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Abstract

As the importance of sustainability increases more weight is laid upon using both
greener building materials and efficient transportation systems. As more and more
buildings are being built with wood and other light weight materials, and ever more
slender constructions, the need to understand the impact of vibrations in these types of
structures increases. Furthermore the increasing urban density leads to more buildings
being built near railways, and there is apprehension within the industry to constructing
these potentially vibration sensitive building near railways. These vibration can have
an impact on both occupants’ health and the function of sensitive equipment within the
buildings. The solution has been to construct concrete buildings as their heavier weight
and stiffer construction are assumed to counteract the impact of railway vibrations.
However, discounting the wooden buildings is often done without knowledge about if
these buildings actually are worse at handling vibrations than concrete buildings.

In this master’s dissertation, the behavior of wooden and concrete structures when
exposed to external vibrations is examined. Through the use of a new three dimen-
sional semi-analytical soil model an extensive parameter study was conducted for both
a steady state stationary load and a realistic train load. The soil model was coupled
to a finite element structure and building, soil and train parameters were studied. By
examining comfort vibrations inside the building within a frequency spectrum of 1
to 80 Hz, the impact of each variable could be determined and comparisons between
similar concrete and wooden structures could be made.

The parameter studies showed that a correlation between the natural frequency of
the building and the large response frequency in the soil did not seem to cause any
additional resonance in the building. It was also discovered that increased structural
damping of a building can cause a large increase in vibrations within a building exposed
to an external vibration. A comparison between examining steady state conditions and
a realistic train load showed that while results of a steady state analysis may indicate
how the building will react to a train load, the effect of a parameter change in the steady
state analysis does not always correlate to the effect of that same parameter change
when considering a train load. When comparing the wooden and concrete buildings
to each other, it was found that while for most scenarios the concrete building has the
lowest vibration levels, there are some exceptions to that rule. Those exceptions were
when the building was placed on very elastic soil such as clay, when the structural
damping of the two buildings was similar, and when the building is placed within
approximately 20 meters of the railway.
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Abbreviations

VC - Vibration criterion

RMS - Root mean square

FE - Finite element

BEM - Boundary element method
PDE - Partial differential equation
DOF - Degree of freedom

SDOF - Single degree of freedom
MDOF - Multi-degree of freedom
P-wave - Primary wave

S-wave - Secondary wave

R-wave - Rayleigh wave

SV-wave - Secondary vertical wave
PSD - Power spectral density
FOR - Frame of reference

SSI - Soil structure interaction
CLT - Cross laminated timber
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1 Introduction

1.1 Background

Vibrations in buildings have become a more important factor to consider when con-
structing buildings using new techniques, less materials and in a denser urban envir-
onment. This leads to more slender constructions that can be more exposed to and
sensitive to vibrations. Also, more and more buildings are made of wood in order to
create a more sustainable society and to reduce COy-emissions. But wooden buildings
are met with resistance in the industry as there are still knowledge gaps about their
functions, such as in regards to railway-induced vibrations. In order to investigate
the vibration levels in buildings there is a need for detailed computer models that
can account for the vibrations sources, the soil in which the vibrations propagate, the
soil-structure interaction and the dynamic behavior of the buildings. These models
are often very demanding in terms of time and computational requirements, which
leads to them not often being used in early stages of a building project. Then, when
the choice between wooden buildings and concrete buildings is made it can become
easy to choose the material with the largest knowledge base, especially for buildings
in vibration exposed situations, such as near railway lines. With more comprehens-
ive knowledge of how wooden buildings and concrete buildings behave dynamically in
relation to each other, the materials can compete on equal terms.

1.2 Previous studies

The subject of vibrations in structures from external sources has been studied using
several different methods. A common approach is to use the finite element (FE)
method in three dimensions when modeling both the soil and structures. In Torndahl
and Svensson [1] a parameter study was conducted on a simplified building structure
using a reduced FE model. The steady state response of the building was examined.
In Persson and Andersen [2] the effect of varying the slab thickness of a simplified
light- and heavy-weight building was analyzed using a reduced FE model. The steady
state response of the building was examined. In Negreira Montero [3] the effect of
external vibrations on an underground facility was investigated using a FE model.
The response to a bus load, a road traffic load and a walking load was examined.

Another modeling approach is to use the FE method in two dimensions using plane
stress elements in order to examine the system. Johansson [4] examines the effect
surrounding buildings and building properties can have on measured vibration levels.
The steady state response of the building was examined. Persson et al. [5] conducted
a parameter study on the effect of soil and concrete slab parameters on a slab on soil.
The steady state response of the slab was examined.



There are also other approaches that are used, such as using the boundary element
method (BEM) combined with the FE-method and examining the structures using
so called 2.5D FEM models which properties are invariant along one axis, while still
providing a 3D response. There also exists some semi-analytical approaches. Villot
et al. [6] used a BEM / FEM model in both 2D and 2.5D to investigate the influence of
different building parameters on the building response. The response to train-induced
vibrations was examined. Malmborg et al. [7] used a 2.5D model to establish the
free-field ground vibrations from railway traffic and then applied these vibrations on
a 3D building model. The effect of differing train speeds on a light- and heavy-weight
building was examined. Tao et al. [8] used a semi-analytical model to examine the
effect of railway vibrations on buildings with pile foundations.

1.3 Aim and methods

This masters dissertation aims to improve knowledge of the dynamic behavior of
wooden and concrete buildings exposed to railway-induced comfort vibrations. By
performing a parameter study on the soil conditions, materials, structural dimensions
and sources, a greater knowledge about what design choices impact the comfort vibra-
tions inside a building will be gained. The primary research questions studied are as
follows:

e What parameters of a railway, soil and building system have a significant effect
on vibration levels in a building, and what effect do they have?

e How does a wooden building compare to a similar concrete building when ex-
posed to railway-induced vibrations?

e How does a steady state analysis of a stationary load compare to examining a
moving train load?

The analysis was done through the use of a semi-analytical soil model and a finite
element building model, using stationary loads in a fixed frame of reference and moving
railway-loads in a mixed frame of reference.

1.4 Limitations

The master’s dissertation is limited to examining comfort vibrations in buildings and
train speeds below the critical speed of wave propagation in soil. The models examined
are simplified. In the case of the building model, only the load bearing elements are
considered, and for the moving load case, the train model only contains one vehicle.



2 Structural building vibrations

When examining externally induced building vibrations, there are three major parts
that need examination. These parts are the source of the vibration, the medium trough
which the vibrations travel and the receiver where the level of vibrations are evaluated.

2.1 Sources

External vibrations in a urban environment can originate from many different sources.
While earthquakes are an important factor to consider in many environments, in a
Nordic context they are both rare and not very powerful. Instead it is the man-made
sources that are often the most important to take into account. The most common
external vibration causes are construction (e.g. pile driving), heavy road traffic and
railways. This dissertation is concerned with vibrations from railways.

2.2 Medium

The medium can describe ground that the vibration waves travel through, bridges and
tunnels as well as potential obstacles that can affect the wave propagation. When
modeling the ground it is important to consider the stratification of the soil, the
existence of and distance to bedrock and the properties of these elements. Man made
elements such as roads, sidewalks, ditches and foundations can also have a considerable
impact on the wave propagation.

