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ABSTRACT
42 pages, 25 figures, 3 tables, 0 appendices
KEYWORDS: 2D NUMERICAL SIMULATION OF RAYLEIGH WAVE
PROPAGATION, FINITE ELEMENT MODELING, VERTICAL SEISMIC BARRIERS,
PASSIVE VIBRATION ISOLATION

The aim of this work is to study various seismic barriers with different material
properties and dimensions to determine the optimal vibration mitigation rate and the effective
protection zone against the Rayleigh wave. In order to observe the effects of seismic barriers,
numerical simulation was implemented by utilizing ABAQUS finite element analysis
software. Explicit Dynamic Analysis solver was applied to simulate Rayleigh wave
propagation along the elastic half-plane. Reduction in the vibration energy of the Rayleigh
wave was expected by placing vertical seismic barriers in the ground (passive vibration
isolation) in front of the building which was intended to be protected. Further, the results of
the numerical simulation were analyzed to determine the optimal barrier properties that
provide effective protective zones (the area in which surface waves were attenuated).
Thereafter, the results were verified by analytical solution. Applying vertical seismic barriers
with different material properties and dimensions, 5.5 meter-depth seismic barrier with
composite material was found the as the most efficient barrier since it provided longest
effective protection zone (28 meters) behind the barrier. Therefore, the vibration energy of
the Rayleigh wave can be mitigated thanks to seismic barrier up to an extent (nearly 89 per
cent) by using such systems. Thence, the applicability of these systems is proved by

numerical simulation results.
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CHAPTER 1. INTRODUCTION

This research focuses on vibration energy isolation by implementing vertical seismic
barriers. The following section has glanced at the history of earthquake and seismology

evaluation.

1.1. History of the Earthquake

For centuries, humanity has been facing natural disasters in which earthquake takes the
prominent place due to its frequent occurrence and the damage caused to the surrounding
environment.

Urbanization and latest technological developments led to the formation of new
sources of vibration. Nowadays, ground vibration is generated through various ways: Due to
activities in construction sites, movement of high speed trains, demolition of buildings and
earthquakes. Considering its high vibration energy and destruction potential, earthquakes
were considered the most harmful vibration generating source amongst others. Thus, several
studies have been carried out for the last decades to minimize the disruption to the
surroundings by S.V. Kuznetsov, R. Motamed, A. Zerwer et al. etc. [8, 18, 20]

In this respect, Agnew [1] studied the history of earthquakes from 1755 till 1995 and
manifested several researches that had been conducted in this period. The first thoughts about
the cause of the earthquake were the idea of ground shaking. Later on, wave propagation
motion was proposed as the reason for this natural disaster. Elasticity and gas pressure
expansion inside the earth crust were presumed to be the actuating force of this motion. It was
imagined that this motion resembles the movement of a curled carpet.

Subsequently, in the 19th century, further investigations were conducted to find a
“pattern” between previous and recent earthquakes and to ascertain the relevance between
these earthquakes. Due to breakages on the surface caused by the earthquakes in the 19™
century, researchers presumed the possible cause of the earthquake as a series of faulting

ruptures.
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In 1829, S.D. Poisson had described the wave motion in the elastic medium [2]. He
described the wave motion as two different waves in terms of their speeds and directions (the
faster wave propagated in the direction of wave propagation and the slower wave propagated
in the direction perpendicular to the wave propagation). By using elastic wave propagation
theory, the motion of light sought to be elucidated as a motion of transverse waves in elastic
“luminiferous ether”.

In due course, in 1856, the first instrument to automatically record some aspects of the
shaking was invented by L. Palmieri [1]. This instrument turned out to be inapplicable since it
was designed to seek small motions that occur underground, rather than to detect high
vibrations of earthquakes.

In 1885, the elastic surface wave explanation was suggested by Rayleigh [3]. The
behaviour of waves upon a free elastic surface and the mathematical expression of Rayleigh
wave characteristics were explained. It was acknowledged in the 19th century that the Earth
mostly consists of solid along with hot liquid and gases. Therefore, it was assumed that
elastic waves are transmitted through the surface and the depth of soil. However, the
characteristics of these elastic waves were not clearly distinguished in that time due to
anisotropic and inhomogeneous features of the soil.

Thenceforth, in 1904, Earthquake motion was explained with three different waves
namely P, S and L according to their arrival times and velocities, not to their type [4].
Afterwards, by A.E.H. Love, extensive research was conducted on elastic waves [5]. It was
found out that as surface waves propagate on the layered surface of the Earth, the particles
move transverse to the propagation of wave motion. Further, a mathematical model of the
surface waves was constituted.

Eventually, considerable focus was put on the surface wave studies to detect them
before their occurrence since they are the most harmful seismic waves to the environment. To

take countermeasures and alert the public about the earthquake before its occurrence,
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seismographs were invented by using new approaches and by using the seismic data which

has been collected through years.

1.2. Types of Seismic Waves

During a seismic activity, four main wave types can be observed by utilizing a
seismograph: Body waves such as Longitudinal (P-wave) and Transversal (S-wave) or
surface waves that are encountered commonly: Rayleigh and Love waves. The propagation

direction and velocity of each wave differ from each other as shown in Figure 1.

