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Seismic evaluation of underground structures such as tunnels requires nonlinear dynamic analysis, due to the complex dynamic
behavior of soil and the interaction of soil and structure. Simulation of the seismic response of the structure using nonlinear
dynamic analysis is possible only with proper acceleration time history. Considering the vertical component of the earthquake
(such as near-fault earthquakes) on the site is an important factor to achieve real structural responses. In the current study, soil-
tunnel system has been modeled in ABAQUS software, considering Mohr–Coulomb nonlinear model for soil and concrete
damage plasticity model for tunnel lining. In order to investigate the effect of seismic components correlation under different
combinations of loads on the acceleration, axial force, and maximum shear force in tunnel lining, nonlinear dynamic analysis has
been performed under four near-field earthquakes with different horizontal and vertical component ratios, considering 15 load
combinations. *e results show that increasing the vertical-horizontal component ratio has an insignificant effect on the
maximum horizontal acceleration experienced by the tunnel lining. Also, the results of axial forces and shear forces indicate that
increasing the ratio of vertical to horizontal components of the earthquake is the most effective factor on the axial force response.

1. Introduction

Due to the growing demand of underground structures, the
high construction cost of them, their importance in the
intermunicipal and interurban transport network, and the
risk of injury caused by their damage, it is essential to study
their stability against the earthquake. Although studies in-
dicate that underground structures are more resistance than
ground-based buildings against earthquakes, severe earth-
quakes can lead to catastrophic damage to underground
structures as part of vital facilities in the countries [1].
Damage observed in the earthquakes of Lomaperita 1989,
Kobe 1995, Duzce 1999, Chi Chi 1999, Niigata 2004,
Wenchuan 2008, and Tohoku 2011 confirmed that under-
ground structures are vulnerable to earthquakes [2]. Wang

works in 1993 are considered to be one of the first steps in
classifying past reports on the seismic performance of un-
derground structures [3]. Few studies have been conducted
to investigate the seismic behavior of tunnels constructed in
rock or dense noncohesion soil [4]. Shallow tunnels con-
structed in softer soil are more vulnerable compared to deep
tunnels built in rock [5, 6]. Underground structures have
distinctive characteristics in comparison with on-ground
structures. Being fully buried in the soil or rock and their
significant length compared to the other dimensions of the
tunnel are among the most distinctive features. As a result,
the design of underground structures against seismic loads
requires different considerations compared to the seismic
design of ground structures. In underground structures,
such as tunnels with a significant degree of containment due
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to earth conservation, contrary to on ground structures that
appear as earthquake forces in the form of inertial forces,
design and analysis is based on an attitude stating that its
main criterion is the deformation of the earth and structure.
*ese factors contribute to the better seismic performance of
underground structures compare to ground structures [7].

Near the active faults, ground change is strongly influ-
enced by the fault mechanism due to fault rupture with
respect to the site (for instance, forward directivity and static
permanent deformation at the fault location, which is known
as filing effects). One of the most important distinctions of
near-field earthquakes in comparison with conventional
records is the long-range dynamic pulse with lasting ground
deformation. *e effects of the forward directivity are the
main factor in the formation of the dynamic motion of the
pulse with a large period. *is pulse-like nature of the
propagation is usually formed in the horizontal direction,
and in the vertical direction of the fault. *e effect of for-
warding directivity often causes the component perpen-
dicular to the fault to be larger than the parallel component
of the fault, which is the case for the period of frequencies
greater than 0.5Hz. So far, extensive studies have been
carried out to define the near-field mapping and its dif-
ferentiation with a distant earthquake. In one category, the
near-field mapping is distinguished based on engineering
judgment from earthquakes far from the fault. It can be
detected easily, especially if the earthquake speed mapping is
available. Another criterion for detecting a near-field
earthquake is the site distance to the seismic source. Usually,
in near-field earthquakes, 15–30 km distances are defined as
near-field. According to studies by Baker, a general defi-
nition for the near-field earthquake is presented. Based on
this definition, the three points should be considered si-
multaneously to assign a near-field earthquake. *ese cri-
teria include [8] the pulse index be greater than 0.85, pulses
be formed at the early moments of the mapping speed, and
the PGV earthquake record be larger than 30 cps. *e
vertical component of the earthquake is one of the most
important parameters in near-field earthquakes. *e effec-
tive parameters of the vertical component of the earthquake
are as follows:

(i) *e earthquake magnitude: the vertical component
increases with the rise in the magnitude of the
earthquake response spectrum

