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ARTICLE INFO ABSTRACT

The tunnel form concrete system is a new industrial construction method to facilitate
construction management and reduce construction time and related financial risks.
Unlike conventional framed structures, this system does not have columns and beams.
Accepted: 31Jan 2025 However, the wall and slab elements resist lateral and gravity loads. One of the most
important factors producing axial forces, shear forces, and bending moments in
concrete tunnels is earthquakes. Tunnels are inherently stronger than structures on
the ground. Earthquake damage in different regions of the world has highlighted the
importance of creating dynamic loads in the design of concrete tunnels. This study
aims to numerically evaluate the seismic performance of concrete tunnels considering
soil-structure interaction. The main innovation of this research is the comparison of
numerical results with analytical methods and results. According to studies, although
analytical methods may provide responses, often the responses are too long and
difficult or it is impossible to measure the dynamic load in tunnels accurately. As a
result, numerical methods are used to investigate the seismic performance of concrete
tunnels by considering soil-structure interaction. To implement numerical methods,
FLAC3D software is used to model the behavior of structures built in rock and soil.
The main advantage of numerical methods over analytical methods is the continuous
concrete liner. According to the results, increasing the bending moment deformation
modulus leads to a decrease in the axial force in the concrete tunnel liner.
Subsequently, strengthening the thickness of the tunnel concrete liner leads to an
increase in the bending moment. Finally, increasing the number of concrete liner
pieces leads to a decrease in the maximum axial force and shear force.
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INTRODUCTION

Given the increasing advances in tunnels and the importance of their role in realizing the
transportation network of cities and towns, analyzing the dynamic response of tunnels to dynamic
loads is vital. Analysis of critical loads is possible in both natural and unnatural forms. Earthquake
loads are one of the most important natural loads. Regarding engineering, the importance of
earthquakes stems from their effects on various structures, especially underground structures. For the
design of structures under earthquakes, it is vital to estimate the effect of seismic waves on the
structure accurately and to gain a proper understanding of it. There are various theories about
earthquake mechanisms. However, the causes of earthquakes are closely related to the changes in the
earth's subsurface.

In the past twenty years, many studies have been conducted focusing on various aspects of tunnel
construction. The high strength and good seismic performance of these systems have been proven.
Balkaya and Kalkan [1] performed a modal and non-tunnel static analysis on a tunnel-form material
model to evaluate the effect of cavity and wall deflection on the load transfer mechanism. Based on the
results, the researchers proposed corrections and feedback correlations for the time estimation of
tunnel systems. Kalkan and Yiiksel [2] analyzed the effects of design considerations and different
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construction methods on the strengths and weaknesses of tunnel structures. Yiiksel [3] proposed a
deep connection cavity for the tunnel building and evaluated the performance of buildings with such a
connection using two-dimensional static and dynamic analysis. Beheshti-Aval et al. [4] investigated
the seismic performance of concrete tunnel structures under near- and far-field earthquake
excitations using dynamic deformation analysis. Mohsenian and Mortezaei [5] analyzed the effect of
random rotation on the reliability of tunnel-shaped structures using dynamic analysis and
performance-based design methods. Mohsenian et al. [6] studied the effect of mass and stiffness
complexity on the seismic performance of structural systems. Mohsenian et al. [7] showed that
eccentricity up to 20% of the design does not significantly affect the seismic performance of concrete
tunnel structures. Mohsenian and Mortezaei [8] proposed an appropriate drift ratio as a damage
criterion for the performance-based design of tunnel structures after comparing local and global
damage metrics. Mohsenian and Nikkhoo [9] and Mohsenian et al. [10, 11] discussed the results of the
distribution of time constraints, scheduling, height, and seismic vulnerability of tunnel structures. In
another study, Mohsenian et al. [12] investigated the effect of soil-structure interaction on the seismic
performance of tunnel-shaped structures. Mortezaei and Mohsenian [13] included eigenvalue, density,
nonlinear time history, and fragility in the process of evaluating the effect of shear rate distortion,
strength, and stiffness on the seismic reliability of the tunnel model.

