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Abstract

Ground-borne vibrations caused by construction activities, highway and railway traffic may disturb adjacent structures and
sensitive machines. Thus, studies on isolation of this type of vibrations have accelerated in recent years. This paper aims
to develop a plain strain 2D finite element model (FEM) to investigate the use of open and buried trenches in mitigating
the unfavorable vibrations from a concrete machine foundation subjected to sinusoidal harmonic load. The finite element
model is validated using a conducted filed test on open and infilled trenches. Then, the FEM model was used to conduct a
parametric study to investigate the effect of the barrier depth and buried depth on the screening effectiveness of the buried
infilled trenches. Special cases, i.e., buried dual and trapezoidal trenches, were also considered to improve the effectiveness
of infilled buried trenches. The results of this study show that the open trench is the optimum wave barrier and increasing
the burial depth would lead to a significant reduction in the screening effectiveness of buried trenches. However, buried
trapezoidal trenches could significantly increase the performance of buried trenches by 20% compared to a single rectangular
buried trench. Similarly, double buried trenches improved the mitigation capacity of buried trenches by 25% compared to a

single rectangular buried trench.

Keywords Buried trenches - Vibration screening - Infilled trenches - Wave propagation - FEM

Introduction

There are a number of man-made activities that could gen-
erate undue ground vibrations such as vibrating machines,
traffic and construction activities. These vibrations propa-
gate through the soil medium and could damage the adja-
cent structures or sensitive machines. Furthermore, if these
vibrations are generated frequently in residential areas, it
will become a source of continuous annoyance to the resi-
dents. Thus, vibration isolation is a very important matter
to be addressed. To reduce the propagation of the undesired
vibrations to the nearby structures or machines, a barrier
could be constructed across the propagation path of the sur-
face waves. The barrier is a geometric or material discon-
tinuity in the half space soil medium, which intercepts the
propagated vibrations and reduce their amplitude, [1]. The

P4 Hany El Naggar
hany.elnaggar@dal.ca

A. Moussa
ahmed.moussa@dal.ca

Department of Civil and Resource Engineering, Dalhousie
University, Halifax, NS B3H 4R2, Canada

trench barriers are used in two cases to mitigate the waves
propagations: (a) active or near field isolation where the bar-
rier is placed near from the vibration source and (b) passive
or far field isolation, where the trench is placed far from
the vibration source and near from the structure or machine
that to be protected. There are several types of barriers such
as trenches (open or infilled), sheet piles, a row of solid or
tubular piles, concrete walls, diaphragm walls, gas-cushion
screen, etc., [2].

Vibration sources creates two types of vibrations that
depend on the way of propagation in soil, i.e., continu-
ous and transient vibrations. Activities such as pile driv-
ing or traffic cause continuous vibrations, while blasting or
dropping impact hammer cause transient vibrations. The
vibration isolation problems are mainly caused by the con-
tinuous sources. Construction activities and traffic could
induce vibrations that have peak velocity and frequency of
1-50 mm/s and 10-60 Hz, respectively [3]. Furthermore,
trains could generate vibrations that have a peak velocity
larger than 100 mm/s. However, only a peak velocity of
2.5 mm/s is very enough to be perceived by humans. Thus,
screening the vibrations of larger amplitudes is of a para-
mount importance, especially in the urban areas.
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Barkan [4] has been the first to utilize open trench as
wave barrier. Open trench and sheet pile couple were
employed to mitigate vibration generated by traffic, a sys-
tem that proved to be inadequate. Then, the efficiency of
solitarily open trench was evaluated through Woods [5] field
experiments. The vibration generator comprised a vertically
oscillating vibration exciter on a circular footing. The author
considered circular trenches of multiple geometric charac-
teristics to examine the efficacy of open trenches in isolating
vibrations. Active isolation required the trench depth to be at
least 0.6 of the wave length (L,), whereas passive isolation
required a depth of 1.19 L. Jesmani et al. [6], on the other
hand, conducted 3D finite element studies on deep founda-
tion isolation using open trench. The authors show that a
trench depth of at least half the length of the pile is neces-
sary for a satisfactory performance. Finite element analy-
sis was also employed by Celebi and Kirtel [7] to examine
the impact of train-induced vibrations on the soil—structure
interaction. The results indicate that open trenches mini-
mized vertical vibration by 85%. Since instability issues
could associate with open trenches because of the soil stiff-
ness, infilled trenches were used to preserve the trench sta-
bility. The impact of EPS wave barriers on traffic loading
vibrations was studied by Murillo et al. [8] through centri-
fuge tests. It has been pointed out that the dimensions of the
geofoam barrier must be carefully selected. For instance, the
depth and width of the EPS geofoam barrier must be larger
than 0.254; and 1.54g, respectively. FLAC finite difference
program has been employed by Orehov et al. [9] to evalu-
ate the screening efficiency of water barriers. The results
report a significant reduction in soil particle displacement
when water barriers are deployed. In multiple works, Haupt
[10-12] varied the geometric configuration of rectangular
concrete walls and investigated the resulting effects on the
vibration isolation of these barriers. Haupt [11] concludes
that the appropriate selection of the barrier’s cross-sectional
area is crucial for efficient isolation. However, El Naggar and
Chehab [13] reported that soft barriers can surpass concrete-
filled trenches. Moreover, rubber chip barriers have been
studied by Zoccali et al. [14] through finite element analysis.
The former modeled rubber chip barrier in elastic half space
through ADINA finite element software. Despite the high
damping ability of the rubber chip, its isolation performance
reported to be unsatisfactory. The latter, however, examined
the isolation performance of rubber chip filled wave barriers
through 3D finite element analysis. The results showed that
the peak particle velocity has been decreased by only 5%.