(ii) Distance from the fault: by increasing the distance
from the fault, the value of the vertical component
spectrum decreases

(iii) Type of the fault: the vertical and horizontal spec-
trum values for reverse faults with superficial and
high focal depth are larger than the values for the
slip fault, and this corresponds to each other for
periods larger than 1 second for different faults [9]

*e vertical component of the earthquake was often
ignored in the structural design; but slowly, with increasing
acceleration of near-fault mappings and observing the large
ratio of acceleration to the horizontal in near-fault

earthquakes and observing empirically the destructive effects
of vertical vibrations, this trend was changed and the vertical
component effect was studied in the design of structures.
One of the objectives of the tunnel cross-section selection is
to distribute the uniform stresses in the soil mass around the
tunnel. *is issue has been widely discussed in technical
resources. *e drilling cross-sections that lead to the uni-
form distribution of tension around the tunnel are known as
“harmonic holes.” More specifically, a drilling pattern in
which the compressive stress across the roof and the walls
are the same creates an optimal condition for the stress field.
In a circular section in terms of the stress field, the distri-
bution of compressive stress is often the same.*erefore, the
greater the arc and curvature created in the tunnel cross-
section, the tunnel’s seismic resistance increases [10], con-
sidering the nonlinear behavior of the soil and tunnel re-
duces the error in estimating seismic responses of the tunnel.
Asgarian et al. researched performance evaluation of dif-
ferent types of steel moment resisting frames subjected to
strong ground motion through incremental dynamic anal-
ysis and explained the effect of different types of ground
motions on the results [11]. Ghasemzadeh and Abounouri
researched compressional and shear wave intrinsic attenu-
ation and velocity in partially saturated soils and studied the
behavior of compressional (P1-wave) and shear wave ve-
locities and intrinsic attenuations in sand saturated by two
immiscible fluids (air and water) for a wide range of fre-
quencies [12].

If the created deformation is the only effect of passing the
seismic waves, from a structural point of view, flexibility is
considered as a requirement for the design of the tunnel
structure.

*e use of nonlinear dynamic analysis in simulating the
actual seismic response of a structure is possible only due to
the time history of acceleration suitable for local soil con-
ditions. *e dynamic loading procedure is one of the im-
portant points to consider in dynamic analysis. *is loading
is usually possible by applying an earthquake to the bedrock
level. In this paper, using the ABAQUS finite element
software, Tehran’s soil and underground tunnel system are
modeled using nonlinear time history analysis of the near-
field fault records. *e innovation of this research is taking
into account different proportions of horizontal and vertical
seismic components and the effect of correlation of seismic
components of tunnel lining.

2. Seismic Analysis and Design of
Underground Structures

When the earth deforms due to the passage of seismic
waves, all underground structures also show a corre-
sponding deformation. If the created deformation is the
only effect of passing the seismic waves, from a structural
point of view, flexibility is considered as a requirement for
the design of tunnel structures. *erefore, in designing the
correct and efficient structure of the tunnel, in addition to
the strength capacity of the structural members, the
structure and its flexibility should be considered. Based on
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Owen and Scholl studies, in underground structures,
seismic vibrations are considered to hold three types of
deformations, including axial compression and extension
deformations, longitudinal bending, and ovaling/racking
deformation [13]. When the earthquake wave propagated
perpendicular to the tunnel axis, the stresses result in the
formation of shear deformations of the type racking and
ovaling in the tunnel cross-section. Design requirements in
this type of deformation are usually applied to the width of
the tunnel. *e general behavior of the lining can be
simulated as a buried structure subject to ground defor-
mations under a two-dimensional plane strain condition.
In general, the transmission waves cause bending in the
structure, which creates alternate regions of compression
and tension along the tunnel. *e beam-like structure of
the tunnel lining will then experience tension and com-
pression on opposite sides. *e analysis and design of
underground structures are based on the structure de-
formations and the earth because the earth and the tunnel
structure response is highly sensitive to earthquake-in-
duced deformations.*emethods of earthquake analysis of
underground structures are experimental methods, phys-
ical modeling method, mathematical methods, quasi-static
analysis, and numerical methods. Numerical methods,
which are performed using lumped mass methods, finite
difference, finite element, etc., are divided into two cate-
gories: pseudodynamic analysis and dynamic analysis.
Another method for analyzing tunnels and underground
structures is the dynamic time history analysis [1]. In the
dynamic time history analysis, the entire system of
structure and soil is exposed to dynamic stimulation in the
soil-structure system. Also, the boundary conditions of the
model should be chosen in such a way that the absorber of
the seismic energy is induced and does not reflect the
seismic wave again on the structure. Wang [3] and Penzien
[14] proposed closed-form analytical solutions to calculate
the thrust and bending moment in the tunnel lining and the
effect of racking and ovaling. Hashash et al. [1, 15] and Patil
et al. [16] explored the conventional methods for deter-
mining the seismic forces in the design of tunnels, taking
into account different amounts of soil and tunnel inter-
action. In recent years, lack of knowledge in understanding
the seismic behavior of the tunnel has led researchers such
as Lanzano et al. [17] and Tsinidis [18, 19] to carry out
research based on centrifuge model tests. Kalantarian and
Dehghani studied the dynamic vibration relationship in the
metro tunneling and proposed the propagation of Rayleigh
waves as an input wave for issues in the time domain [20].
*ey concluded that, in horseshoe tunnel, distortion of
cross-section as a combination of circular and rectangular
section deformations occur. Also, the ground motion in the
vertical direction is generally much less than its horizontal
direction. Typically, vertical ground motion parameters are
assumed to be 0.5 to 0.67 horizontal modes [21]. Abdel-
Motaal and El-Nahhas studied the interaction between the
tunnels and the surrounding granular soil and observed
that the maximum strain in the tunnel lining was directly
related to stiffness between the tunnel and surrounding soil

