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Parametric Study of Traffic Induced Ground Vibrations due to Heavy Vehicles
ADAM MARCZAK and MARTIN ZETTERLUND
Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract
Due to recently imposed building regulations the demands of sound exposure levels
to buildings have changed, allowing urban planners to design residential areas in
direct proximity to roads and railways. While the Swedish building code requires
for a risk evaluation regarding comfort vibrations when a railway is in adjacency to
the area under consideration it neglects the contribution from heavy vehicles such
as trucks and buses. Nevertheless, when a building stands finish a certain vibration
level may not be exceeded, independent of the source of vibrations. This issue is
presently approached by using doubtful reference values for transfer factors from
ground to building which are based on personal experience and measurements con-
ducted with trains as the source of excitation.

This thesis examines the induced vibration levels from heavy vehicles by modelling
ground and buildings together in finite element models. Using an experimental
and numerical approach, ground induced vibrations are measured from an arbitrary
heavy vehicle and then used for validation of the finite element model which acts
as the base of the parametric study. Investigated parameters are diverse types of
foundations i.e. frame foundations, basement foundation and piling foundation with
varying static loads, sizes and thicknesses.

The results show that presently used reference values overestimate the impact of
some structural measures for vibration transfer reduction while neglecting impor-
tant factors such as the static load on the foundation and the size of the building.
The most effective structural counter-measure proved to be a piling foundation how-
ever its efficiency is highly dependent on the density of the piling-grid. Further, the
parametric study showed no significant difference between a basement foundation
and a slab on grade foundation.

Keywords: Ground-Borne Vibrations, Heavy Vehicles, Transfer Factor, Residential
Vibration Exposure.
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1
Introduction

1.1 Background
It is currently not required to investigate the impact of ground vibrations induced by
heavy vehicles in the detailed development planning phase, with ground vibration
risk analysis only being a requirement when a railway is in the proximity of the area
of interest. However, investigations and measurements made in affiliation to the
detailed development planning have shown that in some cases the vibration levels
induced by heavy vehicles have been proven to be much higher than those induced
by the railway.

Even though it is not a legislated requirement to investigate how vibrations from
heavy vehicles affect the buildings in the detailed development planning stage, it
can create problems in later stages. The requirement of comfort vibrations when
the building stands finished does not consider the source of the vibrations but clearly
specifies maximum levels that cannot be exceeded in accordance to the regulating
standard, SS 460 48 61. Thus, all the possible ground vibrations must be considered
in the planning phase by the designing teams.

Presently civil engineering consultancy firms have different prediction-tools based
on similar projects where the forecast is based on personal experience combined
with doubtful reference values of transfer functions between ground and building.
Furthermore, these values often consider line sources such as trains, neglecting point-
sources such as the vibrations induced by heavy vehicles. It is therefore of interest
to investigate the risks of ground vibrations spreading from heavy traffic, especially
in areas where the ground is composed of loose soils and/or clay, as the case often
is in the city of Gothenburg.

1.2 Purpose and Goal
The general purpose of this thesis is to investigate and assess the different trans-
fer functions for ground vibrations between the ground and the building structure
depending on varying construction parameters where the source of excitation is a
heavy vehicle. Parameters of interest are different construction framings (light or
heavy), different foundation types and the difference between pile foundation and
slab foundations.
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1. Introduction

The specific goal is to find which construction methods and measures can result
in standard values for reduction of ground vibration transfer between ground and
building with heavy vehicles as the source of excitation and to what extent they
could be considered valid for future use.

The thesis is centered around heavy vehicles, such as trucks and how these induce
ground vibrations.

1.3 Limitations
Because the work involves many different parameters that may vary, some limita-
tions will be made. The first limitation is to focus on concrete buildings only as it is
built to a greater extent than timber structures. This limitation will be implemented
to be able to compare buildings with each other without having too many unknown
error sources.

Another limitation that will be implemented is to model only bearing structural
elements in buildings when using the finite element method software Solvia. This
is done to reduce the workload but also because the supporting elements in the
building will be at focus when looking at vibrations.

The ground is a linear elastic media with constant damping, so a linear behavior is
assumed with constant dynamic properties. Non-linear behaviours and analysises
will not be included in the scope of this thesis.

Limitations that may become relevant later in the work are to simplify different
types of heavy vehicle impact in frequency to a range based on different weight and
spring systems.

1.4 Collaboration
This thesis is written in collaboration with the acoustics department of Norconsult
AB in Gothenburg.

1.5 Thesis outline
The outline of the thesis is highly correlated with the work process implemented.
The adjacent chapter describes the Theoretical insight into the field of ground
vibrations along with point-source modelling approaches and previously conducted
studies. Other treated areas included reigning legislations, currently used amplifi-
cation factors and a brief introduction to soil properties.

The Method chapter describes the conducted field measurement in detail, presents
the FEM modelling and implementation of the analytical source model.
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The consequent chapter presents the Results, beginning with the outcome of the
measurement and how well it correlates with the FEM and Source models. The
subsequent sections of the results chapter present the found amplification factors
from the FEM modelling in the Parametric study. The results are commented and
discussed in the results section for easier interpretation.

The discussion chapter treats, interprets and includes interpretation of the re-
sults presented in the previous chapter, leading to a Conclusion which is included
in the last chapter of the thesis.

Finally, the report will be finished with a Future work section, outlining sug-
gestions made by the authors on how the content of this thesis could be used for
eventual projects or theses.

The thesis report ends with the Bibliography, presenting the references and along
with the Appendices for more detailed information.
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2
Theory

This section presents the relevant theory regarding ground vibrations, different wave
types, source models and legislations in order for the reader to understand the
fundamental elements included in the thesis.

2.1 Causes and Effects of Ground Vibrations

2.1.1 Waves in Continuous Medium

Defining the equation of motion for physical systems that is subjected to vibrations
can be done using the wave equation, as presented below:

∂2u

∂t2
= v2∂

2u

∂x2 (2.1)

In this formulation it is typically assumed that there is only one space dimension,
here denoted by x, however, the dependent variable denoted as u can be used to de-
scribe a second space parameter such as displacement. The variable v is the velocity
of the wave which varies depending on the wave type. The wave equation is the
fundamental equation used when describing the behaviour of systems subjected to
longitudinal and torsional vibration as well as pressure waves, however the equation
is also bound by its dimensional limitation [1].

As this thesis treats the propagation of waves in the earth a contrasting approach
must be used. In order to treat the complex problem of waves in continuous medi-
ums, such as the earth, an equilibrium of an infinitely small element must be studied
to derive the equations of motion. In this case the infinite elastic medium represents
the endless character of earth. As the ground is subjected to forces, stress starts
acting inside of the continuum [2]. The most elementary object to consider is an in-
finitely small cubic volume aligned with axes of a orthonormal Cartesian coordinate
system such as the one presented below:
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Figure 2.1: Simple cube-object with the axes of an orthonormal Cartesian coordi-
nate system

However, when describing stress acting on a medium the isolation of a certain ele-
ment of a whole volume is imprecise. The stresses are not uniform and vary from
point to point. Thus, studying the forces acting on the sides of arbitrary many
sub-volumes of the continuum must be considered to properly scale the forces that
arise [3]. Nonetheless, it can be assumed that if the element is small enough the
stresses can be treated as constant with variation of tension between them as linear
and defined as:

∆σij = ∂σij
∂xk

∆xk (2.2)

Such a presentation of the above-mentioned element is presented in the figure below
[2][4]. On each infinitely small cube surface there is a normal component of stress
as well as two tangential stress components and where τij denotes the shear stress
and σi is the total normal stress in the i-direction:

Figure 2.2: The 3 dimensional stress state on a small object within an infinite
elastic medium, adapted from Reference [1].

Here the dotted vectors are the stressed acting on the hidden faces from the point
of the reader while the solid faces are acting on the frontal elements. By assuming
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the translational equilibrium of this infinitely small element a sum of forces can be
expressed for every axis:

(
σx + ∂σx

∂x
∆x

)
∆y∆z − σx∆y∆z +

(
τxy + ∂τxy

∂y
∆y

)
∆x∆z

−τxy∆x∆z +
(
τxz + ∂τxz

∂z
∆z

)
∆x∆y − τxz ∆x∆y = 0

(2.3)

after applying Newtons second law as well as omitting the body forces the following
can be derived for the respective directions:

(
∂σx

∂x
+ ∂τxy

∂y
+ ∂τxz

∂z

)
∆x∆y∆z = ρ(∆x∆y∆z)

∂yu

∂ty
(2.4)

The notations 1, 2 and 3 represent the different directions that vary depending on
which axis is being treated however the presented relation remains [1]. With this
the equilibrium of equations for the stresses can be formed for every direction each:

ρ
∂2u

∂t2
= ∂σx

∂x
+ ∂τxy

∂y
+ ∂τxz

∂z
(2.5)

ρ
∂2v

∂t2
= ∂τyx

∂x
+ ∂σy

∂y
+ ∂τyz

∂z
(2.6)

ρ
∂2w

∂t2
= ∂τzx

∂x
+ ∂τzy

∂y
+ ∂σz

∂z
(2.7)

where u, v and w represent the second derivatives of the displacement field of re-
spective direction with respect to time. Since the components of the stresses within
the cubical volume are all positive, they can be defined by the 9 stress components
(3 normal stresses and 6 shear stresses) [1]. However, if the moments of the forces
are taken about the central axes of the cube at the equilibrium state it is possible
to assume:

σxy = σyx σxz = σzx σyz = σzy (2.8)

Therefore, allowing to define the state of stress at any point by knowledge of six
stress components only. The relation for an elastic medium allows to express the
normal stresses relationships from the terms of the Lamé’s constants (G and λ) and
the cubical dilation (ε):

σx = λε+ 2Gεx
σy = λε+ 2Gεy
σz = λε+ 2Gεz

(2.9)

where the shear stresses are expressed similarly per Equation 2.8:

σxy = Gγxy
σyz = Gγyz
σxz = Gγxz

(2.10)
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here γ is the shear strain variables (Calculated in Equation 2.13) for given directions
and ε denotes the volume expansion of the cube in the direction given by the prefix,
calculated as:

ε1 = ∂ζ1

∂1
(2.11)

where ζ denotes the displacement for the different directions. Further, G is the shear
modulus and λ is the Lamé’s constant (As seen in Equations 2.9 and 2.10) defined
as:

G = E

2(1 + v) λ = vE

(1 + v)(1− 2v) (2.12)

with E denoting the Young’s modulus and v being the Poisson’s ratio of the material.
The previously mentioned strain relation is then obtained by:

γ12 = ∂ζ2

∂1
+ ∂ζ1

∂2
(2.13)

and as it is now known only the rotation relationship must be formulated:

2ωx = ∂w
∂y
− ∂v

∂z

2ωy = ∂u
∂z
− ∂w

∂x

2ωz = ∂v
∂x
− ∂u

∂y

(2.14)

where ω represents the rotation about each axis. By combining the above equations,
the formulation of motion for an infinite homogeneous, isotropic, elastic medium is
found which corresponds to what the ground model in this thesis represents:

ρ
∂2ζ1

∂t2
= (λ+G)∂ε

∂1
+G∇2ζ1 (2.15)

here ∇2 is the Laplacian operator in the Cartesian coordinates and defined as shown
below [1]:

∇2 = ∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2 (2.16)

2.1.1.1 P-waves & S-waves

In Section 2.1.1 the introduction of how wave propagation in structures is approxi-
mated based on the wave equation and the state of equilibrium of a infinitely small
object is presented. The equation of motion conferred in Section 2.1.1 as Equation
2.15 could be rewritten in the following form as:
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ρ
∂2ε

∂t2
= (λ+ 2G)∇2ε (2.17)

when Equation 2.15 is differentiated for each direction (x, y and z) and then summed
up. The propagation velocity of the wave can now be extracted using the previously
presented relations in Equation 2.12, as following:

cP =
√
λ+ 2G
ρ

←→ cP =

√√√√ E(1− v)
ρ(1− 2v)(1 + v) (2.18)

where the right-hand equation is the more known formula for the wave propagation
of a P-wave in a solid. To express this in the exact form of the wave equation the
following expression is formulated:

∂2ε

∂t2
= c2

P∇2ε (2.19)

this shows that the volume expansion, ε of the cubical volume in question is propa-
gating at the velocity of cP [1].

Thus, the expression above presents the wave equation of the Primary wave. Often
referred to as P-waves, Compression waves or Dilatational waves, these waves are
volume waves which move with a longitudinal motion, similar to how sound waves
move in air. The motion is a combination of compression and dilatations within the
medium as presented in the figure below [5]:

Figure 2.3: The Motion of a Primary wave in a solid [5].

The second solution for the equation of motion (Equation 2.15) can be found by
differentiating the equations of y- and z-direction with respect to their respective
directions and eliminate the volume expansion coefficient ε by subtracting the two
equations ending up with:

ρ
∂2

∂t2

(
∂w

∂y
− ∂v

∂z

)
= G∇2

(
∂w

∂y
− ∂v

∂z

)
(2.20)
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then by using the expression for rotation, presented in Equation 2.14, the following
relation is given:

ρ
∂2ωx
∂t2

= G∇2ω (2.21)

Similarly to the Equation 2.17, this expression is also valid in the y- and z-direction,
which indicate that the rotation is dependent on the velocity of the wave and by
solving the equation for ρ while considering the relations given in Equation 2.12 we
get:

cS =
√
G

p
←→ cS =

√
E

ρ2(1 + v) (2.22)

which inserted back in Equation 2.21 will give the wave equation form for the prop-
agation of a secondary wave, as per the following expression:

∂2ω̃x
∂t2

= c2
S∇2ωx (2.23)

The S-waves are also volume waves that move in a shear or transverse motion [1].
The S-wave is also known as a shear wave or distortional wave and is characterized
by a shearing motion, mowing its medium sideways at a right angle to the direction
of travel. The motion of a Secondary wave is presented in the figure below [5]:

Figure 2.4: The Motion of a Secondary wave in a solid [5].

The reason of why P-wave is short for primary wave and S-wave for secondary
wave is because P-waves arrives faster than S-waves when conducting a seismologic
experiment. Another important difference between the S- and P-waves is that P-
waves can move through both liquid mediums and solid rock where the S-waves only
can move through solid rock [6]. This is due to the character of the S-wave which
shears/twists its medium sideways. A liquid that is sheared will not spring back to
its original position, hence not allowing the wave to continue propagating [5].

