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ABSTRACT: Stress concentration around twin tunnels and its impact on monuments have been Review History:

receiving much attention from researchers. To investigate the effect of scattering in twin tunnels, the  Received: Dec. 16, 2020
Hankel function of the first kind has been used by various researchers. The mathematical relation of = Revised: Mar. 29, 2021
Fourier expansion was modified and the time-domain analysis was transformed to frequency-domain  Accepted: Jan. 26, 2022
analysis to provide a novel method for analyzing stress concentration factors. The combined finite ~Available Online: Jan. 31, 2022
element scattering model (FESCAM) was designed and developed in MATLAB. Analysis was performed
in the presence of twin tunnels with a scattering of P-wave and in the absence of twin tunnels under the
effect of a near-field earthquake. According to the results, dynamic stress concentration factor (DSCF)
for Kobe earthquake P- wave with different wave angles and maximum frequency showed maximum
scattering at a=0° and 6=0° in the tunnel. In addition to the increased stress concentration factor, the
results of the Mann-Whitney statistical test in SPSS revealed a significant difference between the seismic
performance of Arg-e Karim Khani and Zand underpass in the presence and absence of the tunnel (P
Value<0.05). A scattering effect of less than 10% was calculated taking into account the combined effect
of the calculated seismic waves using incremental extended finite element software. Scattering depends
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on frequency, and higher scattering was reported for higher frequencies.

1- Introduction

Underground structures such as tunnels have been
increased as a result of population growth in large cities.
Earthquake waves such as longitudinal and shear waves may
affect rapidly on underground structures, it leads to different
displacements on the adjacent structures. For this purpose,
many researchers investigated the impact of earthquake
damages on tunnels. It is so important to evaluate the effect of
underground structures such as tunnels whether during
excavation or significantly during an earthquake on the
adjacent structures. This becomes even more important when
considering the immense material and immaterial values of
historic structures [1-3]. There are almost 40 cultural heritage
properties that have severe damage in the Seismic areas of
Iran. If an earthquake wave collides to an underground cavity
such as a tunnel, it redirects because of the soil profile while
some part of the wave is emitted into the environment this
phenomenon is called scattering [4]. Mow and Pao (1973)
were a pioneer in investigating the scattering of waves around
a cylinder in an unlimited environment [5]. Manolis (1980)
examined the dynamic behavior of uncoated underground
structures with considering the impact of wave scattering
applying the boundary element method. Manolis and Beskos

