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In this study, the e�ect of urban subway tunnels with a circular cross section on the spectral velocity of the ground surface in
alluvial soils was investigated. By changing the soil characteristics of the tunnel construction site and the geometric characteristics
of the tunnel section (such as the radius and thickness of the lining and the depth of its placement), the frequency of the soil-tunnel
system was changed.�en, the maximum velocity values were extracted for di�erent parts of the ground surface. By averaging the
data for each model, the amount of spectral velocity for di�erent parts of the ground surface was extracted. �e results show that
the spectral velocity of the ground surface decreases by increasing the tunnel radius by 92% to a maximum of 12.3% in the tunnel
center image on the ground’s surface. Also, by increasing the doubling of the depth of the tunnel, the spectral velocity of the
ground surface at a distance approximately equal to the radius of the tunnel is reduced to a maximum of 4.42%.�e increase in the
spectral velocity of the ground surface due to the increase in the depth of the tunnel is a maximum of 12.13% and occurs at a
distance approximately equal to the tunnel radius. In a small number of reviewed models, increasing the depth of the tunnel
placement increases the spectral velocity of the ground around the tunnel. �e e�ect of increasing the thickness of the tunnel
lining on the spectral velocity of the ground surface was also investigated. In tunnels with greater overhead depth, the spectral
velocity of the ground surface increases by a maximum of 10.86% with increasing thickness of the tunnel lining and occurs in the
image of the center of the tunnel on the ground surface. In tunnels with less overhead depth, the spectral velocity of the ground
surface decreases by a maximum of 7.56% with increasing thickness of the tunnel lining and occurs approximately at a distance
equal to the diameter of the tunnel from the image of the tunnel center to the ground surface. �e study was performed using
PLAXIS 2D and Ansys �nite element software.

1. Introduction

Past studies have shown the importance of spectral velocity
for buried structures such as urban subway tunnels. Because
by increasing the thickness of the tunnel lining and
strengthening the tunnel lining, the amount of energy
absorbed by the tunnel structure increases and the energy is
directly related to the second power of velocity. �erefore,
many studies have been conducted to show the importance
of spectral velocity, some of which are mentioned. Newmark
et al. [1] used PGV to create an elastic spectrum. �is trend
was also considered for design regulations for structures in

the elastic spectrum in the Canadian Code [2]. In addition,
PGV has been used in previous research to estimate the
seismic damage of buried pipes [3, 4]. In previous research,
experimental relationships for pipeline brittleness have been
presented by Barenberg [5]; ALA [6]; Pineda and Ordaz [7];
and Jeon and O’Rourke [8] in terms of PGV. Past studies
have also shown a correlation between PGV and the im-
ported damage to structure, which can be referred to
Hashash et al. [9, 10]. PGV is also used as an indicator of
ground motion to determine the seismic behavior of a
structure [11]. Akkar and Özen [12] investigated the e�ect of
ground motion parameters on the inelastic requirements of
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SDOF systems and reported the relationship between PGV
and inelastic requirements for medium-period structures.
PGV has also been used to estimate soil liquefaction [13].
[14] used PGV to evaluate the electricity network of Tehran.
Correlations between PGV and assessed damages have also
been observed in the studies by Porras and Najafi [15] and
O’Rourke and Liu [16]. [17] showed that PGV can be
considered as an indicator for estimating damage. Bastami
and Soghrat [18] presented the velocity spectrum for the
Iranian plateau. Studies also indicate the importance of
spectral velocity in the near-field fault. Saito et al. [19]
presented the velocity response spectra of the horizontal
records at the lowest levels of the high-rise buildings in
Miyagi, Tokyo, and Osaka cities. Also, “SV” is recommended
for use in seismic design provisions for high-rise buildings
[20].

Varnusfaderani et al. [21] studied the effects of initial
seismic excitations near the fault and subsequent reverse
fault rupture on cylindrical tunnels. *ey concluded that the
pulse type determined by SVMax and PGV (indicating pulse
intensity) and pulse period (TP) play a crucial role in the
final response of the tunnel lining. Previous studies have not
fully explained the effect of tunnels on ground surface ve-
locity. *erefore, in this study, the effect of tunnel presence
on “SV” was investigated.