2.1.1.2 Rayleigh waves & Love waves

A third solution of the equation of motion is possible if correct boundary conditions
are applied. For this solution a free surface is required with the wave running along
a solid boundary, in this case the x-axis as shown in the figure included below:
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Figure 2.5: Schematic presentation of the Rayleigh wave propagation on the free
surface of a solid [7].

This means that the analyzed volume cannot be arbitrary placed within the medium,
but is required to have one free side to the surface while simultaneously the assump-
tion is made that the wave is running along that solid boundary (x in Figure 2.6).

This wave is called the Rayleigh wave and consists of a combination of longitu-
dinal and transversal waves for which the amplitude is directly dependent on the
depth (the y-dimension in Figure 2.6) of the propagating wave. The closer the wave
is to the surface the higher the amplitude. As the combination between the longitu-
dinal and transversal motions should be linear the transversal propagation velocity
must be equal to cS calculated as in Equation 2.22. Thus, a wave number can be
calculated as:

kS = ω

cS
kP = ω

cP
(2.24)

Where ω = 2πf with f being the frequency [7]. Reformulation of the equation of
motion then yields:

∂2ζ

∂z2 = (k2 − ω2

c2 )ζ (2.25)

where ζ is extracted from the component vector from the Equations of motion
2.23/2.19 as shown below:

ε = ei(kx−ωt)ζ(z)

ζ represents the expression of a periodic function. In order for Expression 2.25 to
result in a solution which does not constitute a undamped plane wave the right hand
expression must yield k2 − ω2/c2 > 0 giving the solution for function ζ(z) as:

ζ(z) = A e
(±
√

[k2− ω2
c2 ]z) (2.26)

Where A represents an arbitrary constant. The negative solution would correspond
to a deformation for z → −∞ yielding an impossible solution. Hence the positive
answer must be used and the previously formulated wave equations for the P- and
S-wave in Equation 2.19 and 2.23 must be considered [7]. Assuming the previously
stated boundary conditions along with the assumption that the velocities within
this wave are equal to cp and cs respectively, the predicted displacement can be
formulated as:
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ζindex = A ej(kx−ωt)e(κP/Sz) (2.27)

with ζ depending on the constant κ:

κP =
√

(k2
P − ω2/c2

P ) κS =
√

(k2
S − ω2/c2

S) (2.28)

for respective type of motion. In these expressions the amplitude changes along the
y-axis. The true displacement is the sum between the longitudinal displacement
(denoted as ζP ) and the transversal displacement (denoted as ζS). However, the
boundary conditions of the free surface yield:

σyy = 0 σyx = 0 σyz = 0 (2.29)

meaning no normal or tangential stress components on the surface [7]. This yields
the following expressions for the true displacement [8]:

ζyy = 0 ζyx = 0 σ(ζxx + ζyy) + (1− σ)ζzz = 0 (2.30)

as the displacements are independent of the coordinate y, the conditions for the
tangential displacement can be defined as:

ζyz = 1
2

(
∂ζy
∂z

+ ∂ζz
∂y

)
= 1

2∂ζy/∂z = 0 (2.31)

considering Equation 2.27 would yield ζy = 0 meaning that there is no displacement
at the surface perpendicular to the propagation direction of the wave. This means
that the displacement caused by the S-wave in x- and z-direction must be 0 as per
∂ζtx

∂x
+ ∂ζtz

∂z
= 0 [8].

Now considering the right-hand equation included in Equations 2.28 for the S-waves
a following ratio can be formulated between the two displacements:

ζSx/ζSz = −κS
jk
−→ ζSz = −jkaejkx+κSz−jωt (2.32)

ζSx = κSae
Jkx+κsz−jωt (2.33)

where a is a constant. This gives the expression for true displacement for the S-wave
contribution. As for the P-wave, or the longitudinal contribution the condition can
be formulated as:

∂ζPx
∂z
− ∂ζPz

∂x
= 0 (2.34)

The process is similar to the S-wave, where we consider the left-hand expression in
Equation 2.28 and formulate a expression for the true displacement for the longitu-
dinal motion for x- and z-directions:

ζPx = kbejkx+κP z−jωt ζPz = −jκP bejkx+κP z−jωt (2.35)
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where b is a constant. Using the previously defined expressions for true displacement
at the surface the conditions can be rewritten as:

∂ζx
∂x

+ ∂ζz
∂x

= 0 (2.36)

and with the third expression being rewritten as:

c2
P

∂ζz
∂z

+
(
c2
P − 2c2

S

) ∂ζx
∂x

= 0 (2.37)

by combining the S- and P-wave contributions and rewriting the true displacement
as a sum (ζx = ζPx + ζSx and ζz = ζPz + ζSz) the conditions included in Equation
2.30 can be rewritten as:

a
(
k2 + κ2

S

)
+ 2bkκP = 0 (2.38)

2ac2
SκSk + b

[
c2
P

(
κ2
P − k2

)
+ 2c2

Sk
2
]

= 0 (2.39)

dividing this expression by c2
S and replacing

κ2
P − k2 = −ω2/c2

P = −
(
k2 − κ2

t

)
c2
S/c

2
P (2.40)

gives:
2aκSk + b

(
k2 + κ2

S

)
= 0 (2.41)

by squaring, substituting κ2
S and κ2

P as well as combining the two conditions formu-
lated as Equation 2.38 with 2.41 we end up with the following equation:(

2k2 − ω2

c2
S

)4

= 16k4
(
k2 − ω2

c2
S

)(
k2 − ω2

c2
P

)
(2.42)

Which proves the relation between ω and k, by expressing ω as:

ω = cSkξ (2.43)

by inputting this into Equation 2.42 and solving for ξ as well as dividing by k8 on
both sides we obtain:

ξ6 − 8ξ4 + 8ξ2
(

3− 2 c
2
S

c2
P

)
− 16

(
1− c2

S

c2
P

)
= 0 (2.44)

which is the expression for Rayleigh wave propagation speed. This shows that the
surface wave speed is independent of frequency and is non-dispersive. It also shows
that ξ is dependent on the ratio between the propagation velocity of P- and S-waves,
which in turn depends on the Poisson’s ratio, v, and can also be expressed as:

cS/cP =
√
{(1− 2ν)/2(1− ν)} (2.45)

where ξ must be real, ξ < 1 and positive in order for the constants κ to be real.
This is only satisfied for one solution for Equation 2.44 meaning a single ξ value is
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obtained for any ratio of cS/cL. Hence, for a Rayleigh wave the frequency must be
proportional to the wave number.

It can further be mathematically proven that for a real material the relationship
cR < cS < cP between the different wave velocities is true which leaves the wave
equation of the Rayleigh wave with only one solution, which is dependent on the
Poisson’s ratio, ν:

cR = 0, 87ν + 1, 12ν
1 + ν

cS (2.46)

The described propagation characteristics of the Rayleigh wave are presented in the
figure below:

Figure 2.6: The Motion of a Rayleigh wave in a solid [35]

Rayleigh waves are the type of surface waves that move with an elliptical kind of
motion in a similar characteristic to rolling ocean waves [9][5]. The velocity, as
previously stated, is highly dependent on the medium and its material properties,
however the Rayleigh wave has a velocity lower than P- or S-waves in general.

In a scenario where an arbitrary infinite volume is excited causing all three types of
waves to propagate within it, a receiving point on the surface and at a distance from
the source will first be excited by the early arriving P-wave. After the arrival of the
P-wave a period of relatively low or no oscillation occurs followed by the arrival of
the S-wave. The period of arrival of P and S-waves is referred to as minor tremor
and is followed up by another period referred to as major tremor which indicates
the arrival of the Rayleigh wave. This period is characterised by a much higher
magnitude oscillation as Rayleigh waves are responsible for most of the vibrational
energy transfer at the surface.

The greater the distance between the source and receiver the bigger time inter-
val between the two tremor-periods. At a longer distances the Rayleigh wave might
be the only distinguishable wave on the surface [10][1].

Another type of surface waves are the Love waves, named after the English mathe-
matician A.E.H. Love. The Love wave moves from side to side meaning its motion
only consists of horizontal components, as shown in the figure below:
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Figure 2.7: The Motion of a Love wave in a solid [36].

The Love wave can be described as a S-wave with no vertical displacement, moving
only in the horizontal plane with a generally higher velocity than the Rayleigh wave
[5]. Love waves cannot propagate over water for similar reasons to those previously
stated for the S-wave.

The Love wave can only be confined if the surface layer of the medium has a higher
velocity than the lower layer, as it travels at a velocity that is between the shear
wave velocity of the top layer and the shear wave velocity of the lower one. The
propagation is due to reflections of the wave between the layers as when a wave
is reflected due to the change in impedance between either two different layers or
between the solid and a void, such as air or water [1]. Due to these properties the
influence of Love-waves can often be neglected when dealing with uniform soils [21].

2.1.2 Ground Vibrations induced by Heavy Vehicles
Ground vibrations from heavy vehicles that are treated in this thesis are the vibra-
tions induced due to road irregularities such as potholes or speed bumps. Never-
theless, when a vehicle is moving on an even surface it still creates stress fields in
the ground as the mass is moving along, producing waves. However, the amplitude
of these waves is generally low, making it frivolous from a comfort-vibration stand-
point. Unlike the ground vibrations induced by rail-borne traffic, the excitation
from a heavy vehicle is modelled as a point source instead of a line source [11].

The frequency spectrum of the induced ground vibrations varies between differ-
ent type of vehicles mostly in relation to the stiffness of the suspension system. A
stiff suspension system gives a broader frequency spectrum while a soft suspension
system coincidence all the energy into a narrow frequency range. Generally, busses
have softer suspension than trucks and therefore buses often causes higher vibration
levels than trucks. The amplitude of the induced vibrations is highly dependent on
the velocity of the vehicle as well as the roughness of the irregularity that causes
it. Nevertheless, the vibration of the un-damped mass (vehicle axis) as well as the
damped mass (all weight on the suspension system) have a bigger impact on the
frequency response than it has on the amplitude [11].

When considering the propagation of vibrations induced by a heavy vehicle it is
advantageous to consider both the near and far field. The contribution of the near-
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field is only of significance at a distance approximately of one wavelength where the
main contribution of energy is transported by the body waves (P- and S-waves). As
the distance from the point source increases the surface waves (Rayleigh waves) are
mainly responsible for the energy transport [21].

2.1.2.1 Vehicle Source Modelling

A simplified method of modelling the impact of a vehicle is known as the Quarter
Car Model (referred to as QCM). The model is shown in a graphical representation
below:

Figure 2.8: Quarter Vehicle Model, Adapted after reference [29]

In this model the vehicles wheel axis and the accompanying structure is simplified
as a system with two degrees of freedom. The lower mass is the unsprung mass
which represents the tire and components surrounding it while the upper mass is
the sprung mass which is the weight of the truck on top of the suspension system.
The unsprung mass includes the mass of the different components such as the wheel
axles, wheel bearings, wheel hubs, tires and some of the weight of the driveshaft,
springs, shock absorbers and suspension links [30]. In some cases, the mass of the
brakes can be seen as a part of the unsprung mass if its mounted within the wheel.
The sprung mass includes the rest of the vehicles weight which in the most cases is
heavier than the unsprung mass.

A mass spring damper system with two degrees of freedom has two resonance fre-
quencies. These resonance frequencies are dependent on the stiffness of the two
springs, the two masses and the dampers. The impact of the damper does not affect
the resonance frequencies significantly and the undamped natural frequency is close
to the frequency of the maximum response for cases with light damping. Therefore,
it is possible to predict the resonance frequency of the mass spring damper system
by calculating the undamped natural frequencies [31].

The mass spring damper system presented below can be described by the subse-
quent Equation 2.47:
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Figure 2.9: A Mass-Spring system consisting of 2 Degrees of Freedom, Adapted
after reference [31]

[
M1 0
0 M2

](
ẍ1
ẍ2

)
+
[
B1 +B2 −B2
−B2 B2

](
ẋ1
ẋ2

)
. . .

+
[
K1 +K2 −K2
−K2 K2

](
x1
x2

)
=
(
K1y(t) +B1ẏ(t)

0

) (2.47)

Since the undamped case is needed, the equation can be simplified to:[
M1 0
0 M2

](
ẍ1
ẍ2

)
+
[
K1 +K2 −K2
−K2 K2

](
x1
x2

)
=
(
K1y(t)

0

)
(2.48)

The undamped mass spring system will create a harmonic oscillation which can
described by the follow equation:

(
x1
x2

)
=
(
A1
A2

)
ejωt (2.49)

Where A1 and A2 are constants, yielding the following:[
K1 +K2 −M1ω

2 −K2
−K2 K2 −M2ω

2

](
A1
A2

)
=
(

0
0

)
(2.50)

Solving A1 and A2 non-trivially is only possible if the determinant of the coefficient
matrix is equal to zero which gives the following equation:

M1M2ω
4 − (M1K2 +M2 (K1 +K2))ω2 +K1K2 = 0 (2.51)

The solution to Equation 2.51 becomes:

ω1,2 =

√√√√(M1K2 +M2 (K1 +K2))±
√

(M1K2 +M2 (K1 +K2))2 − 4M1M2K1K2

2M1M2
(2.52)

Where the first resonance frequency is found when the right hand set of the numer-
ator in the equation is negative and the second resonance frequency is found when
the same set remains positive [31].
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When modelling the vehicle of interest these resonance frequencies are presented
as the suspended mass resonance and the axle hop resonance [32]. The suspended
mass resonance should be within the interval of 0,8 - 3 Hz with the axle hope reso-
nance at 8-15 Hz [32][33].

When viewing the impulse of a vehicle in time domain with force as the y-axis
quantity the response can have the characteristics as shown in the figure below:
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Figure 2.10: Measured Time Signal of a loaded Two-axis truck (Scania P280L)
passage over a speed bump at 20 km/h

In this example it is possible to see the two different resonance frequencies of the
mass spring damper system. The suspended mass resonance is at 1 Hz which can
be seen in the oscillation time between 1.6 - 2 seconds where approximately half of
an oscillation occurs. Between 0,4 - 0,6 seconds it is possible to see that the axle
hop resonance is approximately 10 Hz since approximately two oscillations occurs.

