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Seismic behavior analyses of reinforced tunnel with steel fiber
reinforced concrete (SFRC) composites by consideration of
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Abstract

This study is organized in two parts. In the first part, the seismic behaviour of tunnels reinforced with steel fibre-
reinforced concrete composites (SFRC) fibre reinforcing is investigated and using the finite element method (FEM) in
ABAQUS software, 3 different models of the thickness (similar in terms of compressive strength and tensile strength)
have been evaluated in the Tehran Metro tunnel. In this section, to apply seismic force, the PGA characteristics of the
El Centro earthquake in the United States have been used, and the parameters of force and displacement concerning
time have been extracted. In the second part, using the effect of three different thicknesses of 20, 40 and 60 cm in
determining the behaviour of the tunnel under the earthquake, the amount of stress and displacement over time was
extracted. These results were investigated using two models of neural networks, MLP and RBF, to determine the
optimal thickness to withstand stress and displacement in the tunnel. It was also found that the optimal thickness
of the tunnel was obtained using MLP and RBF networks to control stress of 47.95 cm and 48.22 cm, respectively,
and to control displacement of 47.21 cm and 48.15 cm, respectively. Finally, it can be acknowledged that using the
optimal thicknesses, the maximum stress tolerance by MLP and RBF methods is equal to 1.7556 × 10+6 N/m2 and
1.9289 × 10+6 N/m2 is obtained. Also, the highest amount of displacement with both methods (due to the good
accuracy of both models in determining the displacement) is equal to 0.0256 cm.
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1 Introduction

This tunnel is one of the largest long-distance tunnels. Given that the tunnel area is prone to earthquake activity,
the seismic performance of the tunnel is investigated for the 120-year design life of the structure. Furthermore,
due to the spatial variation of earthquake motions along tunnels [18, 5, 10]. The influence of non-uniform seismic
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excitations on the tunnel needs to be evaluated and considered for its seismic design [20, 19]. Tunnels constitute a
major part of civil infrastructure and serve as public transportation facilities, sanitation, irrigation utilities and storage
infrastructure [18]. In seismically active areas, these tunnels are at earthquake-induced risk. Recent events such as the
Kobe Earthquake in Japan, the Duzce Earthquake in Turkey, the Chi-Chi Earthquake in Taiwan, the Bam Earthquake
in Iran and the Wenchuan Earthquake in China have shown that tunnels are susceptible to irrecoverable damage due
to seismic loading [18, 17], some quite extensively [16]. The observed damage provides sufficient evidence to suggest
that the safety of tunnels in seismically active areas is still an important issue, but not well understood yet or at least
not well considered during design. Shear deformation of tunnels induced by the vertically propagating shear waves
has been widely studied by several researchers [3, 6, 1], and it has been known to be the critical mode of deformation
for tunnels under seismic loading. The tunnel lining is generally simulated as a buried structure subjected to ground
deformations under a two-dimensional plane strain condition. Two basic approaches are commonly used to estimate
the response of tunnels under shear deformation. One approach is to carry out dynamic, nonlinear soil-structure
interaction analysis using finite element methods. The input motions in these analyses are time histories emulating
design response spectra, and the input motions are applied to the boundaries of a “soil island” to represent vertically
propagating shear waves. The second approach assumes that the seismic ground motions induce a pseudo-static
loading condition to the structure. This approach allows the development of analytical relationships to evaluate the
magnitude of seismically induced strains in the tunnel structure [12, 11, 4].

These relationships are based on the premise that tunnel structures under seismic loading will tend to deform due
to the demand from surrounding ground, and thus the structure is designed to accommodate the imposed deformations
without loss of its structural integrity. Xiong et al. [15] employed numerical simulation and model tests to investigate
the mechanical response and damage mechanism of the stick-slip dislocation on the fault. Russo et al. [13] relied
on the Bolu Tunnel and the Kohhrangs Tunnel, respectively, and used numerical simulation methods to carry out a
comparative study on the effect of reducing dislocation joints with different pitch-span ratios on the secondary lining.
Liu et al. [8], Liu and Gao [9], and Wang et al. [14] used the model test to study the anti-breaking effect of the
measures of reducing dislocation joints, reducing dislocation layers, and thickening the secondary lining. Using the
method of theoretical analysis and model test, Wang et al. [14] and Liu et al. [7] studied the damping model, damping
mechanism, fault, and parameter sensitivity of the damping layer. Avanaki et al. [2] analysed the effects of different
steel fibre-reinforced concrete (SFRC) composites on the flexural response of segmental joints under seismic actions
and investigated them numerically based on experimental results. The results in terms of moment-rotation (M–h)
curves derived from an experimental test setup are used to calibrate and verify a finite element numerical model of the
joint. From seismic analyses, the SFRC mixes were shown to enhance the seismic performance of the joint compared
to plain concrete or traditional reinforced concrete. Due to limited literature information, the main objective of the
current research work was to investigate the effect of various types of concretes (with SFRC composite) on the seismic
behaviour of the subway tunnel in Tehran. Several models of concrete were also performed to determine the best
stiffness of the samples. In addition, we built some samples and experimentally tested them to determine critical
parameters. Finally, we examined the effect of compression and tensile strength on the seismic behaviour of samples
in terms of displacement and stress.

