible
ground borne noise [20].

This project focuses mainly on ground-borne noise generated by underground trains. The
vibration comes from train wheels moving on tracks; these vibrations travel underground
and can transfer to nearby buildings. This causes building elements such as oors, ceilings,
and walls to become secondary sources, producing audible noise inside the building [20].
According to the Swedish trasport administration's guildeline, the maximum allowed indoor
noise level is 32dB(A}.,,, (A-weighted sound pressure level with Fast time weighting ),
and the vibration level should not exceed 4 mm $,,.,ms (comfort-weighted root mean square
velocity with Slow time weighting) inside residential apartments [18].

So studying ground borne noise transmission from railways is essential for human well be-
ing, structure safety, environmental protection. The planner must ensure that noise is taken
into account when choosing the right location to build a subway for more sustainable urban
development while advancing railway technology with minimal disruption to the communi-
ties.

1.1 Aim

A model has been developed in collaboration with The Swedish Transport Administration
that can predict ground-borne noise [9]. In this M.Sc. project numerical simulations are used
to investigate speci c scenarios to improve the existing model. Scenarios include cracked
zones, special bedrock geometries, and multiple tunnel con gurations. The results of the
simulations will then be compared with the eld measurement data. Finally, after analyzing



all the data and models, the project aims to provide generalized conclusions applicable to
speci ¢ cases to improve the ground-borne noise model by new correction terms.

1.2 Objectives

The objective of this thesis is to investigate of how vibrations at the ground surface are
a ected when various inhomogeneities are present in the ground. The results could potentially
be used to improve the accuracy and applicability of an existing ground-borne noise prediction
model. To achieve this, numerical simulations are conducted using COMSOL Multiphysics
to model vibration propagation from tunnels under varying conditions. The scenarios include
di erent tunnel con gurations, such as twin tunnels placed side by side, one above the other,
and at 45 degrees. In addition, fractured zones were modeled as simpli ed regions with
reduced sti ness and density, and single- and multiple-cracker zones with varying areas were
studied to observe their impact on underground vibration behavior.

1.3 Limitations

The following limitations were identi ed in this study:

A

Numerical simulations were limited to calculating vertical particle velocity. Horizontal
and rotational components were not considered. This simpli cation was made because
vertical ground vibrations are typically more signi cant for both human perception
and structural response. Moreover, the vibration sensors used to estimate acceleration
levels are designed to measure vertical motion[7].

The tunnel was modeled as embedded in typical Swedish bedrock. No overlying soft
soils or groundwater e ects were included.

A simpli ed fractured zone was modeled as a weaker, dry region with no gas content.
It was assumed to behave as a linear elastic material.

Complex features such as fracture orientation, connectivity, and nonlinear behaviorjcommon
in real-world scenarios|were not included. This simpli cation was motivated by the
need to reduce modeling and computational time in COMSOL.

Site-speci ¢ mismatch: The Grda tunnel does not have a twin tunnel, and there is no
con rmed data on the presence of vertical fracture zones at the site. Therefore, some
of the simulated scenarios are hypothetical and were included to explore general e ects
rather than replicate exact site conditions.



Chapter 2

Theory

To accurately model and interpret ground borne noise and vibration from underground rail-

ways, it is essential to understand the physical principles that govern wave propagation in
geological media. This chapter presents the theoretical foundation needed to support the
numerical modeling and analysis carried out in this thesis.

The rst section introduces the main types of waves generated by tunnel-based train activity,

as their behavior, particularly how they propagate and attenuate, has a direct impact on
how vibrations reach the surface and a ect nearby structures. Following this, the concept of
damping is discussed to explain how the wave energy decreases due to material and geometric
factors, both of which are critical in evaluating vibration amplitudes over distance. Given
that the surrounding medium in this study is fractured rock, a separate section addresses
wave behavior in rock masses, highlighting how fracture zones in uence re ection, refraction,
and wave transmission. A clearer understanding of these phenomena is necessary to evaluate
the e ect of rock quality and fracture conditions on the spread of vibrations.

