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A B S T R A C T

Tunnel portals, being shallow underground structures, are well known to be more vulnerable to damage during
earthquakes because they are generally located in areas of poor geological conditions that likely lead to am-
plified ground motions; this is especially true for hydraulic tunnel portals, which are additionally subjected to
considerable hydrodynamic pressure. In this work, a full three-dimensional (3D) seismic analysis of the portal
structure of a hydraulic tunnel is presented. Additionally, the hydrodynamic pressure and the rock-structure
interaction (RSI) are both considered in this analysis to approximate actual field conditions, and their impacts on
the seismic response and the damage characteristics of the tunnel portal are studied in detail. The numerical
results indicate that the hydrodynamic pressure and the RSI contribute to a greater seismic response of the
tunnel structure, with the peak displacements likely increasing by 48% when the hydrodynamic pressure is
considered. The tunnel sections as far as 40m from the entrance may suffer severe damage, and the constraint
effects of the surrounding rock can efficiently reduce the damage of the tunnel structure. Two typical damage
patterns are deduced from the simulation results and can be reasonably interpreted by the corresponding da-
mage mechanisms.

1. Introduction

The spatial distribution of water resources in China is extremely
uneven, resulting in a serious regional water shortage problem. To
address this problem, long-distance cross-regional water diversion has
become a significant approach. A long-distance water diversion project,
in general, must pass through high-seismic-intensity areas; thus, con-
veyance structures, such as hydraulic tunnels, in those areas are subject
to earthquake-induced risks and face severe seismic instability [1]. In
particular, water diversion projects have been located in the strong
earthquake zone of Southwest China, such as the Water Diversion
Project in Yunnan Province, which mainly consists of water-conveyance
tunnels with large sections. The safe operation of these tunnels, espe-
cially for their portal structures, is severely challenged by strong
earthquakes. As the seismically weak part of the tunnel structure, the
stability of the tunnel portal is closely related to the safe operation of
the entire tunnel [2]. For this reason, it is of great significance to
analyze the seismic responses of and probable damage to the hydraulic
tunnel portal.

The tunnel portal is a complex geological structure that is strongly

affected by the topography of its slope. As a shallow underground
structure, the tunnel portal is generally considered to have its aseismic
capacity fall between that of a ground structure and that of a deep-
buried structure [3,4]. Clearly, compared with the strong restraint of
the surrounding rock on a deep-buried structure, the restraint effect is
much weaker on the portal structure because the surrounding rock here
is generally highly weathered or even completely broken; in addition,
the ground motion is amplified by the free surface of the slope, resulting
in a greater seismic inertia [5]. Both of these parameters are the major
factors that contribute to portal instability. According to earthquake
damage investigations, a number of tunnel portals have suffered da-
mage, ranging from slight cracking to severe collapse, during several
recent strong earthquakes [1,6–9]. Dowding and Rozen [10] collected
71 case histories of tunnels, among which, 42 tunnels experienced
varying levels of damage during 13 earthquakes with magnitudes ran-
ging from 5.8 to 8.3. Wang et al. [1] conducted a systematic in-
vestigation of tunnel damage resulting from the Taiwan Chi-Chi
Earthquake (Mw=7.6) and demonstrated that portal failure is one of
the most common damage patterns for tunnels. Yashiro et al. [11]
proposed a simple classification method for seismic damage patterns of
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tunnels in the 2004 Niigataken-Chuetsu Earthquake (Mw=6.8) and
summarized the seismic damage mechanism of tunnel portals. A de-
tailed investigation was conducted by Shen et al. [5] on 52 tunnels in
the affected area after the 2008 Wenchuan Earthquake (Mw=8.3); of
the 30 tunnels damaged, 13 tunnel portals were observed to be da-
maged and required repair or reconstruction.

