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Abstract: The last seismic events showed that tunnel lining may suffer extensive damage. Employing
numerical modeling has a great importance in predicting the seismic performance of tunnels. This
paper tests the tunnel lining of the Zaouit Ait Mellal (ZAM) twin tunnels located between the cities
of Marrakesh and Agadir in Morocco. Dynamic analysis was adopted by FLAC 2D software using
the finite-difference elements. Four soil cross-sections were chosen, with different support devices
installed along the twin tunnels, such as rock bolts and steel ribs. The seismic signals introduced as
input were obtained from three different earthquakes: Al Hoceima 2004 in Morocco, EL Centro 1940
in the USA, and Kobe 1995 in Japan. The numerical results show that the deformation of the tunnel
lining is more noteworthy in the sections using steel ribs compared to those using rock bolts, which
is observed by the large values of relative displacement, reaching 1020 (mm) and 2.29 x 105 (N.m/m)
of maximum bending moment. The analysis indicates that these sections present higher vulnerability
during an earthquake, which should be considered when looking at the overall safety of the tunnel.

Keywords: tunnel lining; support type; finite-difference element; soil cross-sections; seismic performance

1. Introduction

Tunnels are a critical and vital underground infrastructure for urban transport and
logistics. Despite their advantages compared to surface infrastructure, tunnels constructed
in areas of high seismicity must be designed to be resistant. Many cases of tunnels suffering
damage by seismic events have been documented, such as the collapse of the Daikai metro
station in Japan during the Kobe earthquake in 1995, where the central column reached its
maximum capacity in the presence of bending moments in the lower zone. This column
was not designed to resist the displacements imposed by the ground. Various damaged
tunnels were also seen in Taiwan during the Chi-Chi earthquake in 1999, with the degree
of damage related to the geological conditions. The Bolu tunnel in Turkey passes through a
fault zone; this was the main reason for its collapse during the Kocaeli earthquake in 1999,
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and similar reasons led to the damage of the mountain tunnel in Japan during the 2016
Kumamoto earthquake.

Different modes of tunnel lining failures were identified during the damage observed
during a recent earthquake: the first one is dependent on the value of Peak Ground
Acceleration (PGA), and the second is related to the movement of the soil environment
around the tunnels.

This damage is due to the axial and curved deformations when the seismic wave
propagates in parallel or obliquely to the axis of tunnel lining, which generates compression
and traction. Ovaling or racking deformations are generated when the seismic wave
propagates perpendicularly, resulting in distortion of the shape of the tunnel lining [1].

The evaluation of the seismic response of tunnels has become the objective of many
studies [2-8]. Determining the seismic performance of a tunnel lining is more difficult due
to many parameters affecting their behavior, namely the support system surrounding the
soil and its interaction with the structure. Thus, ensuring their stability during earthquakes
has become a paramount operation [9-12]. In addition to this, shallow tunnels located in
unfavorable geological conditions are more vulnerable [13].

As there is a lack of research in this field, especially in North Africa, including Morocco,
the purpose of this work is to assess the performance of twin tunnels, called “Zaouit ait
Mellal”, located between Marrakech and Agadir motorway, using the finite difference
method (FDM). Fast Lagrangian Analysis of Continua (FLAC) 2D software is used [14]
to conduct the analysis, by introducing three seismic excitations of different earthquakes,
namely El Centro 1940, Kobe 1995, and Al Hoceima 2004.

The results of the simulation are represented in terms of relative displacement and
maximum bending moment on the tunnel lining for the four soil cross-sections. These
sections are chosen from upstream to downstream the tunnel. Two types of tunnel support
are installed in these sections, namely steel Ribs and rock bolts.

The analysis allowed us to compare the tunnel lining in the different sections during
the three seismic scenarios, and to show the ones most affected by the deformation, then
predict the safety of the tunnel.

