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Abstract

Results from some parametric studies were presented to as-
sess the dynamic response of soil surface and to investigate
the effectiveness of trenches in reducing vibrations due to time
dependent loads acting vertically on the soil surface for two-
dimensional (2-D) problems by coupling finite and infinite ele-
ments. The effects of various parameters such as height of the
trench, infill materials and location of the trench on screening ef-
ficiency have been investigated. It is concluded that using open
or in-filled trenches can reduce the vibrations of a structure; es-
pecially the use of an open trench provides better isolation than
using an in-filled trench. Efficiency of isolation increases with
height of trench. The trench height has appeared as the most
important parameter on screening vibrations. The location of
the trench is also effective on dynamic response of soil surface.
Coupling finite and infinite elements can be easily applied to
study the isolation problems.

Keywords
Vibration isolation - trench - wave propagation - finite ele-
ments - infinite elements

Oguz Akin Duzgln
Department of Civil Engineering, Engineering Faculty, Atatiirk University,
25240 Erzurum, Turkey
e-mail: oaduzgun@atauni.edu.tr

Efficiency of Trenches on Vibration
Isolation under Time Dependent Loads

Received 07-08-2014, revised 15-11-20114, accepted 09-12-2014

1 Introduction

Ground vibrations due to heavy traffic, machine foundations,
blasting, pile driving or seismic excitations can cause damage to
adjacent structures and annoyance to residents. In general, the
effect of ground vibrations can be attenuated or prevented by
providing a suitable wave barrier between the vibration source
and the concerned structure [IH7]. The ground vibration screen-
ing systems can be classified into two categories depending on
the location of the isolation construction: active isolation sys-
tem and passive isolation system. The active isolation system,
i.e. the “source” isolation is located near to the vibration source
and used to reduce the vibrations at around the vibration source.
The passive isolation system, i.e. the “receiver” isolation, on
the other hand, is constructed close to the area to be protected
[41/51/8]. Stationary vibration sources, such as machines working
with a certain frequency can be effectively isolated by an active
isolation system, whereas a passive isolation system is effective
for a wide variety of wave generating sources [4].

In the literature, different types of wave barriers, such as open
or in filled trenches, rows of tubular or solid piles, very stiff
concrete walls or very flexible gas cushions which diffract those
surface waves were studied in detail [1H4,[9,/10]. Among these
systems, both open and filled trenches are most common in prac-
tical applications since they present effective and low cost iso-
lation measures [4]. In early studies, the vibration isolation
problems were examined analytically and some experimental
works to investigate the problem by means of trench barriers
[11/12]. However, the closed form solutions confined to simple
geometries and idealized conditions. Therefore, various numer-
ical methods were used by many researchers for solving wave
propagation and vibration isolation problems. Lysmer and Waas
[13] employed the lumped mass method to assess the isolation
efficiency of open and bentonite-slurry-filled trenches in a lay-
ered soil. Segol et al. [[14] studied the same problem by applying
finite elements with special non-reflecting boundaries. Fuyuki
and Matsumoto [15] studied the scattering of a Rayleigh wavelet
by a rectangular open trench by using the finite difference tech-
nique. Klein et al. [8], Beskos et al. [16] and Dasgupta et al.
[17] investigated the isolation efficiency of countermeasures to
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incident waves or harmonic point loads by using the boundary
element method. Kattis et al. [1] developed a three-dimensional
boundary element method and studied vibration isolation by a
row of piles in the frequency domain. Kattis et al. [2] con-
structed an effective trench model to replace a row of piles as
passive barriers. Shrivastava and Kameswara Rao [3] exam-
ined the effectiveness of open and filled trenches for screening
Rayleigh waves due to an impulse load for three dimensional
problems. Adam and Von Estorff [4] studied the effectiveness of
open and in-filled trenches in reducing the building vibrations
due to passing train by coupling finite and boundary elements.
Celebi and Schmid [18] employed two different three dimen-
sional numerical methods for the analysis of the propagation of
surface vibrations in the soil caused by railway traffic. Gao et
al. [5] presented an integral equation governing Rayleigh wave
scattering and theoretically studied the efficiency of ground vi-
bration isolation through multi rows of piles as passive barrier in
a three dimensional context. Zhang et al. [10] performed three
dimensional analyses by using a finite element software to in-
vestigate vibration isolation performance cast-in-place concrete
thin-wall pipe pile. Wang et al. [19] numerically studied the ef-
fect of soft porous layer barriers on the reduction of buried blast-
induced ground shock. Cao et al. [7] proposed semi-analytical
model to investigate the screening efficiency of trenches to mov-
ing load induced ground vibration. It is reported by [1] and [2]
that vibration isolation problems can be solved efficiently and
accurately only by numerical methods, such as the finite ele-
ment method. The finite element method has been used for two
or three dimensional cases of vibration isolation problems, usu-
ally in conjunction with special non-reflecting boundaries. In
the published literature, the boundary element method is com-
monly used as non-reflecting boundary for this kind of problem.
Another possibility is by using the infinite element approach em-
ploying the displacement shape function with the geometrical
decay formulation [20-H22]. Yang et al. [23] and Yang et al.
[24] concentrated on a coupling of finite and infinite elements
applied to study the reduction of train induced vibrations using
different types of wave barriers.

