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Abstract

Much focus is being laid on vibrations in the building industry today. Many times
these vibrations are externally induced and caused by placing buildings closer to
existing sources, such as railways and roads, or new transportation systems closer
to existing buildings. Vibrations can be disturbing to both humans and sensitive
equipment in, for example, hospitals and laboratories. The simulations needed to
investigate the effects of these vibrations are complex. Because of this it is important
to know which studies are needed in a project and what parameters need to be
evaluated.

In the Master’s dissertation, the important parameters for a building and its sur-
rounding materials, when analysing externally induced vibrations in the built envi-
ronment, are investigated. The focus of the study is on the effects of surrounding
buildings in numerical models, i.e. how multiple buildings will respond to exter-
nal vibrational sources compared to the response of a single building. Numerical
parametric analyses were performed in the commercial software Abaqus using two-
dimensional finite element models with different geometry, mass, stiffness and damp-
ing. Plain strain conditions were used in the layered ground model and the concrete
buildings. Steady-state analyses were performed for the frequency spectrum between
1 and 80 Hz, with a linear step size of 0.5 Hz applying a unit load of 1 N, 50 m from
the studied building.

Both the effects of a building being placed in front of a studied building and a build-
ing being placed behind the studied building was investigated. How nearby buildings
affect the response to external vibrations on a building is difficult to predict and it’s
hard to find general principles that describe it. Tt is, however, clear that nearby
buildings have an impact on the vibrational response. A large reduction in vertical
response amplitude can be observed when a building is placed in front of a building
that is similar in geometry. The largest reductions in displacement seem to coincide
with the resonance frequencies of the buildings. A heavy building and a building
with low damping being placed between the load and the studied building yielded
similar results in that they both corresponded to a lowering of the vertical displace-
ment amplitude. A building placed after the studied building in the direction of the
propagating waves does not have a large impact on the vertical vibrational response.
Only when the building behind is partly submerged into the soil i.e. having a cellar,
is the difference in response for the studied building noticeable but still low.

Keywords: Building vibrations, finite element method, structural dynamics, soil
dynamics, structure-soil-structure interaction.

i



1 Introduction

1.1 Background

Today, more focus is being laid on vibrations in buildings than previously. Many
times these vibrations are externally induced and caused by placing buildings closer
to existing sources, such as railways and roads, or new transportation systems closer
to existing buildings. Vibrations can be disturbing to both humans and sensitive
equipment in, for example, hospitals and laboratories. The effects of these vibrations
depend on the amplitude and frequency of the vibrations, but also the sensitivity
of the subject. To investigate these vibrations and their effects, studies can be con-
ducted using large three-dimensional (3D) numerical models with finite elements
(FE). The simulations needed to investigate the effects of these vibrations are com-
plex and require a lot of computational power. Because of this it is important to
know which studies are needed in a project and what parameters need to be evalu-
ated.

The accuracy of simplified models where wave-impeding blocks are placed in an array
either directly on the ground surface or partly in the ground and the effectiveness
of these blocks in reducing vibration levels behind them was investigated in a study
[1] by L.V. Andersen et al. The study concluded that reductions in vibration levels
can be seen using only one block, but that an array of multiple blocks can be even
better in this regard. Embedded blocks were shown to be even more effective but
the authors also note that caution should be taken when drawing conclusions from
the study because of large variations in the results. In a paper [2] by A. Kham
et al. the phenomena called site-city interaction was investigated using conceptual
city models. The parametric study concluded that when the fundamental frequency
of the ground is the same as the building’s eigenfrequencies, building and ground
motion is decreased. In an article [3] by J. Liang et al. the structure-soil-structure
interaction (SSSI) was investigated. The investigation was done for two walls, partly
embedded in a soft layer with a hard bedrock beneath. The authors concluded that
the resonances of the studied structures and the resonance of the soil are the most
significant factors in the dynamic response, but also that neighbouring structures
should be taken into consideration when predictions concerning dynamic response of
buildings are made. In a Doctoral thesis by P. Persson, traffic-induced vibrations in
a built environment and how to mitigate these is studied. The writer concludes that
a trench can mitigate up to 60% of the vibration levels[4] and that shaping of the
landscape surrounding a structure also can reduce the vibration levels significantly
[5]. It is also shown that stiffening of the soil beneath a building has a positive effect
[6]. Knowledge surrounding SSSI can give reductions in the amount and extent of
the measures necessary to mitigate vibrations in a built environment. This can, for
example, mean that buildings are placed in a certain pattern so that no measures
at all are needed.



1.2 Aim and objective

In the Master’s dissertation, the important parameters for a building and its sur-
rounding materials, when analysing externally induced vibrations in the built envi-
ronment, are investigated. The focus of the study is on the effects of surrounding
buildings in numerical models, i.e. how multiple buildings will respond to external
vibrational sources compared to the response of a single building. The aim is to show
when the influence of surrounding buildings should be considered in prediction of
externally induced building vibrations. This knowledge is important for the building
industry because of the potential time savings, and therefore also cost savings, in
construction projects due to a better understanding of building vibrations and the
development of easy to use models because of this.

1.3 Method

A literature study was conducted to establish a knowledge base about the subject
and approach the state-of-the-art. Numerical analyses were performed using finite
element models in the commercial software Abaqus. The investigation of the struc-
tures was conducted using two-dimensional (2D) finite element (FE) models with
differences in geometry, mass, stiffness and damping. By limiting the study to using
only 2D FE-models more analyses could be performed. A layered ground model was
employed for the cases studied. A desktop computer with access to the finite element

method program Abaqus was used alongside the numerical computing environment
Matlab.