According to previous works [1,10–12], the damage patterns of
tunnel portals can be classified into two types: (1) slope collapse and
sliding owing to slope failures and (2) concrete cracking owing to portal
structure failures. A number of variables were also demonstrated to be
particularly relevant to the damage characteristics of tunnel portals,
such as the seismic intensity, maximum ground acceleration, geological
condition, overburden, distance to the epicenter and slope angle.
Moreover, a brief relationship of the maximum ground acceleration
with the portal damage has established that minor damage occurs when
the acceleration is less than 0.4 g, whereas acceleration greater than
0.5 g contributes to serious slope failure [2]. This relationship may not
be very accurate for different cases, but if offers us an approximate
estimate of the damage level. Clearly, the above works could effectively
raise our knowledge for the aseismic design of tunnel portals; however,
they were mainly concentrated on traffic tunnels, whereas the study of
seismic response of hydraulic tunnels, to date, remains far from ade-
quate. A hydraulic tunnel is similar to a traffic tunnel, but is subjected
to much more complicated stresses due to the large amounts of water in
it. Moreover, the high hydrodynamic pressure caused by the seismic
inertia force plays a significant role in the stress state of portal struc-
tures under earthquake action [13]. Furthermore, the rock and portal
structure were assumed to be tied together in most current works, and
the rock-structure interaction, which is confirmed to adversely affect
the seismic response of portal structure [14], was not considered.
Therefore, further studies on the seismic response of hydraulic tunnel
portals are undoubtedly required.

For illustration purposes, the seismic response of the portal struc-
ture of the Fengtun diversion tunnel, which is located in a high seismic
intensity area, is analyzed by the explicit dynamic time-history method,
and its stability under earthquake actions is assessed in this study. The
rest of this paper is organized as follows. A brief description of the
tunnel, including geological condition, support measures, and seismi-
city of the site, is provided in Section 2. The numerical model used for
the seismic response analysis is introduced in Section 3. Subsequently,
the seismic response and damage mechanisms of the tunnel portal, with
the hydrodynamic pressure and the rock-structure interaction (RSI)
being considered, are analyzed in detail, and the results are discussed in
Section 4. Consequently, the conclusions are summarized in Section 5.

2. A brief description of the Fengtun tunnel

2.1. Location and engineering geology of the tunnel portal

The Water Diversion Project in Yunnan Province of China, a large-
scale water conservancy project, is mainly used to alleviate the regional
water shortage in Yunnan province, and its water diversion structure
mostly consists of hydraulic tunnels. The Fengtun diversion tunnel
studied in this paper, as the experimental program of the project, is
located in Chuxiong, Yunnan Province, with a total length of 9829.4 m
(see Fig. 1). The terrain slope angle of the tunnel entrance is approxi-
mately 30°–40° with a thin and severely developed overlying rock mass.
The tunnel portal passes through two formations: the Quaternary-aged
colluvium near the slope surface, which is composed of clay and cru-
shed rock with a thickness of 2–3m, and sublayers that are generally
strong or weakly weathered Cretaceous sandy mudstones (see Fig. 2).
Fig. 2 shows the horizontal vertical section of the tunnel portal. The
geological units of the tunnel portal mainly consist of calcareous sandy
mudstone, muddy sandstone and other soft rock. The geomechanical
properties of the rock units are obtained by in situ tests and given in
Table 1.

2.2. Structure type and support of the tunnel portal

The cross section of the Fengtun tunnel portal structure has a total
width of 8m and a maximum height of 10 m, and the designed water
depth of the tunnel is 7.51m (see Fig. 3). The tunnel was excavated
using the New Austrian Tunneling Method. Because the surrounding
rock of the portal section mainly consists of highly weathered soft rock
that contributes to a weak bearing capacity, it is necessary to take
support measures. The support design mainly consists of slope support
and tunnel support. For the slope of the portal, an artificial excavation
with a 60m excavation height and a 1:0.75 excavation slope ratio is
conducted. For the tunnel, a primary and a secondary support are
adopted. The primary support consists of 0.2m of primary lining, steel
arches and rock bolts. The rock bolts, with lengths of 6m and diameters
of 25mm, are distributed on a grid of 2.0m×2.0m for weakly
weathered rock masses and 1.5 m×1.5m for strongly weathered rock
masses. The tensile strength of rock bolts is 360MPa. The secondary
support is composed of reinforced concrete with a thickness of 0.6 m.
The concrete used for the tunnel support, including the primary lining
and secondary lining, is C25-grade [15]. Note that the groundwater is
not considered in this work because the portal structure is above the
groundwater level. Details of the support parameters are presented in
Table 1.