In this study, a parametric study was carried out to determine
the effectiveness of open and in-filled trenches in reducing vi-
brations due to time dependent loads for two-dimensional (2-
D) problems. A numerical procedure was employed to evaluate
whole system response. In the numerical procedure, finite and
infinite elements with three wave types [22] were used. The
soil region was assumed to be homogeneous, isotropic and vis-
coelastic layer. Ricker-Wavelet signal was chosen as time de-
pendent load acting vertically on soil surface. The formulation
was performed in the Laplace transform domain. Solution in the
time domain was obtained by using Durbin’s numerical inverse
Laplace transform technique [25].

2 Equation of motion in Laplace transform domain
In plane elasticity (plane stress/plain strain) problems, equi-
librium equations are given by

(90'X aTxy aZU
— + +fx-p— =0
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where u and v are displacement components. Applying

Laplace transformation [22]) to Eq. (I) and integrating over an
element multiplying by weighting factors, afterwards Galerkin’s
approach is employed; the governing differential equations are

expressed in integral form as:
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where hg is element thickness, p is mass density and s is Laplace
transform parameter. Overbar represents the Laplace transform
of related quantity. Eq. (2) is the usual virtual work principle
in the Laplace transform domain. In the numerical treatment,
by using finite element approximation, the system equations of
motion in the Laplace transform domain are obtained as:

(K] +s*[m]) {0} = {P) ®

in which [K | and [M] are system stiffness and mass matrices,

{P} is system load vector and {U} is system displacement vector

that contains all of the nodal displacements. In the presence of

viscous damping in the material, the material constants in the

material matrix are to be multiplied by (1 + £ s). Where, ¢ is
damping coefficient.

3 Formulations of finite and infinite elements

In this study, a standard eight-node isoparametric, quadratic
plane element was used as the finite element. Fig.[I]shows the
eight-node isoparametric, quadratic finite element. The chosen
finite element’s formulations are well-known. For this reason,
the formulations need not be discussed in detail, only interpola-
tion functions are given as [26]:

N; = % (L+€&)L +nm) (€& +nmi — 1) (corner nodes)
Ni = %(1 ~ &)L +nn) (side nodes, & = 0) @)
N; = %(1 +£&)(L—n?) (side nodes,7; = 0)

Infinite elements with three wave types have been used as
non-reflecting boundary. This infinite element type includes
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Fig. 1. Eight-node isoparametric finite element

three different wave (pressure, shear and Rayleigh) characters
[22]. Fig. [2 shows the infinite elements adequate to represent
the propagation of three wave types.

»

[
\J

Fig. 2. Infinite element with three wave types

The shape functions of dynamic infinite elements are con-
structed by using a wave-propagation function that represents
the amplitude attenuation and phase delay in the direction ex-
tending to infinity. The mapping functions of the infinite ele-
ments are given as [27]:

Mi = 5~ 1) (1)

M, =0
Ms = 2(1-8) 7+ 1) ©)
My = 2£(1-1)

1
M5=§§(1+77)

In the Laplace transform domain, the horizontal (u) and verti-
cal (v) displacement fields of the infinite element can be written
as:

=
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where N;: displacement shape functions of the infinite ele-

ment, and they can be expressed as:
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where Py (¢, s) is the wave-propagation function. Based on the
derivation for the harmonic infinite elements given by [27], the
wave-propagation functions can be approximately represented
by the superposition of plane waves. Thus, their general form in
the Laplace transform domain is expressed by [22] as:

Pk(f’ S) — a_e_((’f"'ﬂl)ér + be‘(“‘*’/ﬁ)‘f + Ce‘(‘“‘ﬁB)f
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where «@: decay parameter; cy: wave velocities and a, b, ¢ are
undetermined constants. The constants a, b and ¢ were deter-
mined using Eq. (8) which details were given in [22].