2.1.2.2 Road unevenness

The characteristics of the road unevenness changes the impact to the ground from
the heavy vehicle. Road unevenness can be defined as a set of different criteria,
such as potholes, catch-basins or speed bumps but also cobblestone roads. Since the
road unevenness can occur in so many different forms, ground vibrations induced
by heavy vehicles cannot be simplified to a single or a general case. As previously
stated, a flat pavement will in general have an insignificant impact on the vibration
generation, however adding a depressed catch-basin could drastically increase the
broadband amplitude of the vibrations [11].

Considering the frequency spectrum in the figures below it is further possible to
distinguish that the velocity influences the amplitude of the responses. The most
distinct difference is for v = 30 km/h at 16 Hz and for v = 50 km/h at 20 - 25 Hz.
BB2 and BB3 are passages over the catch basin, while BB6 and BB8 are passages
over a flat surface [11]:
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(a) Catch-basin passage vs. flat surface passage v=30km/h, Adapted after reference
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(b) Catch-basin passage vs. flat surface passage v=50km/h, Adapted after reference
[11]
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(c) Wooden plank passage vs. flat surface passage v=30km/h, Adapted after refer-
ence [11]

Figure 2.11: Variation of acceleration levels depending on the velocity and un-
evenness, Adapted after reference [11]

For the case of a bus passing over a wooden plank rather than a flat surface the
change of amplitude is much higher than the catch-basin scenario. This can be seen
in Figure (c) of 2.11, where the increase of amplitude is significant for frequencies
between 10 - 25 Hz. B13 is the passage over a flat road while BP2 is a passage
over the wooden plank.
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It has been established that the geometry and depth of the unevenness or obstacle
will have a high impact on the frequency spectrum and amplitude levels of the excita-
tion caused. Commonly used speed-bumps such as Speed Cushions, Short humps or
Trapezoidals were implemented in a numerical model where a vehicle model passed
over them at the velocity of 36 km/h. Per the results, the bump with the sharpest
edges and highest slope was assumed to be responsible for generating the highest
vibration levels [12].

2.1.2.3 Vehicle speed

As previously stated, the vehicle velocity is highly correlated with the received am-
plitude levels for ground vibrations. This is presented in the table below [11]:

Table 2.1: Broadband acceleration amplitudes (×10−4g RMS) [11]

Vel. Range (km/h) 20-30 46-50 66-70
Measurement
Direction Transv. Vert. Transv. Vert. Transv. Vertical

Bus 1.6 4.2 2.9 6.1 3.7 7.8
Loaded truck 0.91 1.0 1.1 1.8 1.6 2.4
Empty truck 0.86 1.1 1.1 1.9 1.3 2.7

Nevertheless, the vehicle velocity can also affect the frequency characteristics of the
impact force and resulting vibrations. The induced ground vibrations due to the
increasing vehicle speed of buses show effect in a narrow band of frequencies (̃10 -
15 Hz) meanwhile trucks have influence in a broader frequency range (between 10
- 40 Hz) due to the suspension stiffness of the different vehicle types. The effect
for the bus which had an air-bag suspension system had a greater increase between
25km/h to 50 km/h than the truck which has a multi-leaf steel spring suspension
system [11]. A detailed comparison between the vibration level induction for bus
vs. truck is presented in the table below:

Table 2.2: Comparison of vibration levels (mm/s2, RMS) induced by a bus and a
truck on a premise [11]

Location 25 km/h 50km/h
Bus Truck Bus Truck

Ground in front of house 20.5 19.9 64.5 33.2
External foundation wall 11.2 10.1 30.9 15.7
Mid-point of floor 1st storey 20.3 20.8 62.9 30.1
Mid-point of floor in 2nd storey 35.0 37.3 96.2 46.7

Both Table 2.1 and 2.2 present the results as Root-Mean-Square (RMS) values which
are the most commonly used descriptor of an average vibration. RMS is the square
root of the mean squared value of the vibrations and is in this case calculated for
each one-third octave band within the frequency range 1.6 - 25 Hz using an 8-second
integration time which captures the entire signal [11].
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2.1.2.4 The vehicle mass

The impact of the mass of the vehicle on the induced ground vibrations is presented
in the figures below where a comparison is made between a truck filled with water
(Total weight of 11070 kg) and the same truck empty (Total weight of 8700 kg)
where TL2 and TL6 describe the loaded trucks and T3 and T5 are empty [11]:
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(a) Loaded and un-loaded truck at approx. v=50km/h, Adapted after reference [11]
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(b) Loaded and un-loaded truck at approx. v=70km/h, Adapted after reference [11]

Figure 2.12: Loaded/Unloaded Vehicle at different vehicle speeds [11]

The difference is minor and does not follow a strict pattern as the lower Figure
of 2.12 shows that at some times a lower weight can result in a higher level of
acceleration, meaning that the weight of the vehicle is of secondary importance
when approximating the excitation induced by a heavy vehicle [11][13].
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2.1.3 Effects of Ground Vibrations

2.1.3.1 Legislation regarding Ground Vibrations

The standard regulating the method of measurements of comfort vibration in Sweden
is denoted as SS 460 48 61 "Vibration and Shock" - Measurement and guidelines
for the evaluation of comfort in buildings. The standard defines the measurement
technique and includes target values in form of an appendix [14]. In accordance to
the human response to vibrations, following values are given as recommendations in
the range of 1 - 80 Hz:

Table 2.3: The human response to vibration levels in accordance to SS 460 48 61
[14]

Weighted velocity Weighted Acceleration
Moderate Annoyance 0,4 - 1,00 mm/s 14,4 - 36,0 mm/s2

Feasible Annoyance >1 mm/s >36 mm/s2

The previously mentioned standard is profoundly based on SS-EN ISO 8041-1:2017
named "Human response to vibration - Measuring instrumentation - Part 1: Gen-
eral purpose vibration meters" which describes the terms, methodology and different
values that are to be considered when dealing with comfort vibrations [15].

These standards are used as the base for legislations that are currently in use within
Sweden when it comes to measurement and foundation for evaluation of the vibra-
tions. Further standards and relevant methods include Nordtest Method NT ACOU
082 (1991). The standard, titled "Vibration and Shock, Evaluation of Annoyance"
describes in detail the measurement procedure for measuring of ground vibrations
in and outside of buildings as well as the measurement positions and the general
methodology [16].

2.1.3.2 Transmission of vibrations from ground to building and its effect
on the comfort vibration level

The previously described Nordtest method also presents a prediction of transfer-
functions of vibration levels from ground to buildings in form of an appendix. In
the same standard a frequency weighting-curve is presented as it should be applied
for the results evaluation to include the vibration tolerances, this table is included
in [16] as Table 1. The standard states: "At time it is more appropriate to measure
vibration in the ground than in a building" and hence have developed reference values
that can be applied as an approximation of vibrational energy transfer from ground
to building [16]. This could be used when measurement inside the buildings are
impossible or if the measurements are to be done before the actual building has
been erected. These reference values for the transfer functions are used by some
consultancy firms today 1 and are given as shown in following table:

1NORCONSULT AB - Various reports regarding ground vibration (2019-04-16)
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Table 2.4: Comfort weighted vibrational transfer from ground to building in ac-
cordance to Annex 3 of Nordtest Method NT ACOU 082 [16]

Transfer from ground into buildings ∆LA in dB
(Approx. Amp. Factor)

From a position in the ground outside the building
to a point on the foundation, vertical direction:
- Building without basement (frame-type foundation) - 2 dB (0,8)
- Building with basement (1,5 - 3m below surface) - 8 dB (0,4)

From foundation (vertical) to a point on the floor in
the building, vertical direction:
- 1-storey house or ground floor of 2-storey house
with timber deck: +12 dB (4)

- Upper floor of 2-storey house with a timber deck: + 20 dB (10)
- Multi-storey building with/without wooden floors: + 9 dB (2,5)

From foundation (vertical) to a point on the floor
(or the wall) of the building, horizontal direction:
- 1-storey house or ground floor of 2-storey house,
with timber deck: + 5 dB (1,8)

- Upper floor of 2-storey building with a timber deck: + 20 dB (10)
- Multi-storey building with concrete deck + 1 dB (1,1)

These values have been found in a set of measurements performed on a small num-
ber of single family houses where the source of vibrations was passing trains with a
frequency range of 1 - 80 Hz. The transfer functions were found by the difference of
the weighted acceleration levels between the ground and structure [16].

Another table of approximated amplification between ground vibrations and struc-
ture commonly used by consultancy firms in Sweden is presented below. This ta-
ble applies a similar frequency weighting (Included as Appendix B in [14]) as the
Nordtest and considers RMS SLOW values:

Table 2.5: Weighted amplification factors of Ground-Vibrations into structures
[23]

Transmission ground to foundation with Amplification factor
Pile foundation 0.3
Basement constructed as a slab on grade 0.4
Slab on grade 0.6

Floor structure Amplification factor
Concrete, short spans 1
Concrete, wide spans 3
Stiff wooden floor structure 3
Weak wooden floor structure 6
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Generally, the governing factors which define the level and frequency content of
vibrations in the structure induced by ground-borne vibrations is the excitation
source, transmission path and the structure itself. As slabs and walls in structures
have their typical natural frequency in the range of 10 - 30 Hz with the entire
structure often falling in between 5 - 10 Hz it is possible to excite the resonances,
thus amplifying the vibration levels and altering the measured frequency content of
the initial excitation [21].

2.1.3.3 Health Issues

Health issues circumferential with ground-borne vibrations and bad soundscapes
have been given increased attention as connections have been made to physical and
psychical illness. In its 2014 report, the European Environment Agency estimated
that within the European Economic Area (EU countries with Switzerland and Nor-
way) there are 10 000 premature deaths annually that could be attributed to noise
exposure [17].

Long term exposures to negative soundscapes have been proven to cause differ-
ent cardiovascular problems such as increased chance of heart attack and high blood
pressure. Other known health issues connected to noise exposure are anxiety and
depression among other stress-related disorders [18]. It has also been proven that
physical abnormalities connected to child- and birth development that have lasting
effects even after leaving the hazardous area can be traced to long term noise expo-
sure. The World Health Organization concluded that even one million healthy life
years are lost every year due to environmental noise from traffic related sources in
the western parts of Europe [19].

However, the main health issue to be considered is the sleep deprivation associ-
ated with nocturnal vibrations and noise [18][34]. Humans are most sensitive to
vibrations when in a recumbent posture with the highest sensitivity to vertical vi-
brations around 4 - 10 Hz, corresponding to the typical range of train and heavy
vehicle frequency spectra. Studies show that vibration levels that are slightly above
the wakeful perceptual detection threshold cause an increased cardiac activity for
a sleeping person while other effects such as awakening and alterations of sleep
structure occur after a slightly higher vibration level is reached [34].

2.1.3.4 Property Damages

Vibrations induced by heavy vehicles have sometimes been believed to cause fatigue
damage on real estate such as cracks in the facade. It has since then been proven
that the levels that are reached from heavy vehicles are not sufficient enough to cause
property damage. However, the additional energy that is transferred to a building
from the ground vibrations could be a factor that deepen the already existing issues
due to the aging of the building and result in cracks that are not wholly due to the
effects of the vehicles passing by [11][22].
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2.2 Soil and Foundation types

2.2.1 Soil types
The vibrational amplitudes of ground vibrations depend on both the soil type as
the soil types natural frequency. While the first one does not change over time, the
second could, depending on the amount of ground water, temperature and its stress
history. In general, the lower the stiffness and damping the soil type has the higher
the vibrations will be [20].

The mechanical properties of soils depend directly on the interaction between the
three different phases of soil, which are the solid, liquid and gas phases. In clay,
which is the soil of special interest in this thesis the solid phase consists mainly of
mineral and clay particles which are responsible for the load-bearing structure of the
soil. The cavities of the soil are usually filled with air (if the soil is above ground-
water level) and the relationship between the volume of solid mass, pore water and
pore-gas make up the geotechnical properties of the soil [24].

A soil type with a fine structure and a grain size that is below 0,002 mm is classified
as clay, which has the smallest particle size of any soil type. Clay in the liquid phase
(containing ground water) is highly compressible due to its open structure and has
a low strength allowing high volumetric changes. Its strength and behavior will be
dependant on the stress-strain relation, consolidation of the soil and the shear stiff-
ness. A consolidated clay experiences a slowly dissipating pore pressure due to its
low permeability [25]. The clay in the Gothenburg region which is of special interest
in this thesis exhibits the characteristics of a slightly over-consolidated and highly
saturated soft clay, meaning that the clay in its current state has been unloaded
from a previous loading (glacial ice for the Scandinavian region) [26].

2.2.2 Foundation types
The type of foundation plays an important role when it comes to ground vibration
transfer. A foundation can either amplify or attenuate vibrations from the ground
and transfer them into the building which makes it an important parameter to con-
sider when studying the transfer functions from ground to building [20].

This section presents a brief theory regarding foundation types that will be con-
sidered in this thesis.

2.2.2.1 Shallow foundations

Shallow foundations are usually located less than 1,8 meter under the lowest floor of
the building and are implemented when the soil is assumed to have sufficient bear-
ing capacity. These types of foundations are assumed to be the most economically
effective. Shallow foundations are often found to be supported by other structural
elements such as footings which assist with the load transfer into the ground and
prevent the foundation from overturning or sliding [41].
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The Shallow Foundation will in this thesis be referred to as a Slab-on-Grade Foun-
dation.

2.2.2.2 Basement foundations

Basement foundations are also known as Foundation Walls where the enclosed space
makes up the basement. Basement foundations are popular in buildings due to their
functionality as extra house space as well as a structural component that supports
the load and resists horizontal forces near the ground surface keeping the building
from over-turning [42].

2.2.2.3 Piling foundations

Piling foundations are columnar elements in the foundation of the building that have
the function of transferring the static load when the soil is assumed to be insufficient
to bear it by itself. The piles are led through the soil to the solid rock foundation or
down to soil with higher stiffness and transfers the load to the more suitable ground
[40]. Another significant effect of applying piling foundation is the load distribution
along the mantle of all piles. As the load is being distributed over a larger surface
the tensions become lower in the clay itself, lowering the risk of momentous move-
ments or collapse.

Piling foundations have also been known from experience to cause a reduction to vi-
bration amplification from ground to foundation [23] as presented in Section 2.1.3.2.
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3.1 Measurement
This section describes in detail the measurement session that was carried out with
the goal and purpose of validating the results generated by the analytical models that
have been implemented in this thesis. The measurement was executed in cooperation
with Norconsult AB that provided all the necessary equipment and resources.