Body Waves

g

-

- ———

Figure 1. Propagation of the seismic waves [6]

The first wave that is spotted in the seismograph is the “Longitudinal wave” (Primary
wave) due to it’s high velocity when it propagates in a medium. This wave can propagate in
liquids, solids and gases unlike the other types of waves. As it propagates, the elements of the
medium move with the push and pull movement (worm-like motion) and its speed can be
calculated by equation (1). Since the propagation medium was considered as elastic, Lame

constants were employed.



10

c. - W (1)

(A and p are Lame constants, p is material density (kg/m?), C. is the Longitudinal wave speed
and Cr is the transversal wave speed)

After Longitudinal waves arrive, slower “Transversal waves” which have higher
amplitude compared to Longitudinal waves can be observed. The propagation motion is
transversal along the surface. Thence, while it is moving, particles move up and down
perpendicular to the direction of propagation. The velocity of the Transversal wave Ct can be

found as:
CT = £ (2)

In the seismograph, Rayleigh waves can be observed after Longitudinal and Transverse
waves. The propagation motion is up and down along with the horizontal motion. The
Rayleigh wave propagates on the surface and attenuates with increasing depth.

Since the Rayleigh wave travels along with the upper layer of the Earth crust, it
contains localized, high vibration energy at the surface and the amplitude of vibration
decreases with depth. Therefore, the effect of the Rayleigh wave will be the maximum on the
surface where most of the constructions are built. The Rayleigh wave velocity Cr was
estimated by Bergmann et al. in 1967 [7].

. 0.87+1.120

C
R 1+v

C, 3)

1.3. Research Motivation

The idea to examine the related topic appeared due to the flaws of present-day
vibration isolation systems in the sense of their vibration energy mitigation effectiveness.
During a seismic activity, an effective vibration mitigating system should provide protection
against repeated, low and high amplitude vibrations. At the same time, it should be
economical to implement such a system.

10
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Nowadays seismic protection systems are mostly built within the construction as an
assembly (dampers) that moves separately from the building when an earthquake occurs.
Another approach to mitigate the vibration energy is to plant a seismic barrier (horizontal or
vertical) in front of the structure (as circulating the construction 360 degrees) to create a

protection zone behind the barrier.

Figure 2. Vertical seismic barrier implementation as circulating the construction 360 degrees [8]

The limitations of the dampers that are built within the construction are high costs of
setup and maintenance requirements. In addition, these systems have a definite lifetime that
can bear the vibrations that are caused by the earthquakes. Thus, periodic maintenance and
replacements of the parts whose lifetime finished are necessary.

Due to the stated reasons, usage of vertical or horizontal barriers seems advantageous
since they don’t require frequent maintenance and replacement, as well as the installation of

such systems is inexpensive.

1.4. Research Objectives
The aim of this research is to study various vertical seismic barriers and to determine
the optimal barrier properties for vibration energy mitigation. The main objectives of this

study are presented below.
11
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o Determining the effects of material properties of the barrier and barrier
dimensions on the vibration energy reduction. Additionally, showing the effects of
various wavelengths on the protection effectiveness.

o Constituting a 2D numerical model by using ABAQUS finite element modelling
software.

o Indicating the effective protective zones that different vertical seismic barriers
provide.

o Verifying the simulation results by comparing with the experimental data.

In order to simulate the effects of seismic barriers against the Rayleigh wave,
numerical simulations were utilized by using ABAQUS finite element modelling software.
Explicit Dynamic Analysis solver was implemented in the numerical simulation since the
earthquake is a dynamical problem. By planting various seismic barriers with different
material properties and dimensions in front of the structure which is aimed to be protected
(placing the barriers around the building 360 degrees), the mitigation of the vibration energy
was expected. Due to the computational cost of 3D modelling, 2D numerical modelling was
implemented. Further, the results of the numerical simulation were analyzed to determine the
optimal seismic barrier properties that provided effective protection against the Rayleigh
wave. Following, the numerical simulation was validated by comparing with the data from
the experiment from [11].

1.5. Thesis Outline
This thesis includes 8 chapters and references: Introduction, literature review,
parametric study, a mathematical description of the problem, numerical simulation, numerical

simulation results and summary.

12
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In the first chapter, a brief overview of the history of Earthquake and the seismology
development over the years was given. Following, the main types of seismic waves that are
seen during the Earthquake are indicated. A motive for conducting this research was clarified
in the Research Motivation section. As well, the objectives that needed to be achieved were
presented.

In the second chapter, various researches that investigated Rayleigh wave propagation
on elastic half-space are introduced. Characteristics of Rayleigh waves and methods of
vibration isolation are presented in the Literature review.

In the third chapter, numerical simulation parameters are depicted and the results are
presented. The parameters for the numerical simulation were chosen according to the
parametric study.

In the fourth chapter, a mathematical description of Rayleigh wave motion on the
elastic half-space is given. Along with that, the model was compared with the experimental
results for validation purpose.

In the fifth and sixth chapters, a 2D model is created in ABAQUS and it is solved by
implementing an explicit dynamic analysis method. Findings of the numerical solution are
given.

In the last chapter, the summary of the results of this study are given.