Faisal et al. [15] investigated the design of the floor of a multi-story concrete structure under seismic
excitation. Song et al. [16] analyzed the effect of frequency content and risk duration on the collapse of
damaged buildings and large shocks. The researchers believe that using granularity as a failure
predictor does not provide reliable results for failure risk assessment. Ruiz-Garcia et al. [17]
conducted a study on four sections from the lowest to the highest elevation of a concrete structure to
determine the effect of soft soil on the performance of structures during an earthquake. Li et al. [18]
evaluated the effect of the initial record, fault type, and different nature of dimensional displacement
and structural damage during cyclic loading on the collapse capacity of the structure. Han et al. [19]
presented a new method for comparing the seismic performance of unreinforced concrete structures
under earthquakes.

Trevlopoulos and Guéguen [20] introduced a performance-based method for modeling the time-
varying fragility of strong structures under earthquakes using fragility analysis and Markov chain.
Similarly, Wen et al. [21] proposed an engineering design principle (EDP)-based method to evaluate
the fragility of structures under an initial collapse process and demonstrated its effectiveness by
analyzing a 5-story structure under continuous seismic activity. Ruiz-Garcia and Aguilar [22]
evaluated a 4-story steel building to analyze the flexural effect on the aftershock response of steel
structures and showed the effect of stiffness in such sources.

Oyguc et al. [23] developed a 3D model of unreinforced concrete to investigate the effect of multiple
excitations on the seismic behavior of such systems. Veismoradi et al. [24] investigated the aftershock
failure capacity of reinforced concrete frames through an incremental strength and fragility analysis.
Ruiz-Garcia et al. [25] investigated the performance of reinforced concrete frames on soft ground and
included them in an inverse shear system. Liu et al. [26] analyzed the effect of critical shape on
different types of damage caused by mainshocks on the fragility of four-story reinforced concrete
buildings.

Owen and Scholl [27] believe that the motion of an underground structure during an earthquake can
be approximated by an elastic strain related to the deformation of the ground. According to Penzien
[28] and Hashash et al. [29], except for fault-cut tunnels, the most influential component of the
behavior of the tunnel liner under seismic loads is the change in the tunnel cross-section caused by
shear wave propagation. Hashash et al. analyzed the differences in the methods used by Wang,
Penzien, and Wu and tried to better understand these differences and their origin in the context of
similar concepts of numerical models. The comparison clearly shows that Wang's solution provides a
more accurate estimate of the support liner in unstable conditions. Also, Penzien's method should not
be used under any circumstances. These differences were also reported by Park et al. and Bazaz and
Besharat [30]. Wang [31] introduced the first closed-loop solution for determining the forces
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generated in tunnel supports under seismic loads. Specific relations for determining the normal force
and the bending moment under no-slip conditions have also been presented. Kouretzis et al. [32]
proposed another relation to determine the maximum bending moment under no-slip conditions to
improve Wang's method.

With the increasing progress of technology and computers in the last decade, the use of numerical
methods and two-dimensional and three-dimensional models for analyzing the behavior of tunnels
under earthquake loads has increased. Often, the static load is equal to the dynamic load and imposes
less structural resistance on the insulation. The safety effect of tunnels under seismic loads has also
been evaluated by Torcato et al. [33]. In all the studies mentioned, a continuous liner has been
considered. Pakbaz and Yareevand [34] also performed numerical simulation and two-dimensional
analysis using CA2 software to investigate the effect of seismic loading in a square-centered and
circular tunnel on elastoplastic behavior. To show the differences and similarities between the
numerical method and closed-form solutions, the simulation results were compared with the closed-
form solution.

Over the past few decades, the increase in the world population and the increasing need to move to
urban areas have led to an increase in the use of tunnels. The tunnel maintenance method is based on
designed components consisting of rings installed next to each other. The rings rotate together on the
sides of the body and form the tunnel liner. The design of such a system must meet the requirements
of stability, durability, and cost of the device. To fulfill such requirements, the forces that the barrier
will withstand during its working life must be determined. Earthquakes are one of the factors that
cause axial and shear forces as well as bending moments in tunnels. Although tunnels are safer than
ground structures, earthquake damage to tunnels has highlighted the urgent need for the design of
underground structures.