3.1.1 Site
The chosen measurement site was located in a smaller community in the proximity
of Gothenburg. As it was part of an ongoing Norconsult project the exact location
will remain undisclosed. A site map is presented in the figures below along with a
further description of the site:

Figure 3.1: The site of measurements.

As shown in the figure, ditches were present on the site, both parallel to the road and
parallel to the building on the plot where the measurement was implemented. The
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site plan and placement of measurement equipment will be further presented and
explained in Subsection 3.1.3. The road on which the measurement was conducted
was of pristine condition without any visible unevennesses or cracks. It was also
meagerly trafficked with no vehicle passing the site during the measurement. The
condition of the road is presented in the figure below:

Figure 3.2: Condition of the road. Camera facing north, away from road-bump
position as in Figure 3.1

Furthermore, the site is located within 200 meters from railway tracks trafficked
by both cargo and passenger trains. The passages of the trains were monitored in
order to be able to distinguish the contribution of the train as a source of ground
vibrations.

3.1.2 Material Properties
As the measurement site was part of an on-going project a geotechnical investigation
was carried out by Norconsult Fältgeoteknik AB. Some of the drilling points visible
in the site plan have been marked in Figure 3.1 as polygons with a triangle. The
table below presents the ground condition as found by the geotechnical department.

Table 3.1: The Material Properties of the Ground per in-situ measurements by
Norconsult Fältgeoteknik AB

Layer Depth Density ρ E-modulus Poisson’s ν Damping h
Surface Clay 0 - 1,5 m 1800 kg/m3 35 MPa 0,30 0,04
Clay 1,5 - 2,0 m 1620 kg/m3 15,11 MPa 0,499 0,02
Clay 2,0 - 3,0 m 1620 kg/m3 22,16 MPa 0,499 0,02
Clay 3,0 - 5,0 m 1670 kg/m3 21,16 MPa 0,499 0,02
Clay 5,0 - 7,0 m 1750 kg/m3 28,20 MPa 0,498 0,02
Clay 7,0 - 10,0 m 1720 kg/m3 33,23 MPa 0,498 0,02
Clay 10,0 - 12,0 m 1770 kg/m3 38,26 MPa 0,498 0,02
Bedrock 12,0 m - - - - -
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3.1.3 Measurement Implementation

3.1.3.1 Vehicle

The vehicle used for excitation of the vibration was a SCANIA P280L (2016 Model)
Truck with two axes (4x2), similar to the one presented in the figure below:

Figure 3.3: The Chassis specification of the truck used in the measurement [27].

The truck was attached with 3 accelerometers during the measurement session as
indicated by the red arrows in the figure. These accelerometer positions are pre-
sented and explained in detail in Section 3.1.3.3. Moreover the following chassis
dimensions are given for the truck used in this measurement :

Table 3.2: Dimensions of the Truck

Dimension Length
L011 4,3 m
L020 1,2 m
CF 4,6 m

A 2-axis vehicle was specifically chosen in order to limit the amount of impulses and
allow a easier interpretation of measurement results. The vehicle was fully loaded
with macadam and had the following weight and load distribution:

Table 3.3: The load distribution of the truck used in the measurement

Total load: 15000 kg
Front axis load: 6700 kg
Rear axis load: 8300 kg
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3.1.3.2 Speed Bump

The speed bumps used for the excitation of vibrations were of the type: Farthinder
"Wake up" and had the dimensions as in the following figure:

(a) Dimensions of the Speed
Bump.

(b) The Speed-
bumped used [28]

Figure 3.4: The Speed-bump used in measurement session

A single speed bump has the total length of 2 meter, hence two were used and
placed next to each other. These speed bumps were not fixed to the road in any
way, but rather laid freely on the pavement. In high velocities the truck caused the
speed bumps to slightly shift positions which was corrected after the passage. The
positioning of the speed bump in relation to the measurement plot can be seen in
Figure 3.1.

3.1.3.3 Accelerometers

A total of 5 accelerometers were used in the measurement session. 3 accelerometers
were attached to the vehicle in order to investigate the different resonances of the ve-
hicle components. 2 accelerometers were placed closely to the speed bump as driving
point measurements. The two accelerometer positions on the ground are denoted
in Figure 3.1 as circles with a cross. A detailed description of the accelerometers
follows:

Accelerometer 1

(a) Accelerometer 1 Position (b) Accelerometer 1 place-
ment

Figure 3.5: Positioning and placement of Accelerometer 1.
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Accelerometer 1 is a high sensitivity (500 mV/g) triaxlar piezoelectric accelerometer
with a operating range of 0,07 - 6000 Hz and a resonance frequency at 9000 Hz. It
was the accelerometer closest to the source, located 0,4 m from the edge of the speed
bump on the pavement. It was attached to a thin metal plate which was glued to
the road surface.

Accelerometer 2

(a) Accelerometer 2 Position (b) Accelerometer 2 place-
ment

Figure 3.6: Positioning and placement of Accelerometer 2.

Accelerometer 2 is of the same type as Accelerometer 1, also logging data for two
directions only. It was placed a little further from the speed bump in the soft soil in
order to be able to place it beneath the surface of the ground. A hole was dug with
an approximate depth of 30 cm. The accelerometer was placed on a metal plate
which was fixed to the bottom of the pit. The accelerometer was then covered by
macadam as shown in Figure (b) of Figure 3.6.

Accelerometer 3 & 4

(a) Accelerometer 3 & 4 Position (b) Accelerometer 3
& 4 placement

Figure 3.7: Positioning and placement of Accelerometer 3 & 4
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Accelerometer 3 & 4 were placed on the back axis of the truck as shown in the fig-
ures 3.3 and 3.7 (Acc Pos.1). Note that the photograph included in Figure 3.7 only
shows one of the used accelerometers as the second was attached after the picture
was taken. The accelerometers were attached to the axis by magnets on a previously
cleaned surface. The accelerometer shown in the picture (Accelerometer 3) is a high
sensitivity accelerometer with a sensitivity of 1000 mV/g and a linear frequency
range between 0,1 - 4000 Hz. The resonance frequency of the accelerometer is 7000
Hz. In this measurement only the Z-direction was analyzed.

As Accelerometer 3 was of a very high sensitivity a second accelerometer (Accelerom-
eter 4) was attached as backup, in order to not have to redo the measurements if the
data from Accelerometer 3 would be disrupted from the harsh impulses of a truck
passing a speed bump. Accelerometer 4 was placed just next to Acceloremeter 3
and attached in the same fashion. It was Industrial Accelerometer with a sensitiv-
ity of 100 mV/g and a frequency response between 0,3 - 10,000 Hz. Its resonance
frequency was 27 kHz.

No Accelerometer was placed on the front axis since it was practically impossible
to place the Accelerometer in a way that generated sufficient results. The different
between the suspended mass and unsuspended mass was hard to spot for the front
axis in the same time as the truck’s frame made it impossible to reach the under-
carriage of the truck.

Accelerometer 5

(a) Accelerometer 5 Position (b) Accelerometer 5 place-
ment

Figure 3.8: Positioning and placement of Accelerometer 5

The 5th accelerometer used was attached to the chassis (Acc Pos. 2 in figures 3.3 and
3.8) in order to see the effect of the damped mass on the vehicle body. Accelerometer
5 was of the exact same type as Accelerometer 3 (Sensivity of 1000 mV/g) and was
also registering data in the Z-direction only. It was attached by a magnet as shown
in Figure 3.8.
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3.1.3.4 Geophones

Another set of equipment that was used to register ground vibrations were Geo-
phones. The Geophones were placed out as shown in Figure 3.1. Geophone 1 was
supplied with a trigger set to activate at the velocity level of 0,2 mm/s. As the
trigger was activated for the geophone closest to the road it caused all the other
geophones to start registering data. The figure below shows the deployment of one
of the geophones along with the geophone positions:

(a) Set up of Geophone 1 (b) All the Geophone locations

Figure 3.9: The Geophone setup along with its location on the measurement plot,
(a) is facing towards west and (b) towards east.

The placement and distances from the road edge for the geophones are presented
in Figure 3.1. The geophones record the peak particle velocity within the range of
1 - 1000 Hz and meet the equipment requirements set by Swedish Standard SS 460
48 61. The geophones were placed below the ground and recorded vibrations in the
Z-direction.

3.1.3.5 Measurement Procedure

The implementation of the measurement was as following; firstly, the equipment was
set up and calibrated. The equipment was laid out as in accordance to Figure 3.1,
Section 3.1.3.3 and 3.1.3.4. After calibration and check of the acquisition-station
the measurement begun with a trial run. The trail run was intended to ensure that
the triggers on the geophone worked and that the acquisition stations logged data
correctly. Afterwards the actual measurement commenced per the following order:
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Table 3.4: Measurement Runs

Velocity Passages Start Time
V = 10 km/h 4 10.35
V = 20 km/h 4 10.41
V = 30 km/h 4 10.45

The driver was instructed to keep at the given velocity while passing over the speed
bump. The measurement was further logged onto a recording camera which place-
ment can be seen in the Figure below along with placement of the entire setup for
the measurement:

Figure 3.10: The setup of the measurement

The recordings from a camera were also used for visual inspection of displacement
of the different truck-components when the truck passed over the speed bump. The
snapshots from the recording are presented below with yellow tape being the refer-
ence point on the different vehicle elements:

Figure 3.11: Snapshots of the truck passing the camera at V = 20 km/h.
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The surrounding was monitored during the measurements and abnormalities were
noted (e.g. train-passages). The acquisition of data was controlled by the partici-
pants and the supervisor simultaneously as the measurement was conducted. Finally,
the used equipment for this measurement is presented in the table below:

Table 3.5: The Equipment used for the measurement

Equipment Serial Number Comments
SVANTEC Aquisition Station 20870 Tri-channel analyzer
2x Accelerometers type KS48C 16121/16120 Frequency range (0.1 - 4000 Hz)
2x Accelerometers type KS823B 10077/10078 Frequency range (0.7 - 6000 Hz)
1x Accelerometer DYTRAN 3176B 3944 Frequency range (0.3 - 10000 Hz)
Geophone Acquisition Station x FRED06 System
3x Geophone type SM 6 x Frequency range (1 - 1000 Hz)
2x RION SA-78 x Acquisition for Acc. 1 & 2
2x Speed Bumps x Type "Wake up" L=2 m
Camera w/ Tripod x x
Cables & Batteries x x
Leica Pinmaster x Laser meter
SCANIA P280L x 4x2 Truck
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3.2 Modelling of Source Model
In order to be able to investigate the effect of different types of vehicle parameters
as varying loads and stiffness parameters a source model was set up.
3.2.1 Description of the Model
The source model is constructed as a mass spring damper system with 4 degrees
of freedom, to better resemble the dynamic behavior of a truck. The initial model
consisted of a mass spring damper system with two degrees of freedom, per previ-
ously presented Figure 2.8 but was later changed into a mass spring damper system
with 4 degrees of freedom since the dynamic behavior of a heavy vehicle was better
represented by using a more complex model [38]. Below is a visualization of the
model:

Figure 3.12: Multi degree of freedom system, Adapted from reference [38]

Initially the model did not have any damping at the wheel, but rather only between
the unsprung and sprung mass. The damping between the wheel and pavement
was added to be able to resemble the half vehicle model as modelled in the guiding
Reference [38]. The set-up shown in Figure 3.12 gives the following equations of
motion:

z̈ = −ks1 (z − θ · a− zt1)− cs1
(
ż − θ̇ · a− żt1

)
− ks2 (z + θ · b− zt2) ...

−cs2
(
ż + θ̇ · b− żt2

)
+ FZ

(3.1)

Iy θ̈ =
[
ks1 (z − θ · a− zt1) + cs1

(
ż − θ̇ · a− żt1

)]
· a− ...[

ks2 (z + θ · b− zt2) + cs2
(
ż + θ̇ · b− żt2

)]
· b

(3.2)

t1z̈t1 = Fzt1 + ks1 (z − θ · a− zt1) + cs1
(
ż − θ̇ · a− żt1

)
− kt1 (zt1 − w1)− ...

ct1 (żt1 − ẇ1)
(3.3)
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t2z̈t2 = Fzt2 + ks2 (z + θ · b− zt2) + cs2
(
ż + θ̇ · b− żt2

)
− kt2 (zt2 − w2)− ...

ct2 (żt2 − ẇ2)
(3.4)

Where the quantities are presented per the table below:

Table 3.6: Quantities of the Equations of Motion for the Source-model

QTY: Description: QTY: Description: QTY: Description: QTY: Description:

m upper mass cs2
damping const. of
rear axis damper żt1/żt2

velocity of
front/rear axis
mass

ω̇2

1st derivative of
the road profile
for rear axis

mt1 front axis mass ct1
damping const. of
front axis tire z̈t1/z̈t2

acceleration of
front/rear axis
mass

Fzt1
the external force
on the front axis.

mt2 rear axis mass ct2
damping const. of
rear axis tire θ pitch angle Fzt2

the external force
on the rear axis.

kt1
spring const. for
front axis wheel zt1

displacement of
front axis θ̇

1st derivative
of the pitch
angle

FZ
the external force
on the upper mass.

kt2
spring const. for
rear axis wheel zt2

displacement of
rear axis θ̈

2nd derivative
of the pitch
angle

a

length from
the centre of
gravity and
front axis

ks1

spring const. of
suspension of
front axis

z
displacement of
the upper mass ω1

road profile
for front axis b

length from
the centre of
gravity and
rear axis

ks2

spring const. of
suspension of
rear axis

ż
velocity of
upper mass ω2

road profile
for rear axis Iy

the moment
of inertia
around the
y-axis

cs1
damping const. of
front axis damper z̈

acceleration of
upper mass ω̇1

1st derivative of
the road profile
for front axis

To be able to calculate the dynamic response of the heavy vehicle a road bump must
be added as input to the system. In the created model the force is equal to zero if
the road profile is flat. Hence, some kind of road irregularity is needed to excite the
model.

The input that was used initially was the input measured during the measurements,
but this resulted in problems with vehicle speed where some velocity levels created
a road profile which coincided with the vehicles second resonance frequency that
enhanced the force amplitude. This resulted in some contradicting results, which
disproved the fact that the force increases with higher vehicle speed.

To avoid this problem the speed bump was simplified to the "drop off phase", where
the vehicle falls from the top of the speed bump. The drop off speed was created
so that the incline became steeper with a higher velocity. This resulted in higher
force at higher velocities which agrees with the previously presented theory. In the
figure below the difference between the initial road profile and the corrected one is
presented:
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(a) Initial Road Profile
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(b) Corrected Road Profile with only the "Drop-off" section

Figure 3.13: Initial and Final Road Profiles for the Source Model

The SIMULINK model that was used to simulate this vehicle passage can be found
as a graphical presentation in Appendix A.