2. Data and Material
2.1. Tunnel Description

Zaouiat Ait Mellal tunnel is the first of the motorway twin tunnels in Morocco, located
between Marrakesh and Agadir cities across the Atlas Mountains, between PK 8+300 and
8+850 (Figures 1 and 2). This tunnel was built in 2010 with a length of 546 m and a distance
between the tube centerlines of 26.5 m. The shape of the tunnel lining is a horseshoe, with
11 m width x 9 m height.

During and after the construction of the tunnels, rock instability became apparent on
the ground opening, which immediately had to be adequately supported. Different investi-
gations into the geological conditions were carried out to reveal the main characteristics of
the rock mass surrounding the tunnel; these conditions can be changed along the tunnel,
which requires flexible tunnel support methods [16].

Different types of support can be used based on the design methods, which is the
most empirical process, as reported in [17-20].
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Figure 1. The location of Zaouiat Ait Mellal tunnel (data sourced from) [15].
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Figure 2. The longitudinal geotechnical profile of the twin tunnels, (data sourced from) [15].

Rock bolts, steel ribs, and shotcrete are very common in underground construction.

Rock bolts:

The development of rock bolts started in the 1920s, and since that it has become the
most common support method used in tunneling construction [21]. The reason for this is
that rock bolts are more flexible, more rational, and more economical for use within the
zone of good and intermediate rock quality.
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Steel ribs:

Steel rib supports are efficient and safe ground control elements in underground
construction; they are embedded in shotcrete. Their application started in 1922 in the
tunneling industry and they are frequently used if rock quality is weak.

The present project is conceived by the establishment of standard profiles that define
the supports and tunnel lining for each soil cross-section in the face of the stress of the
ground around tunnels. Thus, two types of support device are used along the twin tunnels
for different cross-sections of soil, based on the analysis of rock quality, which are detailed
in Table 1.

Table 1. The distributions of rock reinforcement devices along the twin tunnels (data sourced from) [15].

Soil Cross-Section Support Type

1
Rock bolts length 4 m
2m X 2 m of mesh
2 and 3
4

Rock bolts length 4 m

2.2. Material Properties

The ZAM twin tunnels cross a rock formation from the Eocene and Cretaceous periods,
which is predominantly limestone (Figure 2). The distributions of materials are as follows:

Marls and marly limestone, massive brown limestone (type I);
Massive limestone locally vacuolar and siliceous (type II and III);
Limestone with fragmented nodules (type IV and V);

Partially fractured to fractured light brown limestone (type VI);
Marly limestone and grey-brown marls (type VII).

Tables 2 and 3 summarize the soil layers and the structural element properties based on
geotechnical experiments according to their distributions, as mentioned in the longitudinal
geotechnical profile (Figure 2).
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Table 2. Geotechnical properties (data sourced from) [22].
. Young’s Modulus  Poisson’s Ratio Cohesion Friction Angle  Dilation Angle Unit Weight
Soil E (GPa) v ¢ (kPa) ©) He) Y
¢ (KN/m®)
1 24 0.4 150 25 5 18
II, TIT 90 0.3 0 32 6 21
I\AY 75 0.4 130 25 5 20
VI 60 0.3 115 22 4 19
VII 10 0.24 180 20 4 18
Table 3. Structural elements’ properties (data sourced from) [22].
Name Tunnel Lining Rock Bolts Steel Ribs Shotcrete
Elastic modulus (E) (GPa) 35 210 210 24
Poisson’s Ratio 0.3 0.3 0.25 0.2
unit weight (KN /m3) 25 78.5 78.5 24
Thickness [m] 0.35 0.15 0.15
Radius [m] 0.5

3. Numerical Modeling
3.1. Constitutive Numerical Models

The analysis is conducted using the 2D plane-strain numerical model, which was set
up using FDM provided by Fast Lagrangian Analysis of Continua (FLAC) (FLAC 2005) [14]
software, with the following steps:

Step 1:

Using the FLAC 2D code, the models are created for the four cross-sections of chosen
soil, as shown in Figure 3a—d).