*Corresponding author’s email: vosoughi@hawaii.edu

(1983) studied the shape of the scattering of waves with
considering the boundary limits [6, 7]. The scattering of p and
SV waves was studied in a disparate environment at the Los
Angeles basin [8]. A model for acoustic resistance according
to the dimensionless frequency function through Bessel’s
equations and complex functions presented for the scattering
of harmonic waves within a saturated pro-elastic ambience.
9]]. In this study, a 2D analytical solution for scattered and
reflected P-waves in a saturated medium was proposed in
cylindrical valleys based on Biot’s dynamical theory [10]. An
analytical solution was evaluated for the scattering of waves
by a circular tunnel in an anisotropic, porous, elastic
environment. The presented method solved the Biot equations
by considering both complex functions for the solid and fluid
frameworks on the 2D plane [11]. The effect of harmonic
plane waves on a circular parallel tunnel of unlimited length
was studied in a saturated pro-elastic environment. This
research investigated the wave expansion equations through
Biot’s theory in pro-elastic environments and appropriate
boundary conditions in cylindrical coordinates [ 12]. A method
to solve the dynamic response of a cylindrical cavity in an
infinite anisotropic porous environment was introduced based
on the stabilized Biot’s equations on the complex plane [13].
The dynamic stress factor in twin tunnels was investigated
inside the saturated environment. This study noticed the type
of materials, the frequency of waves, drainage conditions,
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and proximity of the two tunnels on the linear stress. The
results are illustrated through numerical examples in two
tunnels with concrete coating located inside the saturated
environment regarding the effect of wave scattering at
different frequencies on the response curves [14]. In this
research, a new approximation for the two-dimensional
scattering of planar waves on a cylindrical cavity with the
pro-elastic coating is presented based on the Biot equations
and complex variables. The results showed that the tunnel’s
coating gets thicker generally at low frequencies and the
shear modulus ratio at low frequencies increased [15]. Many
researchers examined the effect of seismic waves on adjacent
historic structures without considering scattering waves on
twin tunnels. Some important research is given regarding
scattering waves [16-20]. An analytical solution for the
dynamic stress concentration of circular twin tunnels
presented against vertical and shear waves in a filled space
using derivatives of complex variables. The results illustrated
the main effect on the dynamic response of the walls of the
tunne [21]. The theory of complex variables on the plane and
the visual method was applied s to present an analytic solution
for the longitudinal (P-wave), shear (SV-wave), and Rayleigh
harmonic wave scattering inside a shallow circular tunnel in a
semi-elastic environment. The behavior of boundary
conditions within the semi-elastic space and the tunnel walls
were noticed. The parametric studies of this method mention
the important effect of the tunnel alignment depth, shear
modulus and thickness of the tunnel’s coating on the dynamic
responses [22]. The further researches used Helmholtz
equations to investigate the scattering of SH waves in a
circular tunnel with considering the granulated materials, the
complex variable function was employed to examine the
stresses and displacements in a circular tunnel and twin
tunnels [23]. The scattering of seismic waves and tunnel’s
coating with considering the impact of stress concentration
were illustrated by [24] The complex functions and structural
mapping techniques and dynamic stress concentration were
evaluated in granulated material for dynamic analysis of two
cavities [25]. The harmonic waves scattering such as
longitudinal (P-wave), shear (SV-wave), and Rayleigh were
studied in an irregular layered medium. This research
investigated the effects of scattering and seismic reflection
using the weighted residual method. Their results
demonstrated the scattered waves increased in different parts
of the layer surfaces while decreasing in other parts [26].
Two-dimensional boundary conditions were applied in an
elastic half-space around semicircular canyons for both
longitudinal (P-wave), shear (SV-wave). Therefore, they
simulated dimensionless stress boundary conditions in a half-
space canyon. By using the extended Fourier method, the
results showed that the cylindrical wave functions can be
defined under dimensionless stress boundary conditions in a
semi-circular space [27]. The seismic behavior of circular
tunnels considering shear waves (P-wave) was investigated
by a quasi-static analysis. Based on the results the propagation
of shear waves caused elliptical deformations in circular
tunnels [28]. The seismic response of P and SV waves of a

434

linear poroelastic medium was applied in a nonlinear buried
tunnel. According to the results, the magnitude of
displacements around the tunnel increased at large periods
[29]. In this study, the unstable wave dispersion distribution
at the neutral axis of several cavities near the ground level
was investigated. For this purpose, the weighted-residuals
method was used to examine the scattering and dispersion of
Riley, P, and SV surface waves around various layers and
intensified ground motions in a heterogeneous environment.
(i.e., diagonal angle to the axis of the cylinder), the diffracted
wave was non-polar, where the spatial distribution was three-
dimensional [30]. Developed mathematical models and
novel code were studied for scattering. In this way, The values
of displacement and DSCF of the monument were evaluated
with and without considering the tunnels when the study
domain is subjected to near-field earthquakes. The results
indicated that the displacement of tunnels is less than adjacent
structures during an earthquake [31]. By using the indirect
boundary integral equation method the scattering of P, SV
waves by the twin lining tunnels studied in an elastic half-
space. According to the results, in high frequency the effect of
stiffness coefficient on the displacement amplitude are bigger
than low frequency [32]. A theoretical method investigated
the incident SH waves to response of the two bonded semi-
infinite medium with respective symmetrical circular cavities.
In this way, the wave propagation equation is solved in the
light of the wave function expansion method. The results
illustrated that the interface displacements for low incident
angle are bigger than high incident [33]. Based on the wave
function expansion methods and Fourier transform the
dynamic stress concentration around a circular cavity
presented according to cylindrical P-waves. The results
showed that the incident stress wave present significant
effects on the dynamic response of a circular cavity [34]. The
current study used the first kind of Hankel’s function to
analyze the input waves and compute the function of
diffracted waves. Finally, a numerical analysis was conducted
through dynamic stress concentration factor (DSCF) and the
related graphs.