(lining thickness and soil shear modulus) as well as the peak
ground acceleration and the tunnel location (embedment
depth). *ey conclude that a seismic analysis should be
carried in regions subjected to peak ground acceleration
greater than 0.15 g [13].

3. Numerical Modeling

*e verification of the modeling was carried out in the
ABAQUS [22] finite element software using Kouretzis et al.
research, the analysis of circular tunnels due to seismic
P-wave propagation, with emphasis on unreinforced con-
crete liners [23]. Kouretzis et al. modeled the tunnel and part
of the surrounding area and analyzed the whole complex. In
Kouretzis et al. research, the rock mass was 40× 40m2 and a
circular section with a diameter of 8m in its center was used.
Rock and tunnel modeling is carried out in two-dimensional
and in-plane strain conditions. *e thickness of the tunnel
lining is 15 cm with unreinforced concrete and is modeled
with a wire element in the ABAQUS software. Elastic 2D
beam elements (type = B21) were used with 64 elements in
the perimeter to model tunnel lining. 2D plane strain
continuum elements (type =CPE4) were used to model the
surrounding rock and infinite elements (type =CINPE). Due
to the half-infinity of the real model, the seismic energy
applied in the model must go through the boundaries. In this
case, it is necessary to encircle the surrounding using the
energy absorbing boundaries to prevent the reflection of the
waves in the area. Researchers have proposed different
boundaries for dynamic analysis. Kouretzis et al. used
Lysmer absorbing boundaries to model the energy absorbing
boundaries up and down the model (20 meters from each
side). Note that no loads from rock mass relaxation are
assumed to be transferred to the final lining so that all the
rock mass loads are borne by the temporary support shell.
*is assumption is appropriate for an unreinforced tunnel
section constructed with the NATM method in the com-
petent rock mass, where the final lining is installed after the
primary lining has reached equilibrium [23]. *e prediction
of contact behavior between tunnel lining and surrounding
is one of the key issues in the simulation of the tunnel
response. Many linear elastic analytical solutions assume one
of two zero friction modes (full-slip conditions) or a
complete connection between the tunnel and the sur-
rounding soil (no-slip conditions). Hence, it cannot cor-
rectly simulate the response of the contact surface to periodic
loads. According to Wang, for most tunnels, contact con-
ditions are a state between full slip and no slip because the
full-slip condition reduces the axial force and the calculated
forces under no-slip conditions may be several times greater
than the full-slip rate [15]. Part of Kouretzis et al.’s research
simulated no-slip conditions at the rock mass-structure
interface, where the beam elements representing the liner are
tied to the nodes of the surrounding rock mass. Elastic
properties of the rock mass, tunnel lining, and seismic ex-
citation are shown in Table 1. Tunnel lining geometry and
finite element model of rock mass and tunnel in ABAQUS
software are presented in Figure 1.
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After performing the verification in no-slip condition
and determining the maximum bending moment in tunnel
lining and then comparing it with the proposed relationship
provided by Kouretzis et al. [23] in Table 2, Table 3 shows
that the maximum error generated between the responses is
at an acceptable level of 10%.