The grid model is chosen using different dimensions of soil layers along the twin
tunnels: 89 m width x 111 m height for cross-section 1, 89 m width x 88 m height for
cross-section 2, 89 m width x 85 m height for cross-section 3, and 89 m width x 75 m
height for cross-section 4. The position of the twin tunnels is symmetrical.

The thickness of each layer of soil is determined from the geotechnical profile in
Figure 2. The size of the mesh in all the models is refined. The “beam” element is used for
the tunnel lining and the model adopted for materials is a linear elastic—perfectly plastic,
following the Mohr—Coulomb criterion.

Step 2:

An absorbing boundary, called a free-field boundary, is applied to models with suffi-
cient distance, in order to minimize the seismic wave’s reflection during the simulations,
as shown in Figure 4.
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Figure 3. Geometric model and soil profile of the cross-sections 1 (a), 2 (b), 3 (c) and 4 (d).
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Figure 4. Seismic input and boundary conditions in the numerical models.
3.2. Dynamic Analysis

The dynamic analysis was performed using Rayleigh damping. The equation, ex-
pressed in matrix form, is as follows [14]

C =aM + BK 1)
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Cis a damping matrix with components proportional to the mass M and stiffness K ma-
trices; & and {3 are the mass-proportional damping constant and the stiffness-proportional
damping constant. The Rayleigh damping ratios of the soil and of the tunnel lining were
fixed at 5% and 2%, respectively. [14]

The dynamic input was applied to the base of the models, as shown in Figure 4; the
acceleration time history of three increasing earthquake magnitudes, 6.3, 6,9 and 7, 2 in
higher frequency content, are used and quoted as follows.

Al Hoceima 2004

Morocco experienced very violent earthquakes, with a magnitude greater than 6. The
first one occurred in the city of Agadir south of Morocco in 1960, and the second one
occured in Al Hoceima in 2004 in northern Morocco [23,24].

Since there are no recorded data on those events, we chose a safety accelerogram
related to seismic history, which is used for various projects of civil engineering in Mo-
rocco, especially in Al Hoceima city (Figure 5a), which has a peak ground acceleration
PGA =0.367 g of a duration of 14 s. (Source: LGCE EMI Rabat, Rabat, Morocco).
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Figure 5. Earthquake Accelerogram (a), AL Hoceima 2004 (b), El Centro 1940 and (c) Kobe.

El Centro 1940

This earthquake occurred in California in the United States. It had a magnitude of 6.9.
The accelerogram chosen in the numerical simulations had a peak ground acceleration
PGA = 0.349 g with a duration of 45 s (Figure 5b). (Source: Pacific Earthquake Research
Center, Berkeley, CA, USA).
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Kobe 1995

The 1995 earthquake affected the city of Kobe in Japan 1995, with a magnitude of 7.2.
The chosen accelerogram (Figure 5c) has a peak ground acceleration PGA = 0.6 g with a
duration of 31 s. (Source: Pacific Earthquake Research Center, Berkeley, CA, USA).

4. Results and Discussion

The tunnel’s design requires a proper estimate of the structural displacements and
internal bending moment in the linings. From the same perspective, the presented work is
limited to a performance and safety analysis of the tunnel lining of ZAM twin tunnels.

4.1. Deformation of the Tunnel Lining

Due to the symmetry of the twin tunnels, one tunnel was chosen for the analysis. six
points were selected, as shown in Figure 6. These points are represented in the flowing
location: Corner 1, Corner 2, Pavement, Middle 1, Middle 2, and Crown.

Crown

Middle 1

Pavement

Corner 1 Corner 2
-—

Figure 6. Schematic of the location of the points on the tunnel lining.

The results of the simulation have been measured under three seismic loadings during
the dynamic time of 15 s. The calculation is presented in terms of relative displacement for
different points on the tunnel lining in relation to the pavement point (reference point).

The analysis focused on the performance of the tunnel lining for the four cross-sections
under three seismic scenarios, namely, Al Hoceima, el Centro and Kobe.