Several methods with various modifications have been proposed to assess the stability and behavior of
these structures against vertical loads and forces, such as closed-loop investigation methods,
quantitative methods, numerical methods, and physical experiments. Precast concrete components
are used for the safety and security of excavated tunnels. Many researchers have investigated the
behavior of these concrete components against vertical loads caused by heavy loads. However, the
seismic behavior of support systems has not been studied much despite its increasing importance. The
main objective of this study is to numerically analyze the seismic performance of tunnels by
considering the relationship between the structure and the soil.

Methodology

The dynamic response of different components based on the change of axial strength, shear strength,
and bending moment is studied by examining the effect of parameters such as deformation modulus,
adhesion, number of internal components, tensile strength, and thickness of the support liner. Also,
the effect of the tunnel environment on the response performance of different tunnel sections is
investigated. In this regard, numerical analyses were carried out in different soil environments based
on the finite difference method using FLAC3D software.

Regarding geometric considerations, the ring is a part of a cylinder that is realized in parallel (vertical
ring) or non-parallel (trapezoidal ring), as shown in Figure (1) [35]. The length of the ring is between
0.6 and 2 m. At the same time, the value of this parameter in road tunnels is usually between 1.2 and
1.7 m due to the presence of corners and a small radius. Also, the number of pieces can be directly
related to the TBM pressure system especially the number of pressure jacks. A general rule is to avoid
including pressure insoles on the edges of different parts. Also, the minimum number of insoles is
equal to the connection between the surrounding pieces. This means that there is a specific constraint
between each component, the ring material, and the number of insoles [35].
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Figure 1: Schematic of four concrete
rings [36]

Figure 2: A side view of different types
of concrete rings [35]

For the numerical modeling of concrete rings in FLAC3D software and also the analytical methods
used, namely Wang, Penzein, and Bobet methods, the parameters in Table (1) were used.

Table 1: Parameters

Parameter Value Unit
Modulus of elasticity 25 x 10° Pa
Poisson's ratio 0.15 -
Thickness 0.3,0.4,and 0.5 M
Width 1.4 M
Density 2200 kg/m3
Number of concrete pieces 1,3,5,and 7 -
Ring radius 3 m

The displacement-time plot shown in Figure 3 was obtained by using the system excitation under
gravitational acceleration. Based on this, the time of environment generation can be determined. The
value of this parameter for the models involved in this study is equal to 3.5 Hz.

Digplacement (m)
&

Time (seconds)

Figure 3: Displacement-time plot using the system excitation under gravity acceleration

Results

The parameters related to the concrete liner including the diameter and number of concrete
components are investigated in the following section.

Diameter of the support system

In the models used, the diameter of the support system is changed to 0.3, 0.4, and 0.5 m and the
results are presented. In Figures (4), (5), and (6), the values of bending moment, axial force, and
tensile stress are shown separately based on the increase in the diameter of the support system and
the soil type. The results obtained for the maximum bending moment, axial resistance, and maximum
resistance in different environments for different sizes of material liners are presented in Table (2).
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Table 2: Results obtained for bending moment, axial force, and maximum shear force
in different environments containing the tunnel for a continuous concrete liner (n=1)

Parameter GW-Dense | SP-Dense GM- GW- SP-Loose GM-
Dense Loose Loose
M 1 f
el;’i‘ilci‘;; M 3/2%x107 | 8x107 | 3x107 | 3x107 | 1x107 | 7x106
Internal o o o o
friction angle 4 39 4 33 3 3
bendin
momeft soaxiet | V2 1/73 1/69 4/05 4/33
JNm/m( x 105 x 105 x 105 x 10° x 10°
30 cm . 4/44 2/56 2/83 4/85 4/92
Axial f N 5
ial force (N) | 6/93 x 10 x 105 x 105 x 105 x 105 x 105
1/96 1/92 1/85 8/44 7/87
hear f N 5
shear force (N) | 1/98x10° | 7 x 10* X 10* x 10 x 10
Bending
8/94 1/21 1/23 3/65 3/99
t 1/16 x 10*
?;?rgl/emn) /16 %10 x 10 X 105 x 105 x 105 X 105
40 cm . 4/74 2/59 2/58 5/00 5/13
1 f 5
Axial force (N) | 7/18 x 10 x 105 x 105 x 105 x 105 x 105
2/20 2/08 2/09 1/35 111
4
shear force (N) | 2/30 x 10 % 10* % 10* x 104 x 10* x 10*
bending
3/61 3/64 3/61 5/37 5/77
t 4
c0em ?;fnri}eg) 9/03 %10 x 105 X 105 x 105 x 10° x 10°
. 5/08 2/89 2/88 5/03 5/40
Axial f N 5
ial force (N) | 7/35 x 10 % 105 % 105 % 105 % 105 % 105
2/23 2/14 2/12 1/86 1/37
hear f N 4
shearforce (N) | 2/4510% [/ s x 10* x 10* x 10* x 10*