Yarmohammadi et al. [15] conducted an extensive paramet-
ric study to develop a coupled genetic algorithm/finite element
methodology for the design of wave barriers. Several criti-
cal factors were considered in developing the newly proposed
methodology such as trench shape, dimensions, dual-triple
trench systems, and material properties of infilled trenches.
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The authors considered in their evaluation the trapezoidal
trenches which are not covered in details in the literature. It
was concluded that the rectangular and semi-circular trenches
have the highest and lowest performance, respectively. The
optimum type of trench barriers is the open trenches, espe-
cially if a double trench system has been used. Additionally,
the trench depth and width are the highest and lowest fac-
tors, respectively, that influence the trench performance. Fur-
thermore, a similar innovative methodology was developed
by Yarmohammadi and Rafiee-Dehkharghani [16] to find
the optimal design procedure of trench barriers to mitigate
the underground and above-ground railway vibrations. Three
wave barriers were considered in the designing procedure,
namely wave impeding blocks (WIBs), jet-grouted columns
and trenches. It was also concluded that open trenches signifi-
cantly outperformed the WIBs and jet-grouted columns wave
barriers. Nevertheless, if the installation of open trenches was
not applicable, WIBs were recommend to be used more than
jet-grouted columns due to its better performance.

The aforementioned research was focused on the perfor-
mance evaluation of open or infilled trench barriers. However,
for several practical reasons, open or infilled trenches could be
covered by soil. These reasons could include reconstruction,
safety or greenery. In this regard, Feng et al. [17] investigated
the buried trenches performance in vibration screening. The
authors developed 2D axisymmetric FEM to assess the per-
formance of a buried concrete trench. The vibration source
was modeled as a sinusoidal harmonic load with a magnitude
of 1 kN and a frequency of 30 Hz. It was concluded that the
trench depth and buried depth are the main parameters that
control the buried trenches effectiveness in vibration screen-
ing; whereas, the effect of buried trench depth is relatively
minimal.

The aim of this paper is to provide more insights on the var-
ious parameters that affect the performance of buried trenches
which are used to mitigate the propagating vibrations from a
machine foundation. Furthermore, a parametric study is con-
ducted to investigate the most significant factors that affect the
performance of trench wave barriers which are the depth of
the trench, the source frequency, the infilled material and the
shear wave of the soil. In addition, to the best of the authors’
knowledge, the investigation of the effectiveness of trapezoi-
dal-shaped vibration barriers in the literature is limited; thus,
it is deemed necessary to evaluate the screening efficiency of
buried trapezoidal trenches. Lastly, the performance of a dual
trench system is evaluated and compared with the performance
of the single trench system.