All of the used parameters were predefined in MATLAB. In the model, Input1 is
the road profile for the first axis of the car and Input2 is the road profile for the
second axis. Input1 also contains a delay proportional to the distance between the
axis and the velocity.

SIMULINK uses the predefined ode-functions that exist in MATLAB which stands
for ordinary differential equation. The ode-functions calculates a solution for each
time step iteratively. The choice of which ode function to use in SIMULINK is
made by the model automatically. For the given case the SIMULINK chooses ode3
which is based on the Bogacki–Shampine method. ode3 computes the next time-step
as an explicit function of the state and the state derivative. The state derivative is
computed by using the Bogacki-Shampine Formula integration technique [39].

The output produced by the SIMULINK model is the resulting time signal for
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the passage. The time-step in the model is set in a way that corresponds to a
suiting sampling rate. The sampling rate was 1000 samples per second as it was
approximately the same amount as in the measurements.

3.2.2 Implementation and validation

The implementation consisted of a number of steps, firstly, it was of importance to
analyze the retrieved measurement data. During the analysis it was realized that
the most consistent results were found when the vehicle speed was 20 km/h.

The force at the vehicle speed 10 km/h was to low to be accurate since the im-
pulse of the speed bump passage was damped to fast. At 30 km/h two of the
passages contained a peak at 10 Hz and one at 15 Hz. The peak at 15 Hz cannot be
explained by the intended model and was therefore questioned. The two measure-
ments that contained this peak were investigated and by the recorded videos of the
measurements they could be connected to the speed bump being knocked away by
the passing truck. The speed bump moved during the passage of the front wheels
passage, which created an unevenness between the two wheels for the rear axis. This
unevenness may be the reason to why a second peak was recorded at 15 Hz. More
detailed and thorough analysis of the measurement results is presented in Section 4.1.

To be able to ensure that the force the source model generates is correct, the po-
sition of the closest accelerometer was used as a driving point and input in the
SOLVIA model. The same distances and material parameters were inserted into
the SOLVIA model as were measured during the geotechnical survey and the actual
measurement. Thus, the measurement results from the nearest accelerometer were
matched towards the source model. Therefore the desired force for the passage of
the front and rear wheels over the speed bump can be found iteratively by changing
the force until the measurement and the model gives the same result at the driving
point, in a trial and error approach.

For both the measurement data and the model passages the found time signal for
the impulse is cut after 0.5 seconds. The cut off of the time signal is set to 0.5
seconds since the axle hop frequency can be considered to be damped after 0.5 sec-
onds. The reason to why all of the time signals need to be the same length is due
to the usage of the Fast Fourier Transform. Combined with different time lengths
of the same signal, it will give altering amplitudes of the same time signal in the
frequency domain. Therefore, all the signals need to be the same length. This is
effect is showcased for an arbitrary signal as the one below:

A(t) = e−tsin(ωt) (3.5)

The same signal has been transformed twice, one using the total integration time of
5 seconds and one for 10 seconds.
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(a) Time signals with different time lengths

(b) Amplitude comparison between the signals

Figure 3.14: Amplitude given by the fast Fourier transform of different time signal
lengths

However, a 0,5 second long signal would give a resolution of 2 Hz which is far from
satisfactory. Therefore, another method was used to gain a higher frequency reso-
lution.

The implementation of this method resulted in the division of the front axis pas-
sage and the rear axis passage were divided into two five second time signals. After
the fast Fourier transform has been performed on these time signals the values are
scaled by multiplying with 10 to get the same amplitude as the 0,5 second time
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signal provided. The example below shows that this will not create any errors:
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Figure 3.15: Amplitude Scaling Example

Thus, by Figure 3.15 the two signals can be considered to be the same which shows
that this is an effective way to improve the frequency resolution without altering
the amplitude.

Due to the front and rear axis being separated into two different time segments
it is possible that some of the ground vibrations induced by the front axis will be
found in the rear axis time segment if the impulses are too close in time. Since
it is impossible to avoid this problem in the measurements, this needs to be taken
into consideration for the half vehicle model where the axes can be seen individually.

Initially the model parameters were set as seen below, since they were the model
parameters used in [38] for a half vehicle model:

Table 3.7: Initial Parameters of the Source Model, as per Reference [38].

Parameters Value Parameters Value
m 8800 kg ks2 400 kN/m
ks1 300 kN/m cs2 4000 Ns/m
cs1 2000 Ns/m mt2 450 kg
mt1 350 kg kt2 1800 kN/m
kt1 1000 kN/m ct2 1 kN/m
ct1 500 Ns/m Iyy 50000 kgm2

a 2.54 m b 1.16 m

These parameters were later adjusted to better fit the results of the desired front
and rear axis forces.
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Some parameters can be found or could be calculated. The total load, the dis-
tances from the center of gravity to front and back axis and the front and back axis
loads. The other parameters are adjusted to fit the input force in the SOLVIA
model within a reasonable range. The final parameters for the truck that were used
in the measurement can be seen below:

Table 3.8: Final Parameters of the Source Model.

Parameters Value Parameters Value
m 14450kg ks2 240 kN/m
ks1 150 kN/m cs2 4000 Ns/m
cs1 2000 Ns/m mt2 350 kg
mt1 200 kg kt2 900 kN/m
kt1 480 kN/m ct2 1500 Ns/m
ct1 600 Ns/m Iyy 45000 kgm2

a 2.365 m b 1.935 m

Using the data obtained by Accelerometer 3 the acceleration on the back axis was
acquired. This acceleration was used as an indication for the time signal of the ac-
celeration in the SIMULINK model. From the acceleration from the measurement
of the back axis, the damping and the resonance frequency is found. The amplitude
of the acceleration cannot be found as the correct one, since the amplitude will differ
depending on where on the axis the accelerometer is placed. Closer to the wheel
the acceleration amplitude may be greater than in the middle of the suspension axis.

The half vehicle model was modelled as a point source in SOLVIA. The point
source will represent the passage of both axes and will therefore be the combined
force of the front and rear axis contribution. The resulting force generated by the
source model and its validation process is broadly presented in Section 4.2.

3.3 Finite Element Method

In order to effectively approach the question of issue of this thesis a FEM model
was created with the provided FEM program, SOLVIA Finite Element System.

SOLVIA is a tool for linear and nonlinear analysis of displacements, stresses and
temperatures under static or dynamic conditions. As the program is completely
text-based and lacks a graphical user interface most of the geometry and boundary
condition setting were done through a developed MATLAB code specifically de-
veloped to generate a working ANSI-file for the SOLVIA software to answer the
questions-of-issue of this thesis.

The FEM Model was used to generate results within a frequency range of 1 - 15 Hz
with a frequency step of 0,2 Hz.
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3.3.1 Modelling of the Ground Model
Following section describes the geometry, material and model properties of the gen-
erated ground model used in this thesis along with methods used to ensure correct
boundary conditions and model behaviour.

3.3.1.1 Geometry and Material Properties

The final ground model is a 48 x 48 meters big model with a depth of 12 meters. The
depth of the model was governed by the Geotechnical Survey at the Measurement
plot described in Section 3.1.3. At a depth of 12 meters rock was struck, hence the
ending of the model with fixed boundaries, causing reflections as it would in reality.
The geometry of the ground model used is shown in the Figure below:

Figure 3.16: The Base Ground Model

The material properties used in the model are presented in Table 3.1. The first layers
of Surface crust and clay have been given the finest mesh. One material property is
unknown and it is evaluated during the validation progress. This material property is
the damping of the soil and is denoted as H, which stands for hysteric damping. This
parameter is initially set to 0.02 since it has previously been deemed as successful
when evaluating vibrations in clay.

3.3.1.2 Mesh-size

The model consists of free rectangular elements with varying element size where the
guiding rule was to have elements small enough to allow for at least 6 nodes per
the shortest wave length. The highest frequency of interest is set at 15 Hz which
gives the shortest wave length of 3,6 meters (for a shear wave). Hence, the distance
between 2 nodes cannot be greater than 0,6 meters in order to satisfy the 6-node
per wavelength condition.
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Due to calculation-time limitations, the finest mesh was implemented adjacent to the
surface. The further away from the surface the rougher the mesh. This decision was
motivated by the characteristics of the propagation for the certain waves of interest.
The body waves are of most relevance in the near field of the source, hence the lack
of need for a finer mesh at the bottom of the model. Due to that the surface waves
are of most interest making it necessary to allocate as much as calculation power
to the areas where its effect is observed, being directly adjacent to the model surface.

The Mesh-size is also limited by the boundary conditions, disallowing it to be too
coarse as the implemented damping method used at the boundaries required a max-
imum length between nodes of 5 meters. This condition has been greatly satisfied
with this mesh where the maximum distance between two nodes is 0,6 respectively
0,5 meters, the boundary conditions are further explained in Section 3.3.1.4.

3.3.1.3 Excitation Force

The force used for excitation is a frequency dependent force input curve calculated
using the source model that has been described in detail in Section 3.2. The FEM
implementation of this source is as a single vector, normal to the surface of the model
acting on one node as a point source. The resulting input force and its validation
process can be found in Section 4.2.

It is essential to point out that the FEM model assumes steady-state excitation
and is time independent as no time-signal is used as input. Thus, the input exci-
tation is assumed to have acted on the structure well before the measured results
and will continue after having reached the steady state. The choice of this method
was used as it simplified the calculation process in FEM and is further discussed in
Section 5.1.

3.3.1.4 Boundary Conditions

As the ground model was to represent a semi-infinite medium it was of utterly im-
portance to ensure no reflection from the vertical boundaries of the model. This is
implemented in different ways when modelling ground in FEM and for this certain
model a technique called Perfectly Matching Elements (also referred to as Perfectly
Matching Layers) was implemented.

Perfectly Matching Element or Perfectly Matching Layers is a method used to create
the correct boundary conditions for a continuous medium. The problem with finite
element programs is the reflections caused within the model from boundaries which
are not desired. To be able to create perfect matching elements, the boundaries of
the model need to be completely absorbing.

To be able to get completely absorbing boundaries the following equation needs
to be equal to zero:
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r = Z1 − Z2

Z1 + Z2
(3.6)

Here, Z1 is the impedance of material 1 (Guiding Medium) and Z2 is the impedance
of material 2 (the void) where the equation can only be 0 if Z1 and Z2 are equal
to each other. To be able to achieve this, the impedance of material 1 needs to be
found. The impedance of material 1 is dependent on the density, the Poisson’s ratio,
the Young’s modulus, the longitudinal wave speed and the transverse wave speed.
As the model is finite but should represent a semi-infinite medium it is technically
impossible to have the same impedance in a solid medium and the medium past the
model boundary (in this case Material 2), hence need of PML/PME.

The PML uses a radiation damping coefficient to avoid wave reflection by rewriting
the dynamic equation of motion at the boundaries. Essentially, the PML acts as a
spring in the normal or tangential direction of the boundary depending on the wave
type. The damping coefficient is:

τR = ρci (3.7)

where ρ is the material density and ci is the wave speed in the medium, calculated
per the previously presented Equations 2.18, 2.22 and 2.45.

In order to be effective, the PML must match the mesh and is bound by the surface
area of the boundary with the correct damping coefficient. This means that when
applying the PML to a real model, the PML is dependent on both the mesh and
the surface area it acts on. It also differs at the model’s corner, at the model’s edge
or if it is in the middle of the models surface. When the node is at the corner of
the surface the area it represents is only 1/4 of the area that a non-connected node
has, and if it is at an edge it is only 1/2 of the area a non-connected node has. The
formula also changes dependent in which direction in the model the PML is desired.
Since ground vibrations consist of different types of waves that excite the structure
in different directions the boundaries need to be absorbing in all the directions.

The PML is then validated by evaluating the impedance and compliance functions
as well as considering the phase at the excitation point where it should be flat. More
detailed description of the PML can be found in Reference [37].
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3.3.2 Modelling of Buildings and Foundations
As the base for the paramateric study, three different foundation types were chosen
and studied as briefly presented in Section 2.2.2. These foundation solutions were
then applied to two buildings, one referred to as "the big" and the second being "the
small" building due to the size of the constructions. The different base structures
were created in SOLVIA and are briefly presented in the sections below:

3.3.2.1 Big vs. Small

The two constructed buildings are to represent regular buildings that are constructed
in Sweden. The "big" building is to represent a multi-apartment block. It has the
dimensions of 15 x 39,6 meter with the long side of the building facing the source
of vibrations. The house is constructed with 5 floors where the distance between
slabs is set to 2,6 meters. All building elements (slabs and walls) have been given
the thickness of 300 mm.

The "small" building is to represent a regular single-family house and has been
constructed as a single floor house with dimensions of 9 x 14,4 meter. All load-
carrying elements in the "small" building have been given a thickness of 150 mm,
both of the constructions are shown in the figure below:

(a) The big building (b) The small building

Figure 3.17: The building constructions for the FEM analysis of Big vs. Small
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This thesis focusses on the transfer between the foundation and ground depending
on different foundation types, thus the effect of vibrations on the higher floors is of
secondary importance as reliability cannot be ensured that the transfer functions
between floors are correct. Rather the purpose of the floors is to supply a mass that
can be considered representative in these kind of buildings.

Both the "big" and "small" building have been constructed using concrete, per this
thesis limitations and have the following material parameters:

Density, ρ Young’s Modulus, E Poisson’s Ratio, ν
2400 kg/m3 30 GPa 0,3

It is of importance to point out that the structures have no other loads applied than
the mass of the construction elements. The models consist of the plates and outer
walls, no other elements are inserted on the floors.

Important to notice is that no damping coefficient was used in SOLVIA when mod-
elling the concrete elements. The reason to why no damping coefficient was used
was that it would arguably not affect the focus of the thesis and there were some
uncertainties regarding how the damping should be applied. To avoid potential er-
rors the damping was not applied.
The following sections will in detail describe the modelling of the different foundation
types that were applied for both building types:

3.3.2.2 Slab-on-grade Foundation

The first chosen parameter was a Slab-on-grade foundation which is one of the most
used foundations due to its economic advantages alongside other attributes that
have been briefly presented in Section 2.2.2.1.