According to the results, increasing the diameter of the support system significantly increases the
bending moment. It also seems that increasing the diameter of the support system does not cause any

change in the axial force and shear force.
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Figure 5: Bending moment-diameter of
the support system (continuous support
system) plot
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Figure 6: Axial force-diameter of the
support system (continuous retention
system) plot
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Figure 7: Shear force-diameter of support system (continuous retaining system) plot

Number of concrete components of support system

To analyze the effect of the number of prefabricated elements on the seismic response of the support
process, the values of bending moment, axial force, and shear force were obtained for different types
of continuous support processes. These experiments were conducted for various types of granular and
dense soils and the results were extracted.

In general, increasing the number of different soil parts leads to a decrease in the values of bending
moment, axial force, and stress in the support process. The maximum values of bending moment,
axial resistance, and shear force for different numbers of parts and different liner diameters are shown
in Tables (3), (4), and (5) respectively.

Table 3: Maximum values of bending moment for different numbers of concrete pieces
and different diameters of concrete liner

#. | **, | GW-Dense | SP-Dense | GM- GW- SP-Loose | CH-Dense | CL-Dense
Dense Loose
1 3/02 x 10* 1/22 1/73 1/69 4/05 1/97 x 10° 1/15
x 10° x 10° x 10° x 10° x 10°
30 [3 1/23 x 105 1/26 1/85 1/86 1/92 1/51 x 10° 1/49
x 10° x 10° x 10° x 10° x 10°
5 1/16 x 105 1/22 1/13 1/09 1/06 9/46 x 10* 1/48
x 10° x 10° x 10° x 10° x 10°
7 4/05 x 10* 4/32 3/92 3/76 5/65 5/23 x 10* 4/28
x 10* x 10* x 10% x 10* x 10*
1 5/96 x 10* 2/38 2/84 2/86 5/01 3/27 x 10° 2/33
x 10° x 10° x 10° x 10° x 10°
40 | 3 2/20 x 105 2/36 3/35 3/36 2/41 2/32 x 105 2/93
x 10° x 10° x 10° x 10° x 10°
5 1/51 x 105 2/77 1/48 1/41 1/07 1/25 x 10° 2/73
x 10° x 10° x 10° x 10° x 10°
7 4/78 x 10* 5/66 4/87 4/44 5/9x 10* | 6/37x10* | 4/78
x 10% x 10% x 10% x 104
1 9/03 x 10* 3/61 3/61 3/61 5/87 4/26 x 10° 3/65
x 10° x 10° x 10° x 10° x 10°
3 2/86 x 10° 3/82 4)72 4/73 2/40 2/90 x 10° 4/69
x 10° x 10° x 10° x 10° x 10°
50 15 1/64 x 105 3/22 1/46 1/65 1/08 1/43 x 105 3/87
x 10° x 10° x 10° x 10° x 10°
7 4/65 x 10* 6/37 4/43 4/65 6/16 6/37 x 10* 6/29
x 10% x 10% x 10% x 104 x 104
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* Diameter of concrete liner (cm)

** Number of concrete pieces

Table 4: Maximum axial force values for different numbers of concrete pieces and
different diameters of concrete liner