2.3 Receiver

The receiver is in most cases a building, but can also be other vibration sensitive
structures, such as tunnels or bridges. Vibrations within buildings does not depend
only on the impinging vibration waves, but also on the elements of the structure
itself, such as its design, materials and furnishings [9]. Concerns with vibrations in
buildings can stem from the need to keep vibration sensitive equipment in working
order and keeping residents and workers from experiencing discomfort. The frequencies
associated with whole body vibrations are in the 1-80 Hz range [10], while structural
noise caused by vibrations is generally found in the 20-200 Hz range [11]. There exists
a significant overlap between the two types of disturbances, and residents may have
difficulty differentiating between the two when reporting a disturbance.

There is also the concern with structural damage caused by railway traffic, such as
minor cosmetic damage and more serious structural damage to buildings. However,



these fears are almost always misattributed. The vibrations caused by railway traffic
are not large enough to cause even minor cosmetic damage to most buildings, given
reasonable build quality and reasonable distance to the train track [11]. Instead, there
are often far more credible causes of cosmetic damage in buildings close to railways.
These causes can include settlement, temperature variation, aging of building materials
and moisture issues. Some damage may also be caused by the construction of new
railways, when utilizing techniques such as pile and sheet driving, and can then later
be incorrectly attributed to the new railway traffic [11].

2.4 Evaluation of vibrations

Several standards have been devised to evaluate the effect of vibrations on human occu-
pancy. The international standard ISO 2631 [12] utilizes the root-mean-square (RMS)
of the velocity amplitude to create an effective value that allows for comparisons and
specification of guidelines. RMS is also used in the so called Vibration Criterion (VC)
curves that can be used by equipment manufacturers to specify acceptable vibration
levels.



3 (Governing theory

The computational model used in this dissertation consists of a finite element model
coupled to a semi-analytical soil model. This model can be used with a fixed frame
of reference or a mixed frame of reference in order to account for a moving load. An
overview of the governing theory for each part is presented in this chapter.

3.1 The finite element method

The structural modeling in this dissertation uses the finite element method. The FE
method is a common numerical method for modeling of structures. Its main advantages
are its flexibility for modeling complex geometry and behavior and the widespread
availability of commercial software. It works by approximating solutions to partial
differential equations (PDEs) derived from balance equations. These PDEs are most
often too complex to be solved analytically and the problem is therefore divided into
smaller elements, or finite elements. Each element contains a number of nodes which
define the shape of the element. The collection of all elements is called a mesh. The
variation of the sought field variables (such as displacements) between nodes in an
element are chosen by an approximating function, known as the shape function, and
the field variables are discretized in each node. The shape function is often a linear
or a polynomial function. Each node can be associated with variables called degrees-
of-freedom (DOF). These DoFs can represent variables such as the displacement of
a node in several directions when analyzing a structural problem. By using a denser
mesh of elements, the accuracy of the method generally increases and it can be shown
to typically converge towards the exact solution.

3.2 Fundamental structural dynamics

When structures are exposed to changes in displacements and forces over time, a static
analysis may not be applicable. The dynamic loads can for example be wind loads,
footfalls and rail traffic and earthquakes. To analyze a dynamic system, a simple
system consisting of a mass m connected to a spring with the stiffness £ and a damper
with a damping coefficient ¢ that is exposed to a periodic load f(t), as seen in Figure
3.1, is considered.

This system can be seen as having a single degree of freedom (SDOF), the displacement
u. By applying Newton’s second law of motion f = mii, this SDOF system can be
described by

mil + ci + ku = f(t). (3.1)

where a dot over the displacement indicates the time derivative, with one dot meaning



& f(t)
-

k Q_0O

> u(t)

Figure 3.1: A single degree of freedom system.

velocity and two dots denoting acceleration. This relation can be expanded to apply
to a multi-degree of freedom (MDOF) system. Here, the mass, stiffness and damping
are represented by matrices of n x n size where n is the number of DOF's, while the
forces and the displacement and its derivatives are vectors of size n x 1. The equation

for motion then becomes
Mi + Cu + Ku = f(¢t). (3.2)

3.2.1 Steady state dynamics

When a system is exposed to a harmonic load, the response of the system becomes
periodic after an initial transient response. This is known as a steady state response.
By using complex analysis of the SDOF equation of motion, the steady state response
can be defined as a displacement amplitude and a phase angle which describes the
offset of the harmonic response to the harmonic load. The steady state amplitude for
a SDOF system is calculated as

o = o (3.3)

V (k —w?m)? + w2c?
where ug is the displacement amplitude, pg is the force amplitude and w is the angular
frequency of the harmonic load. A similar solution exists for a MDOF system, where

the complex displacement amplitude for each DOF can be solved using a system of
linear equations:

(—w*M + iwC + K)u* = p,,. (3.4)
Here, u* is the complex displacement vector and p, is the force amplitude vector.
Using u*, the phase angle ¢ for a single DOF u} can be determined as

0 = arg(uj). (3.5)

By using the derivative of the displacement amplitude, the velocity amplitude can be
evaluated instead. For this dissertation, the steady state velocity amplitude is the
primarily evaluated variable.

3.2.2 Resonance

When a SDOF structure is released from deformation and allowed to vibrate freely,
the frequency at which it vibrates is known as its natural frequency. For a damped
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SDOF system, the natural frequency can be calculated as

W = \/% (1 - (g>2> (3.6)

where w, is the natural angular frequency and 7 is the structural loss factor of the
system. The relationship between 7 and ¢ for at a resonant frequency in a SDOF
system is described by

C

N~ P (3.7)

For a MDOF system, there exists multiple natural frequencies, depending on the shape
of the initial deformation. These shapes are known as eigenmodes. For a undamped
MDOF system with no load applied, the equation of motion can be rewritten as a

eigenvalue problem
(K- w’M)® =0 (3.8)

where @ is a eigenvector. This eigenproblem has the trivial solution
det(K — w?M) = 0. (3.9)

Solving for w gives n number of natural frequencies w,,, where n is the number of
DOFs in the MDOF system. Inserting any natural frequency w, in Equation 3.8
gives a unique eigenvector, which corresponds to the displacement of each node in the
corresponding mode shape. In reality, a structure has an infinite number of natural
frequencies and corresponding modes, but it is common to only consider the first few
modes when examining a structure’s dynamic behavior.

When a undamped system is excited by a harmonic load that matches a natural
frequency, the response of the system tends towards infinity. However, all real systems
contains some damping. When damping is introduced, the response of a system with
the same conditions can be several times higher than for harmonic loads not matching
a natural frequency.