Calculation of the infinite element stiffness and mass matrices
was performed numerically. For the finite direction, the usual
Gauss-Legendre integration technique was used. But infinite in-
tegrals were evaluated by using Newton-Cotes numerical inte-
gration scheme [20].

4 Model verification by comparison with published re-

sults

A study carried out by Von Estorff and Kausel [29] to inves-
tigate numerical solution procedures of complex soil-structure
interaction problems by using finite and boundary elements. In
order to represent the efficiency of open and in filled trenches
on vibration isolation, a halfspace which divided into two sub-
regions was taken into account. One of them which discretized
with 35 square finite elements of 10mx 10 m, was a region of
50mx 70 m including the location of the load, the trench, and
the observation point A. The other part of halfspace was mod-
elled by 21 boundary elements of length 10 m. A time depen-
dent distributed load, acting vertically, was applied over one
finite element. Its time function was a rounded impulse over
5.At(=0.125 sec) as given Fig.[3]

At first, a trench of width b =10 m, not filled with any mate-
rial, was considered and it was investigated the effect of trench
depth on displacements of the surface at a distance 40 m from
the distributed load (point A). Three different depths (T) of the
trench (T /b =2, 3, 4) were considered and compared to the half-
space solution (T/b=0). Secondly, in order to determine how
to the displacements were influenced by filling the trench, two
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Fig. 3. Elastic halfspace with a trench presented by Von Estorff and Kausel
[29]

different material stiffnesses (Et) were assigned to the corre-
sponding finite elements for T/b=3. The ratio Ey/Es =0.1
describes the filling material which is much softer than the sur-
rounding soil, while E1 /Es = 6 represents a very stiff filling ma-
terial. Fig. [4] presents a comparison of the results by using finite-
infinite elements model presented in this study with the results
from Von Estorff and Kausel [29]. Fig. [ reflects that the so-
lution by using finite and infinite elements agrees well with the
\on Estorff and Kausel’s [29] results.

5 Parametric studies

The effectiveness of open and filled trenches in reducing vi-
brations for two-dimensional (2-D) problems was investigated
and evaluated subjected to time dependent loads. A numeri-
cal procedure was employed. In the numerical treatment, finite
and infinite elements with three wave types [22] were used. In
the coupling system of finite and infinite elements, infinite ele-
ments have been used at boundaries since they satisfy the radi-
ation conditions at infinity [20H22]. Typical finite-infinite ele-
ment discretization of the systems is shown in Fig. 5]

A series of parametric studies were carried out. Schematic
representation of the numerical models is shown in Fig. [6
where, “O” is vibration source point, “A” is point just before
and point “B” is just after the trench. Points “C” and “D” are lo-
cated far away from the trench. The soil region was assumed as
homogeneous, isotropic and viscoelastic layer. Soil properties
were considered as mass density ps = 2.0 t/m3, Poisson’s ratio
v =0.35and modulus of elasticity Es = 200 MPa. Because of the
viscous damping effect was not under particular interest, it was
assumed that soil media has 5% constant viscous damping ratio.
The height of soil layer was assumed constant in all simulations.
Underlying rock was considered as rigid base. It is noted that in
all simulations, no relative displacement was allowed at the soil-
rock interface. On the other hand, the material properties were
not crucial because it was carried out a comparative study.

For the time dependent load data acting vertically on the soil
surface, Ricker-Wavelet was chosen. The input signal is shown

in Fig.[7} Its equation in time is given as

f(t) = Ao (1-2a) e 9)

where a=(t - t5) /to; ts is the time at which the maximum
occurs; Ay is the amplitude and fixed to 1, ty corresponds to the
dominant period of the wavelet. In this study, to was set to 1/,
which corresponds to a dominant frequency of the wavelet near
1Hz. The time lag ts was taken equal to 3ty (ts =3/7) same as
chosen in [28].