2.3. Seismicity of the study site

The Fengtun diversion tunnel is located in the Xianshuihe fault
zone, where the seismic activity is strong and of high frequency. As one
of the most intense regions of modern tectonic activity and major strong
earthquake activity areas in China, the earthquake activities in this area
are mainly controlled by intensive fault zones. According to devastating
earthquake records from 1623 AD, there have been 21 earthquakes
with magnitudes greater than 4.7 in the near field of the tunnel, of
which a magnitude between 6.0 and 6.9 has occurred 4 times.
Moreover, according to the seismic ground motion parameter zonation
map of China [16] prepared by the China Earthquake Administration,
the tunnel portal studied in this work is located in an area with an
expected basic intensity of seven degrees. To examine the seismic re-
sistance of the tunnel portal, a dynamic response simulation is con-
ducted in the next section.

3. Numerical model

3.1. Finite element model

Three methods are mainly adopted for the seismic response analysis
of underground structures: damage observation, model tests and nu-
merical analysis. The real seismic response of the structures can be
obtained by damage observation after earthquakes; this response is
significant for the development of the seismic theory of underground
structures. However, the occurrence of earthquakes is usually acci-
dental, and the current seismic data are still relatively scarce and
cannot meet the growing demand for engineering seismic design.
Detailed structural seismic response data can be obtained by model
tests, but the method is limited by experimental conditions as well as
monitoring means. Numerical analysis can simulate complex boundary
conditions and is the most widely used method for seismic response
analysis. Among the numerical methods, the finite element dynamic
time-history method is relatively effective. Based on an in-house dy-
namic FEM numerical simulation platform (SUCED) [17], a full 3D
dynamic time-history analysis of the Fengtun diversion tunnel portal is
carried out in an attempt to investigate its dynamic response. A limited
computing model is intercepted to establish a 3D finite element model,
which is composed of 64244 eight-node hexahedral elements (see
Fig. 4). The maximum mesh size is set as 5m to meet the requirement of
dynamic calculation accuracy [18]. To absorb the energy of scattered
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seismic in the model, the viscoelastic artificial boundary conditions
proposed by Liu [19] are adopted at the bottom and around of the
model, and the top is left as a free surface.

3.2. Material model

3.2.1. Plastic damage model for concrete material
In this paper, the plastic damage model established by Lee et al.

[20] is adopted to simulate the mechanical properties of concrete under
seismic cyclic loadings for two reasons: (1) it can account for the ac-
cumulated damage effect of concrete material during cyclic loadings,
and the stiffness degradation when cracking occurs; and (2) its simple
form contributes to the large-scale finite element calculation, and its
applicability has been extensively verified by static and dynamic ana-
lyses. The model can be described briefly as

= − = − −σ d σ d D ε ε(1 ) ¯ (1 ) : ( )p
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where σ̄ represents the effective stress tensor; D0 is the initial elastic
matrix; ε p denotes plastic strain tensor; λ is the plastic multiplier; G is
the Drucker–Prager hyperbolic function and is adopted as the plastic
flow potential; d is the scalar damage variable and can be evaluated by
interpolating between tension damage variable dt and compressive
damage variable dc ; st and sc are introduced to describe stiffness re-
covery effects during load reversal and are defined as
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where wt and wc are weight factors that control the stiffness recovery
degree; r σ( ¯ ) is the stress weight factor; σ̄i is the principle value of ef-
fective stress σ̄ ; and 〈⋅〉 denotes the McCauley bracket.

Fig. 1. Location of the Fengtun tunnel.

Fig. 2. Longitudinal vertical section of the Fengtun tunnel portal.
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3.2.2. Hydrodynamic added mass model for internal water
Generally, the water in the hydraulic tunnel with a large cross