3.3 Fundamental soil dynamics

In modeling the ground, several assumptions can be established. When considering
vibrations with small amplitudes and with a source that is moving slower than the
wave speed of the soil, the soil can be considered to be a homogeneous material with
linear elastic properties. This allows for simpler formulations when creating a com-
putational model. The vibrations within the soil can be shown to consist of several
different types of waves moving independently. The primary wave (P-wave) consists
of the compression of the soil granulate, and is the fastest moving wave type. The
secondary wave (S-wave) consists of the soil granulate moving perpendicular to the
wave propagation direction, as shear deformation. While slower moving, the S-wave
generally contains more energy than the P-wave, and is thus more important to con-
sider when examining traffic vibrations [13]. When considering a free surface of the
soil, the interaction of the P- and S-waves with the surface creates another wave type,
known as the Rayleigh-wave (R-wave). The R-wave travels close to the surface, with
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Vibration sources

R-wave P- and S-wave

Figure 3.2: The geometric wave expansion for R-, P- and S-waves in a soil.

the particles moving in a elliptical shape with larger amplitudes near the surface and
reducing with depth. It moves slower than the S-wave, but with more energy thus
making it the most influential wave type to consider when a free surface is involved.
There also exists other types of waves such as the Love-wave, however their effect on
structures above ground are small. [14]

When considering the impact of the different types of waves, damping must be ac-
counted for. Geometric damping occurs as the wave spreads out over a larger area
as the distance from the source increases. As P- and S-waves propagate throughout
the entire soil medium, the geometric damping on these waves is larger than for the
R-~waves, which only propagates near the surface of the soil. This means that the P-
and S-waves propagates through an expanding half sphere from the origin, while the
R-wave only propagates trough an expanding cylinder with a fixed height near the
surface, which limits the amount of material in which damping may occur, see Figure
3.2. Material damping occurs due to energy losses to e.g. heat. Damping can be both
frequency dependent and independent, based on the type of damping model chosen.

3.4 Semi-analytical soil model

The computational soil model used was developed by Bucinskas [13]. It is able to
calculate the wave propagation in a horizontally stratified medium. The formulation
allows for semi-infinite layers (half-spaces) and has no boundary reflections, which
allows the geometry of the examined model to remain small. Using the so called
Green’s function, which is used to solve differential equations, it is able to calculate
the displacement and velocity amplitudes of the system, and utilizes a method by
Thomson [15] and Haskell [16] to acquire the Green’s function. By using a so called
transfer matrix the displacements and traction can propagate through one soil layer,
and then the layer transfer matrix is used to assemble a global transfer matrix for
all layers which can be used to obtain the Green’s function. To overcome stability
issues with this method, the orthonormalization method by Wang [17] is utilized.
This method uncouples the P-wave and the vertical secondary (SV) waves before

8



propagating them through a layer, as well as dividing thick layers into smaller ones in
order to eliminate exponential terms which can grow beyond the capability of floating
point numbers when using thick layers or high frequencies. By using these techniques
the matrix calculations uses matrix dimension no larger than 6 x 6, which allows for
efficient computations.

In order to include structures into the model, the model uses soil-structure interaction
(SSI) nodes. These nodes allow for coupling of the soil model to rigid blocks, piles,
cavities and FE models. The program used to analyze the fixed frame of reference
model is freely available to download in [13] and is called GCity. A user guide for
the program is also available with the download. A modified version of the available
GCity_3.0.3 was used in this dissertation. For a more detailed description of the model,
see [13].

3.5 Mixed-frame-of-reference model

To account for a moving train load, a mixed-frame-of-reference computational model
was utilized. The computational model was developed and provided by Bucinskas [18]
and is named SubGCity. A comprehensive description of the model can be seen in
[19].

3.5.1 Governing equation

The model is divided into two frames of reference (FOR), a fixed FOR for the soil
and structure modeling and a moving FOR for the railway vehicle and track. By
formulating the displacements of the fixed FOR in the moving FOR and vice versa,
the two parts can be combined into one mixed FOR. By the use of this formulation,
a governing equation of the mixed FOR system can be established as

K (Wi, wr) U, wy) = F(wpm, wy) (3.10)

where K (wy,, wy) is the stiffness matrix of the system, U(w,,wy) is the displacements
of the vehicle, global railway tack-soil system and FE structure, f‘(wm, wy) represents
the coupling of the vehicle and rail as well as the displacements of the wheels and wy
and w,, represents the considered angular frequencies in the fixed and moving FOR
respectively. After solving the system for a unit track unevenness, the actual track
unevenness can be applied and the displacement of the FE system in the fixed FOR
can be determined.

3.5.2 Railway and vehicle

To account for the train vehicle moving over the rail, SubGCity utilizes a railway track
that is two-dimensional and only considers vertical wheel-rail interaction forces. The
program utilizes a model described by Sheng et al. [20]. Here, the railway is composed
of rails, rail pads, sleepers and ballast in layers. The rails are modelled as Euler beams,

9
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Figure 3.3: Illustrative image of the vehicle model showing the connections of the rigid
bars and masses with springs and dampers.

which are connected to rail pads which are modelled as distributed vertical springs.
These are then connected to sleepers which are represented as a distributed mass, and
the sleepers are finally connected to the ballast which is modelled as a viscoelastic
layer with a mass and stiffness. This system can then be coupled to the soil model.

The vehicle that runs along the track is a 10-DOF model consisting of wheels, boogies
and a car body. These are then connected by springs and dampers as seen in Figure
3.3. The boogies and car body are modeled as rigid bars with mass and moment of
inertia, and the wheels are modeled as lumped masses. The masses have a total of
7 vertical displacement DOF':s; and the rigid bars have a total of 3 rotational DoF's.
21

To connect the vehicle to the railway with accurate interaction, Hertzian springs are
used. This is a type of spring that are commonly used in contacts mechanics in order
to describe the interaction and deformation of two elastic objects in contact [22].

3.5.3 Track unevenness

The track unevenness is the largest contributor of higher frequency vibration [19]
and is therefore important to model accurately. In this mixed FOR model the track
unevenness is described through the use of power spectral density (PSD) functions.
These are functions that can be used to describe the magnitude of the irregularities of
a rail as a function of the spatial frequencies. The PSD functions are generally derived
from field measurements, and different railway authorities uses different PSD functions
to describe the roughness of railway tracks. [21] As noted in Chapter 3.5.1, the track
unevenness is not needed to solve the governing equation of the mixed FOR model as
this can be done with a unit unevenness, and the actual unevenness can instead be
applied after the solving of the displacement vectors.

3.6 Root mean square value

As discussed in Chapter 2.4, a common way to evaluate vibrations is through the use
of RMS values. A RMS value is a way to define a single value to represent a discrete
set of values. As compared to a mean value, the RMS value does not account for the

10



sign of the values, and has a higher weighting of the peaks of the evaluated values.
This is useful when examining waveforms such as those caused by vibrations. For a
discrete signal of the quantity x, the RMS of the quantity is calculated as

1
TRMS = \/ﬁ(a:’fjtx%—i——i—x%) (3.11)

where n is the number of discrete points in the signal.
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4 Model Description

The examination of the soil-building system was divided into two parameter studies.
The first examined how an oscillating stationary vertical load affected the vibration
levels inside the building, by varying a range of parameters. This parameter study used
the GCity program. The second parameter study examined how a realistic moving
train load affected the vibration levels. This study used the more computationally
costly SubGCity program and examined the parameters which were shown to have a
significant effect on the vibration levels in the first parameter study.

4.1 Finite element building model

In order to have a reference case for the parameter studies, a simple building structure
was assembled. The decision was made to use a pillar-beam structure with one-way
spanning floor plates. The pillars are situated on completely rigid surface footings,
which in turn are coupled to the soil. Only the structural elements were modelled, i.e.,
non-load bearing structures were not explicitly modeled.