13
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CHAPTER 2. LITERATURE REVIEW

Many researchers focused on finding a solution for a wave propagation problem in a
boundless medium based on the equations of Green and Stokes [9]. The characteristics of
surface waves on the free surface were first described by Lord Rayleigh. He described the
seismic event (which was produced by a single impulse) with two separate wave motions:
“minor tremor” and “main shock”. Minor tremor occurs initially and may appear anywhere
on the surface, at the same time subsides steadily causing the second motion. The second
motion is called the “mainshock”. As this motion's propagation continues, its amplitude
attenuates with the distance from the source.

The equations of motion in isotropic elastic medium were depicted as:

ou OA
—=(A+p)—+ VU
at* X (x-direction) (4)
02 ) )
¥2(2+,u)—+,uVV ) )
(y-direction) (5)

where A and y are Lame constants, p is material density. Displacement vectors in x and y

directions were shown as u and V, while ¢ and y were scalar and vector potentials, A shows

the gradient of displacement.

y_9¢ . ov
ox oy (6)
v=9¢_ov
oy OXx 7)
A :a_u+ﬂ
oX oy (8)
The attenuation of the Rayleigh wave on a free surface is described with equation (9).
1
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where r is the number of waves and x is the distance from the epicenter. While body waves
attenuate according to equation (10)

1
Ixr] (10

This revealed that, as compared to body waves, Rayleigh waves attenuate with a much
faster rate (exponentially) with distance.

In order to attenuate the Rayleigh waves, amplifying the roughness of the surface on
the half-plane was considered by Goldstein et al. [10]. The author scrutinized the Rayleigh
wave vectors and their interaction with rough surfaces. As these vectors are frequency-
dependent (dispersive), the dispersion relations were used to explain the displacement field.
Increasing the roughness of the surface caused the elastic medium to transform into a
viscoelastic one. The maximum effect of surface roughness in the sense of wave attenuation
was observed when small wavelengths were considered for the simulation.

An extensive research about vibration isolation systems was conducted by S.V.
Kuznetsov [8]. In this research, recent studies, as well as the main ideas about the vibration
protection implementations against surface waves were illustrated. In this regard, vertical and
horizontal seismic barriers were examined. Implementation of an empty trench for the sake of
attenuation of the Rayleigh wave was stated as impractical. As cited by Kuznetsov [8] “For
bulk waves the most effective vertical barrier would be an empty trench, or a trench filled in
with a lighter material than the ambient soil.[...] However, propagating Rayleigh or Love
waves will simply overflow an empty trench.” Moreover, Love, Lamb, SH, Stoneley waves
and their characteristics were pointed out. Lamb waves show similarities to the Rayleigh
wave if the plane on which they propagate is isotropic and they are dispersive. Hence they
can propagate on any material, including multiple anisotropic layered mediums. Contrary to
Rayleigh waves, Stoneley waves are able to propagate on half-plane in a condition that
material constants of the half-plane meet certain circumstances. Love waves propagate on the

interface between elastic half-plane and the contacting layer as long as the following

15
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condition is satisfied: The bulk wave velocities of the elastic layer are greater than of the bulk

waves in half-space.

C > Ccontactlayer (11)

where C+ represents speed of transverse waves.

Halfplane

SH waves show similarities to Love waves in terms of polarization. However, the
existence of SH waves depends on the boundary condition. Along with the articulated waves
above, their combination can also be observed such as Rayleigh-Lamb waves or Love-SH
waves, if the propagation medium is multi-layered.

Another comprehensive investigation of vertical seismic barriers was performed by A.
Alzawi et al. [11]. The effects of an open trench and seismic barriers with GeoFoam material
against vibration isolation method were investigated. Seismic barrier dimensions and barrier
location from the origin of vibration source and the effects of different load frequencies were
inspected. Numerical simulation results were verified by the author with experiments which
were conducted on the test site. Active (implementing the seismic barrier very close to the
vibration generation source) and passive vibration screening methods (planting the seismic
barriers very close to the structure which is aimed to be protected) were discussed. The
amplitude reduction rate was calculated by dividing the maximum spectral velocity amplitude
after implementation of a seismic barrier to the maximum spectral velocity amplitude before
the implementation of the seismic barrier. Variations in the amplitude of reduction (in and out
of phases) were associated with the phenomena of minima and maxima phenomenon. This
phenomenon was firstly discovered by Woods [12] who carried out similar experimental
procedure hitherto. After the experiment in the field, 2D simulation by finite element
modelling was carried out with ABAQUS software to compare the simulation and
experimental results. Implementation of open barrier provided average system effectiveness
of 76 % and 89 % by numerical modelling and by field experiments respectively. By
applying Eps Geofoam as a seismic barrier material, average system effectiveness was

obtained of 64 % and 41 % by numerical simulation and by field experiment accordingly.

16
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The small divergence was observed between the results of the experiment and the numerical
simulation. Barriers that are deeper than 0.6 normalized distances (0.6 1), provided more
effective protection compared to smaller barriers. Comparing with the field experiment, it is
proved that 2D simulation utilizing the finite element method can provide realistic results.