section is of considerable mass, and its impacts on the seismic response

of tunnel structure cannot be ignored [21]. The dynamic interaction
between the internal water and the tunnel structure is an extremely
complicated nonlinear process; thus, it is usually necessary to simplify
this process first. A simplified added mass method proposed by Wes-
tergaard [22] is adopted in this paper to simulate the hydrodynamic
pressure. The internal water is equivalent to an additional mass acting
on the tunnel structure in the method, and the hydrodynamic pressures
at certain positions of the tunnel structure are assumed to be inertial
loads caused by the movement of a certain mass of fluid added at each
position. Moreover, the internal water and tunnel structure are modeled
independently, and the numerical simulation of inertial actions of in-
ternal water on tunnel structure is achieved by superimposing the ad-
ditional mass matrix to the motion equations. Since this method is
decoupled, it is easy to apply to large-scale finite element calculations.
However, it is clear that the effects of water sloshing are not taken into
account in the added mass method. In fact, the shaking of a large vo-
lume of water will clearly affect the mechanical behaviors of the tunnel
structure. Nevertheless, because the focus of this paper is to study the
seismic responses and damage mechanisms of the portal structure, it is
acceptable to carry out numerical simulations using this simplified
method. Added mass Mw can be calculated by the following equation
[23]:

=M z ηρ hz( ) 7 /8w w (6)

Table 1
Geomechanical properties of the rock units and concrete used in the numerical solutions.

Material Highly weathered mudstone Moderately weathered mudstone Slightly weathered
mudstone

Primary lining Secondary lining

Density (g/cm3) 2.4 2.5 2.7 2.5 2.5
Deformation modulus (GPa) 0.5 1.0 3.0 – –
Elastic modulus (GPa) – – – 23 28
Poisson's ratio 0.27 0.25 0.23 0.167 0.167
Friction angle (°) 16.7 21.8 35 40 40
Dilation angle (°) – – – 15 15
Cohesion (MPa) 0.1 0.2 0.7 1.75 1.75
Eccentricity – – – 0.1 0.1
Kc – – – 0.666 0.666
Stress ration – – – 1.16 1.16
Tensile strength (MPa) 0.3 0.6 1.5 1.1 1.2
Compressive yield stress (MPa) – – – 10.5 11.7
Uniaxial Compressive strength (MPa) 5 10 25 16.7 20

Fig. 3. Cross section of the tunnel.

Fig. 4. 3D finite element model of the Fengtun tunnel portal.
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where ρw is the fluid density; h is the water depth of the tunnel; z is the
distance from the calculation position to the water surface; η is the
reduction factor and can be valued as 0.66.

3.2.3. Dynamic interaction analysis model for tunnel and surrounding rock
The contact effect between the surrounding rock and the tunnel

structure that increases with the relative rigidity of the two has a great
influence on the seismic response of the tunnel structure [23]. The
deformation modulus of the concrete lining is nearly 10 times that of
the surrounding rock in this work (see Table 1); therefore, the effects of
dynamic interaction must be considered. However, the rock-tunnel in-
teractions are complicated by the nonlinear mechanical characteristics
of the contact system caused by their complex contact states. In fact,
there are three contact states, namely, bonding contact, sliding contact
and separation, between the surrounding rock and the tunnel [24]; they
all should be considered in an appropriate dynamic contact model.

Fig. 5 shows the contact system and the dynamic contact forces on
the contact face. According to Liu et al. [25], the contact face S can be
divided into two sides of surface S1 for the surrounding rock and S2 for
the tunnel structure, on which the correspondent nodes, i.e., i and ′i ,
are node pairs. The two nodes of each node pair occupy identical co-
ordinates and their node forces satisfy the interaction relationships of

+ =′N N 0i i and + =′T T 0i i . After finite element discretization, the
dynamic equilibrium equation of the nodes on the contact face can be
obtained:

+ + = + +MU CU KU N T F¨ ˙ (7)

where F is the known external force vector, and N andT are the normal
and tangent contact force vectors, respectively. Ü , U̇ and U denote the
acceleration, velocity and displacement vectors, respectively. The mass
matrix M is expressed by a lumped mass matrix and damping matrix C
adopts a Rayleigh damping matrix; the critical damping ratio is 5% in
the computational model.