For the big building the slab has a thickness of 0,3 meter with 0,15 meter above
and 0,15 meter below ground level respectively. For the small building the slabs
thickness was changed to 0,15 meter (75 mm above and 75 mm below ground) in
order to see the effect of the vibrations on a slab with a much lower mass.

3.3.2.3 Basement Foundation

The basement foundation was chosen as the second parameter of interest. The base-
ment is made up of the same material parameters as the slab edge and has a total
depth of 2,70 meters. For the big building the basement model has a slab resting
at the depth of 3 meters with a thickness of 300mm. The foundation walls are 0,3-
meter-thick and support a top plate with a thickness of 300 mm. The plates have
been modelled as solids while the walls as shells.

Similarly to the Slab Foundation, the thickness of the building elements was al-
tered to investigate the effect of the vibrations. The second setup (small building)
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was made up of walls and slabs with a total thickness of 150 mm, making the base-
ment 2,85 meters deep. The figure below shows a section of the basement foundation
with the big construction setup:

Figure 3.18: Section of the model - Setup for the big building with element thick-
ness set at 0,3 meters

3.3.2.4 Piling Foundation

Lastly, a piling foundation was implemented. The piles were attached to the previ-
ously used basement foundation in accordance to the following piling plan for the
big building:

Figure 3.19: The Piling plan of the big building

The piling plan for the small building had a similar distance relation between piles,
per the following plan:
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Figure 3.20: The Piling plan of the small building

The piles were constructed using truss elements while the rest of the model remained
an elastic solid. The piles were given the dimensions of 270 mm x 270 mm with ma-
terial data corresponding to concrete. The piles go as deep as the ground model and
attach to the base of the model which is fixed in order to represent the rock-bed.
All other elements are uniform with the previous parameter, Basement foundation.

The piling foundation model was also implemented in two thickness setups where
the altering parameter was the thickness of the walls and slabs. The parameters
of the piles stayed the same disregarding of the thickness parameter used for the
remaining elements. The material parameters used for both the material parameters
and piles were:

Density, ρ Young’s Modulus, E Poisson’s Ratio, ν
2400 kg/m3 30 GPa 0,3

with the model section looking as following for the big building thickness setup:

Figure 3.21: Section of the Ground Model with Basement Pile foundation

3.3.3 Parametric study
Following section presents the method which is used to obtained results in the para-
metric study which has been the main objective of this thesis.

The comparison is mainly focused on the transfer function between ground and
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foundation. Thus, the most relevant points to consider is a point at the added
structure (e.g. the slab) compared to the empty base model at the exact same
measurement point (with varying height depending on the construction element).
Secondly, the nodes in focus are the nodes at the slab edge, first floor edge and
basement floor edge versus the same exact point at ground level in the plain base
model (See point 1, 4 and 6 in Figure 3.22).

The parametric study also considers other points on the building such as in the
middle of the ground floor, on the basement and so on. The nodes from where data
is extracted is presented in the figure below to allow easy identification of results:

Figure 3.22: Measurement nodes for the FEM model

Here, the arrow denotes the force input along with all the measurement points.
Point 1, 4 and 6 are located on the edge of the long side towards the source while
3, 5 and 7 are located in the middle of the plates.

For the Base model only point 1,2 and 3 were extracted as it lacks a structure.
For the Slab on grade models, only point 1,2,3,6 and 7 were extracted as they lack a
basement. The remaining models had all the measurement points. The base model
measurement points are always on the ground level (Z = 0) while for the construc-
tions the points always rest on the edge of the element. Note that not all results
will be presented as the thesis does not aim to obtain transfer functions between
different floors of building but rather between ground and building.

The result presentation is done in a parameter-by-parameter fashion finishing the
chapter with a summary. The broader discussion of the results is found in Section
5.3.
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4.1 Measurement Results

Following section presents the measurements results from the measurement session
that are considered to be of relevance.

4.1.1 Accelerometer 1 and 2

4.1.1.1 Vehicle Speed = 10km/h

The first set of figures present the acceleration measured by the driving point ac-
celerometers, per Section 3.1.3.3. Accelerometer 2 is the accelerometer in the soft
soil while Accelerometer 1 is the accelerometer attached to the road surface.
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Figure 4.1: Acceleration for front axis passages for Accelerometer 2
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(a) Acceleration for rear axis passages for Accelerometer 2
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(b) Acceleration for front axis passages for Accelerometer 1

Figure 4.2: Acceleration of the rear and front axis passages for Accelerometer 1
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Figure 4.3: Acceleration for rear axis passages for Accelerometer 1

Considering Figures 4.1, 4.2 and 4.3 it is distinguishable that the first passage of the
four was unsuccessful as its frequency characteristics is noticeably different from the
3 other passages. This could be explained by the fact that this was the first live run
after the test run and the truck operator might have failed to keep the requested
velocity or hit the speed bump at an angle. Thus, the decision is made to exclude
the first pass from the average acceleration calculation for the passages at V = 10
km/h, shown in the figure below:
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Figure 4.4: Average Acceleration for Accelerometer 1 and 2 for each axis at 10
km/h without first passage
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The total contribution from both axes is calculated through simply adding the con-
tribution of the front and rear axis in the frequency domain, the result in presented
below:
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Figure 4.5: Average Acceleration for Accelerometer 1 and 2 at 10 km/h for both
axes without first passage

4.1.1.2 Vehicle Speed = 20km/h

Same set of results is presented for Accelerometer 1 and 2 for V = 20 km/h:

0 5 10 15

Frequency in Hz

0

0.05

0.1

0.15

0.2

A
c
c
e

le
ra

ti
o

n
 i
n

 m
/s

2

Front axis Pass. 1

0 5 10 15

Frequency in Hz

0

0.05

0.1

0.15

0.2

A
c
c
e

le
ra

ti
o

n
 i
n

 m
/s

2

Front axis Pass. 2

0 5 10 15

Frequency in Hz

0

0.05

0.1

0.15

0.2

A
c
c
e

le
ra

ti
o

n
 i
n

 m
/s

2

Front axis Pass. 3

0 5 10 15

Frequency in Hz

0

0.05

0.1

0.15

0.2

A
c
c
e

le
ra

ti
o

n
 i
n

 m
/s

2

Front axis Pass. 4

Figure 4.6: Acceleration for front axis passages for Accelerometer 2
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(a) Acceleration for rear axis passages for Accelerometer 2

Figure 4.7: Acceleration for rear axis passages for Accelerometer 2, at v = 20km/h
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(a) Acceleration for front axis passages for Accelerometer 1
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Figure 4.8: Acceleration for rear axis passages for Accelerometer 1, at v = 20km/h

The results found in Figures 4.6, 4.7 and 4.8 are found to be uniform for all the
passages, thus, all the passages result made up the arithmetic mean of the front and
rear axis contribution and are presented in the table below:

0 5 10 15

Frequency in Hz

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

A
cc

el
er

at
io

n 
in

 m
/s

2

Front axis, Acc.1

Front axis, Acc. 2

Rear axis, Acc. 1

Rear axis, Acc. 2

Figure 4.9: Average Acceleration for Accelerometer 1 and 2 for each axis at 20
km/h

with the summed up contribution as following:
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Figure 4.10: Average Acceleration for Accelerometer 1 and 2 at 20 km/h for both
axes.

4.1.1.3 Vehicle Speed = 30 km/h

The third set of results for Accelerometer 1 and 2 is for the highest velocity-run at
30 km/h and is presented below:
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Figure 4.11: Acceleration for front axis passages for Accelerometer 2
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(a) Acceleration for rear axis passages for Accelerometer 2

Figure 4.12: Acceleration for rear axis passages for Accelerometer 2, at v = 30km/h
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(a) Acceleration for front axis passages for Accelerometer 1
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Figure 4.13: Acceleration for rear axis passages for Accelerometer 1

The main difficulties encountered when measuring at V = 30km/h included the fact
that the speed bumps were not attached to the surface of the road making them
prone to moving at contact with the front axis. Due to that both the second and
fourth passage is excluded from the averaging process as video recordings and data
showed that the speed bumps altered position between the two axes, making the
results unusable. The averaging of Passage 1 and 3 is presented in the figure below:
With the total contribution summed up as following:
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Figure 4.14: Average Acceleration for Accelerometer 1 and 2 at 30 km/h for both
axes without second and fourth passage
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4.1.2 Geophones
Following section presents the relevant geophone velocity levels that have been ob-
tained during the measurement. The setup and indexing of the Geophones have
been explained in detail in Section 3.1.3.4.

The measured data from the geophones is further presented in Section 4.3 where it
is used to validate the FEM model. The model does not contain all of the geophones
since Geophone 3 is positioned 51 meters away from the speed bump passage which
is too far for a reliable result. Therefore, only results from Geophone 1 & 2 will be
presented.

4.1.2.1 Vehicle Speed = 10 km/h

For 10km/h the average results for each axis separately and together are shown since
it has previously been decided that 20km/h is the reference speed.
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(a) Average velocity for Geophone 1 at 10 km/h for both axes
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(b) Average velocity for Geophone 2 at 10 km/h for both axes

Figure 4.15: Geophone Measurement Data at V = 10km/h
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4.1.2.2 Vehicle Speed = 20 km/h

As the 20km/h measurement data was the average results for each axis separately
and together. Each of the passages for each axis will also be shown to prove that all
of the passages for 20km/h are consistent.
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Figure 4.16: Velocity for Geophone 1 at 20 km/h for front axis at different passages
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Figure 4.17: Velocity for Geophone 1 at 20 km/h for rear axis at different passages

The Geophone results from the passages at 20 km/h were considered to be of the
highest reliability as the speed bump was kept in place and a constant velocity was
obtained. Therefore, these results were used as validation of the model at higher
distances, see Section 4.2.
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Figure 4.18: Average velocity for Geophone 1 at 20 km/h for both axes
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Figure 4.19: Average velocity for Geophone 2 at 20 km/h for both axes
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Figure 4.20: Velocity for Geophone 2 at 20 km/h for front axis at different passages

The results obtained from the passages at 30 km/h have been excluded due to high
non-reliability and non-linear behaviour.
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4.2 Validation of Source Model
The validation of the model is based on the procedure described in Section 3.2.
The goal of the validation is to ensure that the generated Source Model corresponds
well with the measured accelerometer results and is confirmed using SOLVIA FEM.

The measured acceleration at Accelerometer 1 (representing the Driving Point) is
compared to the FEM-model with the generated induction of vibrations by the
Source Model. As Accelerometer 1 was considered to be the most reliable due to its
proximity to the source, the Source Model was fine-tuned to generate a force which
corresponded to the found measurement results. The results are presented in the
frequency domain within a range of 1 - 15 Hz, as some uncertainties appeared below
1 Hz, which is further explained in Section 5.1.

Firstly, the comparison of the acceleration caused by the rear axis is presented and
compared alongside the input force that was then used to achieve good correlation
between the measurement and the FEM model:
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Figure 4.21: Rear Axis Acceleration and Input Force comparison
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The validation force as seen above is not exactly following the desired mass-spring
behaviour. Therefore, when fine-tuning the models the focus was put on finding the
correct levels in the frequency region of interest, between 8 - 15 Hz. The adapted
SIMULINK model is shown together with the validation force in Figure 4.22 for
the rear axis where the validation force FEM-model is the back-traced force required
in accordance to the measurement results:
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Figure 4.22: Validating Force and SIMULINK model force for rear axis

To be able to tune the force that the passage causes the SIMULINK models acceler-
ation in time is compared to the measured acceleration. As the amplitude cannot be
confirmed to be correct the resonance frequency and the damping of the time signal
is in focus. This is presented in Figure 4.23. Here, the upper signal is the band-pass
filtered (in the range of 0.1-20 Hz) Accelerometer 3, which is the accelerometer at-
tached to the rear truck axis (see Section 3.1.3.3 for detailed description) and the
lower one is the SIMULINK final result for the rear axis:
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Figure 4.23: Accelerometer 3 compared with SIMULINK model time domain
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As showcased above - these signals are not exactly same in amplitude and as the
speed bump passage was modified in SIMULINK they are put out of phase in the
time domain. The damping of the signals are approximately the same and in Figure
4.24 it is distinguishable that they have a similar frequency peak.

0 5 10 15

Frequency in Hz

0

2

4

6

8

10

12

14

16

18

20

A
cc

el
er

at
io

n 
in

 m
/s

2

Avg. acc. v=20km/h all pass.

SIMULINK model

Figure 4.24: Accelerometer 3 compared with SIMULINK model in frequency do-
main

The same procedure is repeated for the front axis. The only major difference is
that no comparison between the SIMULINK and measurement can be done for
the front truck axis, as the all of the accelerometers used during the measurement
were placed on the rear axis (technically impossible to place on the front axis). The
comparison between the average acceleration for the passages at 20 km/h compared
to the FEM-model can be seen in Figure 4.26:
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Figure 4.25: Acceleration at Accelerometer 1, front axis comparison

This results in the following force that was used as input from the truck:

65



4. Results

2 4 6 8 10 12 14

Frequency in Hz

0

2000

4000

6000

8000

10000

12000

F
or

ce
 in

 N

Validation Force FEM-Model

Figure 4.26: Input Force Validation, front axis comparison
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Figure 4.27: Validating Force and SIMULINK model force for front axis compar-
ison

The validation force did not follow the exact mass spring behavior for the front
axis either which resulted in the same limitation and focus when adapting the
SIMULINK model for the front axis as for the rear axis.

The final SIMULINK model that is used to represent a heavy vehicle passing
over a speed bump in the final FEM model is the total contribution combined from
both the front and rear axis. This force is also used as a tool for the validation
of the Ground Model and the ground accelerometers and geophones are validated
against it. This final SIMULINK model force input is shown in the figure below
with both axis presented individually and combined:
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Figure 4.28: Vertical force for rear and front axis, SIMULINK model

4.3 Validation of FEM Model

Similar to the previous section, the FEM Model was validated using the results from
Accelerometer 2, Geophone 1 and Geophone 2 and compared with the FEM-model
results. Here, the input force is the validation force which was used to be able to re-
trieve the correct levels for Accelerometer 1, as per the validation process in Section
4.2. The comparison between measurement and the geophones are done to confirm
that the amplitude levels and frequency characteristics of the results are reasonable.