In the study which was conducted by B. Qiu [13], seismic wave implementations near
tunnels against the explosions were investigated. Blasting is often used in civil engineering
since it is an economical way to remove material from the excavation site when it is
encountered with the hard rocks foundation. As a result of these explosions, surface waves
are generated. Hence it can be harmful to the surroundings as causing stress-induced
damages. 2D finite element model was chosen for the simulation after a comparative study
between 2D and 3D models. It was observed that the 2D model can provide adequately
precise results and the simulation time is less expensive compared to the 3D model. Effects of
the depth of the barrier, density and Young’s modulus against the Rayleigh wave were
investigated. By utilizing Python, the optimization of seismic barrier’s properties was
performed. As an outcome of this study, increasing the barrier density or reducing the
Young’s modulus can be effective to mitigate the vibration energy. At the same time, the
Poisson ratio and damping ratio didn’t exhibit any significant effect on the vibration
reduction ratio. For this study soil deformation properties were not considered. Due to the
complexity of the barrier geometry, proposals of seismic barrier designs were impractical.

In the review by M. E. Rahman et. al. [14], the methods for reducing the vibration
energy was examined. The main focus was put on methods for protection against vibrations
caused by transport systems such as high-speed trains, underground railways, etc. Vibrations
on the surface can boost depending on the surface irregularities and inhomogeneity of the
soil. As a method for vibration isolation, floating slabs were described. These systems are
mainly used to reduce the vibration that is caused by high-speed trains. This system works
well when the vibration frequency is less or equal to the resonant frequency. The

effectiveness of such a system therefore depends largely on its design. Another method to

17
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diminish the vibration energy was introduced as a wave impending block. This system is
generally implemented below the vibration inducing source and the effectiveness of this
system depends on the stiffness of the impending block. As a third method, trenches were
introduced for vibration energy isolation purpose. Active and passive screening methods were
explained. The difference between these two methods solely depends on the location of the
barrier. The aim of the active screening system is to attenuate the vibrations generated by the
vibration source. This method is used to diminish the vibrations usually caused by high-speed
trains. For a second approach, passive screening method is explained. It is used to protect the
intended structure by placing the trench between the vibration source and the structure.

Train-induced wave propagation in layered soils using finite/infinite elements was
studied by Yang et al. [15]. In the simulation model finite/infinite elements were used to
avoid reflections at the boundaries, which could disturb the numerical simulation results.
Cited by the Author [15], “Using this method, both the material and geometric irregularities
of soils in the near field and radiation damping in the far field can be easily taken into
account”. The equation of motion in the frequency domain was described by equation (12).

([K]-@’[M])s=d (12)
where [K] is the stiffness and [M] is the mass matrices of the system. s and d were denoted as
displacement and loading vectors respectively.

The attenuation of the vibration in ground was shown in equation (13).

L(dB) = 20 Iog% (13)

2
in which L is the attenuation in decibels, P1 is the calculated attenuation and P2 is a reference
value.

In the homogeneous half-space the effects of the transverse wave velocity and the
damping ratio on the velocities of the soil particles were investigated. Since there is a
relationship between the speed of movement of the load and the speed of the transverse wave

by the equation (14), decreasing the shear wave speed increased the Mach number (M) for the

18
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fixed value of the load movement speed (c). Therefore, higher vibration value in the field was
observed by reducing the transverse wave velocity for a fixed value of the load movement
velocity.

M = Ci (14)
where M is the Mach number, c is the load moving speed and C+ is the transversal wave
speed.

A change in the damping ratio had no effect on the velocity of the ground particles at
subcritical speed of the moving load (c=70 m/s). At the supercritical speed of the moving
load (c=100 m/s), however, the increase of the damping ratio led to a considerable reduction
of the vibration energy.

Meta-barriers were used as a vibration isolation method by S. H. Kim and M. P. Das
[16]. The authors used barriers which are composed of metamaterials to attenuate the seismic
waves. The metamaterials are artificial homogeneous materials that are created in laboratory
conditions to ensure smaller dimensions compared to wavelengths of the seismic waves.
Using a passive screening method, the meta-barriers were placed between the vibration
source and the structure to be protected. The implementation of the meta-barriers around the
building created a shadow zone (protected zone behind the barrier where the amplitude of the
vibrational energy is significantly reduced). As explained by the author [16] “Metamaterials
act as an attenuator by converting the seismic wave into an attenuated wave by making use of
the imaginary velocity of the stop band of the wave. This method protects not only the
building that is surrounded by metamaterials, but also all buildings behind the
metamaterials”. A negative shear modulus was implemented by presenting Helmholtz
resonator. Numerical simulation results of this study showed that the vibration energy of the
seismic wave decreased as turning the seismic-wave vectors into the imaginary part of the
equation. Most of the seismic wave energy were attenuated by transforming the vibration

energy into sound and heat energy.
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CHAPTER 3. PARAMETRIC STUDY

Finite element modelling of Rayleigh wave propagation was completed in accordance
with the parametric study since the proper mesh size and the time increment are vital for the
correct results.

The model parameters are chosen in reference to researches of A. Dudchenko [17] and
A. Zerwer [18].

1. The size of the protected zone should not change which implies that the barrier
volume can be replaced by its cross-section area as the barrier length remains constant.

2. To allow Rayleigh wave interaction, seismic barriers should satisfy the plane strain
conditions. Therefore, the soil property of the model was designated according to plane strain

condition.
3. The vertical model size H should satisfy the condition H 2%, where 1 is the
calculation time and Cv is longitudinal wave speed. The distance from the left border to the

barrier should be L, > C?:T

while the observation zone is L, = 24,,,,, - The distance from the

Cr-L-L,

observation zone to the right border is L, = . Hence, the total horizontal length L

ought to be L +L, +L,. Considering the conditions above, the horizontal and vertical length

was chosen to 110 x 75 meters.