2- Methodology
2- 1- Hankel’s equations

For the P-wave with an amplitude of J, emitted
diagonally into the space according to Eq. (1), the initial
potential of wave and the reflected wave potential of P-wave
are calculated through &' «@" respectively [22]:

@' =gy explik; | (xsiny+ycosy)]
(1)
¢ =g exp|ik;  (xsiny—ycosy)]

In Eq. (1), A, and A, are the boundary conditions
discussed later in another section. According to the
propagation angle, v, critical propagation angle, 0_ is defined
as follows [22]:
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Fig. 1. Twin tunnels and effective parameters on wave scattering.
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In Eq. (2), k,, is the ratio of length to width wave velocity
under the Helmholtz theory, any vector field can be expressed
as the total gradient of a scalar field and curl of a vector
field. [35] Therefore, the displacement field of an infinite
environment can be described through the wave equations
according to Eq. (3) [12]:

Vi, +ki g, =0, Vy+kly=0 3)

In Eq. (3), @ is the potential function of fast and slow
waves and k, k and k_are respectively the selected wave
number in fast slow and shear elastic modes. The mentioned
values are provided according to Eq. (4):

k2 = <
" u(pp@ +icob)
e B+~\B*-44C @
24
M =

1

Q:¢0M(ﬂ_¢o)

R=§M, A=(A+2u)R- O’

B =’ [pllR +p22(l+2u)—2p12Q]+
iawb(A+2u+20 +R)

C=o' [a)z (P1P2 = P2) +ia)pr

In Eq. (4), values of p,;, p,, and p,, are the effective
densities (independent of frequency), @ is the frequency of
stimulation, &, is porosity, K is bulk modulus of elastic

materials, K, is the bulk modulus of saturated fluid, t
is the shear modulus and A is the Lame’s first parameter
[12]. Taking into account the scattering, based on the above
equations, the considered range has been shown in Fig. 1.
The dynamics of scattering are expressed through
Fourier’s series. The fast and slow waves in the coordinates
system of each cylindrical cavity are expressed according to

Eq. (5) [12]:

6, .
¢ = Z vk r)e™ , i=1,2
— )
O _ 2) _ (1) ikd cosa

7/}1 _Ze '}/n _7/;1

In Eq. (5), J, is the Bessel function of first kind for the
cylindrical environment. Similarly, the scattering potential
around the cavities in pro-elastic environment is expressed
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by Eq. (6) [12]:

0 =2 A @H, (k)"

0 ind.
¢S(’) - Znﬂo BV (w)H (k1) 6)
: © , o
y = Znﬂo C(w)H, (kr)e™
In Eq. (6), H, is the Bessel function of first kind is

cylindrical. Hence, the total potential function in the pro-
elastic environment around the cylindrical cavities for
interaction of multiple scatterings is initially formulated as
follows [12]:

¢:¢(i)+¢(i)+ () ¢(J) ¢(1)
¢ = ZA(’)(a))H (k,r)e™ +

n=—00w0

S BO(@)H, (k1 )™ + ™

n=—0

Z YTk, r)e™ o+

3 LA @H, 1)+ B @)H, G e

y=p =Y [CO(@H, (k1) |e™
S [CO(@)H, k1) ]

InEq.(7), i j = I,Z(i #j ) is true. In each equation, J is an
index for expressing the J cavity in the J* coordinate system.
These conditions must be transferred to the coordinate system
of i cylinder before applying the boundary conditions. In Eq.
(7, 4, (a)) and B (a)) are the boundary coefficients [12].