Finally, the chapter outlines the numerical methods used in this research, particularly the
Finite Element Method (FEM), and explains the implementation of Perfectly Matched Layers

(PML) to simulate an in nite domain. These numerical tools are central to the modeling

strategy used in COMSOL Multiphysics, making it important to provide a theoretical basis

for their use.

2.1 Type of waves

Seismic waves that travel through the ground are generally divided into two main types:
body waves and surface waves :

Body waves are seismic waves that travel through the interior of a ground medium, such
as soil or rock. They are classi ed into two main typesP-waves and S-waves.

" P-waves (primary or pressure waves) are longitudinal seismic waves in which patrticle
motion is parallel to wave propagation. Their velocity depends on the material prop-
erties of the ground, particularly the elastic modulusand density. Speci cally, higher



sti ness (modulus) increases the P-wave speed, while higher density reduces it. As
described by equation 2.1:

EQ )

= @ o2)ar )

(2.1)

where:
{ Cp is the P-wave velocity,
{ E is Young's modulus,
{ is Poisson's ratio,
{ s the ground density.

S-waves (shear waves) are the second fastest type of body wave. They propagate in
a direction perpendicular to the motion of the medium, causing side-to-side or vertical
shearing motion [20]. Their velocity is expressed in equation 2.2.

S
B E
CS - m (22)

where:
{ Cs is the S-wave velocity,
{ E is Young's modulus,
{ is the ground density,

{ is Poisson's ratio.

Surface Waves

Rayleigh waves are surface waves that travel along the ground surface. This motion rotates
the surface in the opposite direction of the wave's travel. In tunnel environments, when body
waves (P-waves and S-waves) reach the surface, they can partly convert into Rayleigh waves
[20] [3]. It is explained by equation 2.3:

0:87 +1:12

where:
" Cg is the Rayleigh wave velocity,
is Poisson's ratio,

" Cs is the S-wave velocity.



Figure 2.1: Di erent Types of Ground Waves, Adapted from International union of Railways
UIC [20]

2.2 Damping

Vibrational waves traveling through bedrock experience two primary forms of damping: ge-
ometrical and material. Geometrical damping describes how the wave amplitude reduces
because the energy spreads over a larger volume with distance. For instance, surface waves
dominate farther from the source, as their geometrical attenuation is less than that of body
waves. Lamb's equation captures this e ect 2.4:

rg m

V=V, . ; (2.4)

wherev is the amplitude at distancer, v, is the amplitude at reference distance;, and m
is an exponent depending on the wave type and source 2.1.

Table 2.1: Values of the constanin for di erent wave types and source geometries [16]

Wave Type Point Source Line Source

P-wave 1.0 0.5
S-wave 1.0 0.5
R-wave 0.5 0.0

Material damping, on the other hand, results from internal friction within the bedrock,
causing energy loss during each cycle of deformation. This additional dissipation can be

10



incorporated into Lamb's equation via an exponential term, often referred to as Bornitz's

xtension:
extensio [Lom

r
where is the material damping coe cient [12]. Higher values of indicate faster energy
dissipation due to factors such as looser soil and higher vibration frequency. Consequently,
low-frequency vibrations in sti bedrock of high quality can travel relatively far, while higher
frequencies tend to be more attenuated. Typical material damping values at 50 Hz range
from about 0.3 m ! for soft soils to less than 0.003 m for sti bedrock [9].

VERYA e () (2.5)

Table 2.2: Values of damping coe cient for 50 Hz [21].

Solil class Damping coe cient (1/m)
Soft soils like loose clay 0.1{0.3

Firm soils like solid clay 0.03{0.1

Sti soils like very sti clay 0.003{0.03

Sti bedrock <0.003

2.3 Re ection and refraction

Re ection and refraction occur when a wave facing an interface between two di erent ma-
terials. Re ection is the return of part of the wave energy into the original medium, while
refraction is the change in wave direction as it passes into a material with a di erent wave
speed. In rock mechanics, these phenomena occur at interfaces between materials with di er-
ent seismic velocities or at discontinuities such as joints or fractures. The behavior of re ected
and refracted waves is governed by Snell's Law, where the angle of incidence, velocity con-
trast, and wave frequency determine the energy partition. Even when seismic velocities are
the same on both sides of an interface, imperfect bonding due to joint roughness, inll, or
weathering can still cause wave re ection and refraction. If the interface is perfectly bonded,
wave scattering does not occur, making the boundary e ectively invisible . Joint sti ness also
plays a key role: low-sti ness joints re ect more energy, while high-sti ness joints transmit
more. Higher-frequency waves tend to re ect more than lower-frequency ones [10].