4. The mesh element size should be smaller or equal to the lumped mass ¢ multiplied
with the minimum wavelength A, [17].
g = gﬂ‘min (15)

where constant ¢ is changing depending on the mass matrices being consistent (c=0.25) or

lumped (¢=0.2). Since the mass matrices were consistent in the numerical simulation, the

20
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value for this constant was taken as 0.25. Since the wavelength was selected as (2.98 m), the
element size was chosen 0.3 meters.
5. The time increment t should be less or equal to the element size g over the

longitudinal wave velocity Cy.

T Si (16)

L

For g = 0.3 meters and longitudinal wave speed being found from equation (16)
CL =180.32 m/s, the time increment was chosen as 0.001 s.

6. During earthquakes, the maximum shear strains for the Rayleigh wave usually don’t
exceed 2x107 [19].

The maximum amplitude is taken as 2x10° meanwhile the frequency of harmonic
excitation was chosen as 30 Hz by selecting the Rayleigh wavelength as 2.98 meters. To
observe the effects of various wavelengths on the protection effectiveness, a harmonic load of
10 Hz, 15 Hz, 20 Hz and 30 Hz was applied to the model and the displacement rates were
obtained with respect to distance from the barrier.

7. Vertical barriers should satisfy the following conditions in order to protect the given
area from seismic waves effectively:

(i) The height of the barrier should be comparable with the lengths of the waves which
it protects from. As following this principle, the depth of the seismic barriers was chosen
bigger than the wavelength of the Rayleigh wave.

(i1) The material of the barrier should have higher Young's modulus and density than
the ambient soil [8].

(iii) The shear modulus of the soil increases with the depth, as referring to the research

of Motamed et al [20] (table 1).
Table 1. Young’s modulus of soil in depth (from [20])

Depth (m) Young’s Modulus (Pa)
8.75 5e’
17.5 8e’

21
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26.25 11e’

35 14¢’

8. The material properties of the soil and the seismic barriers are listed in table 2. Soil

IS considered as dense sand.

Table 2. Material properties of seismic barrier materials [21]

Material Density Young’s Modulus E | Poisson Ratio v | Damping Ratio
p (kg/m?) (Pa) (%)

Dense Sand 2070 5e7 0.3 0.01

Concrete 20/25 2400 39¢° 0.15 0.05

EPS GeoFoam 15 28¢° 0.09 0.05

Composite 1274.2 97.5€8 0.12 0.05

9. In order to see the effectiveness of seismic barriers, a reduction factor Keguction Was

calculated by considering the following equation. [20]

_ A\Nithout - A\Nithbarrier *100 (17)

reduction —

K

ithout

where Auwithout represents the maximum acceleration amplitude before and Awithbarrier
stands for the maximum acceleration amplitude after placing a seismic barrier or empty

trench.

10. The protection percentage was calculated according to the equation (18) to see the
effects of different wavelengths on the protection percentage.
u

U, .
P = planfJ barrier *100 (18)

plane
In which uparrier represents the displacement field after implementation of the barrier,
whilst upiane IS the displacement field of the half-plane before the implementation of the

seismic barrier.
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CHAPTER 4: MATHEMATICAL DESCRIPTION OF THE PROBLEM

Considering half plane for —o < X<ocoandy >0 with x and y being the coordinates of
the elastic half-plane. The problem can be considered as a 2D plane strain problem since the
plane elongates in z-direction infinitely.

The equation of motion in isotropic, elastic, homogenous media can be written

applying the Navier-Clapeyron theorem [22]:

(/I+2,u)V(V.u)—,uV><(V><u)+f,o:,ogtilzj (19)
Following, u can be expressed as applying Helmholtz decomposition theorem [23].
U=¢xVs (20)
Displacement vector u can be expressed in coordinates x and y by equation (21) and
(22).

u, = 9 _% (21)

oX oy
u, =29 (22)

oX oy

where ¢ and k are scalar and vector wave potentials for longitudinal and transversal waves

and can be found by equations (23) and (24).
§ = D(y)eite (23)
s=S(y)e' (24)
Where k is wave number, o is the angular velocity. The unknown functions ®(y) and S(y) can

be written as below:
®(y) = D, sin(py) + D, cos(py) (25)
S(y) = L;sin(qy) + L, cos(ay) (26)

in which the constants p and g can be written by equation (27) and (28).
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=W /C2K (27)
q=+W/C;* -k (28)
Furthermore, governing equations for longitudinal and transversal waves can be written
In equations (29) and (30) [24].

o°d o*d 1 o
+ =
ox> oy C/° ot?

(for longitudinal waves) (29)

0°S  9°S 1 0°%S
st 22 T R 2 A2
oy- oy C,” ot

Since the medium is elastic, the longitudinal and transversal wave speed (C. and Crt)

(for transversal waves) (30)

can be expressed using Lame constants p and A.