2 Experimental test

The tests were carried out for the tunnel in the Tehran subway. Excavation and sampling in 36.32 meters depth
and the result of the unified classification was three types of soil in this case study. Fig. 1 shows a Flowchart of the
Plan, Fig. 2 shows a View of the tunnel in the Tehran subway and in Table 1, the characteristic of soils is presented.
The direct cutting test was performed according to ASTM D3080. Also, the dimension of the specimen is 30× 30×15
(cm). Fig. 3 shows a view of the Direct shear machine, and Fig. 4 shows particle size distribution in depth of 0-36.32.

Table 1: Soil characteristics

Soil Gradation Att. Limits Classification v C φ E

Z(m) Fines Sand Gravel LL (%) PI (%) USCS kn
m2 {kPa} (degree ) kPa

0-15 32.80 26.62 40.58 33.6 11.1 GC 20 12 38.3 62000
15-18.16 28.77 27.25 43.98 32.4 10.5 GC 20 11 39.4 155000

18.16-36.32 19.28 24.27 56.45 30.3 0.09 GC 20 10 40 105000

The following figures show the test results of the samples based on particles size and stress-strain distribution.
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Figure 1: Show the Flowchart of the Plan

Figure 2: View of tunnel in Tehran subway

Figure 3: View of the Direct shear machine

3 Modeling

In this paper, the Tehran subway tunnel will be studied. In this research, we use different models of thickness
(similar, in terms of compressive strength and tensile strength) that have been evaluated in Tehran Metro and simulate
the concretes made in this research for the existing subway in Tehran. Also, for seismic analysis, we use the “Elcentro”
earthquake acceleration mapping for numerical modelling. Materials used for soil and concrete modelling are also
presented in Table 1.

In this paper, for seismic analysis, the characteristics of the El Centro earthquake that occurred in the United
States have been used. The characteristics of this earthquake are shown in Table 2, and its acceleration map is shown
in Figure 6. Also, for modelling concrete, one type of concrete model has been used, the specifications of which are
presented in Table 3.
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Figure 4: The particle size distribution in depth of 0-36.32

Figure 5: The shear strain- stress in 0-36.32

To accurately simulate the seismic behaviour of the tunnel, we need a preliminary estimate of the dimensions of
the computational network cells. Accordingly, finer meshes increase the analysis time as well as the analysis accuracy.
But it is not affordable. Larger meshes, on the other hand, drastically reduce the analysis time but also cause severe
errors due to successive simplifications. On the other hand, the size of the grid from one value onwards will not
affect the solution of the model, and the smaller size only increases the solution time. Hence, we need the analysis
of independence in the mesh. To do this, under the same model conditions, we determine the amount of stress and
tunnel displacement in different grid sizes. This analysis is presented in Table 4. As can be seen in Table 4, the model
with a mesh size of 1.35 has mesh independence, and the mesh is less than that with a difference of half a hundred
percent, so the analysis will be done with a mesh size of 1.35. Fig. 7 shows a view of a mesh tunnel model with a
mesh size of 1.35.