1.4 Outline

e Chapter 1 contains the background, the aim and objective, the method and
the outline of the dissertation.

e Chapter 2 contains an overview of externally induced building vibrations, de-
scribing transmission and the impact of vibrations.

e Chapter 3 contains the governing theory used in the dissertation.

e Chapter 4 contains the numerical models for the buildings and the ground,
and a convergence study to determine the geometry and complexity of the FE
model needed in the analysis.

e Chapter 5 contains the numerical parametric analyses, investigating the effects
of a nearby building on the response of a building to an external vibrational
source and the results from this.

e Chapter 6 contains the concluding remarks, including main conclusions and
suggestions for future work.



2 Externally induced building vibrations

Externally induced vibrations can come from different types of traffic, but also from
construction sites or industries. Vibrations from traffic can originate from cars and
trucks on roads and trains on tracks.

Vibrations can be divided into three parts, the source, the medium and the receiver.
To understand the transmission of vibrations it is important to understand all of
these parts. Vibrations in a built environment can originate from two different types
of sources, external and internal. External sources are located outside the studied
structure, for example, different kinds of traffic on road or track. These vibrations
mostly come from different kinds of unevenness in the roads and tracks and from
connections between bridges and bridgeheads. The intensity of external vibrations
is steadily increasing because of bigger, faster and heavier transportation vehicles
being deployed. The intensity of vibrations varies over frequencies and different
sources produce high energy vibrations in different frequency spectrums. Internal
sources are located inside the building and are commonly manifested as vibrating
machinery, like fans or pumps, or human activity, like walking, dancing, music,
etc. The materials between the source and the receiver is called the medium. The
characteristics of the medium has a big impact on the speed and intensity of the
propagating waves and the displacements caused by these. For external sources
the ground, and for long distance cases the bedrock, becomes the medium. Energy
losses from the medium to the propagating wave come from geometrical damping and
material damping, but reflection and refraction also give a reduction in how much of
the propagating wave that reaches the receiver. The receiver is the object, structure
or person for which the vibration levels are important. This can be because of
physical limitations or psychological disturbance tolerances. The limitations varies
for different structures but it can generally be said that a building is most vulnerable
at its natural frequency, see Section 3.5.1, which for common buildings can vary from
below 1 to over 50 Hz [7]. Lighter structures, like wood- or steel framed buildings,
are more sensitive to vibrations.

The impact of vibrations can be divided into effects on humans, effects on machines
and structural damage. The effect vibrations have on humans has to do with hu-
man perception and the effects can vary greatly. Between 1 and 80 Hz is, according
to ISO 2631 [8], the frequency range to evaluate human exposure to vibrations in
buildings. The frequency range where humans are most sensitive is between 0.5 and
10 Hz [9]. The main health issues caused by vibrations are sleep disturbance, cardio-
vascular diseases and, for small children, cognitive impairment [10]. For buildings
the biggest risks concerning vibrations are cracks and settlements. The vibrations
need to be quite large in magnitude to cause problems for well built, foundationally
sound, structures. The effect on sensitive equipment can however be more notice-
able. Manufacturers of sensitive equipment, used in research and precise manufac-
turing, specify limits which the vibration levels need to be kept below, but general
limitations for vibration levels have not been established.



3 Governing theory

In the chapter the governing theory is presented, including sections on wave types,
the FE method, plane strain, element types, structural dynamics and the evaluation
methods used.

3.1 Wave propagation in ground

Compression Undisturbed Undisturbed

Expansion

(a) Pressure wave (P-wave). (b) Shear wave (S-wave).

Undisturbed

(¢) Rayleigh wave.

Figure 1: Common wave types, in ground, containing vertical displacements. Figure
source: |7]

There are two types of waves discussed when talking about vibrations in ground.
The first one is body waves and the second one is surface waves. The two main
components of body waves are pressure waves (P-waves) and shear waves (S-waves).
P-waves are periodically alternating zones of compression and zones of expansion
moving through a medium, see Figure 1la. They can travel through both solids and
fluids. That is not the case for S-waves, as fluids do not have shear strength in
the same way as solids. Another difference between P-waves and S-waves is that
P-waves are significantly faster in their propagation speed. S-waves are periodic
shear deformations of the medium occurring perpendicular to the direction of the
wave, see Figure 1b. The main components of surface waves are Love waves and
Rayleigh waves. Love waves propagate through the medium with particle motion
perpendicular to the direction of the wave and parallel to the surface i.e. no vertical
component and they are therefore not discussed further in this dissertation. Rayleigh
waves propagate through the medium containing a mix of pressure and shear motion,



see Figure 1c. The pattern in which the particles move is elliptical. The propagation
speed of Rayleigh waves are quite similar to S-waves. The relation between wave
length, A\, and frequency, f, is given by the following equation:

A= (3.1)

where c is the wave speed for the specific wave type in the studied medium.

3.2 Finite element method

The physical problems found in engineering mechanics are often modelled using
differential equations. These can be very complex and are often not solvable using
exact analytical methods. The finite element (FE) method allows these problems to
be solved approximately by use of a numerical approach. This is done by dividing
the studied region, be it one-, two or three-dimensional, into smaller parts. These
parts are called finite elements and the collection of all the parts are called the
finite element mesh. Even though the studied variable varies non-linearly over the
studied region it is possible to assume a linear variation over each individual element
which solves the problem, assuming a small enough element size. An infinitely
small element size would make the solution exact but as long as the solution is
close enough, for the purpose of the problem, the resulting solution can be used.
The result from each individual element is then assembled to form a solution over
the complete studied region, an integration is being made. The method is today
widely used in the industry with many programs to choose from. Many of these
are both relatively easy to use and are able to present results in a clear informative
fashion. Though this is all good and well, a word of caution is recommended when
interpreting the results because of the approximations made and the complex nature
of said results. Different assumptions made when modelling physical problems can
have a large impact on the results. A static system is, using a FE model, written as

Ku=f (3.2)

where K is the stiffness matrix, u is the displacement vector and f is the force vector.
[11]

3.3 Plane strain

The displacement per meter caused by stress in an object is called strain, see Equa-

tion 3.3.
B du

Cdx
where ¢ is strain, du is the change in length and dz is the length of the object before
deformation. For a long object with the same cross-section over the entire length, it

€ (3.3)



can be assumed that all movement is restricted in the longitudinal direction. This
means that strains only exist in the perpendicular plane to the longitudinal axis,
which is called plain strain conditions.