C.=V(E!p) =\((2+2u)] p) (31)

C; =v(G/p)=\(u!p) (32)

in which p is the material density, E is Young’s modulus, G is the shear modulus. The Lame

constants i and A can be found as:

_ E P Ev
20+0) M T ) Ar)

Y7

(33)

Where, E 1s Young’s modulus and v is poisson ratio.
Considering longitudinal and transversal waves, substituting equation (31) and (32)
into equation (19), the equation of motion in a linear elastic medium as a function of time can

be obtained:

2
C2V(V.u)-C.2Vx(Vxu)+ f :Z_u (34)

t2
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4.1. Initial Condition
Since there are no initial stresses in the half plane and at the symmetric boundary,
initial conditions were taken as stated below:

u(r,t) ,=0 (35)
ou(r,t)|,=0 (36)

4.2. Boundary Condition
On the boundary surface of a half plane Q, (considering the elastic, homogeneous and
isotropic media) it is assumed that there are no tractions. Therefore, equation (37) can be used

as a boundary condition.
t, = (Atr(Vu)l + u(Vu+Vvu')). =0 where Q. ¥ =0 (37)
where ¥ is the unit normal to the boundary surface Q.

To describe the Rayleigh wave propagation equation on the half plane, u can be

rewritten as substituting equation (23) and (24) into equation (20).
U= (@(y)e'™ ™ xv(S(y)e™™) (38)
Substituting equation (36) into equation (35) gives Rayleigh wave propagation on the

free surface of the half plane.
t,= (/Itr(V(CI?(y)ei‘kx‘Wt) ><V(~'*.3(y)ei(kx‘““’))l | | (39)

+u(V(@(y)e' ™ x V(S(y)e ) + V(@(y)e' ™ x V(S (y)e ™)) x =0

At the interface between soil and seismic barrier ideal mechanical contact was used.

tbarrier - tsoil |interface

4 (40)

ubarrier soil |interface

where Ug..ier and Uy are displacement vectors on the contact surface of the soil and seismic
barriers at the interface, t.mier and ty; are surface stresses on the interface surface of the

barrier and the soil.
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CHAPTER 5. NUMERICAL SIMULATION

An elastic half-space (110 x 75m) consisting 35982, 4-node bilinear, plane strain
guadrilateral elements of the element type “CPE4R” was implemented for the model. The left
model border was taken as symmetric in order to reduce the calculation time. At the bottom
and the right side of the plane, infinite elements of the element type “CINPE4” were utilized
to avert reflections from the boundaries which can affect the solution. The chosen element

types are illustrated in Figure 3.

2 4

CINPE4
CPE4R

Figure 3. Chosen element types

A harmonic load was applied at the top left side where the symmetry condition was set.
The harmonic excitation was given according to the function Asin(2z.f.t), where A is
maximum amplitude, f is frequency and t is cumulative time.

In a distance of 32 m from the applied load (symmetry border), a 1.8 meters-width
seismic barrier was placed. The dimensions of the barrier were chosen according to the
parametric study to ensure optimal protection against Rayleigh wave propagation. Different
depths for the barriers were considered as shown in Figure 6.

Three different material properties were chosen for the seismic barriers: EPS, concrete
and the composite which consists of EPS and concrete. Along with these barriers, an open

trench was considered for the simulation.
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Applied Load

Symmetry Condition

Infinite Elements ——s

il A A 7 ™ . A A A
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Ca e e E S

1

Figure 4. The model with infinite elements and boundary conditions

The numerical simulation was completed using an explicit finite difference method
with ABAQUS 6.14-5.
The following explicit central difference formula was used for the iteration:

NN AL AL, -
u =U @ T #U () (41)

(a+1/2)

where UN is a degree of freedom, subscript “a” number of increments and At is the time
increment [24].

Figure 5. Elastic half space dimensions (m) Figure 6. Various depths of the seismic barrier (m)

Several sensor points were selected to observe the Rayleigh wave vibration effects
behind the barrier. The location of the sensor points are illustrated in Figure 7 and listed in
Table 3.
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Figure 7. Location of the sensor points

Table 3. Locations of the sensor points

Sensor point number

Distance from seismic barrier (m)

10.7

154

22.2

28.2

33.2

28
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CHAPTER 6. RESULTS OF THE NUMERICAL SIMULATION

6.1. Simulation Results for Open Trench
The maximum acceleration rates in distance from the barrier are shown for the

different empty barrier depths compared to no barrier in figure 8.

45

Maximum Acceleration (m/s?)

52 10,2 15,2 20,2 25,2 30,2 35,2

Distance from the barrier (m)

No barrier —l— With open trench 2.5 m —&— With open trench 3.5 m
—<—With open trench 4.5 m —e—With opentrench 5.5 m

Figure 8. Maximum acceleration rates after implementing empty trench

Placing open trenches decreased the maximum acceleration amplitude up to around 4
m/s2. It was observed that by increasing the depth of the trench, more reduction in the

amplitude of the Rayleigh wave can be achieved.

95
§ 85 —4—With open trench 2.5m
g
E 7 =B=-\With open trench 3.5m
By
= 65
=]
E 55 —&—\With open trench 4.5m
=
-*]
g 45 —fl—\With open trench 5.5 m

35 T T T T T 1

52 10,2 15,2 20,2 25,2 30,2 35,2
Distance from the barrier (m)

Figure 9. Reduction factors after implementing an empty trench
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In figure 9, the reduction factor with distance from the barrier is visualized for different
depths of the empty barrier. The reduction factor was obtained up to 91 per cent with a 5.5-
meters depth empty trench. As it can be monitored from the graph, after 10 meters, the
vibration energy steadily decreased. Thus, the statement of S. Kuznetsov [8] “However,
propagating Rayleigh or Love waves will simply overflow an empty trench.” is confirmed.
Rayleigh waves overflew the empty trench after 10 meters. Therefore, by implementing an

empty trench, an effective protection zone of 10 meters can be reached.