International Journal of Geosynthetics and Ground Engineering (2020) 6:56

Page3of13 56

Model Development
Problem Definition

The problem of rigid embedded strip machine foundation
subjected to sinusoidal harmonic load resting on sandy
soil has been considered in this work. The width of the
concrete foundation is considered to be 1 m and its thick-
ness is 0.5 m. It was assumed that the machine operating
frequency (f) is 10 Hz with a load amplitude (P,) of 5 kN/
m?. Furthermore, the estimated machine weight and other
accessories were 10 kN/m?. The material properties for the
soil deposit and concrete footing are presented in Table 1.
The damping of the concrete material of the footing was
not considered to ensure that all vibrations are propagated
into the soil without affecting its amplitude. To avoid the
dependency on the frequency of the vibration source, the
trench depth (d), trench width (w), burial depth (%) and the
distance from the vibration source to the trench (/) were
normalized by the Rayleigh wavelength (4g), as shown in
Fig. 1. Based on Eqgs. 1 and 2, the calculated 4y is equal to
7.8 m. The normalized trench width (W) and the normal-
ized distance from the vibration source to the trench (L)
are equal to 0.074; and 0.44g, respectively, throughout
the study.

Table 1 Material properties of the soil deposit and concrete footing
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The effectiveness of buried trenches barriers is evaluated
in terms of amplitude reduction factor (AR) over a specified
distance behind the trench barrier as defined by Woods [5].
In this study, the Ay ratios were calculated up to a distance of
4]y behind the trench barrier. However, the Ay values are not
uniform over the range of 44; thus, the overall degree of isola-
tion is in terms of average amplitude reduction ratio (AAy)
which is the weighted average of the amplitude reduction ratios
obtained over the specified range of study (i.e., 44). The Ay
and AAy, are calculated using Egs. 3 and 4.
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Development of the FE Model

A 2D plain strain model was developed using the finite ele-
ment software PLAXIS 2D to simulate the considered prob-
lem. 15-Noded element was employed in building the model.
In PLAXIS 2D, the sinusoidal dynamic load is defined by
Eq. 5.

P, = P,sin(wt + 0), (5)

Viscous boundary
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Fig.2 Convergence analysis of model dimensions: a model width, b
model height

where P, is the amplitude of the harmonic load, w is the
angular frequency and equal to 2zf and @ is the initial phase
angle in degrees.

In addition, the width and height of the numerical model
were selected to be 60 m and 25 m, respectively. The
selected width and height of the developed model were
selected based on the convergence analysis shown in Fig. 2.
The vertical displacement was monitored at various points
away from the vibration source. As shown from Fig. 2a, at
a model width less than 60 m, significant variation in the
monitored displacements is observed especially after a nor-
malized distance from the vibration source (X) equal to 2.
Thus, a model width equal to 60 m was considered. Further-
more, the model height was then investigated as shown in
Fig. 2b. Varying the model height did not affect the meas-
ured vertical displacement significantly. Therefore, a model
height equal to 25 m was considered.

Figure 3 shows the generated mesh for the considered
problem. Two mesh zones were employed in the developed
model; the zone near from the concrete footing and the bur-
ied trench which has an average element size of 0.195 m,
while the second zone has an average element size of 0.92 m.
As recommended by Kramer [18], zone two average element
size was less than one-eighth the Rayleigh wavelength (4g);
however, the average element size of zone one was less than
one-tenth the Rayleigh wavelength (Ay). This meshing tech-
nique was employed to improve the accuracy of the devel-
oped model without adding excessive computational time.

The soil deposit, the concrete footing and the infilled
material are modeled using linear elastic model. In general,
soil behaves linearly at shear strain levels below or equal
to 10%, Kramer [18]. However, at a higher shear strain
amplitude, the soil nonlinearity should be considered. In
this study, the static loads, i.e., machine self-weight, and the
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Fig.3 Generated mesh for the developed numerical model
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dynamic load amplitude (P,) did not develop shear strain
levels above 107% within the soil medium. Hence, it was
reasonable to adopt the linear elastic model.

Furthermore, the model left and right boundaries were
restrained from the movement in the horizontal direction and
only allowed to move in the vertical direction. Whereas, the
model bottom boundary was fully restrained in both direc-
tions. Moreover, as shown in Fig. 3, viscous boundaries were
employed to avoid the spurious wave reflections near to the
model boundaries. PLAXIS 2D adopt the dampers proposed
by Lysmer and Kuhlemeyer [19] for the viscous boundary
conditions. The dampening of the normal (o,) and shear
stress (7,) are given by the following equations:

o, = —CipV,it,, (6)

7, = —CypViiy, (7

where C; and C, are the wave relaxation coefficients; V, and
V, are the pressure and shear waves, respectively; i, and i,
are the particle velocities in the normal and tangential direc-
tions of the boundaries, respectively.