. | * | GW-Dense | SP-Dense | GM-Dense | GW-Loose | SP-Loose | CH-Dense | CL-Dense
*n
1 6/93 4/44 2/56 2/38 4/85 2/98 7/23
x 105 x 105 x 10° x 10° x 10° x 10° x 10°
303 3/19 3/39 3/22 3/31 3/02 2/35 4/18
x 105 x 105 x 10° x 10° x 10° x 10° x 10°
5 2/49 3/46 2/54 2/59 2/82 2/39 4/19
x 105 x 105 x 105 x 10° x 10° x 10° x 10°
7 1/98 2/87 1/99 2/01 2/95 2/47 2/78
x 105 x 105 x 10° x 10° x 10° x 10° x 10°
1 7/22 4/84 2/62 2/62 5/12 3/02 7/71
x 10° x 10° x 10° x 10° x 10° x 10° x 10°
40 | 3 3/77 4/12 3/75 3/68 2/89 2/61 5/19
x 105 x 10° x 10° x 10° x 10° x 10° x 10°
5 2/53 3/99 2/54 2/54 2/75 2/48 4/97
x 10° x 105 x 10° x 10° x 10° x 10° x 10°
7 1/98 2/90 1/98 1/98 2/92 2/12 1/98
x 10° x 105 x 10° x 10° x 10° x 10° x 10°
1 7/35 5/08 2/87 2/88 5/03 3/37 7/39
x 10° x 10° x 10° x 10° x 10° x 10° x 10°
3 4/07 4/75 4/04 4/07 2/84 2/81 6/00
x 10° x 10° x 10° x 10° x 10° x 10° x 10°
30 |5 2/53 4/21 2/58 2/53 2/69 2/55 5/32
x 10° x 10° x 10° x 10° x 10° x 10° x 10°
7 1/99 2/81 1/94 1/99 2/91 2/51 2/73
x 10° x 10° x 10° x 10° x 10° x 10° x 10°

* Diameter of concrete liner (cm)

** Number of concrete pieces

Table 5: Maximum shear force values for different numbers of concrete pieces and
different diameters of concrete liner

w | ok | GW- SP-Dense | GM- GW-Loose | SP-Loose | CH-Dense | CL-Dense
Dense Dense
1 1/15 8/25 1/92 1/85 8/44 6/93 x 10* 3/54
x 10° x 10* x 10* x 10% x 103 x 10°
30 [ 3 3/11 2/65 3/09 3/02 1/08 8/96 x 103 2/62
x 10* x 10* x 10* x 10* x 104 x 104
5 2/50 2/60 2/43 2/40 3/94 4/33 x 103 2/65
x 10* x 10* x 10* x 10% x 103 x 10*
7 2/07 2/89 1/97 1/89 1/02 9/34 x 103 2/85
x 10* x 10* x 10* x 10* x 104 x 104
1 9/86 6/49 2/07 2/09 1/35 1/10 x 102 4/15
x 10* x 10* x 10% x 10% x 10* x 10°
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40 [ 3 4/07 4/07 4/07 4/08 1/37 1/56 x 10* | 4/24
x 10% x 10% x 10% x 10% x 10% x 10
5 2/89 3/90 2/77 2/71 3/98 5/49 x 103 4/14
x 10% x 10% x 10% x 10% x 103 x 104
7 2/25 3/57 2/13 2/03 1/02 1/15 x 10* 2/25
x 10% x 10% x 10% x 10% x 10% x 10*
1 7/35 5/08 2/87 2/88 5/03 3/37 x 102 7/39
x 104 x 104 x 104 x 104 x 10* x 10°
3 4/07 475 4/04 4/07 2/84 2/81 x 10* 6/00
x 10% x 10% x 10% x 10% x 10% x 10*
50 [5 2/53 4/21 2/58 2/53 2/69 2/55 x 103 5/32
x 10% x 10* x 10% x 10* x 103 x 10*
7 1/99 2/81 1/94 1/99 2/91 2/51 x 10* 2/73
x 10% x 10* x 10% x 10% x 10% x 10*

* Diameter of concrete liner (cm)