2.4 Wave Propagation in Rock Masses

Wave propagation in rock masses is in uenced by the physical properties of the material,
the presence of discontinuities, and the geometry of the subsurface. As stress waves (e.g.,
P-waves, S-waves) travel through rock, they experience attenuation due to internal friction
and material damping. In addition, the presence of joints and fractures increases attenuation
due to seismic impedance contrasts between geological regions, which causes re ection and
refraction at interfaces [13, 5].

11



Wave frequency(or wavelength) also plays a critical role. High-frequency waves (short wave-
length) tend to be mostly re ected, while low-frequency waves (long wavelength) are more
likely to be transmitted across a discontinuity [13, 5].

The inuence of a single discontinuity on wave propagation depends on several parame-
ters:

A

Surface roughness,

Type and thickness of in Il material,
Aperture (opening) of the discontinuity,
Compressive strength of contact surfaces,
Normal and shear sti ness,

Water pressure and ow.

These factors a ect the mechanical contact across the interface, thereby altering re ection,
transmission, and mode conversion. Water, in particular, can increase the aperture, facili-
tate chemical weathering, or introduce weak in Il material, all contributing to reduced wave
transmission [19].

In natural rock masses, discontinuities often appear in sets with dominant orientations and
spacings. When randomly distributed, it is di cult to model each discontinuity individually.
Thus, the rock mass is often treated as an equivalent continuous medium, with reduced
sti ness approximated using classi cation systems such as the Rock Mass Rating (RMR) [4]
or the Q-system [1].

When rock masses are intersected by multiple parallel discontinuities, wave propagation
becomes more complex due to repeated re ection and refraction at each interface [22]. An-
alytical models addressing these e ects have been developed by several researchers [13, 6,
22].

The Displacement Discontinuity Model (DDM) was applied to calculate re ection and trans-
mission coe cients across a single discontinuity, accounting for sti ness and impedance con-
trasts [13]. The model applies to both dry and saturated joints and accommodates arbitrary
angles of incidence. For multiple discontinuities, the model assumes equal sti ness and iden-
tical seismic impedance across joints, ignoring inter-joint re ections. Therefore, it is valid
only when joint spacing is signi cantly larger than the wavelength. When the wavelength
of the wave is comparable to the spacing between joints, multiple re ections occur between
the joints. These re ected waves overlap and interfere with each other, producing a com-
posite transmitted wave through superposition [22]. To model this behavior, the method of
characteristics was used to extend the analysis, enabling the prediction of particle velocity
and stress on both sides of the joints. This extended model accounts for joint spacing, joint
sti ness, and wave frequency [6].

12



2.5 Numerical Methods for Investigating Ground-Borne
Noise Transmission

Numerical simulation plays a central role in understanding and predicting ground-borne
vibration propagation from underground railway tunnels, especially in conditions where ana-
lytical or semi-analytical models are insu cient. Analytical methods often assume idealized
geometries and homogeneous ground conditions, limiting their applicability in real-world
environments such as fractured rock masses or layered soil [17].

2.5.1 The Finite Element Method (FEM)

The Finite Element Method (FEM) is a powerful numerical technique widely used to solve
partial di erential equations (PDESs), particularly suited for analyzing complex geometries
and heterogeneous media. FEM involves discretizing the computational domain into a mesh
composed of smaller subdomains, known as elements. Each element is governed by specic
equations derived from fundamental physical principles, such as elasticity theory in structural
dynamics. The overall response of the system is then captured by assembling the individual
element matrices into global matrices [17].