Solving the motion equation by the central difference method [26],
the explicit integral expressions of the motion equation at time +n 1
can be obtained
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where Δt is the time step; =+U n 1
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to solving the motion equation is to calculate contact force N n and Tn

based on the contact conditions.
Assuming that the contact system is in the bonding state, the dis-

placement constraint condition of the node pairs on the contact face can
be introduced
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where +Ui
n 1 and ′

+Ui
n 1 are displacement vectors of nodes i and ′i in the

global coordinate system; Hi is the transformation matrix for the global
and local coordinate system; and the subscripts 1,2 and 3 denote the
tangential (t1t2) and normal (n) components of the nodal displacements
along the contact face. Combining Eqs. (8) and (9), the contact force
can be given by
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where T i
n
1 and T i

n
2 are subvectors of the tangential force Ti

n; therefore,
= +T T Ti

n
i

n
i

n
1 2 . Clearly, the establishment of Eq. (10) is based on the

assumption that the surrounding rock and the tunnel structure are
strongly bonded together. However, sliding and separation may occur
between the two; thus, it is important to check the contact forces N and
T as follows:
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where μs and μd are the static and kinetic friction coefficients, respec-
tively. c and σt represent the initial cohesion and tensile strength of the
contact face, respectively. Ai is the control area of node i. ∩ denotes
“and”. According to Eqs. (10) and (11), the contact force can be cal-
culated and checked by substituting the contact force into Eq. (8), the
motion state of the contact system at time +n 1 can be updated ac-
cordingly.

3.2.4. Modeling procedure
To approximate the actual construction process and make the nu-

merical simulation more credible, the simulation process is divided into
3 steps. In the first step, the gravity field is adopted as the initial stress
field. The vertical stress σv induced by gravity varies linearly with
depth. The horizontal stress σh is calculated by =σ kσh v , where k is the
lateral pressure coefficient. According to the on-site investigation of the
designer of the Fengtun tunnel, the lateral pressure coefficient is re-
commended to be 1.4.

In the second step, static excavation calculation is conducted. In this
process, the first and second supports are considered. The first supports
mainly include rockbolts, the steel arch and the primary lining. The
reinforcing effect of the rockbolts is simulated by an implicit cylindrical
anchor bar element proposed by Xiao et al. [27]. The support effects of
the steel arch and primary lining are considered by an equivalent
method, in which the steel arch is not modeled separately, with the
method only considering their strengthening effects on the elastic
modulus of the primary lining concrete; thus, the equivalent elastic
modulus Esc of primary lining can be given by

= + ⋅E E S E
Ssc c
s s

c (12)

where Ec and Es are the elastic modulus of the primary lining and steel
arch, respectively. Ss is the cross-sectional area of one grille steel arch.
Sc is the control area of one grille steel arch. The second support is the
secondary lining. A relatively simple method by Chen et al. [28] is
employed to simulate the supporting effects of secondary lining, and
perfect bonding is assumed between the rock and the lining at this

Fig. 5. Contact system and dynamic contact force on contact face [25].
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stage. In addition, the joint bearing effect of the concrete lining and its
reinforcement is considered by the method of Bian et al. [29].

In the third step, the stress state computed in the second step is used
as the initial condition for subsequent seismic analysis. In the process of
seismic analysis, the behaviors of the rock units are assumed to be
elastic-plastic damage and obey the Mohr-Coulomb failure criterion
with tension cut-off [17], and the plastic damage model [20] in-
troduced in Section 3.2.1 is used for the concrete medium. Moreover,
the viscous spring boundary by Liu et al. [30] is also imposed on the
lateral and bottom boundaries of the model, and the Rayleigh damping
is adopted with a critical damping ratio of 5%. According to site con-
ditions and seismic design standards of the hydraulic tunnel, the input
artificial seismic wave is shown in Fig. 6. Three motion directions are
considered: first is the horizontal X direction with a maximum ampli-
tude of 2.94m/s2 (see Fig. 6a), which is transverse to the longitudinal
axis of the tunnel (see Fig. 4); second is the horizontal Y direction with a
maximum amplitude of 2.45m/s2 (see Fig. 6b), which is parallel to the
longitudinal axis of the tunnel; third is the vertical Z direction (see
Fig. 6c) and its maximum amplitude is 1.96m/s2. All motions are ap-
plied on the bottom boundary of the model and incident upward.