The results are presented below, starting with the comparison between Accelerom-
eter 2 and the rear axis force:
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Figure 4.29: Accelerometer 2 comparison with rear axis force as reference force
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Figure 4.30: Geophone 1 comparison with rear axis force as reference force
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Figure 4.31: Geophone 2 comparison with rear axis force as reference force

One of the FEM parameters that was undergoing change as part of fine-tuning the
model was the damping coefficient, here denoted as H. Initial set to 0.02 for the
top layer was later changed to 0.04 to obtain more correct results. The damping
coefficient in the model is contributing to the materials stress and strain relations.
As seen in Figure 4.30 and 4.31, the change of damping to 0.04 gave better results
while in Figure 4.29 the changes was barely visible.

As seen above, not all the figures have a good correlation with measurement vs.
model, which could be expected since the reality is much more complex than the
model. In the model it is easier to spot modes/reflections, as the geophones positions
sometimes can be found in maximum/minimum of the ground model for different
frequencies. To visualize this problem the vibrations levels are shown for the ground
model for different frequencies in Figure 4.32. This problem does not indicate that
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the ground model does not work as intended since the reflections between layers and
the bedrock are to be expected.

(a) Velocity of for the Base model shown for 8 Hz.

(b) Velocity of for the Base model shown for 12 Hz.

Figure 4.32: Velocity levels spreading of the Base Model depending on Frequency

4.4 Validation Process Summary

The final results of the validation process are presented in this section. Here, both
the fine-tuned FEM Model and Source Model are combined and compared to the
measurement results. The force input is the combined force of both axes of the
vehicle as generated by the Source Model and the results are the transfer function
given by the FEM Model:
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(a) Accelerometer 2 comparison between the measurement and FEM model with the
total force from the source model as input force.
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(b) Geophone 1 comparison between the measurement and FEM model with the total
force from the source model as input force.
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(c) Geophone 2 comparison between the measurement and FEM model with the total
force from the source model as input force.

Figure 4.33: Summary of the Validation Process for the Different measurement
data
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Figure 4.34: Accelerometer 1 comparison between the measurement and FEM
model with the total force from the source model as input force.

As seen in the figure above, the levels and peak frequencies are not always correlat-
ing well. The difference between measurement and the model is increasing as the
distance between the excitation point and the measurement point increases. Since
the model force assumes that the excitation is a steady state excitation, resonances
and reflections within the model are more pronounced, which is further discussed
in Section 5.1. Therefore, the overall levels should be the most important data to
compare. The overall levels are roughly the same even though some frequencies are
different in amplitude.

4.5 Parametric Study Results
Following section presents the results obtained in the parametric study which has
been the main objective of this thesis. With the validated Ground and Source models
the constructions are implemented as previously presented in Section 3.3.2.

4.5.1 The big building
Following section presents the results obtained for the big building. The main focus
is on Measurement Point 2 as in Figure 3.22 due to the character of this thesis. The
result section is summarized in Section 4.5.1.4 where the other measurement points
are briefly presented. For the big building the excitation point is exactly 21 meters
away from the buildings edge.

Before presenting the results of vibration in the building induced by the source
model the complex harmonic response is computed for all the measurement points
presenting the modes of the structure in Figure 3.22:

4.5.1.1 Slab on grade

Following results were obtained when comparing the plain base model with the
impact of adding a Slab on Grade Foundation with a total thickness of 300 mm and
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a static load comparing to the material load of 5 floors made of concrete:
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Figure 4.35: Measurement Point 2 in Accordance to Figure 3.22, Base model vs.
Slab-on-Grade in the Big building

As a parameter, the thickness of the ground-level slab was exchanged from 300 mm
to 150 mm. All elements above ground level remained the same in order to provide
equal mass acting on structure. The result is presented without the base model
result:
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Figure 4.36: Measurement Point 2 in Accordance to Figure 3.22, 300 mm Slab-
on-Grade vs. 150 mm Slab-on-Grade in the Big building

4.5.1.2 Basement Foundation

Following results were obtained when comparing the plain base model with the
impact of adding a basement foundation:
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Figure 4.37: Measurement Point 2 in Accordance to Figure 3.22, Base model vs.
Basement Foundation in the Big building

4.5.1.3 Piled Basement Foundation

The piled basement foundation had the following impact on the transfer between
ground and slab:
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Figure 4.38: Measurement Point 2 in Accordance to Figure 3.22, Base model vs.
Piled Basement Foundation in the Big building

The Piled Basement Foundation corresponds to the Piling Plan shown in Figure
3.19 in Section 3.3.2. In order to give the previous figure some context, another
figure is shown below, with a denser piling plan:
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Figure 4.39: Measurement Point 2 in Accordance to Figure 3.22, Base model vs.
Piled Basement Foundation in 2 setups along with the Basement Foundation in the
Big building

The figure shows that the initial piling foundation had a minor impact in compari-
son to the basement foundation. However, a denser piling foundation shows a much
more distinguishable reduction of vibration at the slab edge.

A further parameter that was investigated is the thickness of the Basement Founda-
tion and the Ground-level slab. Their thicknesses were exchanged from 300 mm to
150 mm in order to investigate the effect of element thickness on vibration transfer.
The rest of the building elements had the same dimensions. The parameters of the
building elements above the ground-level slab remained the same in order to ensure
the same mass, the results are presented below:
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Figure 4.40: Measurement Point 2 in Accordance to Figure 3.22, Piled Basement
with 300 mm vs. Piled Basement Foundation with a 150 mm in the Big building
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4.5.1.4 Summary of big building results

The remaining points from Figure 3.22 are presented in the following left-to-right
order; Point 2, Point 3, Point 4, Point 5, Point 6 and lastly Point 7 without the base
model results:
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Figure 4.41: Summary of results obtained at Measurement Points 2, 3, 4, 5, 6 and
7 in Accordance to Figure 3.22, for the different parameters in the Big building

Along with the summary of the results from the vibration damping between ground
and construction measured at Point 2 is presented for all of the constructions that
were used for the big building:

75



4. Results

2 4 6 8 10 12 14

Frequency in Hz

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

V
el

oc
ity

 in
 m

m
/s

Base Model

Slab-on-Grade Foundation

Basement Foundation

Piling Foundation - 3 x 3,6 Piling Grid

Piling Foundation - 3 x 2 Piling Grid

Figure 4.42: Summary of results obtained at Measurement Point 2 in Accordance
to Figure 3.22, for the different parameters in the Big building

In order to gain better insight into why the different foundation types give some
frequency shifts found in Figure 4.41 (e.g. point 7 where piling foundation gives
higher values than the slab on grade foundation), the complex harmonic response of
the building is shown in Figures 4.43, 4.45 and 4.44 for measurement point 3, 5 and
7. The figure below presents the complex harmonic response of the plate at ground
level:
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Figure 4.43: The Resonances at the Measurement Point 3 (See Figure 3.22) of the
different structures for the big building

Followed by the response at the second floor of the building, denoted as Measurement
Point 7 in Figure 3.22:
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Figure 4.44: The Resonances at the Measurement Point 7 (See Figure 3.22) of the
different structures for the big building

Lastly, the response is also presented for the basement level slab, at the foundation
types when its applicable:
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Figure 4.45: The Resonances at the Measurement Point 5 (See Figure 3.22) of the
different structures for the big building

The floors used in the big building have a long span, which means eigenfrequencies
of these elements will be in the frequency range of interest (1 - 15 Hz). As the
geometry of the plates is not affected by the change of foundation types the mode
shapes will be fairly similar with an offset in frequency due to the increased stiffness
and mass of the building as the structural measures are added. Hence, only mode
shapes for the basement foundation will be showcased in the figure below:
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(a) (b)

(c) (d)

(e) (f)

Figure 4.46: The Mode Shapes of the Second Floor Slab of the big building with
Basement Foundation, Measurement Point 7 in Accordance to Figure 3.22 with
corresponding Harmonic Response showcased in Figure 4.45
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4.5.2 The small building
Similarly to Section 4.5.1, this section will be focused around Measurement Point 2
with a brief presentation of the measurement results for the remaining measurement
points in the summary found in Section 4.5.2.4.

4.5.2.1 Slab on grade

The slab on grade foundation was a 150 mm thick concrete slab with 75 mm be-
low and above ground respectively. The static load that this slab is subjected to
corresponds to a one-story concrete building with wall and floor thickness of 150
mm.
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Figure 4.47: Measurement Point 2 in Accordance to Figure 3.22, Base model vs.
Slab-on-Grade in the Small building

A comparison was made to see how the slab thickness can affect the obtained levels
where thickness of the slab-on-grade was exchanged to 300 mm, the results are shown
below:
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Figure 4.48: Measurement Point 2 in Accordance to Figure 3.22, Slab-on-Grade
300 mm vs. Slab-on-Grade 150 mm in the Small building
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4.5.2.2 Basement Foundation

Following results were obtained when comparing the plain base model with the
impact of adding a basement foundation:

2 4 6 8 10 12 14

Frequency in Hz

0

0.2

0.4

0.6

0.8

1

1.2

V
el

oc
ity

 in
 m

m
/s

Base Model

Basement Foundation

Figure 4.49: Measurement Point 2 in Accordance to Figure 3.22, Base model vs.
Basement Foundation in the small building

Here, interestingly enough the slab with higher thickness has a higher max level but
lower overall level of vibrations.

4.5.2.3 Piled Basement Foundation

The piled basement foundation had the following impact on the transfer between
ground and slab for the small building:
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Figure 4.50: Measurement Point 2 in Accordance to Figure 3.22, Base model vs.
Piled Basement Foundation in the Small building

The Piled Basement Foundation corresponds to the Piling Plan shown in Figure
3.20 in Section 3.3.2. As in the previous section, in order to give the previous figure
some context, another figure is shown below, with a denser piling plan:
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Figure 4.51: Measurement Point 2 in Accordance to Figure 3.22, Base model vs.
Piled Basement Foundation in 2 setups along with the Basement Foundation in the
small building

Very similar to the big building, the small building shows that the 3 x 3,6 meters
piling density will give results that are very similar to the results found by only ap-
plying a basement foundation. When applying the denser piling plan the transferred
energy is visibly decreased and much more effective at damping than both basement
foundation and the piling plan.

In order to gain insight on how the slab and element thickness affects a smaller
building a comparison was made where the construction elements below ground-
level were doubled in thickness. The static load remained the same as only the
base-slab and basement slab and walls had their thickness exchanged to 300 mm.
The result is presented below:
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Figure 4.52: Measurement Point 2 in Accordance to Figure 3.22, Thick Piled
Basement Foundation (300 mm) vs. Thin Piled Basement Foundation (150 mm) in
the small building
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4.5.2.4 Summary of Small building results

Firstly, the remaining points from Figure 3.22 are presented in the following left-to-
right order; Point 2, Point 3, Point 4, Point 5, Point 6 and lastly Point 7 without
the base model results:
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Figure 4.53: Summary of results obtained at Measurement Points 2, 3, 4, 5, 6 and
7 in Accordance to Figure 3.22, for the different parameters in the Small building

These are presented although Point 3 and 6 seem to show erroneous results whose
absolute value cannot be considered reliable, however it showcases the effect that
could be observed as the excitation frequency matches with the resonance frequency
of the building element. Secondly, the summary of the results from the vibration
damping between ground and construction measured at Point 2 is presented for all
of the constructions that were used for the small building:
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Figure 4.54: Summary of results obtained at Measurement Point 2 in Accordance
to Figure 3.22, for the different parameters in the small building

Similarly to the big building the harmonic response of the small house will be pre-
sented in Figure 4.55, 4.57, 4.56 for Measurement Point 3, 5 and 7 as established in
Figure 3.22.
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Figure 4.55: The Resonances at the Measurement Point 3 (See Figure 3.22) of the
different structures for the small building

Followed by the response at the second floor of the building, denoted as Measurement
Point 7 in Figure 3.22:
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Figure 4.56: The Resonances at the Measurement Point 7 (See Figure 3.22) of the
different structures for the small building

Lastly, the response is also presented for the basement level slab, at the foundation
structures where it is applicable:
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Figure 4.57: The Resonances at the Measurement Point 5 (See Figure 3.22) of the
different structures for the small building

The span of the plate of the small house is much shorter than of the big building
and contains only one eigenfrequency in the frequency range of interest, representing
the first mode shape. In the small building the upper floor has no mass acting on
it which will result in different boundary conditions which will lead to lowering of
the first eigenfrequency. As the change of foundation structure did not constitute a
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change of geometry or boundary conditions the mode shapes for the different setups
will be very similar, once again, with the change only visible when it comes to the
frequency at which the mode shape is most pronounced. Thus, only mode shapes
of the top floor of the building with a basement foundation will be presented:

(a) (b)

(c)

Figure 4.58: The Mode Shapes of the Second Floor Slab of the small building
with Basement Foundation, Measurement Point 7 in Accordance to Figure 3.22
with corresponding Harmonic Response showcased in Figure 4.57

Note that the second modeshape is outside the span of interest ( 1 - 15 Hz) and thus
not visible in Figure 4.57.

4.5.3 Obtained Transfer Functions
In the previously presented standard NT ACOU 082 a weighting curve is presented
for vibrations, which is similar to the commonly used A-weighting curve in order
to resemble human perception. The weighting curve in NT ACOU 082 is described
in dB, but converted into scaling values to be able to apply them on the velocity
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levels. As described in SS 460 48 61 a single value can be evaluated individually if
the frequency can be seen as dominant which is applicable for most of the results.
Therefore, the weighted peak value for each of the foundation types is used as a
single value compared to the peak of the empty model.

As a second parameter, the mean transfer value is also presented to get a better
perception on how the foundations types relate to each other and the plain base
model. In Figure 4.59 the comfort weighted velocities for the different foundation
types are shown for the big building. Since the human perception is higher in lower
frequencies the weighting curve is decaying over frequency which result in lower vi-
bration levels for higher frequencies. This will also affect which peak frequency which
will be used when evaluating the transfer function for the different foundation types.