For dynamic analyses, FEM is extended by incorporating matrices that account for iner-
tia and damping e ects. The dynamic equilibrium equation commonly employed in FEM
vibration analysis is expressed as 2.6:

Me(t) + Cu(t) + Ku (t) = F(t) (2.6)

where:

" M is the global mass matrix, representing inertial e ects,

" C is the global damping matrix, capturing energy dissipation mechanisms,

" K is the global sti ness matrix, re ecting the structural sti ness of the system,
u(t) is the displacement vector at timet,

A~

u(t) and e (t) are the velocity and acceleration vectors, respectively,

A

F(t) is the external dynamic load vector.

This formulation enables detailed time-domain analyses of structural responses under tran-
sient dynamic loads, such as those induced by train wheel-rail interactions. Damping, crucial
for realistic simulations, can be introduced using various methods, including Rayleigh damp-
ing models [15].

2.5.2 Modeling In nite Domains with PML

One of the fundamental challenges in wave propagation modeling using FEM is the treatment
of boundaries. Since the real domain is e ectively in nite, truncating the domain in numer-

13



ical models can cause arti cial re ections at the edges, leading to non-physical results. To
mitigate this, Perfectly Matched Layers (PMLs) are implemented as non-re ecting absorb-
ing boundaries[11].The PML technique, introduced by Berenger (1994), works by applying a
complex coordinate stretching transformation in a designated absorbing layer [2].

In numerical simulations of ground-borne vibrations, the excitation is typically applied at
a single point in both two-dimensional (2D) and three-dimensional (3D) models. However,
due to the di erence in dimensionality, this source represents di erent physical conditions.
In a two-dimensional (2D) model, a point excitation corresponds to acoherent line source
implying continuous energy input along an in nite line perpendicular to the model plane.
In contrast, a three-dimensional (3D) model allows the source to represent a tryeint
source

14



Chapter 3

Methodology

This chapter describes the methodology employed to investigate the transmission of ground-
borne noise and vibration from an underground railway tunnel. The study integrates nu-
merical modeling using COMSOL Multiphysics with in-situ measurement data to better
understand the propagation of vibrations through the ground and their attenuation charac-
teristics.

In-situ measurements were carried out at the @Grda tunnel site. Decay measurements were
performed on the ground surface above the tunnel to obtain insights into the attenuation
behavior of vibrations as they propagate through the bedrock.

The methodology is structured into three main parts. First, the section orfractures in
bedrock discusses the modeling approach and assumptions related to fractured geologi-
cal media, emphasizing how fractures in uence wave propagation mechanisms. Second, the
tunnel modeling section presents the development of botBD and 3D nite element
simulations aimed at analyzing the vibration transmission from the tunnel to the ground
surface. These models incorporate simpli ed tunnel geometry and assumed material proper-
ties, selected to approximate realistic values for typical underground conditions and to enable
a reasonable estimation of the dynamic response. Finally, tlsite measurements section
provides an overview of the eld measurements conducted at the Grda tunnel and their role

in validating and comparing the numerical simulation results.

15
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Figure 3.1: Overview of the methodology structure for ground-borne noise and vibration
analysis.

3.1 Fracture in Bedrock

Fractures in the bedrock can signi cantly in uence the transmission of ground-borne vibra-
tions by altering local sti ness and introducing wave scattering e ects. In this study, fractures
are modeled in COMSOL Multiphysics as weakened vertical zones with modi ed mechanical
properties compared to the surrounding intact rock.

These fractured zones are represented as vertical rectangular regions extending from the
ground surface to the bottom boundary of the simulation domain, each with an initial width

of 2m. Two scenarios are considered: one with a single vertical fracture, and another with a
group of closely spaced fractures representing a fracture-dense zone.