Two standard building cases were constructed, one with wooden structural elements
and one with concrete elements. The overall layout of both buildings are identical,
with minor differences in the dimensions of the structural elements (c.f. Tables 4.6
and 4.7, and can be seen in Figure 4.1.

. 6m . 6m .

'Ym
3m
3m

NN N N
o 3m
ANAN ANAN AANIEE
30 m

l f(t

Figure 4.1: The standard case of the building model. The dot represents the center point
of the building on the ground surface.
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The span of the side of the building containing a center pillar is hereafter referred to
as the length of the building, and the side with no center pillar is referred to as the
width of the building. The dimensions of the building and its elements can be seen in
Table 4.1.

Table 4.1: Properties of the building model for the standard case.

Property ‘ Wooden building Concrete building
Building width (m) 8 8
Building length (m) 12 12
Floor height (m) 3 3
Pillar cross section (m) 0.16 x 0.16 0.2x0.2
Beam cross section (m) 0.115 x 0.360 02x04
Floor plate thickness (m) | 0.280 (7 layers of 0.040) 0.3

The wooden building is constructed using cross-laminated-timber (CLT) floor plates
and glulam beams and pillars. The CLT plates use seven layers of wood with the outer
layers being oriented in the span direction and the other layers alternating between 0
degrees from span direction and 90 degrees from span direction. The concrete building
is constructed by reinforced concrete, however, reinforcement is not explicitly modeled
because the deformations considered are small and the study only examines the elastic
response of the concrete. In these conditions the rebar is not active and will therefore
not affect the stiffness of the concrete structure. The material properties of the wood
and concrete can be seen in Table 4.2. As timber is a orthotropic material, it has
different element properties in different directions. F; and FEs represents the Young’s
modulus in the fiber direction and perpendicular to the fiber direction, respectively
For the shell elements used in the floor plates, the elastic properties in the thickness
direction of the elements are not considered. G;; represents the shear modulus in the
17 plane.

Table 4.2: The material properties used in the standard cases.

Property Wood Concrete
Density (kg/m?) 500 2500
Poisson’s ratio (-) 0.2 0.2
E, (GPa) 8.5 32
E, (GPa) 0.35 32
Gas (GPa) 0.05 13.3
Structural damping, 1 (-) 0.06 0.02

The finite element program used is contained within the G City program. For modelling
plates, 4-noded quadrilateral shell elements are used with the ability to divide the plate
into different layers, which was useful when modelling the CLT-plates. For beams and
pillars, three dimensional beam elements were used.
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Figure 4.2: Result of the convergence study.

In order to determine an discretization for the finite element mesh, a convergence
study was conducted. The results of the convergence study can be seen in Figure 4.2.
As there is no significant difference of response beyond 0.25 m large elements and the
computing time increased significantly with smaller elements, an element size of 0.25
m for both beam and shell elements were used.

The building is placed with the long side facing the excitation. The distance between
the center of the building and the load point, or center of the railway, is 30 m in the
standard case.

4.2 Ground model

In order to investigate the effect of the grounds dynamical behavior on the building vi-
bration levels, three different sets of ground parameters were used in this dissertation.
The first set is named the standard case, where the soil’s large response frequencies did
not match any eigenfrequencies of the standard cases of the building model. Further-
more, the model should represent plausible soil conditions. As such, the soil consists
of a 6 m deep layer of a clay-like material followed by a semi-infinite layer of bedrock.

The two other ground models used were designed such as their large frequency re-
sponses matched one of the eigenfrequencies of the standard building cases for the
wooden building and the concrete building, respectively. This was accomplished by
altering the soil density and Young’s modulus, while keeping the layer depth and bed-
rock parameters unchanged. These models were named “Matching wood” and “Match-
ing concrete”. A higher eigenmode to match was chosen for the concrete building in
order to avoid overlap in the soil response. The free field response of the soil and the
building’s eigenmodes, respectively, can be found in Appendix A.

The properties of the soil cases and the bedrock can be found in Table 4.3.
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Table 4.3: Ground Properties for all cases.

Case Soil: Soil: Soil: Bedrock
Standard Matching Matching
Case wood concrete
Depth (m) 0-6 0-6 0-6 6 - 0o
Density (kg/m?) 1800 1500 1700 2500
Youngs module (MPa) 800 16 300 10 000
Poisson’s ratio (-) 0.48 0.48 0.48 0.48
Loss factor (-) 0.10 0.10 0.10 0.04

4.3 Vehicle and track model

For the mixed FOR model, a vehicle and track model had to be defined. Using the
SubG City program, the vehicle and tracks could be defined through several parameters.
A single vehicle was modeled as a 10-DOF multibody system as per Chapter 3.5.2.
The properties of this vehicle are shown in Table 4.4. The track properties can be seen
in Table 4.5. The values are taken from Bucinskas et al. [19].

Table 4.4: Vehicle properties.

Mass of car body (kg) 40 000
Mass of bogie (kg) 5 000
Mass of wheel set (kg) 1800
Car body pitch moment of inertia (kg?) 2.0-10°
Primary suspension stiffness (N/m) 2.4-10°
Secondary suspension stiffness (N/m) 6.0-10°
Primary suspension damping (N - s/m) 30 000
Secondary suspension damping (N -s/m) 20 000
Distance between bogies’ centers (m) 19.0
Distance between bogie’s wheels sets (m) 2.7
Herztian constant Gy (-) 5.4-1078

The rail unevenness was modeled through the use of a PSD-function from a Ger-
man track spectrum, described by [21]. The track quality coefficient A, was equal to
0.59233 - 107% which corresponds to a medium quality track [19]. The train loading
had excitation frequencies between 0 - 250 Hz, with 251 discrete frequencies.

4.4 Parameters

This section explains what parameters were tested for each parameter study, and their
values. Most parameters were determined by estimating what changes to the building
would logically have a impact on the dynamic behavior of the building, and some
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Table 4.5: Track properties.

Rail mass per unit length (kg/m) 60.0
Rail bending stiffness (N/m?) 6.4-10°
Rail loss factor (-) 0.01
Rail pad stiffness (N/m) 5.0- 108
Rail pad loss factor (-) 0.1
Sleeper mass per sleeper (kg) 542.0
Ballast vertical stiffness (N -s/m) 4.64 - 107
Ballast mass per unit length (kg/m) 1740
Ballast loss factor (-) 0.04
Track width (m) 3.2

were found to warrant further study during the testing phase and were included in the
study. For the parameter study of a stationary load, the parameters tested are found
in Table 4.6. The number of floors is defined as the number of different floor plates
present, including the roof. The cross section parameter values were selected based on
dimensions commonly found in the building industry.

Table 4.6: Parameters tested for a stationary load, with standard cases in bold.

Parameter ‘

Wood Values ‘
Standard / Match. wood / Match. concrete | -

2/3/4/5/6 -
8/10 /12 /14 /16 m
176 /810 /12 m
10 /20 / 30 / 40 m

Concrete values ‘

Soil type

Number of floors
Long side length
Short side length
Distance to load

Beam dimensions

90x315 / 115x360 / 150x300 / 200x400 / | mm
140x405 250x500
Pillar dimensions 110x110 / 160x160 / 150x150 / 200x200 / | mm
210x210 250x250
Structural damping 0.02 / 0.04 / 0.06 / 0.02 /0.04 /0.06 / |-
0.08 /0.1 0.08 /0.1
Layers of CLT 5/6/7/8/9 - -
Thickness of CLT 20 / 30 / 40 / 50 / 60 - mm
layers
Thickness of concrete - 150 / 200 / 250 / 300 | mm
slabs

For the parameter study of the moving train load, the most impactful parameters were
selected for an additional parameter study. Moreover, the speed of the train was also
studied. The parameters and their values are found in Table 4.7.
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Table 4.7: Parameters for the moving train load, with standard cases in bold.