4. Results and discussions

This work aims at the seismic analysis of the Fengtun tunnel portal,
and the detailed analysis process in this section is given as follows. First,

two cases with internal water in the tunnel being considered or not are
contrasted to investigate the impacts of hydrodynamic pressure; then,
two comparative studies, one with RSI and the other not, are performed
to estimate the RSI effects on tunnel structure. The case without RSI
means that the tunnel and surrounding rock are assumed to be tied
together during modeling at the rock-tunnel interface, and the dynamic
interaction of the rock and tunnel is not considered. Eventually, the
damage mechanism of the tunnel portal is analyzed based on the above
research. More specifically, to illustrate the calculation results, three
typical cross sections (S1eS3) are chosen for analysis; their arrange-
ments are shown in Fig. 7a. In each section, five monitoring points are
selected, and their locations are given in Fig. 7b. These points are re-
presentative of crown (A), spandrel (B), sidewall (C), base corner (D),
and floor (E).

4.1. Impacts of hydrodynamic pressure on the seismic responses

4.1.1. Stress response of the tunnel portal structure
The hydrodynamic pressure can be calculated and addressed at the

secondary lining by the added mass method introduced in Section 3.2.2.
Cross section S1 (see Fig. 7) is chosen as the most critical section to
analyze the stress response of the secondary lining under the following
two cases: the internal water of the tunnel is not considered in case 1,
and the internal water is considered in case 2. The maximum principle
stress is used to estimate the damage of the tunnel structure. The

Fig. 6. Time-history (left) and Fourier spectrum (right) of input acceleration. (a) X direction; (b) Y direction; (c) Z direction.
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magnitude of the maximum principal stress, which can be considered as
the indicator of damage, is of primary concern because the concrete
material is well known to have weak tensile capacity. As shown in
Fig. 8, the maximum principal stresses at the crown and spandrel are
greater than those of the other positions in the two cases, and their
magnitudes even exceed the tensile strength of concrete, which is

denoted by the black, dashed, and horizontal lines in Fig. 8. This result
indicates that tension cracks are likely to occur on the crown and
spandrel (points A and B). Moreover, note that the magnitudes under
the scenario of case 2 are approximately 17.1% greater than those of
case 1, and the closer to the entrance, the greater the tension stress
suffered at the secondary lining (see Fig. 9). We can conclude from the

Fig. 7. Schematic diagram of typical sections and monitoring points.

Fig. 8. Time history of principal stress of secondary lining at section S1. (a) without internal waters; (b) with internal waters.

Fig. 9. The peak stress of crown (point A) of the secondary lining at three sections.
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above results that when internal water is considered, the stress response
is more extensive than that of case 1. Clearly, the different results of the
two cases are mainly caused by the hydrodynamic pressures, which act
as additional loads on the secondary lining and consequently induce a
greater stress response. Hence, it is essential to consider the effects of
hydrodynamic pressure in the aseismic design of a hydraulic tunnel.

4.1.2. Displacement response of the tunnel portal structure
Only the X and Z direction displacements are discussed here. Fig. 9

displays the displacement time-history curves of the monitoring points
at section S1 under the two cases. Clearly, the waves of the curves are
roughly similar to each other, and their peak values appear nearly at the
same time, indicating that the displacement fluctuation is mainly con-
trolled by the input earthquake waves. Comparing the two cases, the
major difference lies in the displacement amplitudes. When the internal
water is considered, the amplitudes of the X displacements are nearly
2.3 cm larger than those without water, and those of the Z displace-
ments are approximately 2.8 cm larger than those without water. The
responses of different positions of the tunnel are also evidently varied in
terms of displacement amplitudes; thus, structural deformation occurs.
As shown in Fig. 10, the maximum relative displacements are 3.47 cm
in the X direction and 2.8 cm in the Z direction in case 2; they are larger
than that of case 1. Fig. 11 shows the peak displacements of the crown
(point A) at the three sections. The two cases show similar results. The
values of the peak displacements in the two directions decrease along
sections S1 to S3 in both cases. In addition, the difference of the results
in the two cases is also obvious, as the peak values in case 2 are much
greater than the peak values in case 1. The hydrodynamic pressures
contribute to a 30%–48% increase in the peak displacements. There-
fore, it can be stated that the hydrodynamic pressures induce a larger
displacement response and cannot be neglected.