Open Trench
100
g 90 L,oo
=~ B0
% —
E 70 m:32 1908
= 60 ¥ —
E 50
-
= 40
2
€ 30
£ 20
£
A~ 10
0
0,50 1,00 1,50 2,00
Wavelength / Depth ( Jg/d)

Figure 10. Protection percentages for open trenches with respect to the wavelength-depth ratio for fixed
barrier depth (4.5 m)

For the fixed barrier depth (4.5 m), increasing the wavelength of the Rayleigh wave
(decreasing the frequency of applied load) caused a reduction in the protection percentage

around 30 % after the Rayleigh wavelength became longer than the fixed barrier depth.
6.2. Results for Seismic Barrier with Concrete 20/25

In a second step, the seismic barrier was built with concrete 20/25. The maximum

acceleration with distance from the barrier is shown in Figure 11.
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Maximum Acceleration (m /s?)

5,2 10,2 15,2 20,2 25,2 30,2 35,2

Distance from the barrier (m)

No barrier —— With C20/25 barrier 2.5m —&— With C20/25 barrier 3.5m
—e— With C20/25 barrier 4.5m —e— With C20/25 barrier 5.5m

Figure 11. Maximum acceleration rates after placing barrier with Concrete 20/25

After planting a seismic barrier with Concrete 20/25, the maximum acceleration

dwindled to 4.6 m/s. Additionally, it was observed that the maximum acceleration with

Concrete 20/25 was around a ten per cent of the maximum acceleration without barrier.

It was observed in figure 11 that, after 22 meters, the maximum acceleration rate

steadily increased.

95

85

=g=\Nith C20/25 barrier
2.5m

== \\ith C20/25 barrier
3.5m

e \\ith C20/25 barrier
4.5m

== \\ith C20/25 barrier
5.5m

75

65

55

Reduction Factor (%)

45

35 T T T T T 1
5,2 10,2 15,2 20,2 25,2 30,2 35,2

Distance from the barrier (m)

Figure 12. Reduction factors in the acceleration after placing seismic barrier with Concrete 20/25

Reduction factor in the acceleration was obtained as 88 per cent by using Concrete

20/25 material for the seismic barrier. As can be observed, after 22 meters away from the

barrier, the acceleration reduced due to attenuation of the wave with distance. Increasing the
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depth of the barrier escalated the reduction factor. Thus, the effective protection zone was

remarked as 22 meters.

Protection Percentage
9)]
=]

Seismic Barrier with Concrete 20/25

1,32

20 1,99
10
D 1

0,50 1,00 1,50 2,00
Wavelength / Depth (3.5/d)

Figure 13. Protection percentages for a seismic barrier with Concrete 20/25 with respect to the wavelength-

depth ratio for fixed barrier depth (4.5 m)

Increasing the wavelength reduced the protection factor greatly for the seismic barrier

with Concrete 20/25. Therefore, to obtain effective protection with Concrete 20/25, the height

of the barrier should be chosen higher than the Rayleigh wavelength.

6.3. Results for Seismic Barrier with Eps Geofoam

In the next step, the seismic barrier was built with Eps Geofoam. The maximum

acceleration with distance from the barrier is shown in Figure 14.

Maximum Acceleration (m/s?)

45
AD __“--—-_i_________________.r_-—-———
35
30
25
20
15
10 /

5 ° - =

0

52 10,2 15,2 20,2 25,2 30,2 35,2

Distance from the barrier (m)

No barrier —#— With EPS 2.5m —&— With EPS3.5m —e—With EPS 4.5m —e—With EPS 5.5m

Figure 14. Maximum acceleration rates after placing barrier with Eps Geofoam

32



33

Applying Eps as a seismic barrier material lessened the maximum acceleration
amplitude to 3.4 m/s? (figure 14). Placing the seismic barrier with a depth of 5.5 meters

resulted in a maximum reduction in the acceleration.
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——With EPS 4.5m
—B—With EPS 5.5m
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w
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Distance from the barrier (m)

Figure 15. Reduction factors in the acceleration after placing seismic barrier with Eps Geofoam

As can be monitored from Figure 15, 91 % of the reduction in the displacement was
gained by applying 5.5 meters-depth seismic barrier with Eps GeoFoam. The effective

protection zone was attained at 28 meters.

Seismic Barrier with EPS Geofoam

100
= 1 0,99
g 80 2 132
2 70 t —mm— —a 1,99
2 60
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F: 40
L 30
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0,50 1,00 1,50 2,00
Wavelength / Depth (i.g/d)

Figure 16. Protection percentages for a seismic barrier with Eps Geofoam with respect to the wavelength-
depth ratio for fixed barrier depth (4.5 m)

Increasing the wavelength reduced the protection percentage (figure 16). For
wavelengths bigger than the seismic barrier depth (4.5 meters), the protection percentage
diminished below 80 %.
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6.4. Results for Seismic Barrier with Composite Material

34

For the last simulation, a composite material which consists of Eps Geofoam and Concrete

20/25 was implemented to a seismic barrier. In figure 17, the maximum acceleration rates are

shown.