3.4 Element types

There are many types of finite elements and the following element types are used in
the analysis. An element with quadratic approximation in two directions is called
biquadratic. This means that the displacements can vary non-linearly along the
element boundaries. In the FE method, integration is used to determine the solution.
This can be computationally expensive to solve but there are simplifications that
can be made. Lowering the order of integration, called reduced integration, is one
of these. When full integration is used, the stiffness matrix is overestimated and the
solution can differ from real life behaviour. Reduced integration lowers the accuracy
but can, because of no overestimation of the stiffness matrix, also give a solution
that is more similar to real life behaviour.

A biquadratic plane strain element with 8 nodes, using reduced integration, is de-
noted CPESR in Abaqus Standard 6.13 |12|. This element can be seen in Figure 2a.
An element which is non-reflective on one of its boundaries is called one-way infi-
nite. A quadratic element with 5 nodes and one non-reflective boundary is denoted
CINPESR in Abaqus Standard 6.13 [12] and can be seen in Figure 2b.

' ]
1 1
1 1
]
' |
1
| 1
1 1
1 I
1 I
]
! ]

4 3

1 2
(a) CPESR (b) CINPE5R

Figure 2: Element types used in the numerical model.

3.5 Structural dynamics

The type of structural analysis where structures are subjected to dynamic loading,
as opposed to only static loading, is called structural dynamics. A dynamic load is a
load that changes over time, like for example, loads from wind, earthquakes, people
or machines with rotating parts like washing machines, just to name a few.

For a single degree of freedom (sdof) system, with a damper and a dynamic load



acting on it, see Figure 3, Newton’s second law of motion gives, using the same
notation as in [13],

mii + ct + ku = p(t) (3.4)
where m is the mass, i the acceleration, ¢ the damper, % the velocity and f(t) the
time dependent load. For a multi-degree of freedom (mdof) system, using matrix

notation this gives
Mii + Cu + Ku = p(t) (3.5)

where M is the mass matrix, ii the acceleration matrix, C the damping matrix, 0
the velocity matrix and f(t) is the time dependent force vector.

—

N

C
] i P

k (@) Q

Figure 3: A single degree of freedom system including mass, m, displacement, wu,
damping, ¢, spring, k, and time dependent load, p(t).

For an sdof system with damping included, the response to a harmonic load can be
expressed with the following equation:

mii + ¢t + ku = po sin wt. (3.6)

The solution to this differential equation contains two different vibrational compo-
nents. The particular solution is called transient and the complementary solution
is called steady-state. The important difference between the two is that the tran-
sient response decays quite quickly over time, while the steady-state remains. The
steady-state response can, using complex notation, be expressed as

u(t) = ae™ (3.7)
v(t) = |V]e™! (3.8)
where u(t) is the displacement, @ the complex displacement amplitude, v(t) the

velocity, |V| the complex velocity amplitude, i the complex number and w is the
angular frequency. The applied load written using complex notation is

p(t) = pe™’ (3.9)

where p(t) is the load and p is the complex load amplitude. This equation combined
with Equation 3.7 and the first and second derivative of Equation 3.7 give the

following;:
Dw)a=p (3.10)

where
D(w) = —w?M +iwC + K (3.11)

and D is called the dynamic stiffness matrix.
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3.5.1 Resonance

The frequency at which an object vibrates when given the chance to do so freely is
its natural frequency. To find the natural frequency, f,, the following equation is

used
Vk/m (3.12)

Jn = 2

which for a system with damping included is

- ) 019

where 7 is the loss factor. For most civil-engineering structures the loss factor has
a value below 0.4 [13]. A structure has, in reality, an infinite number of natural
frequencies and the lowest is called the fundamental frequency. The frequency at
which an object gives the biggest response to a dynamic load is called the resonant
frequency. Resonance occurs when a dynamic load matches the natural frequency
of the structure. The deformations will over time become infinite for an undamped
system, but in reality this is never the case because there is always damping present.
Also the material will of course fail before that happens. Figure 4 shows what
happens to the deformation when the loading frequency, f, comes closer and closer
to the natural frequency.

6
S
g
= Ar
£
=
E 2
Lg
o)
A
0 ‘ ‘
0 1 2 3 4 5 6
f1 1
Figure 4: Showing how the deformation factor varies when the loading frequency is
varied.
The deformation factor is calculated using
Deformation fact ‘ = (3.14)
eformation factor = |————|. .
1— (f/fn)2

3.5.2 Damping

Vibration is a mechanical phenomena and the amplitude of the oscillations will in
reality gradually reduce in size. The mechanical phenomena where the amplitude of



vibrations gradually decrease is called damping and it happens because of various
mechanisms that has to do with energy loss. These losses can come from both inter-
nal and external friction. The friction can appear in connections between structural
components and between different building elements, but also from imperfections
inside the different building materials. To identify and quantify these processes is
very hard to accurately do and idealisations need to be made. This is most often
done by combining all the damping mechanisms into one single damping coefficient
which has an equivalent effect to all the different damping factors, both known and
unknown. This coefficient can, because of its complexity, not be calculated and
must be provided by doing experiments on actual structures. The loss factor, 7, is
a measure of how much of the energy is being lost because of damping and can be
calculated using
Ep

= 27TES
where Fp is the energy lost because of damping and FE is the strain energy put in
to the structure. These measures of energy can be calculated using

(3.15)

Ep = mewu? (3.16)
k 2
Es = % (3.17)

where c is the viscous damping constant, w is the angular frequency, k is the stiffness
and wu is the displacement. The connection between the loss factor, n, and the
damping ratio, ¢, can be expressed using the following equation:

n=2¢. (3.18)

3.6 Evaluation of vibration and error levels

When evaluating vibrations and error levels it is important to specify what is actually
evaluated. This is important both when discussing and comparing results.