Table 2: Elcentro Earthquake Specification

Event Year Area effect Mw

Mexico 1941 Mexico and United state 7.2

Table 3: Specifications of concrete used in modeling

MODEL Macro steel Micro steel Compression Tensile
fiber ratio (%) fiber ratio (%) strength (N/mm2) strength (N/mm2)

M4 0.5 0.5 60.8 6.7

Table 4: Mesh independence analysis

Mesh size Stress ( n
m2 ) Displacement (cm) Difference compared to the previous model (%)

1.75 2.531e+06 51.50 -
1.55 2.665e+06 48.14 Stress:5 Displacement: 6.5%
1.35 2.971e+06 52.63 Stress:10% Displacement: 8.5%
1.15 2.969e+06 52.93 Stress:0.06% Displacement: 0.5%
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Figure 6: Acceleration map of “Elcentro” earthquake2

Figure 7: View of the meshed model

4 Results

In this section, the results of the models presented in Table 3 of the metro tunnel under the El Centro record will
be presented with the physical properties of SFRC concrete tunnels, all boundary conditions and loading are the same,
and only the thickness has changed. Therefore, in Figures 8 and 9, the results related to the analysis and comparison
of the models from the point of view of displacement and von Mises stress are presented, respectively.

Also, in order to examine more closely all 3 models (3 models from the SFRC concrete), the results obtained from
all 3 designed models to compared easily from the point of view of stress and displacement in Figs., respectively.

Figure 8: Comparison of the highest stresses in the Elcentro earthquake in 3D analyses

In the table below, a comparison has been made to determine specification from avanaki [2] paper data shows the
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Figure 9: Comparison of the highest displacement in the Elcentro earthquake in 3D analyses

rate of improvement due to the injection of fiber(SFRC) into reinforced concrete (M4) in order to increase the strength
of the subway tunnel.

Table 5: Comparison of improvement of model than reinforced concrete

MODEL Macro steel Micro steel Compression Tensile Results of Results of
fiber ratio (%) fiber ratio (%) strength strength Stress (%) Displacement

(N/mm2) (N/mm2) (%)
M4 0.5 0.5 60.8 6.7 +28 -7.1

In the following, the effect of thickness on the amount of stress and displacement of the tunnel under the El Centro
earthquake is investigated. For this purpose, three thicknesses of 20, 40 and 60 cm have been used. Figures 8 and
9 show the effect of thickness on tunnel stress and displacement, respectively. It should be noted that in this case,
all border and abutment conditions are considered the same and only the thickness of the tunnel has changed. The
result shows that the lowest displacement (1.028 cm) and highest stress (5.371e+06 N

mm2 ) are to the 60 cm thickness
of the tunnel, and the highest displacement(1.18E+00) and lowest stress(1.878E+06) applied to the model with 20 cm
thickness.

5 Optimization

According to the study on the effect of thickness on the stress and displacement of the tunnel, the data obtained
from the previous step are used for optimization. In other words, in the previous stage and over time, by considering
three different thicknesses of 20, 40 and 60 cm of the tunnel, the amount of displacement and stress on the tunnel
in each time step has been obtained. At this stage, using coding in MATLAB software, and using two widely used
methods of the neural network, namely MLP and RBF neural network, try to find the optimal thickness to reduce
stress and displacement for the tunnel under the El Centro earthquake record. In other words, in these two models,
there are four input variables, time, thickness of 20 cm, thickness of 40 cm and thickness of 60 cm, which result in
two outputs of displacement (meters) and stress (N/mm2). With these interpretations, we examine and evaluate the
network of neural models.

An important topic in neural networks is the trainer function. Table 6 provides a comparison between the regression
of different trainer functions to determine which function had the highest performance. It should be noted that in
neural network training, data are randomly selected based on a ratio of 30-70, which is a random change in the
correlation of the training function. Therefore, the results presented in the table below are the best results among 20
times of performing each training function with 10 layers and 20 neurons.

As can be seen in Table 6, the Levenberg-Marquardt function, known in the MATLAB library as “trainlm”, has
the highest correlation value. Hence, this function is used to train the data.

Before modelling MLP and RBF neural networks, it is first necessary to determine the optimal architecture of these
models. In the MLP network, the values of the number of layers and the number of neurons, and in the RBF neural
network, the values of radial bias or SPREAD, the number of neurons, and the number of neurons in between display
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Table 6: Comparison of correlation (regression) of different trainer functions of neural network

row Trainer Function Description Correlation
1 trainlm Levenberg-Marquardt 0.83096
2 trainscg Scaled conjugate gradient 0.79822
3 trainbr Bayesian regularization 0.81745
4 trainbfg BFGS quasi-Newton 0.71326
5 traincgb Conjugate gradient backpropagation with Powell-Beale restarts 0.66384
6 traincgp Conjugate gradient backpropagation with Polak-Ribiére updates 0.79795
7 traingda Gradient descent with adaptive learning rate 0.78245
8 traingdm Gradient descent with momentum 0.74142
9 traingdx Gradient descent with momentum and adaptive learning rate 0.81245
10 trainoss One-step secant 0.67104