2- 1- 1- Boundary conditions

To determine the coefficients of 4, (@) and B, (@) in
Eq. (7), the boundary conditions and interaction environment
conditions should be considered linear. The boundary
conditions at ground level for free stress are expressed in Eq.

() [22]:
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y1=0'xy1=0

(y=0) (8)

The boundary conditions for the stress of the tunnel’s
coating are expressed in Eq. (9).

0,, =0,5, =0 (n=R) )

The desirable boundary conditions at the surface of each
cylindrical cavity lead to a unique solution to the problem
expressed according to Eq. (10) [12]:

(1) — (&) —
rr . =0 ’ Gr@ =0 ’ (10)

Tiza b Tiza b

)

7

_ (i)
- kSIDP Tiea

Tiza b

InEq. (10), w = gOSU' —u. ) is the rate of filtration, U is
the displacement of solid environment, U is the displacement
of saturated fluid environment, and 0 <k, < oo represents the
permeability. Using the assumptions of Biot theory, Eq. (3)
and simplification, Eq. (11) are provided as follows [14]:

P, =Mb, K¢, + MbK>§, ,

o,.=a fkf¢f +ak’p +2uu,

(11)
o, = ,u(au, iy Ou,
r 00 or

u 1
kS2¢s +2/u(7r+;u9)

”9)'

. 2
O =,k ¢y +a,

InEq.(11), o is tangential stress,

o, is cyclic stress and P is fluid pore pressure. The values
of a; and bf’S are expressed in Eq. (12) [14]:

is normal stress, O ,

Ars = l +¢,M,(1- lLlfv) ’
fs:ﬂ+¢0(/’lf,s_ 1y

(12)

In Eq. (12), the values of 4, . and A, are calculated
based on Eq. (13) [9]:
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Table 1. Specifications of scaled near-field accelerograms.

Earthquakes Year Station Magnitude PGA (g) Rrup(km)
Northridge 1994 Anacapa Island 6.69 1.2919 20.72
Tabas 1978 Boshrooyeh 7.35 0.4301 28.79
Kobe 1995 Abeno 6.9 0.9340 24.85

Table 2. Frequency domain data of selected earthquakes.

Frequency Fourier Amplitude (Northridge) Fourier Amplitude (Tabas) Fourier Amplitude (Kobe)
0.1 0.234 0.030 0.028
1 0.129 0.038 0.12
10 0.014 0.073 0.029

(P R-pQ) -k, [(A+2)R-0* |+ Job(@+R) (13)
- & (.0~ pR)+ J0b(Q+ R)

lu/,s

This study involved the non-linear time history analysis
to generalize Hankel Equation and accurately calculate the
scattering. The input waves examined by the researchers were
applied for Hankel’s function of harmonic waves, while the
seismic waves are inherently based on time history. After the
analysis stage, the Fourier was applied to transform the time
solution environment into frequency environment. Then,
the dominant frequencies were evaluated in the Hankel’s
function. The time span was transformed into frequency
based on Eq. (14):

Ny

a(t,) = ZZ F(w,).exp(iot,) (14)

N
n=——
2

In Eq. (14), a(t i ) is the value of acceleration time
history at #, . Moreover, F (a)n) is the discrete Fourier
transform at frequency of @, , while NN is the degree of
Discrete Fourier Transform. Fig. 2 provides the extended
finite element program. As illustrated in the flowchart, the
mathematical equations were employed to describe the level
of displacement and stress through the Biot theory and the
initial conditions of the case study. The potential of input
waves is defined through Hankel’s function Porosity Value ¢0
in the model was considered dependent on the supplemental
frequency, which was extended to frequency range through
Eq. (15) [36]:

CL: ﬂ’e+2lue/pe ’