2. Providing the Ground Surface Spectral
Velocity due to the Presence of Tunnel

*e present study investigates the effect of tunnels on the
spectral velocity of the ground surface. Eleven world-fa-
mous earthquake records were applied to 36 models.
About 500 nonlinear dynamic analyzes were performed.
For the ground surface, points were taken at a distance of 0
and 5.83, 10.50, 15.17, 26.83, 38.5, and 51.33meters from
the image of the tunnel center. Different earthquake
records were applied to the models and maximum ve-
locities were taken for different points. In the next step, the
tunnel characteristics, including the thickness of the
tunnel lining and its diameter and depth of placement and
alluvial soil characteristics are changed in order to change
the frequency of the soil-tunnel system, and the above
process is repeated. *is process will result in the pro-
duction of spectral velocity for the mentioned points,
which will be averaged and average plus the standard
deviation from the maximum velocities of the mentioned
points. Ansys and PLAXIS 2D software were used for the
study. Ansys was used for modal analysis and PLAXIS 2D
for time history analysis.

2.1. Model Creation. *e analysis of dynamic finite element
of plain strain with rectangular range for models was per-
formed. *e dimensions of the models were considered
60×140meters. A 15 nodal triangular element was con-
sidered for the soil and the tunnel lining was modelled with
the plate element and elastically. Also, for modal analysis
with Ansys, Drucker–Prager model was used for nonlinear
soil properties and frequency-independent damping.

According to previous studies, the Mohr–Coulomb
behavioural model was used in PLAXIS 2D [22, 24].

2.2. Properties ofMainModel. In the present study, the Delhi
subway was considered the main model. In the main model
of the Delhi Metro tunnel, the radius is 3.13meters, the
overburden depth is 16.87meters, the thickness of the tunnel
lining is 0.28meters, the modulus of elasticity is
3.16×107 kPa, and the Poisson’s ratio (υ) is equal to 0.15.

Changes in the modulus of elasticity of alluvial soils with
depth are summarized in Figure 1. Unit weight and satu-
ration unit weight are equal to 18 and 20 kN/m3. *e water
table has been omitted. Soil cohesion (C) is equal to zero.*e
soil friction angle (φ) is 35° and the dilation angle (ψ) is 5°.
*e Poisson’s (υ) is equal to 0.25. In order to consider the
interaction between tunnel and soil in PLAXIS 2D, Rinter is
used. According to the model specifications, Rinter, in this
study, was considered 0.67.

2.3. (e Models Studied. A variety of models were reviewed
in Table 1 for soil properties so as to make a wide range of
frequencies for soil and tunnel set. *ese involve models
with different elasticity modules for soil and different radius,
lining thicknesses, and insertion depth for tunnel. Due to the
fact that the soil in which the Delhi subway tunnel was
created has a shear wave velocity less than 175m/s, the
modulus of soil elasticity was increased in such a way that the
shear wave velocity did not exceed this value.

2.4.(eAcceleration Records Used in the Study. *e analyzes
were performed by applying 11 different acceleration rec-
ords to the models. *e desired records were selected from
PEER site. All the PGA acceleration records were scaled to
0.35 g using SeismoSignal software. It should be noted that
PGA is considered “0.35 g” for the design of buildings in
areas with a relatively high seismic risk, according to Iranian
2800 provisions. Chen et al. [26] studied the main frequency
band of blast vibration signal based on wavelet packet
transform.*eir study showed that the main frequency band
based on the computational method is a sensitive, accurate,
and efficient frequency parameter; it can accurately describe
the frequency characteristics of blasting signals and effec-
tively overcome the drawbacks in Fourier transform.