The parametric studies were carried out in three stages: at
first, an open trench taken into account to determine the effec-
tiveness of trench height in reducing vibrations at soil surface.
Three different H/b ratios (H/b=1, H/b=3 and H/b =5) con-
sidered, where H represents height of the trench. Secondly, con-
sidering the H/b ratio equals 3, the trench is filled with differ-
ent materials. It was assumed that mass density and Poisson’s
ratio of the infill material were the same as that of soil. Vari-
ous values of the elasticity modulus of the infill materials (E+),
(Ef = 0.5Es, Ef = E, Ef = 5Eg, Ef = 10E¢ and E; = 100Es)
were studied to investigate the effect of infill materials on vi-
brations. Finally, considering again the H/b ratio equals 3, the
effects of location of the trench in reducing vibrations were stud-
ied. Aiming at this goal, four different distances “L” were se-
lected (L = 0.5b, L = b, L = 2b and L = 5b), where L is
the distance between the vibration source and the trench. It is
noted that the width of the trench (b) was kept constant at 10 m
[28,/29] in all simulations. It was reported that the trench width
did not have much effect on isolation efficiency, except for nar-
row trenches [3]. For the finite and infinite elements presented
earlier, a computer program coded in FORTRANO90 program-
ming language was prepared. The efficiency and accuracy of
the program code were published in [30]. The solutions were
obtained in the Laplace domain. Then using Durbin’s numerical
inverse Laplace transform technique [25], solutions were trans-
formed into time domain.

6 Results and discussion

Effectiveness of open and filled trenches on dynamic response
of the soil surface has been studied and results were presented
for time dependent loads acting vertically. Ground vibrations
and their propagation from the source through geological for-
mations and their interaction with structures in or on the ground
is a complex problem. The fundamentals of wave propaga-
tion in soils have been described extensively in the literature
[91131H35]. It was reported by Massarsch [9] that soil stratifica-
tion, the ground water and the dynamic properties of soils have
great influence on the dynamic response. Special phenomena
occur at geometric irregularities or across in homogeneities. At
the interface between two elastic bodies, body waves are partly
reflected and refracted. The wave amplitudes depend on the an-
gle of incidence and the ratio of the wave propagation velocity
of the two materials. At a free surface, full reflection occurs.
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Fig. 4. Comparison of the present results with the results from Von Estorff
and Kausel [29], (a) and (b) represent vertical and horizontal displacements,
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Fig. 7. Ricker-Wavelet signal

For vibration problems, the surface waves (i.e., Rayleigh
waves or R-wave) have greatest practical importance. The
Rayleigh wave propagates along the free surface of the half
space and consists of vertical and horizontal vibration. The
screening wave mechanism by a wave barrier is that the ground
motion from a vibration source in an undisturbed half space is
principally due to Rayleigh wave energy [12,[16,[17]. Placing a
wave barrier means creating a finite discontinuity for the wave
field in undisturbed half space. After a Rayleigh wave incident
on a trench at soil surface, it gives rise to (a) reflected R-wave;
(b) body waves (i.e., P and S) that radiate outwards from the
obstacle; and (c) transmitted R-waves. Body waves can be sub-
divided in two groups: reflected body waves that radiate down-
wards and transmitted body waves that propagate other side of
the obstacle. The energy contained within transmitted R-wave
and transmitted body waves cause smaller vibrations at the other
side of the trench [3].

Effect of the trench height is shown in Figs. B to [I0] It is
shown that the trench height has a great influence on the dy-
namic response of the soil surface especially in the vertical di-
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Fig. 8. Influence of trench height on vertical displacements

rection. Vertical displacements are mainly affected when the
H/b ratio increases. When H/b ratio gets greater: (i) greater
amplification occurs at the points before the trench. Maxi-
mum amplification occurs at Point A, located just before the
trench. Increase in vertical displacements reaches up to 130%
for H/b = 5. Similar results are obtained by [36] and [37].
This amplification is due to the interaction between incident and
reflected waves [34], (ii) the vertical displacements systemati-
cally decrease at the points after the trench. Decrease in the
vertical displacements reaches up to nearly 55% at the points B,
C and D for H/b = 5. Similar observations have been made
by [31[12}28,[29,/38], (iii) a time delay occurs in the maximum
vertical displacements. Physically this indicates that the waves
travel around the trench to reach the points after the trench [39].
In an experimental study carried out by Woods [12] to define
screening effects of trench barrier systems, it was shown that if
the trench height is increase, greater displacements occur at the

Vertical Displacement (2109, (m)
i

10
Point B

L

Mo trench
.E_
——H/h=1
——H/h=13
——H/h=5
-10
time (sec)
10
Point D

LN

Mo trench
——H,/b=1

——H/b=2

L

Vertical Displacement (1077, (m)
=

——H/b=5

time (sec)

points before the trench, but the displacements systematically
decrease at the points after the trench in both active and passive
isolation tests. Shrivastava and Kameswara Rao [3] indicated
that increase in the trench depth cause more reduction in dis-
placements after the trench. Gao et al [40] pointed out that the
trench depth is an important variable of practical concern for the
vibration isolation. An increase of the isolation effectiveness is
obtained at the points after the trench, when the trench depth
increases. Adam and Von Estorff [4] determined that when the
trench depth increases, attenuation occurs in acceleration. Since
the time dependent load acting vertically on the soil surface, the
horizontal displacements naturally occur smaller than those of
the vertical direction. According to the results, the trench height
has no distinctive effect on the horizontal displacements.