Parameter ‘ Wood Values Concrete values ‘ Unit

Distance to track 10 /20 / 30 m

Train speed 60 /90 / 120 km/h

Soil type Standard / Match. wood / Match. concrete | -

Pillar dimensions 110x110 / 160x160 / | 150x150 / 200x200 / | mm
210x210 250x250

Structural damping 0.02 / 0.04 / 0.06 / 0.02 /0.04 /0.06 / |-
0.08 /0.1 0.08 /0.1
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4.5 Evaluation of results

To evaluate the vibrations in the building and enable comparisons between both vary-
ing parameters and materials, four different evaluation measures where used. The
stationary load case and the moving load case were evaluated with the same methods.
Firstly, the steady state velocity amplitudes, or the equivalent velocity amplitude in
the frequency domain for the SubG City program, over 159 discrete frequencies between
1 Hz and 80 Hz were evaluated at 27 different points spread across one half of the floor
as seen in Figure 4.3. Then an RMS-value representing all points was calculated for
each evaluated frequency, using Equation 3.11. By plotting this velocity, the overall
response of the building for each frequency could be examined.

The second evaluation measure was to calculate the overall RMS-value by once again
using Equation 3.11 and evaluating the first measure over all discrete frequencies. A
single value representing the vibration across the building was then acquired, which
could be used to make simple comparisons without examining the frequency dependent
response.

The third measure was to normalize the second measure against the maximum value
for each building type and parameter study to be able to examine the change in percent
for a given parameter study. This measure was used to gauge the relative impact a
change in a certain parameter could have. It was calculated as

URMS,i
VNorm,i =2 (41)
max(Veus)
where Viyorm,i is the normalized RMS of velocity for one case i, vgys,; is the velocity
amplitude of the building for one case, and vy is a vector containing the velocity

amplitude for all cases.

The fourth and final measure was to calculate a building amplification factor that
shows how the relation between the building velocity amplitudes from measure one
and the ground velocity amplitudes according to

A = YRMS (4.2)

Vground

Here, A is a vector containing the building amplification factors and v g,ounq is a vector
containing the velocity amplitudes for a surface point in the center of the building.

..........

N SN SN
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Figure 4.3: The distribution of measurement points over the building.
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Figure 4.4: Difference between the free field response of the ground surface and the
response with a building present using a stationary load.

The division is conducted as element-wise division for each discrete frequency. As the
presence of the building may have an impact on the soil response vg,ounqg @ comparative
study for a point with a building present versus the free field response was conducted,
see Figure 4.4. The percentage difference in RMS of absolute velocity was 3.2%, and
the response diverges slightly around 30 Hz and above. As the difference is small,
the choice was made to use the response with the building present as this reduced
calculation time.

The relations between all measures can be seen as a flowchart in Figure 4.5.

Velocity amplitude One velocity amplitude One velocity amplitude
for 27 point per frequency for each case

RMS over
points

RMS over
frequencies

;f,'-l’ ’

Distance 1o load

Divison with Division with
ground velocity maximum value

Y Y

Distance toload

Building ampilification factor Normalized RMS of
velocity amplitude

Figure 4.5: Flowchart of the relations between the different evaluation measures. Arrows
represent calculations made.
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5 Parameter studies

In this chapter the results of the parameter studies are presented. The results for the
wooden building and concrete building are presented, as well as a comparison between
the two building types.

5.1 Parameter study for stationary load
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Figure 5.1: Results for the standard buildings.

A parameter study for a stationary oscillating load was conducted and the results of
that study is found in this Section. A load with an amplitude of 1 N was applied
on the ground surface, on a rigid squared surface with a side length of 1.1 m at the
load point. The parameter studies on varying CLT layer heights, number of CLT
layers and concrete plate thickness only concerned the respective building types and
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no comparison was made for these cases. These are presented last. The results for the
standard cases are presented in Figure 5.1.

5.1.1 Soil type

A defining feature of the study of soil type was the large peak in velocity amplitude
for the Matching wood soil type as seen in Figures 5.2a and 5.2b. This shows that the
soil conditions have a large impact on the measured vibration levels, and that for a soil
with a low Young’s modulus like the Matching wood type, the frequencies with the
largest response are in the 1-15 Hz range. For the other two soil types, the frequencies
with high response are higher and spread over a larger frequency range, between 10-50
Hz for the Matching Concrete type and 15-80 Hz for the Standard type as seen in
Figure 5.3. The large impact of the soil type on overall vibration levels can also be
seen in Figures 5.2c and 5.2d.

As seen in Figures 5.2e and 5.2f all three soil types induce a higher amplification of the
vibrations in the low frequency range in the concrete building as opposed to the wooden
building. This is despite the fact that the Matching wood and Matching concrete soil
types were designed to cause a large response frequency in the ground motion at the
building types respective natural frequencies, and in turn induce eigenmodes which
would cause additional vibrations. While eigenmodes seem to have been induced in
both buildings in the 1-12 Hz range, there is no definitive correlation between the
“matching” soil types and their respective building material. It is also notable that
both buildings seem to have a large amplification factor at roughly 72 Hz for the
Matching concrete soil type, that is not present for the other soil types. It is not
concluded why this amplification occurs here. A cause could be that the soil vibrations
coincide with a higher natural frequency in both building types at this frequency, but
this has not been investigated.

When comparing the two building types to each other in Figure 5.4 it was noted
that the vibration levels in the concrete building was higher for the Matching wood
soil type, but lower for the two other soil types. This shows that it is not only the
building type that affects the vibration levels, but rather the combination of soil and
building. For the studied standard building it means that for a very soft soil such as
the Matching wood type, the better material choice is wood, while for the more stiff
soil types the better material choice is concrete.
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5.1.2 Number of floors

When examining the effect that changing the number of floors and thus the building
height have on the vibration levels there emerges a trend. As seen in Figures 5.5¢ and
5.5d a higher number of floors results in lower vibrations at the top floor plate. The
change seems to be linear and applies for both building types. However, note that as
the measuring points are always placed on the second highest slab.
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As the distance from the building supports to the measuring points increases with more
floor levels there exist more material which may dissipate energy through damping.
With an increase in the number of floors there also comes an increase in the mass of the
building and a different geometry. This may cause a shift in the natural frequencies
of the building. Looking at Figures 5.5e and 5.5f the peak of the amplification factor
in the low frequency range does shift lower as the number of floors increases. As the
amplification factor is a indicator for when the building is resonating, this may show
a shift in the natural frequencies of the building.

A notable result is the difference in amplification behavior of the two building types.
For the wooden building, the shift in the building amplification’s peak frequency in the
1-6 Hz range does not cause a difference in amplitude. In the concrete building, the
shift also causes a higher amplitude as the peak frequency decreases with an increasing
number of floors. The cause of this difference has not been investigated.