Where

k3 �
2 1 − υm( 

1 + 1 − 2υm( C
,

K4 � 1 +
1 − 2υm( (1 − C)F − 0.5 1 − 2υm( C + 2

3 − 2υm(  + 1 − 2υm( C F + 0.5 5 − 6υm(   1 − 2υm( C + 6 − 8υm( 
,

K6 �
1 + 1 − 2υm( C F − 0.5 1 − 2υm( C  − 2

3 − 2υm(  + 1 − 2υm( C F + 0.5 5 − 6υm(   1 − 2υm( C + 6 − 8υm( 
.

(1)

In another section, the study of Singh et al. was used for
the verification of modeling and time history analysis [24].
*ey studied the seismic response in Delhi’s subway tun-
nels by finite element Plaxis software and Rayleigh’s
damping based on horizontal and vertical components in
Uttarkashi’s earthquake. *e underground tunnels have
been excavated through alluvium deposits, generally
known as Delhi silt, and variation of elastic modulus of
Delhi Silt with depth are shown in Figure 2 and Table 4 [24].
In-situ unit weight, cbulk, and saturated unit weight, csat,
were found to be 18 and 20 kN/m3, respectively. *ere are
no underground water levels in the studied soil. Cohesion,
c, of Delhi silt has been taken as zero (cohesionless silt).
Friction angle, ϕ, and dilatational angle, ψ, were found to be

35° and 5°, respectively. *e soil damping matrix is required
for soil and structural analysis. According to the Rayleigh
method and considering damping of soil as 5%, the co-
efficients α and β of the damping matrix of the studied soil
are 0.161 and 0.013, respectively. *e soil and tunnel
modeling was carried out in two-dimensional and plane
strain conditions, in which a rock mass of 140 × 60m2 and a
circular section with a diameter of 6.26m at a depth of 20m
were used. *e reinforced concrete tunnel lining thickness
is 28 cm, its elastic modulus, Ec, is 3.16×107 kPa, Poisson’s
ratio is 0.15, and the coefficients α and β of the damping
matrix of the reinforced concrete lining of the tunnel with a
2% damping, according to the Rayleigh method, is 0.064
and 0.005, respectively.

Table 1: Elastic properties of the rock mass, tunnel lining, and
seismic excitation [23].

Input data of the example case study
Rock mass properties
Modulus of elasticity, Em 2.00GPa
Bulk modulus, Km 1.11GPa
Shear modulus, Gm 0.83GPa
Shear wave velocity, CS 645m/s
Compressional wave velocity, CP 1054m/s
Poisson ratio, ]m 0.2
Density, ρm 2.0Mg/m3

Liner properties
Modulus of elasticity, El 19GPa
Radius, r 4.0m
Poisson ratio, ]l 0.2
*ickness, t 0.15m
Flexibility ratio, F 3193
Compressibility ratio, C 3.74
Seismic excitation
Peak seismic stress
(τxy � 2ρ . CS . ]S or σyy � 2ρ . Cp . ]p)

1.60MPa

Peak ground velocity attributed to S-waves, ]s 0.620m/s
Peak ground velocity attributed to P-waves, ]p 0.379m/s

Infinite elements
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Figure 1: Tunnel lining geometry and finite element model of rock
mass and tunnel in ABAQUS software [23].
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Results are shown in Figures 3 and 4. As shown in
Figures 3 and 4, the diagrams are close to each other.

In this paper, using the ABAQUS finite element soft-
ware Teharn Metro Underground Tunnels and soil system
using time history analysis under four near-field fault
records of Tabas, Northridge, Lomaperieta, and Cape
earthquakes, taking into account different ratios of vertical
to horizontal components (αH + βV) modeled in 15 load
combinations for each record. *e underground tunnels
which have been excavated through rock mass, generally
known as Tehran soil and variation of elastic modulus of
Tehran soil with depth, are shown in Figure 5 and Table 5.
In-situ unit weight, cbulk, is 21.1 kN/m3. *ere are no
underground water levels in the studied soil. Cohesion, c, of
Tehran soil has been taken as 0.04 for GC and 0.07 for SC.
Friction angle, ϕ, and dilatational angle, ψ, were found to be
33° and 3° for GC and 32° and 3° for SC, respectively. *e
soil damping matrix is required for soil and structural
analysis. For the present case study, Rayleigh damping has
been calculated. According to the Rayleigh method and
considering damping of soil as 5%, the coefficients α and β
of the damping matrix of the studied soil are 0.062 and
0.037, respectively. *e soil and tunnel modeling was