A non-dimensional parameter, which is called “amplitude ra-
tio” at any point of time, expressed as the ratio of amplitude of
the soil surface with trench to that of the system without trench
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Fig. 9. Influence of trench height on horizontal displacements
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Fig. 10. Effect of H/b ratio in vertical direction

has been used to express the isolation efficiency. Amplitude ra-
tio of maximum displacement is that ratio which corresponds to
maximum displacement with trench to that of the case without
trench at the same instant time. It is a measure of the reduction
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Fig. 11. Effect of infill materials in vertical direction

in maximum response. When the trench height increases, the
amplitude ratio in vertical direction increases at points between
vibration source and the trench; whereas it decreases drastically
at points after the trench.
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Fig. 12. Effect of infill materials in vertical displacements

Effect of the infill materials is shown in Figs. [IT] to [I2 It
is shown that the infill materials have minor effect on the dy-
namic response of the soil surface. The amplitude ratio is always
higher for open trench than filled trench at the points between vi-
bration source and the trench, on the other side, the amplitude
ratio is always smaller for open trench than filled trench at the
points after the trench. The reason behind that is, in case of
trench filled with a filling material, there is always some possi-
bilities for Rayleigh wave to adopt shortcut path cross the trench
along width through the filling material, and reach at the points
after the trench. But in case of open trench, there is no filling
material, width wise, and waves are bounded to move down-
wards and then reach to the points after the trench [3,[39]. When
a comparison is made between open and filled trench, it is shown
that open trench is a better option than filled trench in screening

PointB,H/b =3

=

apen tren ch

Vertical Displacement [x10°%), (m)

——Ef=Es

e Ef = 10Es s Ef = 100ES

-10

time [sec)

10
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=]

-5
—open trench  ——Ef = 0,5E5
—Ff=Es ——Ef=5Es
—Ef = 10Es —Ef = 100Es
=10
time (sec)

vibrations. A parametric study conducted by Shrivastava and
Kameswara Rao [3] reported that an open trench provides better
vibration isolation than the trench which filled with different ma-
terials. Also Celebi et al [41]] which carried out a series of field
tests on wave propagation and vibration isolation using trenches
indicated that the use of an open trench is more effective than
using an in-filled trench, but its practical application is limited
to relatively shallow depths.

It was observed that the location of the trench was also effec-
tive on dynamic response of soil surface. The results are summa-
rized in Figs.[I3]to[14] According to the results, when the trench
gets closer to the vibration source, greater displacements occur
in both vertical and horizontal direction at the points between vi-
bration source and the trench. But at the point B, located just af-
ter the trench, the displacements drastically decrease, especially
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in vertical direction. Maximum decrease in the displacements
occurs in the case of that the trench is located closest distance
to the vibration source (L = 0.5b). The other points after the
trench were slightly influenced by location of the trench. Thai
and Chang [42]) indicated that the distance from vibration source
to the trench is insignificant parameter on vibration isolation ef-
ficiency.
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Fig. 13. Effect of location of the trench on vertical displacements
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Fig. 14. Effect of location of the trench on horizontal displacements

7 Conclusions

A parametric study was carried out to evaluate the dynamic
response of soil surface and to investigate the effectiveness of
open and filled trench in vibration screening due to time depen-
dent loads acting vertically on the soil surface. The effects of
various parameters such as height of the trench, infill materi-
als and location of the trench on isolation efficiency have been
investigated.

The results obtained in this study correspond with those in the
literature. According to the results, it was shown that;

1 Using open or filled trenches can reduce the vibrations of a
structure; especially the use of an open trench provides better
isolation than using an in-filled trench but its practical appli-
cation is limited to relatively shallow depths.

2 Efficiency of vibration isolation increases with height of
trench for time dependent loading. The trench height was
seemed as the most important parameter on screening vibra-
tions.