Cr=yu/p. . 15)
p.=(=@)p, +dp,

Where C,, C; and p, are the coefficients of the
fast shear wave, shear wave velocity, and average density
in the elastic environment, respectively [12]. Whereas the
frequency domain is needed to study the scattering of waves,
the seismic harmonic wave was transferred to the frequency
domain using the Fourier expansion. Using the code written
in MATLAB (FESCAM), the scattering of waves around the
twin tunnels was investigated. Dynamic stress concentration
factor (DSCF) was introduced as a dimensionless parameter
to study the scattering of waves. Displacement was calculated
by the finite element program. Displacement was examined
in the presence and absence of a tunnel with the scattering
of waves. Fig. 2 shows the algorithm. Different angles were
studied using the developed program. The characteristic
feature of the code written in MATLAB (FESCAM) is the
investigation of wave scattering using accelerographs or
frequencies scaled for earthquakes in Table 1.

2- 2- Accelerogram of the earthquake

Because of the study area, Tabas, Northridge, and Kobe
near-field earthquakes were selected. According to the
Iranian Code of Practice for Seismic Resistant Design of
Buildings [37]. Shiraz is among the areas with relatively
high seismicity. Thus, the accelerographs should be modified
to 0.3 g. regarding the characteristics of the soil in the case
study, three earthquakes were selected. The specification of
a selected earthquake is shown in Tables 1 to 3 display the
applied frequencies that performed Fourier transforming
function the time domain data of selected earthquakes [38].
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Fig. 2. Optimized flowchart for the scattering code.
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Table 3. The maximum frequency of selected earthquakes.

Earthquakes Frequency peqk acceterationy ~ Fourier Amplitude
Northridge 3.394 0.276
Tabas 6.714 0.810
Kobe 7.251 0.095

o
o
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Fig. 3. Accelerograms for the three near-field earthquakes (Northridge, Tabas, and Kobe).
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Fig. 4. Fourier spectrum for the three near-field earthquakes (Northridge, Tabas, and Kobe)..

Using the above equation, the scaled accelerograms
displayed in Fig. 3, the Fourier spectrum of the earthquake
can be seen in Fig. 4 [38].

The main feature of the developed program FESCAM
with the past studies is the application of frequency spectrum
scaled for the seismic waves rather than the harmonic waves.
To achieve this objective, there frequencies that correspond to
the beginning, end, and the maximum amplitude of Fourier,
are shown in Table 2. The value of the maximum frequency
that occurred during an earthquake shows in Table 3.

2- 3- Arg-e Karim khani structure adjacent to twin tunnels
(Shiraz, Iran)

A section of Shiraz Subway Line 1 near Arg-e Karim
Khani with a length of 24.1 km and a diameter of 6 m was
selected as the study area. Arg-e Karim Khani was the royal
palace and andaruni of Karim Khan, the governor of Shiraz.
It was built in 1180 A.H. by the order of Karim Khan in an
area of 12,800 m? with a building area of about 4000 m? in
northeastern Shiraz [39]. The section selected for the research
is where the twin tunnels of Shiraz Subway with a length of
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Table 4. Geotechnical parameters of the tunnel and Arg-e Karim Khani structure.

Soil Layer Layer’s thickness (m) 7 sat(kg/m®) E (kg/m?) v U vy C (kg/m?)
Clayey sand 4.0 1900 10°x32.5 030 33 0.1 3000
Clay sediment 3.2 2080 10°x 50 0.25 29 0.15 4000
Compressed silt 6.7 2090 10°x 30 025 32 0.1 1000
Compressed clay 3.0 2080 10550 025 29 0.1 2000
Clay sediment 1.8 2090 10°x 50 0.25 32 0.15 1000
Silty sand 21.3 2090 10°x 50 025 29 0.1 1000

Table 5. Coordinate selected nodes on Arg-e Karim Khani and tunnel

Node X (m) Y (m)
A 95.29 40.00
B 104.40 40.00
C 194.40 40.00
D 205.80 40.00
E 243 21.00
F 239 17.80
Hode 4 ; LM Nods € | Mode D
o - s {———
’“"’J; —— — CL-ML - I iR
D i Ly L Bl e, Dol ol o S o i Loy e g U St i ey ST R o