The surrounding ground is assumed to be isotropic and linear elastic, with the following
mechanical properties:

" Density: 2400kgm?3

"~ Young's modulus: 5 10°°Pa

" Poisson's ratio: 0.25

" Isotropic structural loss factor: 0.01

The material properties assigned to the fractured zones are based on reasonable assumptions
for open fractures in hard rock. These values are not site-speci ¢ but re ect typical conditions
found in fractured bedrock. The parameters are de ned as follows:

" Density: 1800 kgm?3

16



"~ Young's modulus: 9 10°Pa
" Poisson's ratio: 0.3
" Isotropic structural loss factor: 0.1

To eliminate re ections from the model boundaries and simulate a more realistic, unbounded
domain, PMLs are applied around the outer edges of the model. This technique e ec-
tively absorbs outgoing waves and prevents arti cial re ections, allowing the simulation to
approximate an in nite ground medium.

The simulations are conducted in two dimensions (2D), assuming plane strain conditions.
In this setup, deformation is only allowed in thex and y directions, wherex represents the
horizontal direction andy represents the vertical direction in the 2D model. A ner mesh
is applied in and around the fracture zones to ensure at least ve nodes per wavelength,
allowing accurate resolution of local variations in stress and displacement elds. Figures
showing the model geometry, material zones, and mesh distribution are provided at the end
of this section to support the description of the numerical setup 3.2.

To investigate the in uence of di erent fracture geometries on ground-borne vibration trans-
mission, seven con gurations were modeled. These con gurations vary in terms of fracture
number, spacing, and overall width. The considered cases include both isolated and clustered
vertical fractures. An overview of these con gurations is shown in Figure 3.3.

17



(a) No fracture (reference case) (b) Single fracture, width =2 m

(c) Two fractures, 2 m wide each, 3 m apart (d) Three fractures in series

(e) Four fractures in series (f) Five fractures in series

Figure 3.2: Fracture con gurations (1{6) considered in the numerical simulations.
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(a) Single wide fracture, width = 4 m with
ner element mesh size

Figure 3.3: Fracture con guration (7): single wide fracture.

3.1.1 Parametric study of fracture properties

To better understand which material property of the fractured zone most signi cantly in-
uences the transmission of ground-borne vibrations, a parametric study was performed.
This investigation focused on assessing the relative e ect of Young's modulus, density, and
Poisson's ratio on surface vibration response.

The model setup was similar to the previous fracture analysis, with a single vertical fracture
embedded in homogeneous bedrock. The excitation was applied as a point load underground,
and no tunnel cavity was included in this specic study to isolate the material behavior
of the fracture. The analysis was conducted in the frequency domain over a range up to
1000 Hz.

The reference fracture material properties were:
"~ Young's modulus: 9 10°Pa
" Density: 1800kgm?3
" Poisson's ratio: 0.3

Isotropic structural loss factor: 0.1

Three additional simulations were performed, each time modifying one parameter while keep-
ing the others xed at their reference values(1) increasing Young's modulus to 9 10°Pa,
(2) increasing density to 2200 kg m®, and (3) increasing Poisson's ratio to 0.5.

The vibration response was evaluated as vertical velocity at a single surface receiver, using
one-third octave band analysis. The results were compared to identify which parameter
had the greatest in uence on vibration attenuation. The goal was to identify the dominant
fracture property a ecting wave propagation in simpli ed ground conditions.
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3.2 Tunnel

To study the propagation of ground-borne vibrations from underground railways, a numerical
tunnel model was developed using COMSOL Multiphysics. The objective of the tunnel
modeling is to simulate wave propagation resulting from a dynamic load, representing the
e ect of a moving train. The tunnel geometry is designed to resemble the Grda tunnel in
Gothenburg, Sweden, with simpli cations to ensure computational e ciency while capturing
the essential dynamic behavior.

The tunnel cross-section is circular with a radius of 5m, and it is embedded in a homogeneous
bedrock medium. The surrounding ground is assumed to be isotropic and linear elastic, with
the following mechanical properties:

" Density: 2400kgm?3

"~ Young's modulus: 5 10°°Pa

" Poisson's ratio: 0.25

" Isotropic structural loss factor: 0.01

A point load is applied to the tunnel boundary to simulate the dynamic excitation caused
by railway trac. This loading condition serves to excite wave propagation through the
surrounding rock and evaluate the resulting surface and subsurface vibration levels. To
maintain a simpli ed and idealized setup, the tunnel lining and surrounding ground are
modeled using constant material properties, and no additional structural layers (e.g., ballast,
rail, or sleepers) are included. The simulation domain is surrounded by PMLs to absorb
outgoing waves and avoid arti cial re ections, allowing the model to approximate an in nite
medium.