3 Filling the trench by different materials has minor effect in
reducing vibrations.

4 The location of the trench is also effective on dynamic re-
sponse of soil surface. When the trench gets closer to the
vibration source, greater displacements occur in both verti-
cal and horizontal direction at the points between vibration
source and the trench. On the other hand, at the point, lo-
cated just after the trench, the displacements drastically de-
crease. Maximum decrease in the displacements occurs when
the trench is located closest distance to the vibration source.

5 Excavation of trench changes displacements significantly at
the points between vibration source and the trench.

6 A coupling of finite and infinite elements can be easily applied
to study the vibrations isolation problems.

References
Kattis SE, Polyzos D, Beskos DE, Vibration isolation by a row of piles

-

using a 3-D frequency domain BEM, International Journal for Numerical
Methods in Engineering, 46, (1999), 713-728, DOI [10.1002/(Sici)1097-
0207(19991020)46:5<713::Aid-Nme693>3.0.Co;2-U|

2 Kattis SE, Polyzos D, Beskos DE, Modelling of pile wave barriers by ef-
fective trenches and their screening effectiveness, Soil Dynamics and Earth-
quake Engineering, 18, (1999), 1-10, DOI1/10.1016/S0267-7261(98)00032-3!

3 Shrivastava RK, Kameswara Rao NSV, Response of soil media due to
impulse loads and isolation using trenches, Soil Dynamics and Earthquake
Engineering, 22, (2002), 695-702, DOI/10.1016/S0267-7261(02)00060-X|

4 Adam M, Von Estorff O, Reduction of train-induced building vibrations by
using open and filled trenches, Computers and Structures, 83, (2005), 11-24,
DOI10.1016/j.compstruc.2004.08.010.

5 Gao GY, Li ZY, Qiu C, Yue ZQ, Three-dimensional analysis of rows of piles
as passive barriers for ground vibration isolation, Soil Dynamics and Earth-
quake Engineering, 26, (2006), 1015-1027, DOI 10.1016/j.s0ildyn.2006.02.
005!

6 Lu JF, Xu B, Wang JH, Numerical analysis of isolation of the vibration
due to moving loads using pile rows, Journal of Sound and Vibration, 319,
(2009), 940-962, DOI/10.1016/j.jsv.2008.06.032|

7 Cao Z, Cai Y, Bostrom A, Zheng J, Semi-analytical analysis of the isola-
tion to the moving-load induced ground vibrations by trenches on a poroelas-
tic half-space, Journal of Sound and Vibration, 331, (2012), 947-961, DOI
10.1016/j.jsv.2011.09.009,

8 Klein R, Antes H, Le Houédec D, Efficient 3D modelling of vibration isola-
tion by open trenches, Computers and Structures, 64, (1997), 809-817, DOI
10.1016/S0045-7949(96)00418-X|

9 Massarsch KR, Vibration isolation using Gas-filled Cushions, Soil Dynam-
ics Symposium to Honor Prof. Richard D. Woods (Austin, Texas, USA, 2005-
01-24/26), In:, pp. 1-20.

10 zhang FY, Chen CS, Wei LJ, Zhang T, Cast-in-place concrete thin-wall
pipe as barrier for vibration isolation, Journal of Central University of Tech-
nology, 15, (2008), 121-125, DOI1{10.1007/s11771-008-0446-4.

11 Pao YH, Mow CC, Scattering of plane compressional waves by a spherical
obstacles, Journal of Applied Physics, 34, (1963), 493-499, http://link.
aip.org/link/doi/10.1063/1.1729301?ver=pdfcov.

12 Woods RD, Screening of Surface Waves in Soils, PhD thesis, the University
of Michigan; USA, 1968.

13 Lysmer J, Waas G, Shear waves in plane infinite structures, Journal of
Engineering Mechanics-ASCE, 98, (1972), 85-105.

14 Segol G, Abel JF, Lee PCY, Amplitude reduction of surface waves by
trenches, Journal of Engineering Mechanics-ASCE, 104, (1978), 621-641.

Efficiency of Trenches on Vibration Isolation under Time Dependent Loads

201559 2 141



http://doi.org/10.1002/(Sici)1097-0207(19991020)46:5<713::Aid-Nme693>3.0.Co;2-U
http://doi.org/10.1002/(Sici)1097-0207(19991020)46:5<713::Aid-Nme693>3.0.Co;2-U
http://doi.org/10.1016/S0267-7261(98)00032-3
http://doi.org/10.1016/S0267-7261(02)00060-X
http://doi.org/10.1016/j.compstruc.2004.08.010
http://doi.org/10.1016/j.soildyn.2006.02. 005
http://doi.org/10.1016/j.soildyn.2006.02. 005
http://doi.org/10.1016/j.jsv.2008.06.032
http://doi.org/10.1016/j.jsv.2011.09.009
http://doi.org/10.1016/S0045-7949(96)00418-X
http://doi.org/10.1007/s11771-008-0446-4
http://link.aip.org/link/doi/10.1063/1.1729301?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1729301?ver=pdfcov

15 Fuyuki M, Matsumoto Y, Finite difference analysis of Rayleigh wave scat-
tering at a trench, Bulletin of the Seismological Society of America, 70,
(1980), 2051-2069.