carried out in two-dimensional and plane strain conditions,
in which a rock mass of 180× 40m2 and a circular section
with a diameter of 8.85m at a depth of 23.575m were used.
*e reinforced concrete tunnel lining thickness is 35 cm, its
elastic modulus, Ec, is 3.08 ×107 kPa, Poisson’s ratio is 0.2,
and the coefficients α and β of the damping matrix of the
reinforced concrete lining of the tunnel with 2% damping,
according to the Rayleigh method, is 0.064 and 0.005,
respectively, which is modeled with wire element using
ABAQUS software. Elastic 2D beam elements (type �B21)
were used in the perimeter to model tunnel lining. 2D plane
strain continuum elements (type �CPE4R) were used to
model the surrounding soils. Infinite elements (type-
�CINPE4), which are implemented in ABAQUS/standard
to function as absorbing boundaries in wave propagation
problems, were introduced at the left and right boundaries
of the model, to avoid wave reflection phenomena and used
in Lysmer absorbing boundaries to model the energy ab-
sorbing boundaries on the left and right sides of the model
(70 meters from each side), and no-slip conditions at the
soil mass-structure interface were simulated and the beam
elements representing the liner are tied to the nodes of the
surrounding soil mass.

Table 3: Verification.

Model Maximum bending moment
Verification model 5.05 kN·M
*e relationship provided by Kouretzis et al. 5.6 kN·M
Maximum error %10

Y
(0,0) X

E = 15MPa

E = 30MPa

E = 40MPa

E = 50MPa

Invert (0,–23.13)

Springing point (3.13,–20)

Crown point (0,–16.87)C = 0, ϕ = 35deg., ψ = 5deg., ν = 0.25, E = 7.5MPa

Figure 2: Geometry of the physical model [24].

Table 4: Variation of elastic modulus of Delhi silt with depth [25].

Depth (m) *ickness (m) Elastic modulus (kPa)
0–10 10 7500
10–20 10 15000
20–35 15 30000
35–50 15 40000
50–60 10 50000

Table 2: Internal forces of a circular liner due to P-wave propagation, under no-slip and full-slip interface conditions [23].

Interface condition Axial force (Nmax) Bending moment (Mmax)
No slip ±[k3 + k4] × σmax × (r/2) ±[(C(1 − 2]m)/6 × F)K3 + 1 − (K4/2) − K6] × σmax × (r2/2)
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To determine the nonlinear characteristics of tunnel
lining in ABAQUS software, concrete damage plasticity
behavioral model was used; for soil modeling,
Mohr–Coulomb behavioral model was used. Table 6 shows
the nonlinear tensile properties of concrete, and the spec-
ifications of concrete plastics are given in Table 7 [25].

*e characteristics of the earthquake record are given in
Table 8, and loading combinations in the three distinct
groups with a constant coefficient of the horizontal com-
ponent and variable coefficient of the vertical component are
given in Tables 9–11.

Default parameters of tunnel lining and soil in the finite
element model are given in Table 12.

*e flowchart for research methodology is shown in
Figure 6:
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Figure 4: Verification time history analysis with article (Singh et al. 2016) in the Abaqus for horizontal displacement on the tunnel crown.
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Figure 3: Verification time history analysis with article (Singh et al. 2016) in the Abaqus for horizontal acceleration on the tunnel crown.

Gc: C = 0.04, ϕ = 33, ψ = 3, ϑ = 0.32, E = 2GPa

Sc: C = 0.07, ϕ = 32, ψ = 2, ϑ = 0.36, E = 2GPa

Crown point (0, –19.15) 27m

13m
(0, –28)

Figure 5: Geometry of the physical model.

Table 5: Variation of elastic modulus of Tehran soil with depth.

Depth (m) *ickness (m) Elastic modulus (kPa)
0–27 27 2000
27–40 13 2000
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In the following, the effect of correlation of seismic
components was investigated under different combina-
tions of loads in determining maximum acceleration and
yield stress, according to von Mises yield criterion, strain,
axial force, shear force, and bending moment in tunnel
lining.

4. Evaluation of Analytical Models

4.1. Effects of Load Combinations on the Maximum Acceler-
ation Applied to the Tunnel Lining. In Figures 7–9, a com-
parison between the maximum vertical acceleration on
different sections’ tunnel lining was performed under three

Table 8: Specifications of selected earthquake record.