3.6.1 Vibration levels

To evaluate the vibration levels of a structure, the vertical complex velocity am-
plitude can be used. It can be helpful in the evaluation to calculate a root mean
square (RMS) value over a number of nodes. This is done for each studied frequency
using the following equation:

Vlhars(7) = |- (Z |V|§) (3.19)



where |V is the vertical complex velocity amplitude, n is the number of nodes and
j is each studied node. Another RMS value can be calculated over the studied
freqencies using the following equation:

|V|RM5’ - (Z |V|RMS fk ) (3-20)
k=1

where m is the number of frequency steps studied and k is the frequency.

3.6.2 Error levels

To evaluate the accuracy of the model, when doing a parameter study, another
RMS value can be calculated. The error, in percent, between the complex velocity
amplitude for the studied model, V', and for a reference model, V,.;, is calculated
for each frequency step, j, and the RMS value is calculated considering all of the
studied frequency steps using the following equation:
2
) (3.21)

RS |V‘ — |v|7'ef
Errorpmys = | — (100- ‘
m ; [Vlres

where m is the number of frequency steps.
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4 Numerical model

A 2D FE model was constructed using Abaqus 6.13 including a layered ground model
and simple representations of concrete buildings. Plane strain condition was used
in the numerical model because this was, in this case, more accurate. The reality
is somewhere between plane stress and plane strain, but simplifications need to be
made. The ground model was restricted in its horizontal movement along the left
edge, and rotation was only allowed around the horizontal axis. The only external
force was a concentrated instantaneous force with a magnitude of 1 N, applied in
the upper left corner of the ground model. Both the ground and the buildings were
modelled using deformable 2D elements and the connecting between the different
parts were modelled using a tie constraint. The analysis type Steady-State dynamics,
Direct, in Abaqus Standard 6.13 [12]|, was used. The studied frequency spectrum
ranges from 1 to 80 Hz, with a linear step size of 0.5 Hz which gives a total of 159
studied frequencies.

4.1 Convergence study

To investigate the needed size and complexity of the model, a convergence study
was conducted. This was done to minimise the time and effort necessary for each
analysis. A 2D FE model was built using Abaqus including a layered ground model
and a simple representation of a concrete building. The ground model was restricted
in its horizontal movement along the left edge, and rotation was only allowed around
the horizontal axis. The only external force was a concentrated instantaneous force
with a magnitude of 1 N, applied in the upper left corner of the ground model.
Both the ground and the building were modelled using deformable 2D elements and
the connecting between the different parts were modelled using a tie constraint.
The analysis type Steady-State dynamics, Direct was used. For detailed information
surrounding geometry, materials, finite element mesh and element types for the
building and the ground, see Sections 4.2 and 4.3, respectively. In the convergence
study, one parameter at a time was varied and all of the others were kept constant.

4.1.1 Frequency step size

The first parameter varied was the frequency step size for the analysis. The frequen-
cies between 1 and 80 Hz, with five different incrementation sizes of frequency steps,
were studied. An RMS-value was calculated for each step size variation and a com-
parison was made to the others. The setup for the study can be seen in Figure 5a,
with the evaluated node situated in the center of the first floor. The building shown
in Figure 10a was used in the created model. For the results, including RMS-values,
see Figure 5Hb.

Using both visual inspection and evaluation of the difference in RMS-value over the

11



spectrum, it can be argued that only a step size of 1 Hz is significantly different and
that the biggest discrepancy can be observed between 10 and 15 Hz. A step size of
0.5 Hz was, given the results, used in the analysis.

_ 80 i
50 —0.0625Hz, V|, o=7.8¢:08
---0125Hz, |V|! =7.8e-08|
P RMS
i 0.250Hz, |V|},,o=7.8¢:08
01
~—-05Hz, V(! =7.8e08]
Bedrock ! IRMS
---------- 1Hz, IV |y s=8-16-08| |
1 1 \JT\W”\““T‘ e
20 30 40 50 60 70 80
Frequency [HZ]
(a) 262 131 87 66 52 44 37 33
Wave length [m]
(b)

Figure 5: The setup used (a) and the results obtained (b) in the frequency step size
convergence study.

4.1.2 Mesh size

The second parameter evaluated concerning convergence was mesh size. The fre-
quencies between 1 and 80 Hz, with six different mesh sizes, were studied. An even
quadratic mesh was used for the full model. To evaluate the results, the error lev-
els were calculated using Equation 3.21, for each variation, comparing them to the
smallest studied mesh size. The setup for the study can be seen in Figure 6a, with
the evaluated node situated on the ground surface, 50 m from the applied load.

12



10—7 . T 4
i 80

50 m 155, Error, =95.1%

> = ool | [ 1.25x1.25, Error ,, | =66.2%
Load \ 107 e LOXLO,  ErTOr,,  (=25.4% 1 i
Soil 1o - -0.75x0.75, Error,,, =5.9% ¥
Bedrock 0 . 0505, Eror,, =10%
» ——0.25%0.25 |

(a) 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80
Freguency [Hz]
(b)

Figure 6: The setup used (a) and the results obtained (b) in the mesh size conver-
gence study.

From the results in Figure 6b it can be seen that the discrepancy, rather unsur-
prisingly, is most significant at higher frequencies. This is because of the shorter
wavelength for higher frequencies. It can be seen that a difference in mesh size has a
big impact on the results, seeing as the error values varies quite a lot. From these re-
sults it was concluded that a mesh size of 0.5 x 0.5 m? would be used in the soil layer.