16 Beskos DE, Dasgupta B, Vardoulakis IG, Vibration isolation using open
or filled trenches Part 1: 2-D homogeneous soil, Computational Mechanics,
1, (1986), 43-63.

17 Dasgupta B, Beskos DE, Vardoulakis IG, Vibration isolation using open
or filled trenches Part 2: 3-D homogeneous soil, Computational Mechanics,
6, (1990), 129-142.

18 Celebi E, Schmid G, Investigation of ground vibrations induced by
moving loads, Engineering Structures, 27, (2005), 1981-1998, DOI
10.1016/).engstruct.2005.05.011,

19 Wang JG, Sun W, Anand S, Numerical investigation on active isolation
of ground shock by soft porous layers, Journal of Sound and Vibration, 321,
(2009), 492-509, DOI|10.1016/j.jsv.2008.09.047|

20 Bettess P, Zienkiewicz OC, Diffraction and refraction of surface waves us-
ing finite and infinite elements, International Journal for Numerical Methods
in Engineering, 11, (1977), 1271-1290, DOI/10.1002/nme.1620110808.

21 Bettess P, Infinite elements, International Journal for Numerical Methods in
Engineering, 11, (1977), 53-64, DOI|10.1002/nme.1620110107,

22 Yerli HR, Temel B, Kiral E, Transient infinite elements for 2D soil-
structure interaction analysis, Journal of Geotechnical and Geoenviro-
mental Engineering, 124, (1998), 976-988, DOl [10.1061/(Asce)1090-
0241(1998)124:10(976).

23 Yang YB, Kuo SR, Hung HH, Frequency-independent infinite elements
for analyzing semi-infinite problems, International Journal for Numerical
Methods in Engineering, 39, (1996), 3553-3569, DOI [10.1002/(Sici)1097-
0207(19961030)39:20<3553::Aid-Nme16>3.0.Co;2-6!

24 Yang YB, Hung HH, A parametric study of wave barriers for re-
duction of train-induced vibrations, International Journal for Numerical
Methods in Engineering, 40, (1997), 3729-3747, DOI [10.1002/(Sici)1097-
0207(19971030)40:20<3729::Aid-Nme236>3.0.Co;2-8|

25 Durbin F, Numerical inversion of Laplace transforms: an efficient improve-
ment to Dubner and Abate’s method, The Computer Journal, 12, (1974), 371-
376.

26 Reddy JN, An Introduction to the Finite Element Method, Second Edition,
McGraw-Hill Inc.; Singapore, 1993.

27 Zhang CH, Zhao CB, Coupling method of finite and infinite elements for
strip foundation wave problems, Earthquake Engineering and Structural Dy-
namics, 15, (1987), 839-851.

28 Von Estorff O, Pais AL, Kausel E, Some observations on time
domain and frequency domain boundary elements, International Jour-
nal for Numerical Methods in Engineering, 29, (1990), 785-800, DOI
10.1002/nme.1620290408,

29 Von Estorff O, Kausel E, Coupling of boundary and finite elements for
soil-structure interaction problems, Earthquake Engineering and Structural
Dynamics, 18, (1989), 1065-1075, DOI/10.1002/eqe.4290180711,

30 Duzgun OA, Effects of Topography on the Dynamic Response of Soil Struc-
ture Systems (In Turkish), PhD thesis, Ataturk University; Erzurum, Turkey,
2007.

31 Ohtsuki A, Harumi K, Effect of topography and subsurface inhomogeneities
on seismic SV waves, Earthquake Engineering and Structural Dynamics, 11,
(1983), 441-462, DOI/10.1002/ege.4290110402,

32 Ohtsuki A, Yamahara H, Harumi K, Effect of topography and subsur-
face inhomogeneity on seismic Rayleigh waves, Earthquake Engineering and
Structural Dynamics, 12, (1984), 37-58, DOI1/10.1002/ege.4290120104.