When comparing the two building types against each other in Figure 5.6, it can be
noted that while the concrete building always has a lower RMS of velocity than the
wooden building, the gap increases with a higher number of floors. This shows that
as the building gets higher, the benefit of using concrete increases.
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Figure 5.6: Comparison of RMS of velocity.

5.1.3 Length of the building

The length of the building has a significant impact on the vibration levels inside the
building. As can be seen in Figures 5.7¢ and 5.7d there is a 38% reduction in RMS of
velocity when doubling the length of the wooden building, and a 42% reduction in the
concrete building. Furthermore, there seems to be a slight shift to a lower frequency
of the peak building amplification in Figures 5.7e and 5.7f. This change in frequency
of the peak coincides with a increase in amplification amplitude as the peak frequency
decreases with a longer building length. This behavior is limited to the 1-8 Hz range,
and at higher frequencies a longer building results in lower amplification.

As the building gets larger its mass increases, which may cause a reduction in vibration
levels as more inertia has to be moved. Another factor may be the increased distance
between the center of the floor slabs to the pillars. As it is the pillars which propagate
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Figure 5.7: Results of the parameter study of the building length.

the vibrations into the beams and slabs, the vibrations must move more material
before reaching the center of the building, which may lead to energy losses in geometric

damping in the ground and material damping.

A comparison of the two building types in Figure 5.8 reveals that the impact of the
length on RMS of velocity is similar for both material choices. There seems to be
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a slight increase in difference between the wooden and concrete buildings as length
increases, with the wooden building always having the highest vibration levels.
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5.1.4 Width of the building

The effect of changing the width of the building has some similarities with changing
the length. A wider building results in lower vibration levels, as seen in Figures 5.9¢
and 5.9d. The impact of mass may be somewhat similar. However when changing the
width, the behavior is not as linear as when changing the length. Another differing

behavior can be seen in Figures 5.9e and 5.9f.
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Here it can be noted that the peak amplification changes dramatically depending on
width, with wide buildings having a high and early peak while shorter widths results in
low amplitudes but spread over a larger frequency band. A change in natural frequen-
cies of the building is evident when the width changes. As this is the span direction
of the floor plates, a longer span will generally result in lower natural frequencies for
the bending modes of the plates. This explains the frequency of the peaks in the
amplification factors, but not the width of the peaks.

This behavior may be caused by the placement of the pillars in relation to the load
point. Increasing the width of the building moves the front pillars closer to the load
point, while the back pillars are moved further away. This results in higher vibration
transmission in the front pillars and lower transmission in the back pillars. Moreover,
the change in distance between the front and back pillars means that the building may
interact with the wave crests in the ground differently, e.g. the front pillars cresting a
wave while the back pillars are in a trough. Dependent on if the wave propagation from
the pillars to the plates are constructively on destructively interfering the measured
vibration levels may increase or decrease, respectively. This may also impact the
triggering of eigenmodes.

Comparing the two building types in Figure 5.10 shows that the effect of changing the
width of the building is very similar for both types, with the shapes of the curves being
near identical. As the effect of the width is the same, the wooden building always has
higher vibration levels compared to the concrete building for the studied widths.
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5.1.5 Distance to load

The distance to the load has a large impact on the measured vibration levels. The
change in vibration levels due to varying the distance is not linear however, and ex-
amining Figures 5.11c and 5.11d it can be noted that the decay is seemingly exponential
and the RMS decrease from 10 meters to 40 meters is around 85% for both buildings.
By examining Figures 5.11e and 5.11f it can be seen that the building amplification
differs substantially with distance. When the distance is 10 meters the impact
from bending modes being excited is small, with the building vertical velocity never
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Figure 5.11: Results of the parameter study of the distance to the load.

exceeding the ground motion for any frequency. Increasing the distance the impact
from the bending modes becomes more pronounced in the low frequencies. Important
to consider when examining these results is that the load distance is from the center
of the building to the load, which means that when the distance to load is 10 meters
the real distance from the foundations of the near pillars to the load is only 6 meters.

When comparing the two types of building in Figure 5.12 it can be noted that the
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absolute difference between the building materials decreases with distance.
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Figure 5.12: Comparison of RMS of velocity.

5.1.6 Cross section of beams

The effect of changing the beam cross section is one of the smallest for the examined
parameters, as seen in Figures 5.14c and 5.14d. This result can be explained by the
fact that the beams run perpendicular to the wave direction of the vibrations, and will
not effect the vibration transmission from the pillars to the floor plates or the natural
frequencies for the relevant bending modes.
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Figure 5.14: Results of the parameter study of the beam cross-section.

5.1.7 Cross section of pillars

Examining the results of the study of pillar cross sections, it can be seen that the
cross section has a large impact on vibration levels. In Figures 5.15¢ and 5.15d an
approximately 3.6 times larger cross sectional area causes a 37% increase in RMS
values for the wooden building, while a approximately 2.7 times large cross sectional
area causes a 45% increase in RMS values for the concrete building.  Why changing
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Figure 5.15: Results of the parameter study of the pillar cross-section.

the pillar cross section has a large effect on measured vibrations is further discussed in
Section 5.1.8. As seen in Figures 5.15e and 5.15f there seems to be a slight shift in the
frequency of the peak building amplification factor as the dimensions increase, which
indicates a shift in natural frequency of the building. Comparing the two building
types in Figure 5.16 the effect of changing the cross section seems to be similar for

both buildings.
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5.1.8 Damping

The effect of structural damping on the measured RMS can be seen in Figures 5.18c and
5.18d. As damping increases, so does the RMS value. This result is counterintuitive,
as more energy losses in the material results in higher vibrations. Examining Figures
5.18a and 5.18b it can be found that for the velocity peak in the 1-8 Hz range, the
behavior of higher damping resulting in lower vibration levels is present. At around 8
Hz, the behavior switches.

Studying Figures 5.18¢ and 5.18f, the same behavior can be seen. When the building
amplification factor is above one and the building is resonating in its bending modes,
the effect of the damping is as expected, but when the building no longer amplifies the
soil vibrations the behavior reverses. This means that higher damping increases the
transmission of vibrations from the soil to the building when the vibration response is
driven by ground vibration, i.e., amplification factor below 1.

A plausible mechanism for this might be that as damping increases so does the dynamic
stiffness of the pillars. With stiffer pillars, the transmission of vibrations into the floor
plates increases as the pillars bend less. This may therefore also be applicable in
Section 5.1.7 where the similar behavior of stiffer pillars resulting in higher vibration
levels is observed, which supports the hypothesis.
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Figure 5.18: Results of the parameter study of structural damping.

The comparison in Figure 5.17 shows that the effect is more pronounced for the con-
crete building than for the wooden building. The Figure also shows that for a wooden
and concrete building with the same damping, the concrete performs worse. This
means that it is plausible for a wooden building with low structural damping to out-
perform a similar concrete building with high structural damping.
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5.1.9 Thickness of CLT floors

Number of CLT layers

The effect of the number of layers of CLT on the measured vibration levels is negligible
as seen in Figure 5.19b, with a maximum decrease of RMS of 4% and no obvious trend.
There is a slight change of natural frequency as seen in Figure 5.19¢, with a thicker
CLT plate resulting in a slightly higher peak amplification frequency.
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Figure 5.19: Results of the parameter study of the number of CLT layers.