Also, only the effect of earthquakes far fault has been
studied. *e effect of vertical earthquake components has
been omitted in the study. Earthquakes were selected
according to the soil characteristics of the models (soil shear
wave velocity is less than 175m/s for all models considered).
Acceleration records and their spectra before and after
scaling are shown in Figure 2.

2.5.Damping. PLAXIS 2D is a finite element software. In the
finite element method, Riley damping is one of the suitable
measurements that tolerates the damping effects in stiffness
and mass matrices. Riley damping in plain strain models
such as two-dimensional tunnels with earthquake
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application will have good results. *e general form of Riley
damping is in the form of equation

[C] � α[M] + β[k]. (1)

In this equation, K and M are the stiffness and mass
matrices, and a and β are Riley damping coefficients, re-
spectively. Riley alpha determines the mass effect and Riley
beta determines the effect of stiffness on system damping.
*ese coefficients are determined by equation (2).

α

β
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In this equation, ξ is the damping ratio and ωn and ωm
are the natural angular frequencies in rad/sec for n and m
modes. In this study, m and n were considered 1 and 2,
respectively. *e frequency of different modes was cal-
culated with Ansys software for all models in Table 1.
Riley’s alpha and beta were then calculated with a 5%
damping assumption and used to analyze time history in
PLAXIS 2D.

2.6. Boundary Conditions. *e boundaries were considered
far enough away to prevent refraction and reflection of the
wave. According to previous research, to achieve free field
conditions, the distance between the tunnel and the lateral
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t = 10 m
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t = 20 m

t = 20 m

v = 0.25;

(0,0) x
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Figure 1: *e properties of Delhi subway soil (main model) in different depths [25].

Table 1: Models considered in research.

No.
Elasticity module of
soil (relative to the

main model)

*e depth
of the

tunnel (m)

Tunnel lining
thickness (m)

Tunnel
radius
(m)

No.
Elasticity module of
soil (relative to the

main model)

*e depth
of the

tunnel (m)

Tunnel lining
thickness (m)

Tunnel
radius
(m)

1 1 20 0.5 3.13 19 1.75 20 0.5 6
2 1 20 0.28 3.13 20 2 20 0.5 3.13
3 1 10 0.5 6 21 2 20 0.28 3.13
4 1 10 0.75 6 22 2 10 0.75 6
5 1 20 0.75 6 23 2 10 0.5 6
6 1.25 10 0.28 3.13 24 2 20 0.5 6
7 1.25 20 0.28 3.13 25 2 20 0.75 6
8 1.25 10 0.5 6 26 2.25 10 0.28 3.13
9 1.25 20 0.5 6 27 2.25 20 0.28 3.13
10 1.5 20 0.5 3.13 28 2.25 10 0.5 6
11 1.5 20 0.28 3.13 29 2.25 20 0.5 6
12 1.5 10 0.75 6 30 2.5 20 0.5 3.13
13 1.5 10 0.5 6 31 2.5 20 0.28 3.13
14 1.5 20 0.5 6 32 2.5 20 0.5 6
15 1.5 20 0.75 6 33 2.5 10 0.5 6
16 1.75 10 0.28 3.13 34 2.5 10 0.28 3.13
17 1.75 20 0.28 3.13 35 1 20 0.5 6
18 1.75 10 0.5 6 36 1 10 0.28 3.13
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Figure 2: Continued.
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Figure 2: Continued.
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Figure 2: Continued.
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boundaries of the model was considered 5 times the di-
ameter of the tunnel (5D) [22]. Due to the fact that two types
of static and dynamic analyses were considered, so for static
analysis, the nodes were bounded along the vertical
boundaries of the finite element mesh in the x direction and
are free in the y direction and at the bottom boundaries in
both x and y were bounded. Viscous absorbent boundaries
were used for dynamic analysis proposed by [27]. Viscose
boundaries include a dashpot which are corresponding to
each degree of freedom at each node along the boundaries.