4.2. Impacts of RSI on the seismic responses

The plastic strain of the tunnel structure is adopted to gain insight
into the impacts of RSI on the seismic response in this section. Fig. 12a
and (b) plot the equivalent plastic strain contours of the tunnel struc-
tures with or without RSI. The results are plotted every 5 s during the
calculation; the plots show similar distributions of plastic strain. After
static excavation calculation (t= 0 s), the values of plastic strains at the
spandrels and floor corners are much greater than the values at other
locations, and the maximum occurs at the right floor corner with a
somewhat larger plastic yielding zone. Such inconsistency of the plastic
strains suggests unignorable structural deformation, in agreement with
the results offered in Section 4.1. The extent and degree of plastic
yielding increase with time, and most positions are occupied by the
yielding zone at the end of the calculation. It is interesting that the
spandrels and the floor corners suffer larger plastic strain than other
positions, which means these positions are the weak parts of the tunnel
lining. Tao et al. [31]conducted a model test to study the seismic re-
sponse of tunnel portals and observed similar phenomena; thus, the
results of this paper are credible. In addition, the comparison of the
results of the two cases shows that the RSI results in a greater plastic
strain response because the maximum value of the plastic strain and the
range of plastic yielding in the case with RSI are clearly greater than
those without RSI. Moreover, the internal forces of the tunnel structure
in the case of RSI are also larger than those without RSI (see Fig. 13).
The main reason for the difference is that while the RSI is not con-
sidered, the tunnel structure and the surrounding rock are assumed to
be tied together, and there is a strong restraint effect to reduce the
seismic damage of the tunnel structure. A similar conclusion can also be
found in the work of Zlatanović et al. [14].

Fig. 10. Time history of displacement of secondary lining at section S1. (a) without internal waters; (b) with internal waters.
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4.3. Seismic damage characteristics of the portal tunnel structure

4.3.1. Damage distribution of the tunnel lining and the contact face
The damage coefficient d of the concrete structure, which can be

obtained by Eq. (3), is employed to quantitatively display how much
seismic damage is induced and where it is severely damaged. In this
section, the damage coefficient distribution of the tunnel with internal
water and the RSI being considered is depicted in Fig. 14. Fig. 14 shows
that the tunnel damage increases with time. After the static excavation
calculation, the tunnel lining within 5m of the entrance suffers severe
damage (d > 0.6). When the time is 5 s, the severely damaged posi-
tions, where damage coefficients are greater than 0.7, are mainly lo-
cated at the crown, spandrels and floor corners of the lining and extend
a distance of 10m from the entrance. This phenomenon is consistent
with the results plotted in Fig. 12. With increasing time, the tunnel
damage continues to spread along the longitudinal axis direction. At the
end of the simulation, namely, at t=20 s, the tunnel reaches the most
severe damage, and areas as far as 40m from the entrance may suffer

severe damage. In addition, it can also be observed that the closer to the
entrance, the more severe the tunnel damage is.

Generally, the tunnel lining is strongly bonded to the surrounding
rock via grouting effects before contact face sliding or cracking occurs.
Thus, the tunnel and the surrounding rock can be regarded as a whole,
and the RSI can be ignored if damage occurs on their contact face.
However, it is difficult for the surrounding rock and tunnel lining to
deform in synchrony under seismic actions, and the damage to the
contact face is difficult to avoid. In fact, the spalling of a tunnel from
surrounding rock is very common according to in situ damage in-
vestigations of tunnels [1,12]. Fig. 15 plots the damage distribution of
the contact face at the end of the static and dynamic simulations. At the
end of the static excavation calculation (t= 0 s), the crown and part of
the sidewalls within 5m of the entrance suffer slip or crack damage.
This damage indicates that the excavation process can also lead to
damage to the contact face. When the time is 20 s, the damaged areas
are mainly at the crown and the sidewalls near the entrance, with a
tendency toward further development along the longitudinal axis

Fig. 11. The peak displacement of crown (point A) of the secondary lining at sections.

Fig. 12. Plastic strain contour of tunnel structure at section S1 under different cases. (a) Without RSI; (b) with RSI.
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direction. Moreover, when considering Figs. 14 and 15, it is obvious
that the damage distributions of the contact face are consistent with
that of the tunnel lining, suggesting that a good contact state is sig-
nificant for the stability of the tunnel lining, and the constraint effects
of the surrounding rock to the lining can efficiently reduce the seismic
damage of the tunnel structure [24].