The detailed setup and modeling strategy are presented in the following subsections, covering
both the 2D and 3D simulation approaches.

3.2.1 Numerical simulation in 2D

Two dimensional simulations were performed using the Solid Mechanics interface in COM-
SOL Multiphysics in the frequency domain. The purpose of the 2D modeling was to reduce
computational cost and allow for the investigation of multiple tunnel con gurations and frac-
ture scenarios. Both single and twin tunnel cases were analyzed, with the tunnels embedded
in homogeneous bedrock. In the twin tunnel case, only one tunnel was subjected to dy-
namic excitation, while the second tunnel placed at a di erent depth remained passive to
examine interaction e ects. A harmonic point load was applied to the tunnel boundary and
the response was evaluated in a frequency range of approximately 4 to 800 Hz. Perfectly
matched layers (PML) were implemented to minimize boundary re ections. Vibration re-
sponses were extracted at selected surface points and along vertical lines above the tunnel(s)
to assess how wave propagation is in uenced by the tunnel con guration and the presence of
fractures.
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Single tunnel

The single tunnel scenario was used as a reference case to investigate fundamental vibration
propagation in unfractured bedrock. A circular tunnel with a radius of 5m was embedded at
three di erent depths: 30m, 40 m, and 50 m below the ground surface. A harmonic point load
was applied at the center of the tunnel invert (bottom) to simulate dynamic excitation.

The simulation was conducted in the frequency domain using the Solid Mechanics interface
in COMSOL Multiphysics. No fractures were included in this scenario in order to isolate the
in uence of the tunnel structure and to study wave propagation in a homogeneous medium.
The numerical mesh was re ned to ensure a minimum of ve elements per wavelength up to
800 Hz, allowing for adequate resolution of high-frequency wave content. To avoid boundary
re ections and simulate an in nite domain, PMLs were applied around the model bound-
aries.

The vibration response was evaluated of the vertical velocity at a receiver point located on
the ground surface. In addition, average velocity levels were calculated along surface lines
directly above the tunnel to analyze both attenuation and spatial distribution of vibration

at the surface. Figures below shows the shape and position of the tunnel at three di erent
depths; see Figures 3.4.

(a) 30 m depth (b) 40 m depth

(c) 50 m depth

Figure 3.4: Receiver positions (red line) located on the ground surface at 1 m intervals.
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Twin tunnel

The twin tunnel scenario was modeled to investigate the in uence of tunnel-tunnel interaction
on ground-borne vibration propagation. Both tunnels were circular with a radius of 5m, and
the center-to-center spacing between them was set to 20 m. Several geometric con gurations
were considered: tunnels placed side by side at the same depth, tunnels o set vertically
(one above the other), and tunnels positioned at a 45-degree angle relative to each other.
These variations were included to study how tunnel alignment a ects vibration shielding or
ampli cation e ects at the ground surface.

A harmonic point load was applied only to one of the tunnels located 40 m below the ground
surface, simulating an active rail tunnel, while the second tunnel remained passive. This
setup allowed for assessment of structural coupling and energy redistribution caused by the
two cavities. As in the single tunnel case, PML were applied to eliminate the re ections.The
mesh was re ned to ensure at least ve elements per wavelength, allowing accurate resolution
of wave behavior up to 800Hz. Vibration responses were evaluated as vertical velocity at
surface receiver points and analyzing average velocity levels along surface lines. Results were
compared with the single tunnel case to quantify the in uence of the second tunnel on wave
propagation. The gures below show the twin tunnel in three di erent con gurations, along

with the locations of the receiver points on the ground surface 3.5.
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(a) Receiver positions along the ground sur- (b) Vertical o set con guration
face (indicated by the red line) for the side-
by-side tunnel con guration