(DF) are the factors affecting the optimal performance of these networks. Based on the various architectures studied,
it is found that in the MLP neural network, changing the number of layers from 10 up and down as the number of
neurons increases improves performance and increases correlation between data. Therefore, it can be concluded that
the best architecture for an MLP neural network is to determine the effect of thickness on stress and displacement
equal to 20 layers and 10 neurons. Also, the best architecture for the RBF neural network is SPREAD equal to 1,
number of neurons equal to 30, and DF equal to 25. Therefore, having these architectures, we model the effect of
thickness parameters on displacement and stress in the tunnel.

The following figure shows the proposed architecture for a neural network with three different thicknesses that
ultimately lead to an output (stress or displacement).

Figure 10: Proposed architecture of MLP

Figures 11 and 12 show the regression estimation diagrams for stress and displacement in the tunnel based on the
change in thickness, respectively.

Figure 11: MLP neural network correlation diagram for estimating tunnel stress

Figures 13 and 14 also show the correlation diagrams of stress and displacement performance using RBF neural
network architecture, respectively.
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Figure 12: MLP neural network correlation diagram for estimating tunnel displacement

Figure 13: RBF neural network correlation diagram for estimating tunnel stress

According to the modelling, it was found that, firstly, due to the excessive scattering of stress effects on the tunnel,
the RBF neural network could not provide the desired results to determine the effect of thickness on the stress on the
tunnel. It was also observed that the MLP neural network presented better results than the RBF neural network. Table
7 examines the error and correlation obtained from both neural models for both stress and displacement parameters.

Table 7: Evaluation of MSE error and correlation of MLP and RBF

Models Displacement Stress
Correlation MSE Correlation MSE

MLP 0.99864 7.0322× 10−19 0.89453 0.1484
RBF 0.95908 2.04103× 10−6 0.30419 8.367× 10−8

Also in Table 8, the optimal thickness of the tunnel for high bearing in the first 3 seconds of applying the earthquake,
in which the greatest amount of stress and displacement occurred, using MLP and RBF neural networks to determine
the most ideal state between stress and displacement.
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Figure 14: RBF neural network correlation diagram for estimating tunnel displacement

Table 8: Optimal tunnel thickness using MLP and RBF neural networks

Models Optimum Thichness for Displacement (cm) Optimum Thichness for Stress (cm)
MLP 47.21 47.95
RBF 48.15 48.22

According to Table 8 and based on the fact that the MLP neural network has a better performance than RBF, it
can be concluded that the optimal thickness for the tunnel to control stress is 47.95 cm and to control displacement is
47.21 Cm. This thickness can provide the optimal performance in the most ideal state between stress and displacement
at the maximum force applied to the tunnel in the first 3 seconds.

6 Conclusion

In this paper, we model the seismic behaviour of a reinforced tunnel (Tehran Subway) and examine the results of 3
different models of concrete structural materials from the point of view of stress and displacement based on “Elcentro”
earthquake records. Comparing the displacement created in all 3 models that differed from each other in the physical
properties of concrete, it was found that the highest displacement of 1.118 cm is related to concrete M4(with 60 cm
tunnel lining). Based on this, it can be concluded that the model designed by 60 cm lining is the best model i.e. the
compression strength is 60.8 N/mm2 and the tensile strength is 6.7 N/mm2). Also, to determine the optimal tunnel
thickness, MLP and RBF neural network models were used. The results showed that the MLP network with an MSE
error of 0.1937 in determining the stress, and 6.33 × 10−19 had better performance in displacement than the RBF
model. It was also found that the optimal thickness of the tunnel using the MLP network to control stress equal to
47.95 cm and to control displacement equal to 47.21 cm, and the RBF network to control stress equal to 48.22 cm
and to control displacement equal to 48.15 cm is obtained. Also, it was shown that the maximum stress tolerance
by MLP and RBF methods is equal to 1.7556 × 10+6 N/m2 and 1.9289 × 10+6 N/m2. And, the highest amount of
displacement with both methods was equal to 0.0256 cm.
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