88.05m

Node F_ /

3 \u/ Iunm\/’ L0 Piznd Vumw>

12.95m 36.50m 14.80m

Fig. 5. The geometry of Arg-e Karim Khani.

about lkm pass from underneath such monuments as
Arg-e Karim Khani, Pars monument, and Vakil Bazaar.
The tunnel crown is located in the depth of approximately
10m. The specifications of the simulated model including
the cross-section of Arg-e Karim Khani, tunnel distance
from Arg-e Karim Khani, soil layers under Zand
underpass, and the geometry of twin tunnels are listed in
Tables 4 and 5. The center-to-center distance of the twin
tunnels is 14.8 m with outer and inner diameters of 6.8
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and 6 m, respectively. The thickness of the tunnel cover
and the thickness and length of tunnel segments is 0.14,
0.3, and 1.4 m, respectively [16].

In Table 4, y_ is the saturation density, E is Young’s
modulus, v is the Poisson’s ratio, ¢ is the internal friction
angle, v is the dilation angle and C is the soil adhesion.

As can be seen in Fig. 6, the placement of the twin
tunnel is near the monument and in Fig. 7, the model
meshing is shown in the finite element method program.
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Fig. 6. The Arg-e Karim Khani and location of them near Zand underpass.

P P P2}

Fig. 7. The mesh grid in the FEM modeling.

3- Validation
3- 1- Developed code in MATLAB (FESCAM)

The validation process of the FESCAM code was
performed by comparing the results of this study with the
results of Hasheminejad et al. (2007). Figure 8 shows the
scattering curves and the dynamic pressure concentration
coefficient for the longitudinal input wave (P) at different
frequencies. The incident wave angle and frequencies of this
analysis were considered 60 degrees and 10, 100, 1000 Hz,
respectively [12].

Since the wave energy has inversely correlated with
its frequency, it tends to have higher wave energy at lower
frequencies. Therefore, crossing the tunnel almost does not
have any significant scattering. Conversely, high-frequency
waves would experience more scattering due to hitting the
walls of the tunnel. Fig. 8 shows the scattering in the wall
of tunnels. There is not any significant difference between
the result of FESCAM and Hasheminejad et al.’s research on
applying harmonic waves as incident waves.

441

4- Results and Discussion
4- 1- Finite element method modeling

In this study, the advanced finite element method program
(Plaxis) was used to model the twin tunnels and Arg-e Karim
Khani structure in 2D plane coordinate. The FEM modeling
was carried out in two steps: a) without twin tunnels and b)
with twin tunnels. In this section, the software developed by
finite element was used to examine the horizontal and vertical
displacements of Arg-e Karim Khani under the earthquakes.
The degrees of displacement with and without the involvement
of the tunnel have been illustrated in Fig. 9. The effect of
scattering was modeled through the expanded dimensionless
parameter through the dynamic stress concentration factor
(DSCF) provided in Eq. (12). According to the Biot Theory,
the values required in the numerical analysis were imported
into the extended model as can be seen in Table 6. The values
of input frequencies were considered as input frequencies in
FESCAM based on the non-linear time history analysis as
shown in Table 2.
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Fig. 8. The Comparison between the results of Hasheminejad et al., and this study.

Table 6. The requirement parameters as input values for novel code.

Parameters Saturated sand soil Parameters Saturated sand soil
oo 1.58 K (m?) 27.7 x 10712
ps(kg/m3) 2120 K,(N/m?) 4.99 x 1012
Ko(N/m?) 5.24 x 10! u(N/m?) 3.26 x 101
pﬂ(kg/m3) 1000 Kﬂ(N/mz) 2.25 x 1011
n(kg/ms) 0.1 A(m) 19.4 x 107
10
9
. 8
g
= 7
(5
€ 6
[}
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Fig. 9. Comparing displacement in the presence and absence of tunnels under near-field earthquakes.
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Fig. 10. Dynamic stress concentration factor for Kobe earthquake P- wave with different wave
angles at Node E, Node F.