The wave relaxation coefficient (C,) improves the damp-
ing of the body waves in the normal direction to the model
boundary; while, the wave relaxation coefficient (C,)
improves the dampening of the shear waves in the tangential
direction to the model boundary. Brinkgreve and Vermeer
[20] and Wang et al. [21] recommended the use of C;=1
and C,=0.25 to achieve a reasonable wave absorption at the
model boundaries. Thus, in this study, the same values were
considered for C,; and C,.

A total of dynamic analysis time of 3 s was considered
to ensure the propagation of Rayleigh waves throughout the
model. The dynamic time step (Ar) was calculated based

Trench
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Monitoring Path

the smallest element size (/,;;,,) in the finite element model.
According to Eq. (8), the critical time step (Af ca) Was
equal to 1.4 x 107; hence, to ensure the accuracy of the
numerical modeling, the dynamic time step (Atr) used in

this study was 5x 107,

Imin
Ar < Atcritical = 75 (8)
Model Validation

Case I: Alzawi and El Naggar [1]

Alzawi and El Naggar [22] conducted a full-scale experi-
mental test on the vibration screening using open and
geofoam-infilled trenches. The trench geometry was 20 m
long, 0.25 m wide and 3 m deep. Figure 4 shows the plan
layout of the considered experimental field test. As shown in
Fig. 4, 24 one-directional geophones were used to measure
the vertical velocity induced in the soil. All geophones were
placed 2.5 m apart from each other along the center line
of the trench. The excitation source used was a mechanical
oscillator that is capable of generating a sinusoidal force of
23.5 kN peak to peak with a frequency range of 4-40 Hz.
The distance from the trench to the excitation source var-
ied to investigate its effect on the performance on open and
geofoam trenches, as indicated in Fig. 4. In this paper, only
the field test results related to the 1st location and excit-
ing frequency of 40 Hz were used to validate the developed
FEM. The soil was modeled as a linear elastic material. The
soil unit weight (y), Poisson’s ratio (v), soil damping (&)
and shear wave velocity (V) are 18.7 kN/m?, 0.4, 5% and
225 m/s, respectively.

Velocity pickups
(geophones)

Fig.4 Field test layout and geophones numbering and locations, Alzawi and El Naggar
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Figure 5 a, b shows the obtained maximum vertical veloc-
ity (v,) from the FEMs for the no trench and open trench
models versus the normalized distance to the source (X). By
comparing the obtained results with the field test results, it
could be observed that the developed 2D FEMs are capa-
ble of reasonably predicting the trend of the reduction in
vibrations amplitudes. However, the variation between the
obtained values from the finite element models and the field
test for both models is mainly due to the assumption that the
problem at hand could be numerically solved as a 2D plain
strain problem. In addition, the material model used, i.e.,
linear elastic model, is incapable to produce better prediction
for the soil vertical velocities because the native soil at the
field is not homogeneous and definitely not purely elastic.
This difference between the obtained values of the FEMs
and the field test results is clearly shown in the calculate A,

as shown in Fig. 5c. Nevertheless, the trend of the variation
of A, is captured to a good agreement with the field test.

Case ll: Beskos et al. [4]

Beskos et al. [23] proposed a numerical solution based
on the boundary element method to solve the problem of
vibration screening using open and infilled trenches under
plain strain condition. The soil was considered to be lin-
ear elastic and homogeneous. To validate his formulation,
Beskos et al. [23] solved a passive isolation case using the
proposed boundary element formulation. The normalized
open trench depth, width and distance from the source of
vibration to the trench are 14y, 0.14 and 5. The vibration
source was considered as a sinusoidal harmonic load with
a dynamic load amplitude (P,) of 1 kN and a frequency of
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—o— Field Test - No Trench —o— Field Test - Open Trench
. --e--This Study - No Trench --e---This Study - Open Trench
31 0.751
3 9] s
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0.1- b—"
0.0 T T T
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Fig.5 Comparison between the field and FEM for: a Maximum vertical velocities for no trench, b maximum vertical velocities for open trench

and ¢ amplitude reduction ratio
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31 Hz. material. The soil the unit weight (y), Poisson’s ratio
(v), soil damping (£) and shear wave velocity (V) are 18 kN/
m>, 0.25, 5% and 101 m/s, respectively. Furthermore, the
Rayleigh wave velocity (V) and Rayleigh wavelength (4g)
are 93 m/s and 3 m, respectively. Figure 6 shows a very good
agreement between the results of Beskos et al. [23] and the
developed FEM herein.