Figures 7-9 display the distributions of the values for the different sections chosen
along the tunnel. Regarding these sections, it is clear that variations between the different
points on tunnel lining in sections 1 and 4 are quite similar for the three seismic scenarios
in Figures 7, 8 and 9a—d. Besides this, the points located in the middle are the most affected,
with little difference between them up to 20 (mm).
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Figure 7. Cont.
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Figure 9. Relative Displacement (mm) distributions under Kobe earthquake in the four cross-sections (a) 1, (b) 2, (c) 3 (d) 4.

Concerning sections 2 and 3, these variations are very remarkable for all points; it
is interesting to note that there is a large difference in the middle points in the case of
AL Hoceima, EL Centro, and Kobe: 110 (mm), 115 (mm), and 180 (mm) in section 2, and
770 (mm), 980 (mm) and 1020 (mm), respectively, in Figures 7, 8 and 9b—c.

4.2. Safety of the Tunnel Lining

A plot of the maximum values of the bending moment on the liner of the twin tunnels
for the different cross-sections is illustrated in Figures 10-12.

The bending moment is the main safety control factor of the lining along the twin
tunnels. The distribution shows an increase in the cross-sections 2 and 3 compared to 1
and 4: 4.10 x 10* (N.m/m), 4.12 x 10* (N.m/m) in the cross-section 2 for Al Hoceima
and El Centro earthquakes, respectively, and about 2.02 x 10° (N.m/m) and 2.08 x 10°
(N.m/m) in cross-section 3. For the Kobe earthquake, we recorded 1.02 x 10° (N.m/m) in
cross-section 2 and 2.29 x 10° (N.m/m) in 3.
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4.3. Discussion

We begin with the analysis of the relative displacement variation values in the three
seismic scenarios, which is taken as an indicator of the tunnel damage performance. It
is observed that the tunnel lining located sections 2 and 3, which compared to sections
1 and 4, were the most affected. The development of cracks shown in these sections is due
to the large relative displacement in located points at the middle of the tunnel lining, which
allows for the generation of stress concentrations in the tunnel circumference.

Based on the type of tunnel support installed, it is clear that the seismic vulnerability
increases in sections with steel ribs compared to Rock bolts for the three seismic scenarios.
The sections with rock bolts support, namely 1 and 4, are more stable. The reason for this
is that the support through which the tunnel passes has a very significant impact on its
stability during an earthquake. The rock bolting also reduces stress concentration around
the tunnel, especially if the rock bolts are used in high-stress areas [25]. It is observed
also that seismic damages to mountain tunnels are concentrated at zones of weak Rock,
compared with another type of Rock [26].

Even though steel rib supports are recommended when rock quality is weak, their
behavior can generate a loss of performance in the tunnel lining under seismic conditions.

The support design for tunnels in weak rock is complex. It requires exploring all
the options available to the weak rock, as the new methods (SEM-NATM), which try to
optimize the design of the ground support, also reduce any excess capacity able to resist
dynamic earthquake loading [27].

The stability of the tunnel lining depends on ground deformability, especially in
seismic loads. Indeed, for the safety factor of the “ZAM” twin tunnels, it is noted that the
maximum values of the bending moment were also obtained in sections 2 and 3. These
values can be taken as admissible during an earthquake.

5. Conclusions

In this work, three seismic scenarios were used to predict the performance of the
tunnel lining along of ZAM twin tunnels, by the means of numerical simulations of the
finite differences method provided by FLAC 2D software code. The models were built in
four soil cross-sections with free field boundaries.

The results showed that the tunnel lining presented a higher seismic vulnerability in
the steel ribs sections compared to rock bolt sections. This is illustrated by the large values
of relative displacement, especially in the circumference of the tunnel lining.
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The assessment of the bending moment for the different sections was the main control
used to ensure the safety of the tunnel lining. The admissible values are also located in the
sections with the steel ribs. These are required in poor rock conditions and their stiffness
increases effectiveness ofthe lining during the earthquake.

Indeed, this study allows us to know the effect of different earthquakes on the tunnel
lining according to the support used, which would be useful to help predict a better type
of maintenance for seismic activity in the area.
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