In Table 4.1 the transfer values for the different foundation types are shown. The
peak transfer factor is shown together with the peak frequency of each foundation
type.
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Figure 4.59: Comfort weighted vibration level for the big house in accordance to
NT ACOU 082 included as [16]

Table 4.1: Transfer Values for big building

Foundation type Overall transfer value Peak transfer value
Slab on grade 0.27 0.29 (8.6 Hz)
Basement 0.31 0.33 (7.8 Hz)
Piled Basement 0.15 0.17 (8.2 Hz)

The same procedure as previously described is used for the small house. In Figure
4.60 the comfort weighted velocities for the different foundation types is shown for
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the small building. In Table 4.2 the transfer values for the different foundation types
is shown.
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Figure 4.60: Comfort weighted vibration level for the small house in accordance
to NT ACOU 082

Table 4.2: Transfer Values for small building

Foundation type Overall transfer value Peak transfer value
Slab on grade 0.74 0.86 (8 Hz)
Basement 0.85 0.71 (8 Hz)
Piled Basement 0.32 0.29 (8.6 Hz)

The most notable results which can be seen in the transfer functions values is for
the small house in Table 4.2 and Figure 4.60 where the slab on grade foundation is
better in terms of overall transfer function than basement foundation, but is worse
for the peak transfer value than the basement foundation. Another interesting result
which can be seen is that the basement foundation is worse than the slab on edge
foundation for the big building when the weighting values is applied. The peak
velocity levels which can be seen in Figure 4.42 are on similar levels but the slab on
grade comes higher in frequency than the basement which scaled with the weighting
curve gives a lower value.
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5
Discussion

The following chapter presents a brief discussion regarding the validity of the Ground
and Source model, as well as the suitability of the methods used to generate them.

Further, the chapter presents a reflection upon the given results from the Para-
metric study and discusses possible error sources and non-linearities that they may
present.

5.1 Validation of Source Model
The source model was intended to create a model where different parameters could
be exchanged to obtain different forces depending on the vehicle properties such as
suspension stiffness, total mass but also vehicle speed and speed bump profile. The
parameter altering of the SIMULINK model showed results in line with what was
expected from the theory survey for different force levels induced due to different
parameters. The local deformation of the rubber compound in the tread layer and
the curvature of the tyre affects the relation between the speed bump profile and
the profile relevant for the model. The local deformation and curvature works as a
low pass filter and results in a smoother profile. However, the SIMULINK model
was not able to generate the expected amplitude differences satisfactory for altering
vehicle velocities as the measurements suggested it should. This does not mean that
used model is unreliable or faulty for the used vehicle velocity of 20 km/h, but in-
dicates that the model cannot provide the correct values for different vehicle speeds
by only changing it as a single parameter in it. To be able to create a model that
can in an adequate way treat different vehicle speeds the equation of motion needs
to involve the horizontal force that the speed bump is exposed to. As the focus of
the thesis was not to optimize a vehicle model the used source model was not further
developed but can be seen as adequate for the intended purpose.

During the validation progress the model was validated against the total contribu-
tion of the passage. This approach was chosen since the time signal of the vibrations
overlapped between the two axis and to avoid that truncation error, this approach
was used. It would be possible to argue for that it is only the back axis that should
be of importance, but with that approach it excludes the front axis affect which
would be wrong, especially if the input force would be time dependent.

The final parameters for the source model are similar to the first parameters found
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in [38]. As the only confirmed parameters of the truck were the mass and the length
between the axes, the parameters had to be found in an iterative way. This does
not mean that the parameters are the correct one for the used truck, but they did
serve their purpose for this thesis after being validated as described in Section 4.2.

When combining the FEM model with the source model, some limitations had to be
applied. The used FEM program SOLVIA assumes steady state conditions when
calculating the results in the frequency domain. Therefore it was considered to try
to generate a time signal in SOLVIA which could later be converted into the fre-
quency domain. This approach was discussed but rejected since it would be much
more time consuming without certainty that it would result in more reliable results.
Therefore, the approach that assumed steady state conditions was used which needs
to be considered when analyzing the FEM-generated results as the steady state
condition assume that the input force is fully built up for all frequencies and the
resonances are at their maximal saturation. Therefore, possible resonances in the
system will be more pronounced then they are in a real case scenario for this type
of outline. In a real case scenario one impulse from a vehicle would not saturate the
resonances as much as the FEM-model indicates.

Due to the choosing of steady state conditions and the nature of the impulse the
lower frequency limit will be set to 1 Hz for the final results since it is highly unlikely
that the low frequency will be excited with the amount of force that the SIMULINK
model suggest. As the displacement of the upper mass is not damped within the
simulation time the impact of the lower frequency is arguably negligible since the
force it creates will be distributed in over a longer distance. This will not affect the
frequency range that is of the highest interest which are 7 - 15 Hz.

The initial approach where the road profile had the same size and characteristics
as in the measurement did not give satisfying results as described in Section 4.2.
The reason to this was that the passing time on the road profile coincided with the
axle hop resonance. For the created source model this becomes a problem since the
vertical force is described by a simplified 4 degree of freedom system. In reality it is
highly unlikely that this problem will occur since the vehicle is much more complex
than the 4DOF-system used. As mentioned earlier the impact of the local defor-
mation of the rubber compound in the tread layer and the curvature of the tyre is
not taken into account in the model which may also cause problems in the initial
approach.

The final results of the validation of the source model can be seen as adequate.
The final results can be improved if the entire progress would be done again but due
to the focus and purpose of this thesis it is deemed unnecessary. If any additional
work would be put on the source model and its validation, it would be to be able to
get around the steady state condition which is used in the current one by using a
time signal instead of frequency. The problem this would face in model is that each
time-step would be calculated individually, and the length of the signal would be
at least 5 seconds long to be able to get a sufficient frequency resolution. Since the
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sampling frequency in the measurements is between 1000 and 1500 Hz this would
result in long calculation times. It is possible that the steady state condition would
be possible to solve in other FEM-modelling software, but due to the size of the
ground model the programs may cause longer calculation times.

5.2 Validation of Ground Model

The validation of the ground model mainly focused on the correct modeling of two
important features of a continuous medium. The first feature was that the model
needed to act as a semi-infinite model, i.e. no reflections at the vertical edges of
the model. This feature was solved by matching the impedance of the model and
putting springs acting as radiation dampers around the model in the different re-
quired directions, referred to as the Perfectly Matching Element Method in this
thesis. This was later confirmed by ensuring that the phase was flat at the excita-
tion point when the same material parameters were used for all of the layers along
with PME applied at the bottom of the model. Nevertheless, when using the actual
model with the different material parameters for different layers and with a bedrock
surface at the models bottom there will be some reflections and therefore it is hard to
validate that this approach works for all of the layers as intended for the final model.

The Perfectly Matching Element Method is a good attempt to ensure no reflection
at boundaries and even though it is harder to confirm when using the final model,
there are indications that confirm that it is working as intended. The spreading
of the force in the model is spherical and the flat phase is almost always achieved
for the excitation point excepts for two frequencies around 2 Hz where the model
bottom supplies reflections. Furthermore, measurement points were set at arbitrary
positions to control for reflections from boundaries and gave satisfactory results.
Thus, it is assumed that a semi-infinite ground model has been achieved in the the-
sis as intended.

The second feature which was important to achieve is that the bedrock is reflec-
tive and rigid. To be able to achieve this the nodal points of the bottom of the
model were not able to move in any direction. To ensure that this approach worked
as intended, the force in all directions for one of the nodes of the bottom was in-
vestigated. The results showed that there was no motion in the nodal point which
confirmed that the approach worked as intended.

A final parameter that was not obtained during the geotechnical survey was the
damping coefficient of the ground. Instead the final model was tested and com-
pared to a lower damping value. The final value was the same value that have been
used in previous calculations made by our experienced supervisor Gunnar Widen in
SOLVIA for one of his projects in Gothenburg and had better correlation with the
measurement than the lower tested one.
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5.3 Parametric Study

All of the models that have been used during the parametric study have been com-
plied in the same fashion as previously constructed models using SOLVIA FEM
at the acoustic department in Norconsult. No known errors occurred when running
the models and during inspection the models appeared to be visually correct. The
construction elements could have been connected and built together using different
techniques in Solvia, which is why the transfer functions between the different
floors in the buildings are not to be considered reliable as that was not a part that
was within the scope of this thesis.

The aim of the thesis was to investigate how different foundation types will af-
fect the transfer factors from ground to building for vibrations induced by a heavy
vehicle. The usage of in-situ measurements to generate a reliable ground and source
model showed to be an effective way of correctly approximating the transfer func-
tions within the ground itself. However, the same level of reliability cannot be
reached for the parametric study as no in-situ measurements have been done for
houses similar to the ones generated in the FEM modelling.

Although no confirmation of the obtained transfer values could be done as part
of this thesis, the result showed good correlation to the theoretically expected val-
ues, with some alterations.

Firstly, a parameter that is not considered within the industry-standard transfer
factors is the size and mass of the building. Same transfer factors are used whether
a multi-story building or a single-family house is the subject of consideration. In
accordance to the preformed parametric study the mass on the foundation will have
a major impact on the transfer of vibrations. The shown tendency is that a founda-
tion with a higher mass will have significantly lower transfer factor than a smaller
construction with a lower mass. As shown in Figure 4.59 and 4.60, the magnitude of
the transfer factors will be highly dependent on the mass with the foundation types
having a secondary, although important, impact.

A factor to consider is that the source is acting in its steady-state condition which
makes its excitation force resemble a train rather than a heavy vehicle. Considering
this limitation, one must be reminded that the difference between heavy and light
structures might not be as big as the resonances are not as saturated in a real-life
scenario as shown in the FEM models. Nevertheless, this approach has been previ-
ously used as a successful engineering method at Norconsult and the result generated
can be considered moderately reliable.

To further put emphasis on why it is important to investigate the contribution from
heavy vehicles Figure 4.53 should be considered, showcasing measurement point 7
(denoted as MP7). In this figure the resonance frequency of the second floor is ap-
proximately the same as the peak of the excitation signal. Therefore, the vibration
amplitude on this frequency is significantly higher than the rest of the frequencies.
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As previously described it is unlikely that the resonance frequency will be as satu-
rated as shown in Figure 4.53 but as the level is unreasonably high, it is likely that
this will still be an issue of a different magnitude. To put it in further perspective
the distance between the source and the building is 23 meters and the source model
is modelled to resemble a medium-sized truck passing over a small speed bump at
20 km/h which is far from an unlikely real life scenario.

It is clear that the resonances of the building affect the transfer function of the
different foundations. The eigenfrequencies will be different depending on applied
foundation type, most notably between basement and slab-on-grade foundation.
Since the vibrations level of the foundation is retrieved on the edge on top of the
foundation, these resonances do not have significant impact on the levels, but they
do contribute.

As seen for Measurement Point 2 the big house in Figure 4.45 the slab on grade
foundation has an eigenfrequency around 7.6 and 8.8 Hz while the basement foun-
dation has its at 8.2 Hz. This is distinguishable when comparing the values in Figure
4.42. The same contribution can be found in position 2 for the small house as well,
where the basement foundation has its eigenfrequency around 9.5 Hz and the slab
on grade foundation has its at 9.7 Hz which can be seen in Figure 4.54.

Since the frequency resolution were 0.2 Hz the final results it is possible that there
will be amplifications if the eigenfrequency is fully amplified. It is possible that this
is what occurs at Measurement Point 7 (denoted as MP7) of the small building at
9.4 Hz as seen in Figure 4.54.

Another factor to be weighted in is that a structural counter-measurement to reach
lower vibration transfer levels will have different effect depending on the receiving
structure. The parametric study showed that the difference between a slab-on-grade
foundation and a basement foundation will not give as big of a difference as [16] and
[23] suggest. These reports suggest a transfer factor amplification difference of 0,2 -
0,4 between a frame-type foundation and a basement foundation while the computed
results show an amplification factor difference between 0,05 - 0,15.

The most effective structural counter-measurement showed to be a piling ground
however, requiring a dense setup as a to sparse setup has shown to be ineffective
and even counter-effective for light structures as presented in Figure 4.51. The piles
for both structures were of the same type and another parameter to consider could
be the thickness and mass of the piles compared to their ability to reduce vibration
transfers. This parameter was not investigated, instead the parametric study proved
that the thickness of the foundation components (thickness of slab and/or thickness
of basement structural elements) has little to no effect for heavy structures and a
minor effect for light constructions as shown in Figure 4.48.

In general, this has been a reoccurring characteristic noticeable throughout the
parametric study. The structural measures for lower transfer factors have a higher
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and more distinguishable effect in lighter and smaller constructions while for heavy
and large buildings their impact will be limited to lowering the resonances of the
construction if correctly dimensioned, as observable in Figure 4.42 and 4.54.
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The parametric study showed no significant difference between basement founda-
tion and slab on grade foundation. The piled basement foundation was found to be
the most efficient alternative to lower vibrations, but only if the piling was dense
enough. The parametric study also showed that a lighter and smaller house was
easier to excite which provided higher transfer values for all the different founda-
tion when comparing the light and heavy structure. The thickness of the different
foundations did not provide any notable difference, rather the static load was the
governing factor.

The source model approach assumes steady state condition of the excitation which
resulted in some uncertainties where reflections/resonances were more pronounced
than in a real case scenario, but was deemed as the sufficient approach due to cal-
culation time and choice of FEM-modelling software.

Lastly some of the results obtained in the parametric study did not fully corre-
late with the currently used reference values and standards, especially the impact of
basement foundation compared to slab on edge foundation and that different sizes
of buildings are treated the same way.

The difference between basement and slab on grade foundation in this thesis cannot
be deemed as confident enough to prove the standard wrong but possible question
its results. This thesis proves that the size of building is of significant importance
when estimating the transfer values, which is a parameter that the standards does
not consider.
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7
Future Work

This Parametric study is an introduction to what could have been an infinite project,
comparing parameter after parameter. This chapter presents the subjects that are
considered the most interesting for further investigation.

For once, the computation of a source model could be investigated individually
to be able to successfully generate the correct vertical force for varying vehicles
velocities, along with other adjustable parameters such as stiffness and mass. An
analytical approach with measurements as validation could result in a model that
could be further used in similar thesis project. It would also be of interest to inves-
tigate different types of vehicles to see how well the current source model compares
to them and if this simplified model could be used to generate the input force of
other vehicles such as buses.

A good future thesis project would be a continuation of this thesis with a higher
level of measurements. The most interesting validation would be to measure the
transfer factors on site and then compare it with the FEM modelling by using the
same procedure as used in NT ACOU 082.

As seen in the results of the thesis the different piling foundations gave different
results. It would be interesting to investigate how different amount of piles would
change the transfer values for the building. It would also be of interest to investigate
more parameters such as different soil properties and different materials on build-
ing as this is not investigated in this thesis. As a continuation of what this thesis
conclusion it would also be of interest to investigate the weight of the building by
trying to find some kind of numerical relation between weight, size and the transfer
values.
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A
Appendix 1

Figure A.1: The SIMULINK model used to generate the results presented in
Section 3.2II
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