Parametric Study

The effect of burial depth and buried trench depth is investi-
gated in the conducted parametric study to investigate their
effects on the performance of the considered barrier systems.
Understanding the consequences of burial depth in reduc-
ing the effectiveness of such barriers are of a paramount
importance for their design. Furthermore, in buried or open
trenches, the trench depth is a critical factor in determining
the performance of the wave barriers. Thus, the considered
buried depth levels are 0.0254y, 0.054g, 0.145, 0.2, 0.34;
and 0.44;. While, the considered depths of buried and open
trenches are 0.154g, 0.254g, 0.354; and 0.454;. Further-
more, the type of infilled material was also varied to inves-
tigate the performance of soft and rigid infill materials on
the performance of buried trenches. Three materials were
mainly considered in this study due to their frequent use in

2.00

Beskos et al. (1986
® This study

1.75

1.50
1.25
&1.00-

__» Trench

0.75

0.50

0.25 - N

0.00 T T T T

Fig.6 Comparative study with Beskos et al. [23]

the literature which are EPS29 geofoam, concrete and Tire
Derived Aggregates (TDA). TDA has been proven to be ben-
eficial for mitigating liquefaction effects and for dampening
vibration applications, [24]. All infilled materials were mod-
eled using linear elastic material models and their material
properties are presented in Table 2. The impedance ratio (IR)
is also shown in Table 2 because the efficiency of trenches
is related to the impedance mismatch between the soil and
infilled trench material, Yarmohammadi et al. [15]. IR is
given by the following equation:

Strench

Psoil X Vs

Ptrench XV,

IR = ©)

soil

where p is the density and v, is the shear wave velocity.

Moreover, two special cases were investigated to improve
the performance of buried trenches. The first special case
is a trapezoidal-shaped buried trench and the inclination of
trench walls varied from 4° to 16°. The second special case
is a dual buried trench barriers where the spacing between
the two trenches varied from 0.1 to 0.24.

0.8
—=—H=0 ——H=0.1
—a—H=0.025 ——H=0.2

0.7 ——H=005 —o—H=03
——H=04

0.6 1

;ﬁ/{ <
A ) ¢

0.4 1

0.3 1

0.2 T T T T T T T

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
D

Fig. 7 Influence of trench depth

Table 2 Material properties

. . Material Unit weight (y)  Elastic modulus (E)  Poisson’s  Shear wave Damp- IR
of the.burled trenches infilled ratio () velocity (V,)  ing (&)
material :
Geofoam EPS29 0.28 kN/m’ 9.8 MPa 0.16 38lm/s 5% 0.07
Concrete 23.5 kN/m? 25 GPa 0.15 2130m/s 5%  0.068
TDA 5.9 kN/m? 0.51 MPa 0.3 18m/s 5% 3227
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Effect of Trench Depth

Figure 7 shows the effect of trench depth on the AAy, for var-
ious burial depths. Only geofoam-infilled trenches were con-
sidered in investigating the trench depth effect. It could be
noticed that the open trench (i.e., H=0) is significantly influ-
enced by trench depth. In the case of open trench, increasing
the normalized trench depth (D) from 0.15 to 0.45 leads to a
reduction in AAy value by about 49%. Furthermore, it was
recommended by Woods [5] that an effective trench barrier
has an AAy smaller or equal to 0.25. In this study, the open
trench achieved this value by just increasing the trench depth
from 0.15 to 0.254y, as shown in Fig. 7. Nevertheless, the
influence of barrier depth on the buried trenches is insig-
nificant. In general, the performance of buried trenches is
much lower than open trenches. For example, at D=0.25,
increasing the normalized burial depth to as little as 0.025,
the AAg is increased by about 218% compared to the open
trench case. Moreover, as the burial depth increases, the
AAy increases as well. This increase is insignificant when
H is larger or equal to 0.2. The reason behind the absence
of any influence of the depth on the vibration screening of
buried trench barriers could be explained by Fig. 8. Accord-
ing to Fig. 8, the Rayleigh waves are propagating along a soil
layer with a thickness of one wavelength, i.e., 1.04g, from
the ground surface, Athanasopoulos et al. [25]. Since the
maximum considered trench depth is 0.451;, the influence
of the vertical component is expected to be extended well
beyond the trench depth. Thus, beyond the trench depth,
the non-reflected Rayleigh waves will continue to propagate
through the soil medium. Additionally, in the case of bur-
ied trenches, the overlying soil layer above the trench will
further facilitate the propagating of Rayleigh waves beyond
the trench barrier. Consequently, the performance of bur-
ied trenches is significantly weakened. Also, as shown in