Parameter Tabas
vertical

Tabas
horizontal

Cape
vertical

Cape
horizontal

Lomaperieta
vertical

Lomaperieta
horizontal

Northridge
vertical

Northridge
horizontal

MW 7.35 7.35 7.01 7.01 6.93 6.93 6.69 6.69
PGA (g) 0.19 0.409 0.739 1.49 0.896 0.607 0.32 0.426
PGV (cm/s) 11.17 27.11 57.95 122.3 55.94 51.55 20.38 74.85
Duration (s) 20.98 20.98 29.98 29.98 25 25 26.57 26.57
D5-95 (s) 11.3 11.3 9.7 9.7 10.2 10.2 6.5 6.5
Year 1978 1978 1992 1992 1989 1989 1994 1994
RSN 139 139 825 825 779 779 1013 1013
Rjb (km) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rrup (km) 13.94 13.94 6.96 6.96 3.88 3.88 5.92 5.92

Table 6: *e nonlinear tensile properties of concrete in concrete damage plasticity model [25].

Plastic strain Tensile stress (kN/m2)
0 2500
0.001 25

Table 7: Default parameters of concrete damage plasticity model [25].

Parameter name Value
Dilatation angle (ψ) 20
Eccentricity (ϵ) 0.1
fbo/fco 1.16
K 0.667
Viscosity parameter (μ) 0.01
fbo/fco is the ratio between the initial biaxial compressive yield stress and the initial uniaxial compressive yield stress, K describes the ratio of the distance
between the hydrostatic axis and the compression meridian and the tension meridian in the deviatoric cross-section, respectively.

Table 9: Load combinations, including a horizontal component having coefficient 1 and a vertical component with a variable coefficient.

Load combination number Load combination *e coefficient ratio of the vertical component to the horizontal component (β/α)
1 H+ 0.25V 0.25
2 H+ 0.5V 0.5
3 H+ 0.75V 0.75
4 H+V 1
5 H+ 1.25V 1.25

Table 10: Load combinations, including a horizontal component having coefficient 0.75 and a vertical component with a variable coefficient.

Load combination number Load combination *e coefficient ratio of the vertical component to the horizontal component (β/α)
6 0.75H+ 0.25V 0.33
7 0.75H+ 0.5V 0.67
8 0.75H+ 0.75V 1.0
9 0.75H+V 1.33
10 0.75H+ 1.25V 1.66

Shock and Vibration 7



near-field records of Tabas, Northridge, Lomaperieta, and
Cape earthquakes in the 15 loading combinations for each
record.

Examining the gradient values of the line showed that the
maximum vertical acceleration of the tunnel lining is in
Figures 7–9. Under Lomaperieta and Cape records, in-
creasing the vertical to the horizontal component ratio,

increases the slope of the line, and the maximum gradient of
the line belongs to the Lomaperieta earthquake in the load
combinations of 11 to 15. As the PVA (peak vertical ac-
celeration) of the Lomaperieta earthquake record is 0. 896
and of the Cape earthquake record is 0.739. Vertical ac-
celeration values at the 50% level (average acceleration level)
are introduced on tunnel lining in Table 13. Table 13 shows

Table 11: Load combinations, including a horizontal component having coefficient 1.25 and a vertical component with a variable coefficient.

Load combination number Load combination *e coefficient ratio of the vertical component to the horizontal component (β/α)
11 1.25H+ 0.25V 0.2
12 1.25H+ 0.5V 0.4
13 1.25H+ 0.75V 0.6
14 1.25H+V 0.8
15 1.25H+ 1.25V 1

Table 12: Default parameters of tunnel lining and soil in the finite element model.

Parameter Soil Tunnel lining Lysmer absorbing boundaries
Global size 1 0.1 1
Element family Plane strain Beam Plane strain
Element library Explicit Explicit Explicit
Mesh name Cpe4r B21 Cinpe4

Start

Select soil-
tunnel system

Determine soil dynamic
characteristics based on

geotechnical results

Proper acceleration
time history,such as

near-fault earthquakes

�e vertical-horizontal
component acceleration

�e horizontal component
acceleration

Nonlinear dynamic
analysis in

ABAQUS so�ware

Calculate sesmic
demand and control it

with the seismic
demands of a

horizontal component
acceleration

Changes in the
coefficients of horizontal
and vertical components

Closed form elastic
solutions for

circular tunnels

Calculate sesmic
demand

Calculate of proposed
coefficient of effect of
horizontal and vertical

components

End

Figure 6: Flowchart for research methodology.
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that, in load combinations of 1 to 5, for β/α of 0.75, the
difference between the vertical acceleration on tunnel lining
in the two Lomaperieta and Cape records is equal to 0.03 g,
the difference in vertical acceleration on the tunnel lining in
both Cape and Northridge records is equal to 0.33 g, and the
difference in vertical acceleration on the tunnel lining in
both Northridge and Tabas records is equal to 0.11 g. In load
combinations of 6 to 10, for β/α equal to 1.0, the difference in
vertical acceleration on tunnel lining in two Lomaperieta
and Cape records is equal to 0.03 g, the difference in vertical
acceleration on tunnel lining in the two recordings of Cape
and Northridge is equal to 0.31 g, and the difference in
vertical acceleration on tunnel lining in the two recordings
of Tabas and Northridge is equal to 0.11 g.