2.7. Analysis Phases. Modal analysis was performed using
Ansys. Using modal analysis, the frequencies of the soil-
tunnel system were obtained for all the models in Table 1.
Using the first and secondmode frequencies for all models in
Table 1, Riley alpha and beta were calculated. *e following
three phases were considered for analysing the time history
in PLAXIS 2D:

(i) In phase one, plastic calculation and stage con-
struction were performed. At this stage, tunnel
lining became active and its internal soil got
inactive.

(ii) Second phase consists of soil excavating simulation
through contraction of tunnel lining. Contraction
was accounted 2% for the center of the tunnel.

(iii) *ird phase contains the nonlinear time histories
analysis and employment of the acceleration records
once the plastic calculations are performed.

In PLAXIS 2D, the implicit Newmark design is used for
numerical time integral calculations. In the Newmark
method, the optimal values of the selected parameters can be
β� 0.3025 and c � 0.6, which was used in PLAXIS 2D.

2.8. Verification. In the present study, two types of modal
analysis and time history were performed. Modal analysis
validation was performed with Sevim paper. Figure 3 shows
the validation of the modal analysis with the [28] paper for
the Arhavi Tunnel in Turkey for the second vibrating mode.
As can be seen, the results are well matched. Validation
results for time history analysis are shown in Figure 4.
Validation of time history analysis was performed with
Singh et al.’s (2016) paper for Delhi Metro tunnel. As can be
seen from Figures 3 and 4, the results of the validation are in
good agreement with the mentioned articles.
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Figure 2: Acceleration records used in the study and comparison of their response spectrum before and after scaling PGA to 0.35 g.
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3. Time History Analysis and Review of Results

3.1. Parametric Study. According to the analysis, it was
determined that with increasing the soil cohesion, the
amount of maximum velocity decreases. Due to the fact that
soil cohesion is considered zero (C� 0) in the calculations, so
the results of the study have a good reliability coefficient
compared to other values of the soil cohesion. *e effect of
internal soil friction angle (f ) on the results of the analysis
was also investigated. *is parameter was considered 35° in
the analysis. It was investigated that the results of the study
are in the range of friction angle of 20 to 40° with good
accuracy, and outside this range, the results are less accurate.
Also, the dilation angle (ψ) considered in the 5° analysis will
have a small effect on the value of the considered maximum
velocity of the points and reducing it will cause a very small
increase in the spectral velocity. *e effect of changes in soil
unit weight on maximum velocity was also investigated. In

the analysis, unit weight and saturation unit weight are
considered to be 18 and 20 kN/m3, respectively. With a
decrease in unit weight to 14 kN/m3, changes of less than
3.5% in maximum velocity were observed. In the next step,
the effect of Poisson’s coefficient (υ) on the maximum
velocity was investigated. It was found that changes in the
Poisson’s soil Poisson ratio would have a small effect on the
maximum velocity.

Of all the soil parameters whose effect on the maximum
velocity corresponding to the center of the tunnel to the
ground surface has been investigated, the internal soil
friction angle is the most important factor among all soil
parameters in changing the maximum ground surface
velocity.

3.2. Review of the Results of Time Histories Analysis.
Modeling was performed in PLAXIS 2D to analyze the time
history. *e mean spectral velocity (Svµ) was calculated by
averaging the maximum velocity values. *e effect of
changing the tunnel radius from 3.13m to 6m was inves-
tigated for points located on the ground. *ese points were
selected at a distance of zero, 5.83, 10.50, 15.17, 26.83, 38.5,
and 51.33meters from the image of the center of the tunnel
on the ground surface. *e results are shown in Figures 5
and 6.

As it can be seen from the above figures, in general, a
tunnel with a smaller radius will cause a higher spectral
velocity (Svµ) than a tunnel with a larger radius. However,
with the distance from the image of the center of the tunnel
on the ground surface, the difference between the values of
spectral velocity for tunnels with different diameters will be
less. Also, the spectral velocity (Svµ) for a smaller diameter
tunnel is generally reduced by moving away from the image
of the center of the tunnel on the ground surface. *e
opposite is hold true for larger diameter tunnels.