L 2
L J

5 4

Maximum Acceleration (m/s?)
=
G

5.2 10,2 15,2 20,2 25,2

Distance from the barrier (m)

—&— Without Barrier —l—With Composite 2.5
——With Composite 4.5 ——With Composite 5.5

Figure 17. Maximum acceleration rates after placing barrier with Composite

—k—With Composite 3.5

Up to an acceleration of 5.2 m/s? was realized when a 5.5-meter depth barrier was

planted. After 28 meters, a soar in the maximum acceleration was noticed.
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=—dr—With Composite 4.5 m
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Figure 18. Reduction factors in the acceleration after placing seismic barrier with Composite material (Eps

and Concrete 20/25)

Applying composite (Eps Geofoam and Concrete 20/25) helped the reduction factor to

reach 89 per cent while increasing the depth contributed to a rise in the acceleration as can be
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seen in figure 18. Furthermore, composite material provided the longest effective protection

zone (around 28 meters) among the other seismic barriers.

With Composite
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Figure 19. Protection percentages for a seismic barrier with Composite material with respect to the

wavelength-depth ratio for fixed barrier depth (4.5 m)

As it was observed in figure 19, for wavelengths bigger than the barrier depth, the

protection percentage linearly falls to 30 per cent. For the wavelengths higher than the

seismic barrier depth, the protection percentage diminished visibly.

6.5. Validation of the Simulation Results

To validate the model of the numerical simulation, experimental findings of the study

which was conducted by A. Alzawi et al. [11] were taken for comparison. The simulation was

modelled with 2D plane strain conditions and solved numerically in ABAQUS by utilizing

the explicit dynamic method. The same material properties, dimensions and constants as in

the previous model were used to validate the presented numerical model. The load, boundary

condition, dimensions and the location of the barrier were taken according to the

experimental study to compare the results.

35



36

In the experimental study, an open trench and Eps GeoFoam barrier of 3 meters-depth,
0.25-width was utilized. As a load, a harmonic sinusoidal force of 23.5 kN was applied to the
ground with the frequencies of 40 Hz, 50 Hz and 58.84 Hz.

10 20 30 40 50 60 70

—&— Eps GeoFoam

v)

—&— Open trench

Mo trench
0,01
@ Trench Location

Normalized vertical soll particles velocities

0,001 - - -
Distance from the vibration source (m)

Figure 20. Numerical simulation results of replicating the experiment of vibration with 40 Hz
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Figure 21. Experimental results of replicating the experiment with 40 Hz (from [11])

Comparing the figure 20 and figure 21, it can be observed that results of the numerical
simulation and experimental results followed a similar pattern. Due to the reflections from the
boundaries and the inhomogeneities in the soil, variations in the vertical soil particle
velocities were observed. However, in both results, Eps Geofoam trench reduced the speed of

soil particles to a minimum rate as a comparison to no trench and open trench graphs.
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Figure 22. Numerical simulation results of replicating the experiment of vibration with 50 Hz
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Figure 23. Experimental results of replicating the experiment with 50 Hz (from [11])

As the frequency increases, the effectiveness of open trench increases in the sense of
vibration isolation. By applying 50 Hz frequency as a harmonic load, the normalized vertical

soil particles velocities diminished compared to 40 Hz frequency load.
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Figure 24. Numerical simulation result of replicating the experiment of vibration with 58.84 Hz
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Figure 25. Experimental results of replicating the experiment with 58.84 Hz (from [11])

For the applied frequency of 58.84 Hz, a steady descent in the soil particles velocities
was observed for the open and no trench. The open trench was spotted to be the most
effective vibration isolation method for the applied load of 58.84 Hz.

Comparing the experiment and the simulation results, the model can be assumed as

validated.
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CHAPTER 7. SUMMARY

In summary, the following results can be mentioned:

o Increasing the barrier depth was proved to be helpful for the sake of vibration
isolation for all the seismic barriers types.

o Stiffer material (Concrete 20/25) provided an acceleration reduction rate of 88 %
and 22 meters of the protection zone. Therefore, applying concrete as a seismic barrier
material can be helpful to get a reasonable reduction and protection zone.

o Empty trenches provided very effective but shallow protection as granting 10
meters of protection zone with 91 per cent acceleration reduction rate. The sudden
decrease in the acceleration rate after 10 meters was associated with the Rayleigh wave
overflowing the empty trench and continuing its propagation along the half-plane.

o EPS Geofoam rendered satisfactory reduction in the vibration energy (91 %).
However, the obtained effective protection zone was similar to the protection zone
when using the stiffer concrete material (22 meters).

o Applying composite material, which is composed of Geofoam and Concrete
20/25, was found out to be the most effective method since it provided the longest
protection zone (28 meters) and at the same time 89 per cent acceleration reduction rate
was achieved.

o Repeating the field experiment of A. Alzawi et al. [11] by numerical modelling
manifested similar patterns of the velocity of soil particles graphs. Therefore, this
constituted a validation for the numerical model.

All in all, this study considered Rayleigh wave propagation on the free surface of

elastic, homogenous, isotropic half-plane. 2D numerical simulation was created utilizing

ABAQUS. As a result, optimal barrier materials and dimensions were obtained. A seismic

barrier with 5.5 meter-depth composite material which is composed of rigid Concrete 20/25

and softer Eps Geofoam was found out to be most effective seismic barrier.
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