(c) 45-degree con guration

Figure 3.5: Con gurations comparison

Directivity analysis

An additional analysis was conducted to examine the directional propagation of ground-
borne vibrations from tunnel excitation. The goal was to understand how the presence
and layout of a second tunnel aect the angular distribution of vibration energy in the
surrounding bedrock. This directivity study complements the general response analysis by
highlighting how vibration radiates in di erent directions from the tunnel system. As in
previous simulations, a harmonic vertical point load was applied at the center of the invert
of one tunnel to simulate an active railway. The second tunnel remained passive. The
simulations were carried out in the frequency domain using the Solid Mechanics interface in
COMSOL Multiphysics.

To evaluate angular response, a circular array of receivers was positioned around the tunnel
con guration at a xed radius. Velocity responses were extracted at each point and converted
into 1=3-octave band levels. This setup made it possible to assess how vibration amplitude
varies with direction across a full 360-degree pro le.
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To investigate the in uence of tunnel con guration on vibration directivity, three twin tun-

nel arrangements|side-by-side, vertically o set, and 45-degree inclined|were compared to

a single tunnel reference. Figure 3.6 illustrates the con gurations and the placement of re-
ceiver points around the tunnels used to capture wave propagation patterns. These tunnel
con gurations were chosen because they re ect common layout practices in underground
construction projects. This made it possible to compare how di erent arrangements a ect
the directionality of wave propagation.

(a) Single tunnel (reference) (b) Twin tunnels | side by side

(c) Twin tunnels | vertical o set (d) Twin tunnels | 45-degree con guration

Figure 3.6: The twin tunnel scenarios illustrate how the receivers are positioned around the
underground twin tunnels.

3.2.2 Numerical simulation in 3D

Three-dimensional simulations were carried out to complement the 2D analysis by capturing
spatial e ects, validating 2D trends, and providing a more realistic representation of ground-
borne vibration propagation. The 3D domain was de ned with a width of 60m, a height
of 50m, and a depth of 40m. The tunnel geometry was modeled as a cylindrical cavity
with a radius of 5m, consistent across both single and twin tunnel scenarios to enable direct
comparisons.
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In the twin tunnel case, two parallel tunnels were positioned side by side with a center-to-
center spacing of 20 m, re ecting a typical twin tunnel layout. A point load was applied at
the invert of one tunnel, simulating dynamic excitation. No fracture zones were included
in the 3D simulations, maintaining consistency with the 2D reference cases. The primary
di erence between the 2D and 3D models lies in the excitation source: in the 2D model,
a point load represents arcoherent line source while in the 3D model, it corresponds to a
true point source. PMLs were implemented along the domain boundaries to absorb outgoing
waves and eliminating the re ections. A frequency-dependent mesh re nement strategy was
employed using a parametric sweep, ensuring a minimum of ve elements per wavelength
across the frequency range of 16 Hz to 400 Hz.

(b) Twin tunnels (side-by- (c) Twin tunnels with the
(a) Single tunnel located 25 m side) with receiver line along ground surface fully covered
underground. the ground surface. by receiver points.

Figure 3.7: 3D tunnel con gurations showing receiver placement for simulation analysis.

3.3 Site measurement

To investigate the real-world behavior of ground-borne vibration attenuation, eld measure-
ment data were collected on the ground surface above the Grda tunnel in Gothenburg. The
primary aim was to study the attenuation of vertical vibration components induced by rail
tra ¢ and to interpret the results in light of the numerical simulation ndings.

The measurements were performed on September 2nd, 2021, at the yard of Prospect Hillgatan
10, between 13:28 and 13:58. The site is characterized by exposed bedrock with no sediment
cover. Vertical ground vibrations were recorded at six surface locations using Wilcoxon
731 seismometers. The receivers were placed at intervals of approximately 6 m along a line
extending about 40 m, starting from a reference point (RO) located directly above the tunnel
on a building foundation [9]. The receiver positions are according to the image below 3.8
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Figure 3.8: [9]: Receiver positions (Al to A6), @Grda tunnel below, and building above.
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