-0.6

Depth / Wavelenght, z / L,

Amplitude at depth z/ Amplitude at surface

Fig.8 The decay of the horizontal and vertical components of Ray-
leigh waves with depth. Adapted from Athanasopoulos et al. [25]

@ Springer

Fig. 8, the peak amplitude of the vertical component of Ray-
leigh waves is occurring at a depth between 0.1 and 0.34.
Hence, the effect of burial depth at H larger or equal to 0.3
is negligible.

The aforementioned explanation is numerically illustrated
by creating a model with an infilled trench depth equal to
one wavelength starting from the ground surface. Then, the
contour maps of maximum vertical velocity are compared
with the finite element model of D=0.45 and H=0.3 case.
As expected, the highest vertical velocity is developed in
the vicinity of the load application. As shown in Fig. 9a,
the Rayleigh wave could easily pass through the overlay-
ing soil layer above the trench which leads to high intensity
of vertical velocity. Additionally, since the trench depth is
less than 1.04y, Rayleigh wave velocities with lower inten-
sity are propagating beyond the trench depth. Contrarily, as
shown in Fig. 9b, a trench with a depth of 1.0y is capable of
limiting the transmitted waves behind the barrier. However,
practically, constructing deep trenches may not be a visible
solution due to soil condition or space limitation. Since the
wavelength could play an important role in the performance
of buried trenches and it is directly related to the applied
frequency, investigating the frequency effect on the perfor-
mance of buried trench is importance. Hence, it is discussed
in the following section.

Frequency Effect

The frequency of the vibration source was varied to highlight
the effect of the wavelength, as indicated in the previous sec-
tion, on the performance of buried trenches. The considered
vibration source frequencies were 10, 20 and 40 Hz; hence,
their corresponding Rayleigh wavelength is 7.8, 3.9 and
1.95 m, respectively. The minimum mesh size of the devel-
oped FE models for the 20 and 40 Hz was less than 0.48 and
0.24 m (i.e., less than éAR), respectively. The use of normal-
ized dimensions of the burial height (%) and trench depth was
avoided herein to emphasize on the significance of frequency
effect. Thus, the considered burial heights varied from 0.20
to 3.10 m. Furthermore, the trench depth was 3.50 m. It
could be seen from Fig. 10 that the frequency significantly
influences the performance of the geofoam-infilled buried
trenches. As expected, as the Rayleigh wavelength increases,
the performance of buried trenches degrades. In addition, at
a lower burial depth and at higher frequencies, the buried
trenches could achieve significant vibration screening per-
formance, i.e., AAy is around 0.25. This could be explained
by Fig. 8, as discussed before, where more propagated waves
could be diffracted away from the ground surface, especially
when the Rayleigh wavelength is lower. The influence of the
Rayleigh wavelength could be clearly illustrated by Fig. 11.
It could be concluded from Fig. 11a that the surface dis-
placements are remarkably evident at lower frequency due
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Fig.9 Influence of Rayleigh waves with depth: a D=0.45 and H=0.3; b D=1 and H=0

to the propagated waves through the overlying soil above
trench as well as underneath the trench. Nevertheless, at
higher frequencies, the influence of Rayleigh waves with
depth is decreased; thus, the buried trenches reduced sur-
face displacements by diffracting more waves away from
the ground surface.