In load combinations of 11 to 15, for β/α equal to 0.6, the
difference in vertical acceleration on tunnel lining in two
Lomaperieta and Cape records is equal to 0.02 g, the dif-
ference in vertical acceleration on tunnel lining in the two
recordings of Cape and Northridge is equal to 0.03 g, and the
difference in vertical acceleration on tunnel lining in the two
recordings of TABAS and Northridge is equal to 0.14 g.

In Figures 10–12, comparison between the maximum
horizontal acceleration on tunnel lining was performed
under four near-field records of Tabas, Northridge, Loma-
perieta, and Cape in 15 load combinations for each record.
Investigating the gradient values of the horizontal gradient
line in Figures 10–12 shows that the slope of the line has been
slowly reduced or increased by increasing the vertical to the
horizontal component ratio.*is indicates the low impact of
the vertical components in the maximum horizontal ac-
celeration on tunnel lining, and the highest gradient of the
line belongs to the Lomaperieta and Cape earthquakes. *e
reason is that the PHA (Peak Horizontal Acceleration) of the
Lomaperieta earthquake record is 0.607 and of the Cape
earthquake record is 1.493.

4.2. :e Effect of Load Combinations on the Forces in Tunnel
Lining. *e effects of change in the ratio of seismic com-
ponents on the maximum axial force of tunnel lining are
shown in Figures 13–15.

*e review of Figures 13–15 shows that when the Cape
earthquake is applied to the soil and tunnel set, the highest
axial force values belong to the load combinations of 12 to
14, and the maximum F line slope is − 262.5 and belongs to
the load combinations of 11 to 15. *e review of
Figures 13–15 shows that when the Lomaperieta earthquake
is applied to the soil and tunnel set, the highest axial force
values belong to the load combinations of 11 to 15, and the
maximum F line slope is 860 and belongs to the load
combinations of 11 to 15.*e review of Figures 13–15 shows
that when the Northridge earthquake is applied to the soil
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loading 1 to 5.
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and tunnel set, the highest axial force values belong to the
load combinations of 11 to 15 and the reason for this is a
horizontal component earthquake coefficient of 1.25 that
indicates the importance of the horizontal component of the
earthquake in determining the value of axial force tunnel
lining. *e maximum F slope is − 84 and belongs to the
loading combination of 11 to 15. By comparing the effects of

Tabas, Northridge, Lomaperieta, and Cape earthquakes on
the soil and tunnel set shows that the greatest axial force
created in the tunnel lining belongs to the Cape earthquake,
due to the larger PVA and PHA of the cape earthquake than
the other earthquakes.

Different seismic waves have different Fourier spectra
and different predominant frequencies. *is effect on the
dynamic response of tunnel structure cannot be ignored.

Table 13: Vertical acceleration values at 50% level on tunnel lining in g.

Record Load combination 1 to 5 Load combination 6 to 10 Load combination 11 to 15
Tabas 0.141 0.140 0.144
Cape 0.584 0.573 0.596
Lomaperieta 0.614 0.612 0.619
Northridge 0.254 0.255 0.287
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Figure 10: Maximum horizontal acceleration of tunnel lining at
load combination 1 to 5.
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When “β/α” is the same, the influence of seismic waves on
the dynamic response of the tunnel is different.*e review of
Figures 13–15 shows that the maximum F line slope belongs
to the load combinations of 6 to 10 (α= 0.75 and β=Var).

*e effects of change in the ratio of seismic components
on the maximum shear force of tunnel lining (V) are shown
in Figures 16–18.

*e review of Figures 16–18 shows that when the Tabas
earthquake is applied to the soil and tunnel set, the highest
shear force values belong to the load combinations of 11 to
15, and the maximum v line slope is 5.88 and belongs to the
load combination of 6 to 10. *e review of Figures 16–18
shows that when the Northridge earthquake is applied to the
soil and tunnel set, the highest shear force values belong to
the load combinations of 11 to 15.*e v line slope in the load
combinations of 1 to 15 is decreasing.*e highest shear force
values belong to the load combinations of 11 to 15.