33 Chéavez-Garcia FJ, Faccioli E, Complex site effects and building
codes: making the leap, Journal of Seismology, 4, (2000), 23-40, DOI
10.1023/A:1009830201929.

34 Gazetas G, Kallou PV, Psarropoulos PN, Topography and soil effects

in the Ms 5.9 Parnitha (Athens) earthquake: the case of Adames, Natural
Hazards, 27, (2002), 133-169, DOI1/10.1023/A:1019937106428|

35 Assimaki D, Kausel E, Gazetas G, Wave propagation and soil-
structure interaction on a cliff crest during the 1999 Athens Earthquake,
Soil Dynamics and Earthquake Engineering, 25, (2005), 513-527, DOI
10.1016/j.s0lidyn.2004.11.031.

36 Duzglin OA, Budak A, A study on soil-structure interaction analysis in
canyon-shaped topographies, SADHANA - Academy Proceedings in Engi-
neering Sciences, 35, (2010), 255-277.

37 Duzguin OA, Budak A, A study on the topographical and geotechnical ef-
fects in 2-D soil-structure interaction analysis under ground motion, Struc-
tural Engineering and Mechanics, 40, (2011), 829-845.

38 Israil ASM, Banerjee PK, Advanced time-domain formulation of
BEM for two-dimensional transient elastodynamics, International Jour-
nal for Numerical Methods in Engineering, 29, (1990), 1421-1440, DOI
10.1002/nme.1620290704.

39 Yerli HR, Temel B, Kiral E, Multi-wave transient and harmonic infinite el-
ements for two-dimensional unbounded domain problems, Computers and
Geotechnics, 24, (1999), 185-206, DOI|10.1016/S0266-352x(99)00003-8|

40 Gao GY, Shi G, Feng SJ, Qiu C, 3D analysis of in-filled trench as passive
barriers for ground vibration isolation, Science in China Series G: Physics,
Mechanics & Astronomy, 51, (2008), 1573-1585, DOI|10.1007/s11433-008-
0151-1.

41 Celebi E, Firat S, Beyhan G, Cankaya I, Vural i, Kirtel O, Field exper-
iments on wave propagation and vibration isolation by using wave barri-
ers, Soil Dynamics and Earthquake Engineering, 29, (2009), 824-833, DOI
10.1016/j.s01ldyn.2008.08.007.

42 Tsai PH, Chang TS, Effects of open trench siding on vibration-
screening effectiveness using the two-dimensional boundary element method,
Soil Dynamics and Earthquake Engineering, 29, (2009), 865-873, DOI
10.1016/j.s0ildyn.2008.09.005.

142

Period. Polytech. Civil Eng.

Oguz Akin Diizgiin


http://doi.org/10.1016/j.engstruct.2005.05.011
http://doi.org/10.1016/j.jsv.2008.09.047
http://doi.org/10.1002/nme.1620110808
http://doi.org/10.1002/nme.1620110107
http://doi.org/10.1061/(Asce)1090-0241(1998)124:10(976)
http://doi.org/10.1061/(Asce)1090-0241(1998)124:10(976)
http://doi.org/10.1002/(Sici)1097-0207(19961030)39:20<3553::Aid-Nme16>3.0.Co;2-6
http://doi.org/10.1002/(Sici)1097-0207(19961030)39:20<3553::Aid-Nme16>3.0.Co;2-6
http://doi.org/10.1002/(Sici)1097-0207(19971030)40:20<3729::Aid-Nme236>3.0.Co;2-8
http://doi.org/10.1002/(Sici)1097-0207(19971030)40:20<3729::Aid-Nme236>3.0.Co;2-8
http://doi.org/10.1002/nme.1620290408
http://doi.org/10.1002/eqe.4290180711
http://doi.org/10.1002/eqe.4290110402
http://doi.org/10.1002/eqe.4290120104
http://doi.org/10.1023/A:1009830201929
http://doi.org/10.1023/A:1019937106428
http://doi.org/10.1016/j.solidyn.2004.11.031
http://doi.org/10.1002/nme.1620290704
http://doi.org/10.1016/S0266-352x(99)00003-8
http://doi.org/10.1007/s11433-008-0151-1
http://doi.org/10.1007/s11433-008-0151-1
http://doi.org/10.1016/j.soildyn.2008.08.007
http://doi.org/10.1016/j.soildyn.2008.09.005

	Introduction
	Equation of motion in Laplace transform domain
	Formulations of finite and infinite elements
	Model verification by comparison with published results
	Parametric studies
	Results and discussion
	Conclusions