An important consideration in the analysis is time, so further optimization was
needed. A mesh size of 0.5 x 0.5 m? was used for the soil and the mesh size of the
bedrock was varied. The horizontal size of each bedrock element was kept constant
at 0.5 m and the vertical element size was varied from 0.5 to 20 m. The setup can
be seen in Figure 7a, with, like the study prior, the evaluated node 50 m from the
load. The results were compared to the mesh size of 0.5 x 0.5 m?.

10_7 C T T T T T T T
f— 80 [ - a
20 m w —0.5x05 -
b £ oo | [T 05x10, Error,, =0.0% ;"f\
Load \ > g e 0.5X2.0,  Error,,  =0.0% | |
Soil o [ —--05%5 Errory, ,<=0.2% i
[ = 0,
Bedrock 30 R 0.5x10,  Error, \ =3.5%
f ——0.5x20 ErrorRM S:8.9%
( a) L L L L L L Il
10 20 30 40 50 60 70
Frequency [HZ]
(b)

Figure 7: The setup used (a) and the results obtained (b) in the bedrock mesh size
convergence study.

13



From the results, see Figure 7h, it can be seen that the depth of the elements in the
bedrock does not make a big difference. It is only for the element size of 0.5 x 10 m?
and 0.5 x 20 m? that the error levels go above even one percent. As in the study
prior the biggest discrepancy can be observed in the higher frequencies. An element
size of 0.5 x 10 m? will be used for the bedrock in the analysis.

4.1.3 Geometry

The third parameter evaluated was the depth of the bedrock. The setup used is
shown in Figure 8a, with the varied depth of the bedrock marked X. A mesh size
of 0.5 x 0.5 m? was used for the soil and a mesh size of 0.5 x 10 m? was used for
the bedrock. The same load and control point was used as in the two prior studies.
The results were compared to the analysis with a 90 m depth.

107 F { 7
R 80 C [
50 (m) O
é / E =10.6%
Load P\ ;10-8:, Imorps™ 0.6% 4
: = td 30m, ErrorRNI S=7.1%
Soil L . 50m, Error_ , =3.9%
Bedrock X RMS— 9
——-70m, ErrorRMS—Z.lA)
I 90 m
(a) 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80
Frequency [HZ]
(b)

Figure 8: The setup used (a) and the results obtained (b) in the bedrock depth
convergence study.

The results, in Figure 8b, show an evenly distributed difference over the studied
spectrum. The error levels stay below 10% for most of the variations, except for the

one with a depth of 20 m. Since the studies are of comparative nature a depth of
20 m will be used.

The fourth parameter evaluated was the width of the model. The setup can be
seen in Figure 9a, with the varied width marked with an X. The same load, evalu-
ated node and mesh size was used as in the depth test. The result for each setup
was compared to the setup with a width of 200 m.

As can be seen in the results in Figure 9b, the differences between the setups are
all below 10%. Since the studies are all of a comparative nature, a width of 80 m is
seen as accurate enough and will be used in the analysis.
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Figure 9: The setup used (a) and the results obtained (b) in the width of ground

model convergence study.

4.2 Building model

The buildings were modelled as simple representations of concrete buildings with
three floors and, for some of the buildings, a cellar of varying depth. The ele-
ment type used for the buildings were 8-node bi-quadratic with reduced integra-
tion(denoted CPESR in Abaqus). The size of the elements of the buildings were
chosen to be 0.3 x 0.3 m? with small variations depending on geometry. The geom-
etry and mesh used for the different building models used in the analysis is shown

in Figure 10.
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Figure 10: The geometry and mesh used for the building models, with different
width and with or without cellar. The dashed line represents the ground
level.

Concrete was used for the buildings with, unless specified otherwise, the same ma-
terial properties for all buildings. For the material properties, see Table 1.

Table 1: Material properties for the concrete.

Material property Value

Density 2500 kg/m?
Young’s modulus 32 000 MPa
Poisson’s ratio 0.2
Loss factor 4%

4.3 Ground model

The ground was modelled as one layer of bedrock in the lower part and one layer of
soil in the upper part. For some of the studies one or two holes was added in the
ground to fit a building with a cellar. The material properties for the soil can be
seen in Table 2. For the material properties used for the bedrock, see Table 3.
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Table 2: Material properties for the soil.

Material property Value

Density 2000 kg/m?
Young’s modulus 500 MPa
Poisson’s ratio 0.48
Loss factor 10%

Table 3: Material properties for the bedrock.

Material property Value

Density 2500 kg/m?
Young’s modulus 10 000 MPa
Poisson’s ratio 0.4
Loss factor 4%

The element types used for the soil and bedrock were 8-node bi-quadratic with
reduced integration(denoted CPE8SR in Abaqus) and 5-node quadratic, one-way in-
finite(denoted CINPE5SR in Abaqus). The 8-node elements were used everywhere
in the soil except along the right and bottom edge, where the 5-node elements were
used. The size of the elements were, based on the previously conducted convergence
study, chosen to be 0.5 x 0.5 m? for the soil and 0.5 x 10 m? for the bedrock. The
mesh used for the analyses can be seen in Figure 11.

Figure 11: Mesh used for the ground models.
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5 Numerical parametric analysis

The effects of a nearby building on the response of a building to an external vibra-
tional source, was studied. The response of multiple buildings was also compared to
that of a single building. The effect of different parameters were studied, including
weight, width, depth and damping for the studied buildings and distance between
the two buildings. The same three control points were used for all the performed
studies. The first point, denoted P1, was placed in the intersection between the stud-
ied building and the ground surface, on the left side. The second point, denoted P2,
was placed on the middle of the first floor, in the middle. The third point, denoted
P3, was placed on the roof, in the middle. The vertical complex velocity amplitude,
denoted |V|, was extracted from the conducted studies. The thin grey vertical lines
in the results figures show the resonant frequencies for the studied building. The
green line shown in some of the results is the green-field vertical response i.e. the
response of the ground with no building on it at all.