The center-to-center distance of the tunnels and Arg-e
Karim Khani were, as provided in Fig. 5, ranged from d=44.2
m to d=154.71 m. The displacements were calculated at
distances d=44.2, d=55.6 and d=145.6 m. Finally, d=44.2 m
was selected as critical distance since the tunnel was closed
to Arg-e Karim Khani and left a higher induction effect. The
results have been presented in Fig. 9 [40].

To evaluate the effect of dimensionless dynamic stress
concentration around the twin tunnels, FEM software
was adopted. In this method, the improved dynamic stress
concentration obtained from the radial stress (o, ) and
cyclic stress(0,,). The dimensionless dynamic stress
concentration factor is defined as Eq. (16) [34]:

* (o}
_ 69
O-g =
O

rr

(16)

The dimensionless dynamic stress concentration factor
values for Kobe earthquake P wave with different wave
angles were examined as shown in Fig. 10.

According to Fig. 9, vertical and horizontal displacements
in the presence and absence of tunnel for Kobe, Northridge,
and Tabas earthquakes were studied using the finite element
method [40]. As can be seen, the displacement is larger in
the presence of a tunnel for all three earthquakes. Comparing
the vertical and horizontal displacements, it is concluded that
maximum horizontal and vertical displacements occurred

in the Northridge earthquake. The results indicate that the
vertical displacements are smaller than the horizontal ones.
Given the geological characteristics and the slag weight of
the tunnel and structure, this assumption is confirmed.

4-2- FESCAM numerical analysis

The FESCAM numerical analysis was conducted to
calculate dynamic stress concentration factor for comparing
with the other results in the first kind of Hankel’s function was
used to analyze the input waves and calculate the function of
scattering waves.

Figs. 10 and 11 show the dynamic stress concentration
parameter for a longitudinal wave of Kobe earthquake with
different wave angles and frequency at maximum wave
power. As can be seen evidently in this Fig. 10, at the angle
of o =30° , the greatest scattering took place at & =90° .
Furthermore, the earthquake with input wave of & = 90" and
a =60° had the largest scattering values, respectively, at

angles @ =104" and @ =36°. Generally, the greatest values

of scattering occurred at an angle of & =30° . However, the
previous researchers better demonstrated the physics of the

problem by considering the input wave angle « =0" for

horizontal earthquakes and @ =90° for vertical earthquakes
[12, 21]. Also, Fig. 10 (a) shows in P- wave earthquake with

the incident angle of @ =30° , the greatest scattering took
place at @ =90° .

The wave with input angles (& = 0°, o =45° ,a=30°
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Fig. 11. DSCF for Kobe earthquake with different wave angles and frequency at maximum P-wave power.
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Fig. 12. DSCF for the longitudinal input wave (P) at different frequencies and input angles.

a=60°and a =90 ) was applied on the left-hand tunnel
:[hrough the developed version of FESCAM. Fig. 12 illustrates
the dynamic stress concentration factor (DSCF) at a distance
of 44.2 m. As is clear in the figures, the maximum value of
scattering in the twin tunnels occurred under earthquake with
input wavelength (p) of & = 30° atan angle (8 =90°).
It was revealed that the viscosity effect dominates the internal
layers at frequencies far lower than the critical frequency Biot
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(f c=pyn/2mpyxa, =1 35x10° 1z )- FOT example, a linear flow (Poiseulle)
occurs, while the boundary layer is much thicker than the core,
where the viscous fluid leads to lock-on over the motion of the
solid part. According to the results presented in Fig. 12, as the
velocity of the wave increases the scattering rises at a slighter
slope. Therefore, the Biot boundary frequency is transformed
into a low-velocity frequency. In this scenario, fewer waves are
emitted only within porous elastic environments [41].
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Table 7. Statistical results of horizontal displacement of selected points at arg-e Karim
Khani structure.