*e review of Figures 16–18 shows that when the Cape
earthquake is applied to the soil and tunnel set, the highest
shear force values belong to the load combinations of 11 to
15. *e v line slope of the shear force in the loading
combination 11 to 15 is decreasing. the maximum v line
slope is 65 and belongs to the load combinations of 11 to 15.
As seen in Figures 16–18, increasing the ratio (β/α) leads to a
decrease or increase the V, depending on the earthquake
type and three load groups.

*is is due to the difference between the characteristics
of the three various regions in the time history of the strong
ground motion in the considered accelerators because all
the effective seismic ground motion signals consist of three
regions with completely different characteristics in which
the first region has shown to be mild with increasing slope,
the second region generally has much constant energy and
power, and the third region has decreasing circumstance.
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*erefore, with respect to the variety of time classification
in separating the three regions among the selected records
in the dynamic analysis of tunnels, the alteration regime in
the force components has different conditions depending
on the coefficient of the vertical to the horizontal com-
ponent [26].

5. Conclusion

*e effect of the earthquake on the soil and tunnel set de-
pends on various parameters such as the maximum hori-
zontal and vertical acceleration of the earthquake, the
magnitude and duration of the earthquake, and the relative
stiffness between the tunnel and the ground and tunnel
lining. Since the vertical component of the earthquake is one
of the most important parameters in the near-field fault
earthquake, in this study, using nonlinear time history
analysis under four near-field recordings considering dif-
ferent horizontal and vertical component ratios in 15
loading combinations, the seismic behavior of the tunnel
with reinforced concrete lining surrounded through rock
mass (Tehran soil) was performed:

(i) *e PVA value is the most important factor in
increasing the maximum vertical acceleration in
tunnel lining in all load combinations, and since the
Lomaperieta earthquake has the highest PVA, it has
the highest vertical acceleration in all load
combinations

(ii) *e PHA is the most important factor in increasing
the maximum horizontal acceleration in tunnel
lining in all load combinations, and PVA has little
effect, since the Cape earthquake has the highest
PHA, thus having the highest horizontal accelera-
tion in all load combinations

(iii) With increasing vertical component in four separate
load groups, the maximum axial force value has
increased and the highest increase in the axial force

is due to the application of the Cape earthquake to
the soil and tunnel set and in the load combinations
of 11 to 15

(iv) *e increase of the vertical component in three
separate load groups will lead to a decrease or in-
crease in the value of shear force, and the largest
increase in shear force is due to the application of
the Cape earthquake to the soil and tunnel set and in
the load combinations of 11 to 15

Data Availability
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Géotechnique, vol. 65, no. 5, pp. 401–417, 2015.

[19] G. Tsinidis, E. Rovithis, K. Pitilakis, and J. L. Chazelas,
“Seismic response of box-type tunnels in soft soil: experi-
mental and numerical investigation,” Tunnelling and Un-
derground Space Technology, vol. 59, pp. 199–214, 2016.

[20] S. H. Kalantarian andM. Dehghani, “A review on the dynamic
vibrations relationship in the metro tunneling,” Interational
Journal of Science and Engineering Investigations, vol. 3,
no. 27, 2014.

[21] M. A. Abdel-Motaal, F. M. El-Nahhas, and A. T. Khiry,
“Mutual seismic interaction between tunnels and the sur-
rounding granular soil,” HBRC Journal, vol. 10, no. 3,
pp. 265–278, 2014.

[22] K. Hibbet, Abaqus/Standard—User’s Manual—Version 6.11,
Dassault Systemes Simulia Corp., Johnston, RI, USA, 2010.

[23] G. P. Kouretzis, K. I. Andrianopoulos, S. W. Sloan, and
J. P. Carter, “Analysis of circular tunnels due to seismic
P-wave propagation, with emphasis on unreinforced concrete
liners,”Computers and Geotechnics, vol. 55, pp. 187–194, 2014.

[24] M. Singh, M. N. Viladkar, and N. K. Samadhiya, “Seismic
analysis of Delhi metro underground tunnels,” Indian Geo-
technical Journal, vol. 47, no. 1, pp. 67–83, 2017.

[25] A. S. Daryan, H. Bahrampoor, and H. Arabzade, “Complete
Manual of ABAQUS,” American Journal of Civil Engineering,
2011.

[26] S. Rezaeian, “Stochastic modeling and simulation of ground
motions for performance-based earthquake engineering,”
University of California, Berkeley, CA, USA, Doctoral dis-
sertation, 2010.

Shock and Vibration 13