A collection of all the analyses performed can be seen in Table 4.

Table 4: Analyses performed

Analysis Section
Distance between buildings, building in front 5.1.1
Density of the building in front 5.1.2
Width of the building in front, studied building 8 m wide 5.1.3
Width of the building in front, studied building 4 m wide 5.1.3
Damping ratio for the building in front 5.1.4
Damping ratio for the studied building 5.1.4
Depth of the building in front 5.1.5
Distance between buildings, buildings having 4 m deep cellar 5.1.5
Distance between buildings, building behind 5.2.1
Depth of the building behind 5.2.2

Distance between buildings, building behind having 8 m deep cellar  5.2.3

5.1 Building in front of studied building

For each parameter studied, results from the three control points were collected. The
results from one of the control points are shown for each study and for the results
from the remaining control points, see Appendix A. To investigate the effects of a
building placed between a source and a receiver, multiple parameters were studied.
These parameters were distance between buildings, density of the material for the
building in front, width of the studied buildings, damping ratio for the buildings
and depth of the studied buildings.
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5.1.1 Distance between buildings

The impact of the distance between the two buildings was investigated first. The
studied building was placed 50 m from the source and the building in front was
placed with varying distance, marked with X in Figure 12, to the studied building.
The studied building was 8 m wide and without a cellar. For a visual representation
of the setup, see Figure 12.

100
50 (m)
X P3
Load P1 P2
Soil 10]
Bedrock

80

Figure 12: Setup used for the distance between buildings parameter study.
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Figure 13: Vertical complex velocity magnitude (a) and RMS-value (b), for the node
directly in front of the studied building, comparing different distances
between the buildings.

From the results, in Figure 13, it can be concluded that it does make a difference
to have a building between the source and the receiver. It is however hard to find
an obvious connection between the observed difference and the distance between
the buildings. A big reduction in vertical displacement can be seen in the spectrum
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between 12 and 18 Hz, possibly corresponding to the resonance frequencies of the
buildings. No clear dependence can be seen from the RMS-values seen in Figure 13b,
other than that the distance has an impact on the results.

5.1.2 Density of the material for the building in front

The second parameter to be investigated was the weight of the building in front.
This was done by altering the density of the concrete material used for the building
in front. The distance between the buildings was kept constant at 15 m and the
depth of the bedrock was changed to 20 m. The studied building was 8 m wide and
without a cellar. The setup can be seen in Figure 14.

100
Variesd0 15 P3 (m)
weight
Load Pl P2
Soil 10]
Bedrock 30

Figure 14: Setup used for the density of the building in front parameter study.

It is reasonable to suggest, from studying the results in Figure 15, that a change
of density for the building in front has an impact on the vertical response of the
studied building. It seems that the heavier the building is, the larger the reduction
in displacement is. Apart from the lightest building, the RMS-values get lower the
higher mass the building in front has.
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Wave length [m] Density of building material for building in front [kg/ms]
(a) (b)

Figure 15: Vertical complex velocity magnitude (a) and RMS-value (b), for a node
in the middle of the first floor of the studied building, comparing different
weights for the building in front.
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5.1.3 Width of the studied buildings

The width of the building in front was evaluated next, from 4 to 20 m. The distance
between the buildings was kept the same at 15 m. The studied building was 8 m

wide and without a cellar.

100
50
. (m)
Varied
Varied 151 p3
Load P1 P2
Soil 10]
Bedrock 30

Figure 16: Setup used for the width of the building in front parameter study, with
the studied building being 8 m wide.

The results, see Figure 17, show a difference in vertical response because of a differ-
ence in width for a building placed between the source and the receiver. It seems
that a building similar to the studied building gives the largest reduction in vibra-
tional response. This can clearly be seen in Figure 17b with the large reduction
corresponding to the 8 m building.
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Figure 17: Vertical complex velocity magnitude (a) and RMS-value (b), for a node
in the middle of the first floor of the studied building, comparing different
widths for the building in front. The studied building is 8 m wide.

A similar analysis was done, but this time with a width of 4 m (instead of 8 m) for
the studied building. The width of the building in front was, like previously, varied
between 4 and 20 m. The setup can be seen in Figure 18.
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Figure 18: Setup used for the width of the building in front parameter study, with
the studied building being 4 m wide.
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Figure 19: Vertical complex velocity magnitude (a) and RMS-value (b), for a node
in the middle of the first floor of the studied building, comparing different
widths for the building in front. The studied building is 4 m wide.

From the results, in Figure 19, it can be concluded that also for the 4 m wide
building, the width of the building in front makes a difference in the response. It
appears as if the pattern observed, concerning similarities in width, for the 8 m
building doesn’t translate to the 4 m building. The reduction pattern observed in
Figure 19b is similar to the one in Figure 17b but no clear explanation could be
made.

5.1.4 Damping parameters for the studied buildings

The next parameter to be investigated was the damping. Both buildings were mod-
elled as 8 m wide for this investigation. The damping for the studied building was
kept the same as previously, but for the building in front the damping ratio was
varied between 1% and 20%. The setup for the study can be seen in Figure 20.
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Figure 20: Setup used for the damping of the building in front parameter study.
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Figure 21: Vertical complex velocity magnitude (a) and RMS-value (b), for a node
in the middle of the first floor of the studied building, comparing different

damping ratio for the building in front.

When changing the damping for the building in front, the difference in the response is
small. This is a possible conclusion from seeing the results in Figure 21. Even though
the difference is small, an upward sloping pattern can be observed in Figure 21b.
This means that a building in front with less damping will give a smaller reduction
in the vertical response for the studied building.

The building in front was removed and the damping for the studied building was
varied for the next study. As in the previous study, the damping ratio was varied
between 1% and 20% for the building. See Figure 22 for a visual representation of

the setup used.
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Figure 22: Setup used for the damping of the studied building parameter study.
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Figure 23: Vertical complex velocity magnitude (a) and RMS-value (b), for a node
in the middle of the first floor of the studied building, comparing different
damping ratio for the studied building.