DISPLACEMENT
STEP = 1

Mode 2

f2 = 281 Hz

SUB = 2
FREQ = 277.963
DMX = 0.006048

Figure 3: Comparison of validation modal analysis with Sevim (2011) article for the second vibrational mode of the Arhavi Tunnel in
Turkey.
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ground surface.
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Figure 7: *e effect of change in overburden depth on ground surface velocity for models (a) 2 and 36 and (b) 3 and 35 of Table 1.
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Figure 8: *e effect of change in overburden depth on ground surface velocity for models (a) 4 and 5 and (b) 6 and 7 of Table 1.
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Figure 9: *e effect of change in overburden depth on ground surface velocity for models (a) 8 and 9 and (b) 13 and 14 of Table 1.
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Figure 10: *e effect of change in overburden depth on ground surface velocity for models (a) 12 and 15 and (b) 16 and 17 of Table 1.
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Figure 12: *e effect of change in overburden depth on ground surface velocity for models (a) 23 and 24 and (b) 26 and 27 of Table 1.
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Figure 13: *e effect of change in overburden depth on ground surface velocity for models (a) 28 and 29 and (b) 31 and 34 of Table 1.
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Figure 11: *e effect of change in overburden depth on ground surface velocity for models (a) 18 and 19 and (b) 22 and 25 of Table 1.

Shock and Vibration 11



r=6, t=0.5, y=10 m
r=6, t=0.5, y=20 m

0.45

0.5

0.55

0.6

0.65

0.7

Sv
µ 

(m
/s

)

10 20 30 40 50 600
distance (m)

Figure 14: *e effect of change in overburden depth on ground surface velocity for models 32 and 33 of Table 1.
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Figure 15: *e effect of change in tunnel lining thickness on ground surface velocity for models (a) 1 and 2 and (b) 5 and 35 of Table 1.
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Figure 16: *e effect of change in tunnel lining thickness on ground surface velocity for models (a) 3 and 4 and (b) 10 and 11 of Table 1.
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By increasing the tunnel radius almost twice, the de-
crease in the spectral velocity of the ground surface occurs in
the range of 0.84% to 12.3% depending on the distance of the
point under study from the tunnel. *e greatest decrease in
the spectral velocity of the ground surface occurs due to the
increase of the tunnel radius exactly in the image of the
center of the tunnel to the ground surface. *e reason for
this behavior can be explained by the fact that the smaller the
tunnel radius, the more the waves converge at the top of the
tunnel. However, for a tunnel with a larger radius, the waves
at the top of the tunnel diverge. By moving away from the
tunnel, both models approach the free field. *erefore, the
two curves are close to each other.

Figure 5(a) shows the effect of a change in tunnel radius
on the ground spectral velocity for models 1 and 35 in

Table 1. Increasing the radius of the tunnel reduces the
spectral velocity of the ground surface in the range of 0.84%
to 12.3% depending on the distance of the study point from
the tunnel. In Figure 5(b), the effect of change in the spectral
velocity of the ground surface due to the increase of tunnel
radius for models 10 and 14 of Table 1 is investigated. In
Figure 5(b), (a) decrease in the spectral velocity of the
ground surface is observed due to the increase in the radius
of tunnel in the range of 0.36% to 7.63%, depending on the
distance of the study point from the tunnel. Only at a point
of 15.17meters from the image of the center of the tunnel to
the ground surface, a slight amount of spectral velocity is
observed due to the increase of the tunnel radius by 0.38%.