Thickness of CLT layers

The thickness of CLT layers has a similar effect on vibration levels as the changing
the number of layers. As the thickness of the CLT plates increases, there is a small
increase in natural frequency in Figure 5.20c but no significant change of RMS or trend

in Figure 5.20b.
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Figure 5.20: Results of the parameter study of the thickness of CLT layers.

5.1.10 Thickness of concrete floor

Similar to when changing the thickness of the CLT plates in the wooden building,
changing the concrete floor thickness results in a small change in vibration levels. In
Figure 5.21b the increase in concrete thickness results in lower RMS velocities in the
building, with a doubling of thickness resulting in a 8% decrease. While more than
for the CLT plates, it is still a comparatively small decrease for the overall parameter

study.
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Figure 5.21: Results of the parameter study of the thickness of concrete floors.

5.2 Study of moving train load

A limited parameter study with a more computationally heavy moving train load was
conducted using the SubGCity program. The most significant parameters from the
parameter study of the stationary load were selected. The parameters were: distance
to load, cross section of pillars, damping and soil type. Of the selected parameters,
damping and soil type are investigated for the wooden building solely.

5.2.1 Distance to track

The distance to the track seems to have a high impact on the measured vibrations.
Examining Figures 5.22c and 5.22d the RMS value decrease when going from 10 to 30
meters is 77 % for the wooden building and 85 % for the concrete building. Studying
Figures 5.22a and 5.22b the effect is highest in the 1-6 Hz range, and is then somewhat
lower in the 8-25 Hz rage before increasing again for frequencies above 25 Hz.  As
seen in Figure 5.22e the amplification factor of the wooden building does not reach
one at any point. This means that while resonance may occur, such as the peaks in
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Figure 5.22: Results of the parameter study of the distance to the track.

the low frequency range, this resonance does not cause the vibrations in the building
to exceed the ground vibrations. In opposition, examining Figure 5.22f the concrete
building seems to have a higher amplification factor indicating that the resonance in
the low frequencies is more impactful than for the wooden building. Both building
types also seem to have some amplification peaks at the higher frequencies, especially

around 39 Hz.
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Comparing the RMS of the velocity between the two types of building in Figure 5.23 it
can be seen that the wooden building performs better at low distances from the railway;,
while the concrete building performs better at 30 meters distance. This is opposed
to the findings in Section 5.1.5 where it found that the concrete performed better at
short distances to the rail and the two building types performed more similarly as
the distance increased. This indicates that the stationary parameter studies may have
limitations in examining railway vibrations.
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Figure 5.23: Comparison of RMS of velocity.

5.2.2 Train speed

The train speed is the only parameter which does not have a counterpart in the
parameter studies for a stationary load. Studying Figures 5.25¢ and 5.25d, the impact
of train speed is high. A doubling of velocity from 60 km/h to 120 km/h results in a
108% RMS of velocity increase for the wooden building and a 104% increase for the
concrete building.

Examining the building amplification in Figures 5.25e and 5.25f shows that the ampli-
fication in the 1-8 Hz range is similar for all train speeds. At higher frequencies, some
inconsistencies appear. At 39 Hz, a peak in amplification appears for a train speed of
120 km/h, which does not appear for the other speeds. For speeds of 60 and 90 km/h
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Figure 5.24: Comparison of RMS of velocity.
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Figure 5.25: Results of the parameter study of the train speed.

a increase in amplification is found in the wooden building at around 45 Hz. This
increase is not observed when the train speed is 120 km/h. There is a corresponding
peak in the concrete building, but only for a train speed of 60 km /h.

Comparing the vibration response in the two buildings in Figure 5.24 shows that there
is no significant difference in the effect on each buildings vibration level. Moreover,
the wooden building performs worse than the concrete building at all speeds.
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5.2.3 Cross section of pillars
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Figure 5.26: Results of the parameter study of the pillar cross section.

Note that the results for the concrete building can not be directly compared to the
corresponding parameter study for a stationary load, as the pillar dimensions are not

the same.

The pillar dimensions has a large impact on the measured vibrations within the build-
ing, as can be seen in Figures 5.26c and 5.26d. Studying the smallest cross section,
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the RMS values are only 9 % and 10 % of those found for the largest cross section in
the wooden building and concrete building, respectively. This is a significantly larger
impact than for the corresponding parameter study for a stationary load when consid-
ering the wooden building. The pillar dimensions does not seem to impact at which
frequencies building amplification occurs in Figures 5.26e and 5.26f, but does seem
to impact the magnitude of the amplification. This implies that the pillars does not
impact the bending modes but rather the vibration transmission into the building.

Comparing the two building types against each other in Figure 5.27 shows that the
impact of changing the cross section is higher in the wooden building than the concrete
building.
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5.2.4 Damping

Results for the wooden building are presented. The increase in damping from 0.02 to
0.10 results in a roughly fourfold increase in the measured vibrations as seen in Figure
5.28b. The change appears to be linear, however, more data points would be required
for this to be conclusive.

The building amplification factor in Figure 5.28c shows a similar behavior as for the
results of the study of a stationary load, that when the building amplification is high a
higher damping results in lower amplification, and when the soil movement is dominant
the higher damping results in higher vibration transmission. The last point is also
supported by Figure 5.28a, however the effect on the vibration levels during high
building amplification is not clear in this graph. The results from studying the moving
load does not contradict the hypothesis explaining the behavior presented in Section
5.1.8.
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5.2.5 Soil

The results for the wooden building are presented here. As with the corresponding
study of a stationary load, the Matching wood type soil produces vibration responses
much higher than the two other soil types. Examining Figures 5.29a and 5.30a the
response is however highest in the 1-16 Hz range, and lower than the two other soil

types for most other frequencies.

The building amplification factor in Figure 5.29c varies greatly depending on the soil
types. Each type has large amplification peaks at different frequencies, with the excep-
tion of the 1-5 Hz range where the resonance in the building is active. This implies that
the transmissibility of vibrations from the soil varies not only on the building condi-
tions, but also the soil conditions. However, there is a possibility that a higher density
of observation frequencies might reveal other amplification peaks and behaviors.
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6 Discussion

This dissertation has established a framework for analyzing building vibrations within
parameter studies using semi-analytical models in both a stationary and mixed FOR.
These models allow the simulations to run with a significantly lower computational
cost compared to the commonly used FE method, while still allowing for much of the
same flexibility that the FE method has. The soil model is able to simulate three
dimensional wave propagation and has the ability to couple the soil to FE structures,
cavities and rigid elements. For the G City program, total runtime for one parameter
was around 10 minutes, while for the SubG City program the runtime for one parameter
was around 120 minutes. This is highly dependant on the computer used, as both
programs allows for parallel computing. However, the models used are entirely based
upon using Matlab code to generate the soil, track and building models, as well as for
evaluating the results. While coupling to external FE programs is possible, there is
currently no established method of doing so and would require extensive knowledge
about the programs code structures. Developing a framework for simpler input and
results analysis would greatly benefit the accessibility of the program.