From the results, shown in Figure 23, it seems clear that a change in damping ratio
gives a difference in the vertical response. The higher damping in the building, the
lower the amplitude for the response, as can clearly be seen in Figure 23b. This is
not true for all the tested frequencies since for some frequencies no difference could
be observed.

5.1.5 Depth of the studied buildings

A comparison of different depths for the building in front was made. The damping
ratio and width was the same for both buildings at 2% and 8 m. There was no cellar
on the studied building and the cellar depth was varied between 0 and 10 m for the
building in front. The setup for this study is shown in Figure 24.
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Figure 24: Setup used for the depth of the building in front parameter study.
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Figure 25: Vertical complex velocity magnitude (a) and RMS-value (b), for the node
directly in front of the studied building, comparing different depths for
the building in front.

The results, shown in Figure 25, indicate that a building, including a cellar, in front
of the studied building, affects the response. It is, however, unclear in what way
this is done, since for some frequencies the amplitude is higher and for some it is
lower, compared to no building in front. The correlation between the depth of the
cellar and the response of the studied building is not clear. The largest reduction in
response can be observed for the cellar with a depth of 10 m, as seen in Figure 25b.
That this configuration would give the largest difference is expected since this is the
only configuration with a cellar all the way down to bedrock.

To further investigate the influence of the depth, a cellar was added to the studied
building and the depth of the cellar was set to 4 m for both buildings. The distance
between these buildings were then varied from 5 to 30 m. For a visual representation
of the setup see Figure 26.
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Figure 26: Setup used for the distance between the buildings parameter study, with
both buildings having a 4 m deep cellar.
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Figure 27: Vertical complex velocity magnitude (a) and RMS-value (b), for the node
directly in front of the studied building, comparing different distances
between the buildings and with both buildings having a 4 m deep cellar.

From the results, see Figure 27, it seems clear that the distance between the two
buildings has an impact on the results, also for buildings with a cellar. A clear
relation between the distance and how the accompanying results vary could not be
found.

5.2 Building behind studied building

For each parameter studied, results from the three control points were collected.
The results from one of the control points are shown for each study and for the
results from the remaining control points, see Appendix B. To investigate the effects
of a building placed behind the studied building, multiple parameters were studied.
These parameters were distance between buildings, depth of the building behind the
studied building and distance between buildings including a cellar on the building
behind.
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5.2.1 Distance between the buildings

The impact of the distance between the two buildings was investigated first. The
studied building was placed 50 m from the source and the building in front was
placed with varying distance, marked with X in Figure 28, to the studied building.
Both buildings were 8 m wide and without a cellar. For a visual representation of
the setup, see Figure 28.
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Figure 28: Setup used for the distance between buildings parameter study, with a
building placed behind the studied building.
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Figure 29: Vertical complex velocity magnitude (a) and RMS-value (b), for the node
directly in front of the studied building, comparing different distances be-
tween the buildings when a building is placed behind the studied building.

It is clear, looking at the results in Figure 29, that a building placed behind the
studied building does not make a difference in the response, as long as none of them

have a cellar.

5.2.2 Depth of the building behind the studied building

To further investigate what parameters affect the vertical response, another analysis
was done. The distance between the buildings was set to 10 m and the depth
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(marked with an X in Figure 30) of the building was varied between 0 and 10 m.
The complete setup used can be seen in Figure 30.
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Figure 30: Setup used for the depth of the building behind parameter study.
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Figure 31: Vertical complex velocity magnitude (a) and RMS-value (b), for the node
directly in front of the studied building, comparing different depths for
the building placed behind the studied building.

The results in Figure 31 show, unlike the previous study, a difference between the
different depths. The difference made is small compared to other parameters varied.
There appears to be a tendency for the difference in vertical response to increase
with an increase in depth of the cellar but it is not consistent, looking at the RMS-
values in Figure 31b. The difference seen can be caused by reflections from the
cellar, but this was not investigated further.

5.2.3 Distance between the buildings including a cellar on the building
behind

A cellar with a depth of 8 m was added to the building behind and the distance

between the two buildings was varied between 5 and 25 m. Figure 32 shows the
setup used.
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Figure 32: Setup used for the distance between buildings parameter study, with a
building, including a 8 m deep cellar, placed behind the studied building.
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Figure 33: Vertical complex velocity magnitude (a) and RMS-value (b), for the node
directly in front of the studied building, comparing different distances
between the buildings when a building with an 8 m deep cellar is placed
behind the studied building.

A difference in response can be seen when a building with a cellar is placed behind
the studied building, according to the results seen in Figure 33. The difference seems
to follow a periodic pattern and depend on the distance between the buildings, but
it is quite small compared to some of the other tests done. Any clear conclusions on
how the distance affects the response can not be found looking at the RMS-values

in Figure 33b.
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6 Concluding remarks

In the dissertation, structure-soil-structure effects on externally excited building vi-
brations have been investigated. The effects of a nearby building on the response of
a building to an external vibrational source is studied using parametric numerical
analysis. This is done to further extend the knowledge in vibrations of the built envi-
ronment. In the study, different parameters are examined, separately investigating a
building in front of and behind a studied building. The parameters investigated are
distance between buildings, density of the material used for the building in front,
width of the studied buildings, damping ratio for the buildings and depth of the
studied structures. Three control points are used for the performed studies, includ-
ing one on the ground directly in front of the studied building, one on the first floor
and one on the roof. The vertical complex velocity amplitude is the output variable
for all the simulations performed in the FE software Abaqus 6.13.

6.1 Main conclusions

A conclusion drawn from the analyses is that how nearby buildings affect the re-
sponse to external vibrations on a building is difficult to predict and it’s hard to
find general rules that describe it. It is, however, clear that nearby buildings have
an impact on the vibrational response. It is important to note that a lot of sim-
plifications have been made in the analyses so connecting the results to real world
effects should be done with caution. Although this is true, some conclusions can be
drawn from the results.