Effect of Infill Material

Figure 12 shows the variation of AAy with the normalized
burial depth for various infill materials. In general, each

of the considered infill material is not sufficient enough to
improve the vibration screening capability of the buried
trenches. Nevertheless, TDA-infilled buried trenches have
a very reasonable AAy up to a normalized burial depth of
0.05 which is could be comparable with open trenches. It
is noteworthy that the field test results conducted by Jafari
[26] on linear, semi-circular and circular open and TDA-
infilled trenches showed that TDA-infilled trenches are as
effective as open trenches in attenuating vibrations. How-
ever, in the case of buried trenches, as the normalized burial
depth exceeds 0.1, the performance of TDA-infilled buried
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Fig. 10 Influence of the source frequency on the performance of bur-
ied trenches

trenches drops significantly. Furthermore, the geofoam bur-
ied trenches provided a better vibration screening than the
concrete buried trenches up to a normalized depth of 0.1.
Celebi et al. [27] also concluded that using softer infilled
material increased the effectiveness of the infilled trench
based on a series of field tests. It could also be noted that at
H larger or equal to 0.2, the type of infilled material does not
play an important role in screening ground-borne vibrations.

Special Cases

This section discusses the use of dual trenches and a trape-
zoidal-shaped trenches to improve the effectiveness of bur-
ied trenches. As shown in Fig. 13, the normalized burial
depth and the normalized trench depth are equal to 0.1 and
0.45, respectively. The trench infilled material considered
is TDA only. Moreover, in the case of dual trenches, the
distance between the buried trenches (S) is varied from 0.1
to 0.24; to investigate its effect on the performance of dual
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Fig. 11 Deformed mesh at #=2.34 m for the a 10 Hz model and b 40 Hz model
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Fig. 12 variation of AAR with the normalized burial depth for vari-
ous infill materials

Fig. 13 A schematic diagram
for: a dual buried trench; b
trapezoidal buried trench

trenches. Moreover, as shown in Table 3, three cases were
considered for the trapezoidal-shaped buried trench. The
area of the trapezoidal trench in case 1 is the same as the
area of a single rectangular trench used in the previous sec-
tions. This case is mainly considered to compare the shape
effect only without impacting the amount of infilled mate-
rial. Furthermore, the inclination of the trapezoidal trench
walls () is increased to evaluate its impact on the AAy of
the trapezoidal buried trenches.

As shown in Fig. 14, case I slightly improved the effec-
tiveness of the buried trench compared to the rectangular
single trench. On the other hand, case II and III reduced the
AA considerably by around 35% and 48%, respectively. It
is very important to note that with just an inclination of 16°,
the buried trench is now considered an effective barrier since
its AAy, is less than 0.25.

Figure 15 shows the AAy for a single rectangular
trench and dual trenches. The dual trench results show

P
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Table 3 Dimensions of the Case# w;(m) w,(m) &(°)
trapezoidal-shaped buried ! 2
trench I 0275 0825 4
I 0275 1.56 10
111 0275 234 16
0.5
0.4
AAR = 0.25
031 R
g /
0.2
0.1
0.0

Rectangular

T
Single
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T T T
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Fig. 14 Performance of trapezoidal buried trench
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Fig. 15 Performance of dual buried trench
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that regardless of the space between the trenches, all dual
trenches are considered effective. It could be concluded that
the dual trenches could significantly improve the vibration
screening of infilled buried trenches.

Conclusions

A 2D plain strain FEM was developed to investigate the
performance of buried trenches. The model was validated
against the results of a field test and a numerical study.
Furthermore, a parametric study was conducted to investi-
gate various key factors, i.e., trench depth, burial depth and
infilled material type, on the effectiveness of buried trench
wave barriers. Based on the conducted parametric study, the
following conclusions are made:

e The effectiveness on trench barriers drops significantly
with increasing burial depth by as low as 0.0254;.

e The influence of Rayleigh wave with depth especially
at low to low intermediate (i.e., < 15 Hz) could affect
negatively the effectiveness of single buried trenches. A
greater Rayleigh wavelength will diminish the influence
of the buried trench depth decreases.

e The TDA-buried infill trenches had the best performance
comparing to the geofoam- and concrete-infilled buried
trenches. However, this superiority is limited to a burial
depth less than or equal to 0.14.

e A trapezoidal-shaped buried trench proved to have a bet-
ter performance than a single rectangular trench. This
improvement is more significant when the inclination
angle is larger than 10°.

e Dual buried trenches have a great impact on decreasing
the Az compared to the signal rectangular trench. Regard-
less of the distance between the two trenches in a dual
trench system, the Ay dropped below 0.25. Thus, the dual
trench system could effectively overcome the limitation
of the buried trenches.
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