By using four different evaluation metrics, both the overall impact of a parameter
and the behavior of the building-soil system for each parameter may be interpreted.
The use of a building amplification factor has been useful to investigate the impact
of building resonance on the overall vibration levels. It has shown that the effect of
building resonance on overall vibration levels is small compared to the transmission
of vibrations from the soil. Furthermore the effect of resonance is mostly limited to
the sub 15 Hz frequency range. Changing the soil parameters were shown to have a
significant impact on the measured vibration levels. By attempting to match soil large
frequency responses to the buildings natural frequencies the hypothesis was that it
would induce higher building amplification amplitudes. This was however not the case
for the studied buildings, and as the soil seemingly did not have a significant effect on
the amplification amplitudes.

The building model examined in this dissertation is simplified. As it only contains the
basic structural elements with no stabilizing system, walls or furnishings, the direct
application of the results to real world buildings should be approached with care. Fur-
thermore the parameter study of a stationary load only considers the effect of a unit
load propagating from one position at each frequency. When examining realistic vibra-
tion sources, the loading will occur with different magnitudes at different frequencies,
and will often not be stationary but moving, such as with railway vibrations. This
means that knowledge of the vibration source and its excitation frequencies is required
to apply the results on real world conditions. This is exemplified when comparing the
two respective parameter studies of the effect of distance to the track in Sections 5.1.5
and 5.2.1. Here it was noted that the concrete building outperformed the wooden
building at all distances when affected by the stationary load, but when the moving
load was analyzed the results instead indicated that the wooden building outperformed
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the concrete building at short distances to the track. The exact reason for the dis-
crepancy in the two results can not easily be determined due to the complexity of the
train and track system causing the moving load, but it can be reasoned that it is some
combination of the different load magnitudes at different frequencies, the variability
of the train’s distance to the building and the changing angles that the soil waves hits
the building from. These factors does not however mean that the stationary load case
can not be applied to any more realistic conditions. For both the studies of pillar cross
section and damping the conclusions drawn from the stationary load case in Sections
5.1.7 and 5.1.8 seems to also apply when examining the moving load in Sections 5.2.3
and 5.2.4.

The results showing that higher structural damping causes higher vibrations are par-
ticularly interesting. This parameter has to the author’s knowledge only been studied
once in the context of coupled soil-building vibrations, using a two-dimensional plain
stress model with a slab foundation. In this study it was found that higher damping
resulted in lower vibrations levels [4]. Why the results differ from that of this study
is unclear, but as noted there are several differences in both modelling approach and
building structure which might impact how the damping affects the building vibra-
tions. It is important to note that damping in real structures is significantly more
complicated than a single value representing all material damping. Joints, walls, fur-
nishings and other building elements may have a significant impact on the damping
behavior of a building. It is also not known if higher damping resulting in higher vi-
brations is limited to structural systems using pillars, beams and plates, or if it applies
also applies to other systems, e.g. structures using bearing walls or trusses.

In the moving load case, a single vehicle was used as a load source. This is however
uncommon on real railways. Most railway traffic has several vehicles that may vary in
weight and properties, and this should be accounted for when examining real condi-
tions. For the comparative parameter study in this dissertation using one vehicle was
considered acceptable to reduce computation cost.

A key investigation of this dissertation was the comparison between two similar build-
ings using different materials. A common view is that concrete buildings are superior
to wooden buildings in high vibration environments. The parameter studies conducted
has shown that the examined wooden structures generally have higher vibration levels
compared to examined concrete buildings, but that there were exceptions where the
wooden building outperformed the concrete one. These exceptions were in the cases
of similar structural damping for both buildings, a building placed on soft soil and a
building placed very near a railway track.

No comparison to real vibration criteria such as VC-curves or ISO guidelines was
conducted in this master’s dissertation. For the stationary load case the use of a
unit load means that the measured RMS values are not valid for uses other than
comparison within the parameter study. For the moving load case, the comparison to
real vibration criteria is not valid even though the loading is realistic, as the building
model is simplified and only considers a single vehicle on a single track model, the
comparison would not yield any useful information for the purposes of this dissertation.
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7 Conclusions

This dissertation aimed to further the understanding of wooden and concrete buildings
exposed to railway induced comfort vibrations. The main conclusions and limitations
of the work are as follows:

e Using a semi-analytical soil model coupled to a railway track and FE building,
the calculations could be made at a much smaller computational cost compared
to the more commonly used FE method.

e The parameter studies found that for the examined buildings and soil types,
vibration levels were generally highest in the wooden building, with the exception
of buildings with similar structural damping, buildings placed on soft soil and
buildings placed very near a railway track.

e When comparing the stationary load cases to the moving load cases, it was found
that the results of a steady state analysis does not always agree with the results
when considering a moving train load, but that in general conclusions drawn
from the steady state analysis applied when considering a moving load.

e A major finding of the parameter studies was that a higher structural damping
resulted in higher vibration levels in the buildings. This contradicts the results
of the only known previous study of damping in buildings exposed to external
vibrations.

e When examining the resonance behavior of the buildings, it was shown that
the resonance of the examined building had a small effect on measured building
vibrations compared to the transmission of vibrations from the soil. Furthermore,
matching a soil’s large response frequency to a natural frequency of the building
showed no significant effect on vibration levels.
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8 Suggestions for future work

There are several avenues for future works to investigate the methods used and results
gained from this dissertation. These are suggested as follows:

e An investigation of the effect of other parameters such as foundation types, build-
ing footprint, rotation of the building, and the use of other structural systems.
This could provide additional insight into how other types of building systems
responds to railway vibrations.

e Examining the cause of the result that higher damping results in higher vibration
levels, and how this result can be further applied to building design.

e An application of the model to investigate a more complicated FE-building model
to examine how the models may be applied to more realistic scenarios and exam-
ine the validity of the results reached for a simple building model. By coupling
the model to a more refined FE-program than the built in one, or using stiff-
ness and mass matrices made in other programs, more accurate and complex
behaviors might be uncovered.

e Using more powerful computer systems to investigate the effect on higher fre-
quency vibrations and noise. A higher frequency density might also be used with
more computing power.

e Investigating the effect of different rail profiles and train types on building or
free field vibrations.

e As the models support cavities and barriers, the effect of urban environment
factors like sidewalks, streets and trenches might be investigated. This also
allows for the investigation of other types of railway vibration sources, such as
subways and trains in tunnels.

e Calibrating the computational model to field measurements.
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Appendix A
Appendix

A.1 Free field response of the ground surface
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Figure A.1: The free-field response of the three types of soil.
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A.2 Relevant eigenmodes of the buildings

A.2.1 Wooden building

®@%

(a) Mode at 5.2 Hz. (b) Mode at 5.7 Hz. (c) Mode at 9.6 Hz.
(d) Mode at 11.2 Hz. (e) Mode at 14.0 Hz. (f) Mode at 19.0 Hz.

Figure A.2: Selection of plate bending eigenmodes of the wooden building.
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A.2.2 Concrete building

(a) Mode at 6.5 Hz. (b) Mode at 14.6 Hz. (c) Mode at 15.2 Hz.

(d) Mode at 16.8 Hz. (e) Mode at 17.8 Hz. (f) Mode at 20.6 Hz.

Figure A.3: Selection of plate bending eigenmodes of the concrete building.
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