Independent samples Mann-Whitney U test

Total N Mann-Whitney U Wilcoxon W  P-value

24 52.00

130.00 0.248

Table 8. Statistical results of vertical displacement of selected points at arg-e Karim
Khani structure.

Independent samples Mann-Whitney U test

Total N  Mann-Whitney U Wilcoxon W  P-value

24 67.50

145.50 0.795

Table 9. The mean of horizontal and vertical displacements of monuments subjected
to near-field earthquakes.

Mean displacement Without tunnels (cm)

With tunnels (d=44.2 m) (cm)

Up(cm) 4.45
Uy(cm) 5.25

5.10
3.40

4- 3- Statistical results

To compare the two data groups, the null hypothesis (H )
is one of the most common ones in the nondifference problems.
In other words, there is no difference between the degrees of the
two groups. The Mann-Whitney in statistics is a nonparametric
test used to measure the difference between the samples. The
Mann-Whitney test is the nonparametric equivalent of the
independent t-test applied for the comparison of data obtained
from independent group schemes. This test is used when the
conditions of using the parametric tests in the variables are
not met, i.e., the variables are not continuous and normal, the
variances of the two sets are not equal, and the ordinal and
interval variables are smaller than 10. This study focused on
two groups of displacements at Arg-e Karim Khani with and
without the involvement of a tunnel. In calculating the value
of the Mann-Whitney test, the comparisons are as many as
the data of the first group (N ,) in the data of the second
group (N , ) whichis N , xN , .

If the null hypothesis is true, then the value of the Mann-
Whitney test should be around 0.5 (half hit value). The
minimum value of this test is zero. The maximum possible

xN,

value is equal to NyxNy . The P-value or the calculated

probability is the estimation of the likely rejection of the null
hypothesis about the research question. When the hypothesis

is true, it is often considered & = 0.05 . When the P-value
is greater than 0.05, the null hypothesis is true, approximately

one at specific modes. In this study, all of the above conditions
have been displayed in Tables 7 and 8.

Tables 7 and 8 show that there is a significant difference
between the mentioned scenarios for the mean of horizontal
and vertical displacement of selected points in the Arg-e
Karim Khani monument.

Table 9 shows the mean of horizontal and vertical
displacements in the presence and absence of the tunnel for
the mentioned earthquakes. As is clear from the table, the
horizontal and vertical displacements when involving the
tunnel are increased.

5- Conclusion

As shown in Fig. 12, Comparing the angles, it can be
concluded that the maximum scattering effect for longitudinal
P-waves occurred at input angles of 0° and 30°, and 0° and
90°, respectively. As expected, the scattering effect of seismic
waves of Tabas and Kobe earthquakes with a frequency
of 6.68 and 7.22 is more than the scattering caused by the
Northridge earthquake waves with a maximum frequency
of 1.97. This is indicative of the proper functioning of the
proposed program. The scattering of P-wave under near-field
earthquake was examined using mathematical relationships
and a novel computer program. The proposed method
provides a new view of the amplitude of the input seismic
wave. According to this view, the study area is dynamically
analyzed by several scaled near-field earthquakes. Then, the
time domain is transferred to the frequency domain using the
Fourier expansion to calculate the real stress concentration
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factor. Previous studies only considered the effect of harmonic
waves in dynamic analysis, assuming constant amplitude
for the input seismic waves [14, 23]. Therefore, the new
proposed FESCAM flowchart provides more accurate results
consistent with the seismicity of the region. The numerical
analysis method developed in this study is a new method
for analyzing the scattering of near-field seismic waves in
two-dimensional porous media. According to the results, the
distance and diameter of tunnels and the type of the near-field
earthquake in terms of frequency have a dramatic impact on
the dynamic stress concentration factor (DSCF).
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