In Figure 6(a), the effect of change in the spectral velocity
of the ground surface due to the change of tunnel radius for
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Figure 17: *e effect of change in tunnel lining thickness on ground surface velocity for models (a) 12 and 13 and (b) 14 and 15 of Table 1.
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Figure 18: *e effect of change in tunnel lining thickness on ground surface velocity for models (a) 20 and 21 and (b) 22 and 23 of Table 1.
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models 20 and 24 in Table 1 is investigated. In Figure 6(a),
increasing the tunnel radius has caused a decrease in the
spectral velocity of the ground surface in the range of 0.23%
to 7.84% depending on the distance of the study point from
the tunnel. Figure 6(b) shows the effect of an increase in
tunnel radius on the spectral velocity of the ground surface.
Models 30 and 32 of Table 1 are examined in Figure 6(b). In
Figure 6(b), a decrease in spectral velocity is observed due to
the increase of the tunnel radius in the range of 0.79% to
7.81% depending on the distance of the study point from the
tunnel. Only at a distance of 15.17meters from the image of
the center of the tunnel to the ground surface, 0.73% increase
in spectral velocity due to the increase of the tunnel radius is
observed.

*e largest difference in the results of spectral velocity is
related to the model of Figure 5(a), which is about 12.3% of
the difference due to changes in radius, on the image of the
center of the tunnel on the ground surface. *at is, by in-
creasing by about 92% of the tunnel radius, a maximum of
12.3% of the spectral velocity of the ground surface,
depending on the model and intended point, is reduced.

In the next step, the effect of increasing the depth of the
tunnel from 10 to 20meters on the spectral velocity of the
ground in different parts of the ground surface was inves-
tigated.*e results are shown in Figures 7–14. Increasing the
depth of the tunnel placement will have a different effect on
the spectral velocity of the ground surface depending on the
model. In most models (11 of the 15 models studied), in-
creasing the depth of the tunnel placement will reduce the
spectral velocity of the ground surface. In Figure 13(a), the
maximum amount of spectral velocity reduction due to
increasing the depth of the tunnel placement is equal to
4.42%. It occurs at a point with a distance of 5.83 meters
(approximately equal to the tunnel radius) from the image of
the tunnel center on the ground surface.

In 4 of the 15 models studied, increasing the depth of the
tunnel placement increases the spectral velocity of the
ground surface around the tunnel. *e mentioned models

are shown in Figures 7(a), 8(a), 10(a), and 11(b).
Figures 8(a), 10(a), and 11(b) include tunnels with a larger
lining thickness (0.75m) and a larger radius (6m).

*e highest amount of increasing in the spectral velocity
of the ground surface which is due to the increase in the
depth of the tunnel is related to Figure 8(a) and is equal to
12.13%. *is value occurs at a distance of 5.83meters (ap-
proximately equal to the radius of the tunnel) from the
image of the center of the tunnel to the ground surface.

Also, the effect of change in the thickness of the tunnel
lining on the spectral velocity of the ground surface in
different places compared to the tunnel image was inves-
tigated. *e results are shown in Figures 15–19. Changes in
the thickness of the tunnel lining will have a different effect
on the spectral velocity of the ground surface depending on
the model. In tunnels with greater overhead depth (20m),
increasing the thickness of the tunnel lining increases the
spectral velocity of the ground surface around the image of
the center of the tunnel to the ground surface by a maximum
of 10.86%, which is related to Figure 15(b). Also, in tunnels
with greater overhead depth (20meters), increasing the
thickness of the tunnel lining causes a slight decrease in the
spectral velocity of the ground surface, moving away from
the image of the center of the tunnel. In tunnels with greater
overhead depth (20m), the largest difference in the spectral
velocity of the ground surface due to the change in the
thickness of the tunnel lining occurs exactly on the image of
the tunnel center to the ground surface, and for tunnels with
a larger radius (6m), the amount of difference is greater.*is
trend is due to the fact that in models with larger tunnel
radius, seismic waves hit with a larger obstacle. In other
words, their divergence increases. As a result, the amount of
the spectral velocity difference increases.

In tunnels with less overhead depth (10m), increasing
the thickness of the tunnel lining reduces the spectral ve-
locity of the ground surface around the image of the center of
the tunnel to the ground level by a maximum of 7.56% and is
related to Figure 17(a). *e greatest amount of decreasing in
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Figure 19: *e effect of change in tunnel lining thickness on ground surface velocity for models (a) 24 and 25 and (b) 30 and 31 of Table 1.
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the spectral velocity of the ground surface occurs due to the
increase in the thickness of the tunnel lining for models with
less overhead depth (10m) approximately at a distance equal
to the diameter of the tunnel from the image of the tunnel
center to the ground surface.