** Number of concrete pieces

S0E+05
3/00E 405
SOE+05 —a— Support liner thickness =30 cm

1/50€+05 '——\ —— Support liner thickness =40 cm
N
X Ny
) 4 6 s

./\ —e— Support liner thickness =30 cm

’—_’\ —&— Support liner thickness =40 cm
S
2 4 6 8

Adal force (N)

Support liner thickness = 50 cm Support liner thickness = 50 cm

Bending moment (Nm/m)

Number of concrete pieces Number of concrete pieces

Figure 8: Bending moment-number of Figure 9: Axial force-number of
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Figure 10: Shear stress-number of concrete pieces plot in dense GW soil

Plots of bending moment, axial force, and shear force are extracted for liners with three, five, and
seven pieces with a diameter of 30 cm specific to dense GW soil samples. In addition, these plots are
presented for compact liners with diameters of 40 and 50 cm and other types of soils including GW
and non-GW limited soils.

As mentioned in the methodology section of the study, the maximum shear strength and bending
moment are achieved at 45, 135, 225, and 315 degrees. The following figures present the bending
moment, axial force, and shear force for different numbers of pieces.
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Figure 11: Bending moment plot of a
continuous concrete liner with a
diameter of 30 cm in dense GW soil

Figure 12: Bending moment plot of a
continuous concrete liner with a
diameter of 40 cm in dense GW soil
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Figure 13: Bending moment plot of a continuous concrete liner with a diameter of 50
cm in dense GW soil

FLAC3D 5.01 FLAC3D 5.01
©2015 Itasca Consuting Group. Inc. ©2015 itasca Consulting Group, Inc.
Step 451671
20102525 2024/12/02 £ 4 54 05 20241202
Liner Nx =

175256404 N N seins
1.7500E 104 3 0000E +05
1.5000E +04 3.5000€ 405
1.2500E+04 st
10000E+04 . 208
75000E 403 SSA0E08
5.0000E+03 FRAED
e bt 5 5000E 405
0.0000E -6.0000E 405
S SO00E 05 6§ 5000€+05
50000E 7.0000E 405
7.5000€-03 750006 405
“1.0000E 04 80000 +05
12500404 8 1843E +05
1.5000E +04 SutX = 0,1.0
1.7500E +04
20000 +04
2 2500C-04
-2 5000E-04
-2 6365E+04
SUX 0,10

Figure 14: Axial force plot of a
continuous concrete liner with a
diameter of 30 cm in dense GW soil

Figure 15: Axial force plot of a 40 cm
diameter concrete liner in dense GW
soil
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Figure 16: Axial force plot of a 50 cm diameter concrete liner in dense GW soil

Below, the plots of the variations of bending moment, axial force, and shear force regarding the
number of concrete liner components are presented for the GW non-dense, SP dense, SP non-dense,



175 J INFORM SYSTEMS ENG, 10(13s)

GM dense, CH dense, and CL dense soils. The following figures graphically show the effect of the
number of bending elements on bending moment, axial force, and shear force. According to the plots,
increasing the number of pieces has reduced the maximum parameters. This is because increasing the
number of pieces leads to an increase in the number of longitudinal connections in the ring. Also,
more displacement of the pieces increases the maximum value of these parameters.
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Conclusion

Analysis based on quantitative methods depends on many factors such as model size, mesh size, and
power of the computer system used. In general, increasing the model size leads to an increase in the
time of model execution and analysis. Also, increasing the number of meshes increases the time of
model execution and analysis. Unlike analytical and closed methods, quantitative methods do not face
many limitations. Tunnel lining and cohesive soil were included as prominent factors in the flexibility
and effectiveness of the drainage system in this method. The cross-section of the support lining is
circular. In general, increasing the deformation modulus reduces and increases the maximum axial
force and resistance coefficient, respectively. Increasing the deformation modulus leads to a decrease
in the maximum bending moment generated in the tunnel lining. Also, with increasing the diameter of
the tunnel insulation, the bending moment increases significantly. It seems that increasing the
diameter of the tunnel lining does not lead to a prominent change in the axial and shear forces
generated in the lining.

The tunnels designed in this study were measured and analyzed as straight lines without gradients.
Future research should evaluate the effect of curvature and gradient.
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