The main conclusions are as follows:

e A large reduction in vertical response can be observed when a building is placed
in front of a building that is similar in geometry. The largest reduction in the
response seem to coincide with the resonance frequencies of the buildings.

e The heavier the building in front is, the larger the reduction in response is in
general for the studied building.

e A high damping ratio of the structure in front correspond to a high vertical
amplitude for the studied building and a high damping ratio of the studied
building correspond to a lowering of the vertical displacement for the structure.

e A small difference in vertical response can be seen if the building in front is
partly submerged in the soil and a large reduction can be noted if the building
in front has a cellar reaching down to bedrock.

e Although the distance between the buildings has an impact on the results, a
pattern could not been found.
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e The presence of a building behind the studied building in the direction of the
propagating waves does not have a large impact on the vertical vibrational
response. The difference in displacement for the studied building is only no-
ticeable when the building behind is partly submerged into the soil, but even
then it’s negligible.

There are similarities when comparing the conclusions made in the dissertation
to those made in the study [1| by L.V. Andersen et al. saying that reductions
in vibration levels can be achieved by placing a building in front, but no arrays
are investigated in the dissertation. The conclusions regarding the effectiveness
of embedded buildings, or blocks, in reducing the vibration levels are also similar
but the results are not as clear in the dissertation. That neighbouring structures
placed in a soft layer with a hard rock beneath impacts the dynamic response of
the buildings was also concluded in the article [3] by J. Liang et al. Another similar
conclusion is that the resonances of the structures and the soil are important factors
when predicting the dynamic response of buildings. This conclusion is also drawn
in the paper [2| investigating site-city effects by A. Kham et al.

6.2 Future work

Suggestions for future work concerning the investigation presented in the dissertation
include:

e A similar analysis in three dimensions could be made to investigate if there are
3D-effects. The effects of more parameters concerning rotation of buildings,
structural materials and building geometry could also be analysed using the
same numerical analysis method.

e How different layers in the ground concerning depth, material parameters and
distance between source and receiver affect the conclusions reached in the
dissertation, could be investigated.

e Different ways to simplify the building models used in numerical analyses and
how the accuracy is affected by these simplifications could be investigated.
Simple blocks, or single degree-of-freedom, with the same total mass, damping
and stiffness or modal properties could be used. In this way we may facilitate
a more time-efficient analysis.
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Appendix

In the analyses, three control points were studied. The two complementing control
points to the one presented in Section 5 is shown in the Appendix for each analysis
done. This includes results from both a building being placed in front and behind a
studied building.
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Figure A.1: Vertical complex velocity magnitude, for a node in the middle of the
first floor of the studied building (a) and a node in the middle of the
roof of the studied building (b), comparing different distances between
the buildings.

IT



' ' ' | 2skgmd v, 46608
1-—--- 250 kg/m?®, |V|}} | =4.56-08
v Jesssssenne 2500 kg/m®, |V}, ,=3.1e-08
1|~ — —25000kgm®, V|1, =2.06-:08
i | no extra building
A ”“vx
\/ /\
N /
20 30 40 50 60 70 80
Frequency [Hz]
262 131 87 66 52 44 37 33
Wave length [m]
(a)
%1077
ol ||——25kgm®, V|l 711607
————— 250 kg/m®, |V}, =1.16-07
7 O [ 2500 kg/m®, |V |1, ,<=8.06-08
é Al ||~ — —25000kg/m?, V|l =4.0e-08
= no extra building
2t I\ 4
\| e
ol | ¥ \ ah e N

10 20 30 40 50 60 70 80
Frequency [HZz]

262 131 87 6.6 52 4.4 37 33
Wave length [m]

Figure A.2: Vertical complex velocity magnitude, for the node directly in front of
the studied building (a) and in the middle of the roof of the studied
building (b), comparing different weights for the building in front.
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Figure A.3: Vertical complex velocity magnitude, for the node directly in front of
the studied building (a) and in the middle of the roof of the studied
building (b), comparing different widths for the building in front. The
studied building is 8 m wide.
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Figure A.4: Vertical complex velocity magnitude, for the node directly in front of
the studied building (a) and in the middle of the roof of the studied
building (b), comparing different widths for the building in front. The

studied building is 4 m wide.
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Figure A.5: Vertical complex velocity magnitude, for the node directly in front of
the studied building (a) and in the middle of the roof of the studied
building (b), comparing different damping for the building in front.
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Figure A.6: Vertical complex velocity magnitude, for the node directly in front of
the studied building (a) and in the middle of the roof of the studied
building (b), comparing different damping for the studied building.
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Figure A.7: Vertical complex velocity magnitude, for a node in the middle of the
first floor of the studied building (a) and in the middle of the roof of
the studied building (b), comparing different depths for the building in
front.
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Figure A.8: Vertical complex velocity magnitude, for a node in the middle of the
first floor of the studied building (a) and in the middle of the roof
of the studied building (b), comparing different distances between the
buildings with both buildings having a 4 m deep cellar.
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B Building behind studied building, the remaining control

points
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Figure B.1: Vertical complex velocity magnitude, for a node in the middle of the
first floor of the studied building (a) and in the middle of the roof
of the studied building (b), comparing different distances between the
buildings when a building is placed behind the studied building.
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Figure B.2: Vertical complex velocity magnitude, for a node in the middle of the

first floor of the studied building (a) and in the middle of the roof of the
studied building (b), comparing different depths for the building placed
behind the studied building.
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Figure B.3: Vertical complex velocity magnitude, for a node in the middle of the
first floor of the studied building (a) and in the middle of the roof
of the studied building (b), comparing different distances between the
buildings when a building with an 8 m deep cellar if placed behind the

studied building.
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