*e reason for the different effects of increasing the
thickness of the lining on models with different placement
depths can be explained as follows: the greater the depth of
tunnel placement, the higher the thickness of the tunnel
lining, the more rigid the seismic waves will hit a rigid
obstacle and their irregularity will be more severe (it is
thinner than the thickness of the tunnel lining). However,
due to the large distance between the tunnel and the ground
surface, the convergence of seismic waves at the top of the
tunnel (thinner than the thickness of the tunnel lining) will
be greater. *erefore, increasing the thickness of the tunnel
lining in models with greater placement depth increases the
spectral velocity around the tunnel on the ground surface.
However, in models with shallower placement, as the
thickness of the tunnel lining increases, seismic waves strike
the barrier with greater rigidity.*erefore, the irregularity of
seismic waves increases due to the increase in the thickness
of the tunnel lining. However, due to the small distance of
the tunnel from the ground surface, seismic waves cannot
converge at the top of the tunnel. As a result, in tunnels with
less placement depth, increasing the thickness of the tunnel
lining reduces the spectral velocity of the ground surface
around the tunnel.

In all Figures 5 to 19, the effect of changes in the behavior
of themodels is negligible bymoving away from the image of
the center of the tunnel, which indicates that the free field
conditions and the dimensions of the models are correct.

4. Conclusions

(1) A tunnel with a smaller radius will have a higher
spectral velocity (Svµ) at the ground surface than a
tunnel with a larger radius. By increasing the
tunnel radius by about 92%, the maximum of the
ground surface spectral velocity decreases by a
maximum of 12.3%, depending on the model and
intended point. By moving away from the image of
the center of the tunnel on the ground surface, the
difference between the values of spectral velocity
for tunnels of different diameters will be less. *e
spectral velocity for a smaller diameter tunnel is
generally reduced by moving away from the image
of the center of the tunnel on the ground surface.
*e opposite is hold true for larger diameter
tunnels.

(2) In most of the studied models, the decrease in the
spectral velocity of the ground surface will occur due
to the increase of the tunnel depth from 10 to
20meters.*emaximum amount of spectral velocity
reduction is due to the increase in tunnel placement
depth is equal to 4.42% and occurs at points ap-
proximately equal to the tunnel radius. In a small
number of studiedmodels, an increase in the spectral
velocity of the ground surface is observed due to the

increase in the depth of the tunnel. *e maximum
amount of increasing in the spectral velocity of the
ground surface due to the increase in the depth of the
tunnel placement is equal to 12.13% and occurs at a
distance approximately equal to the radius of the
tunnel from the image of the center of the tunnel to
the ground surface.

(3) In the present study, tunnels with two placement
depths of low (10meters) and high (20meters) were
investigated. In tunnels with greater overhead depth
(20meters), an increase in the spectral velocity of the
ground surface around the image of the center of the
tunnel to the ground surface by a maximum of
10.86% is observed due to the increase in the
thickness of the tunnel lining. In the mentioned
models, the biggest difference in the spectral velocity
of the ground surface due to the change in the
thickness of the tunnel lining occurs exactly on the
image of the center of the tunnel to the ground
surface and for tunnels with a larger radius
(6meters), the difference is greater. Increasing the
thickness of the tunnel lining is caused to reduce the
spectral velocity of the ground surface around the
image of the center of the tunnel to the ground
surface by a maximum of 7.56% for tunnels with a
lower depth (10meters). For models with less
overhead depth (10meters), at approximately equal
distances from the tunnel diameter from the image
of the center of the tunnel to the ground surface, the
greatest amount of decrease in the spectral velocity of
the ground due to increasing the thickness of the
tunnel lining is observed. In all the studied models,
by moving away from the image of the tunnel center,
the effect of changing in the thickness of the tunnel
lining on the spectral velocity of the ground surface
decreases.
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