4.3.2. Damage mechanism of the portal tunnel lining
Based on the results of the simulation, two types of damage patterns

of the tunnel structure, namely, damage due to structural deformation
and high squeezing loads, are classified for a reasonable explanation of
damage mechanisms of the Fengtun tunnel portal under strong earth-
quakes. Fig. 16 and Fig. 17 provide comparisons between the predicted
results from the model, shown in Figs. 16 (a) and Fig. 17 (a), with their
damage mechanisms, shown in Figs. 16 (b) and Fig. 17 (b). Note that, as
shown in Fig. 16a, the displacement of the tunnel structure follows a
general tendency to gradually decrease from the crown to the floor, and
the upper structure of the tunnel suffers the largest displacement. This

phenomenon is a typical characteristic of portal structures under
earthquakes. The relative deformation of the upper and lower struc-
tures is mainly generated by amplified horizontal forces. The horizontal
forces acted on tunnel lining contribute to considerable bending mo-
ments at the spandrels; as a result, tension cracks are generally likely to
occur at these positions under strong earthquakes (see Fig. 16 (b)). This
damage mechanism can also be observed in the previous works of Ya-
shiro et al. [11] and Shen et al. [5]. In addition, Figs. 12 and 14 show
that the spandrels are parts of the most severely damaged positions,
corresponding with the above damage mechanism.

Fig. 17a shows a contour plot of the Z-direction displacements of the
other positions relative to position A. Clearly, the tunnel floor suffers
the maximum displacement, and a significant uplift, which is frequently
observed at the tunnel portal, occurs at the center floor with a value of
nearly 24mm. Tunnel uplift damage is a complex process and could be
influenced by various factors during earthquakes [32]. However, fo-
cusing on the tunnel in this work, two factors are considered the main
causes of the damage: one is the poor geological condition of the tunnel,

Fig. 13. Peak values of internal force of the tunnel structure. (a) axial force; (b) bending moment.

Fig. 14. Damage coefficient distribution of the tunnel structure.
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and the other is the high squeezing loads caused by amplified seismic
motions. The tunnel portal is likely to be affected by an earthquake
because it is constructed in weak rocks with low strength and causes
high squeezing loads on the tunnel; thus, the squeezing loads are ex-
erted on the sidewalls and floor and cause high tensile stress and
buckling deformation on the floor. As a result, uplift damage is likely to
appear here.

5. Summary and conclusions

The portal section of the Fengtun hydraulic tunnel is located in poor
geological conditions and suffers the risk of strong earthquakes. What
makes this case study special are the large amounts of water in the
tunnel and the nonignorable RSI effects, both of which are considered
to result in greater seismic responses or even seismic damage to the
tunnel structure. Therefore, for a more accurate simulation, the effects
of the internal water and the RSI are both considered in a full 3D FEM
model, and then the damage characteristics and mechanisms of the
portal tunnel structure are analyzed in detail. The following conclusions
can be obtained from the research:

(1) The hydrodynamic pressure caused by seismic inertia force has a
significant effect on the performance of the tunnel because it acts as
an additional load on the tunnel and induces greater stress and
displacement responses; the peak displacements are likely to in-
crease by 48%.

(2) In the case with the RSI, the maximum value of the plastic strain
and the range of plastic yielding of the tunnel section are clearly
greater than those without the RSI, meaning that the RSI has an
essential influence on the tunnel response.

(3) The damage characteristics of the tunnel structure are analyzed
considering the effects of internal water and the RSI. The results
unequivocally show that the damage continues to extend along the
cross section and the longitudinal axis direction during the earth-
quake, and the closer to the entrance, the more severe the tunnel
damage. In addition, the constraint effects of the surrounding rock
on the lining can efficiently reduce the damage to the tunnel
structure.

(4) Two typical damage patterns, namely, damage due to structural
deformation and squeezing loads, are classified, and their damage
mechanisms are analyzed in detail. The structural deformation of
the tunnel is mainly the result of amplified horizontal forces and
contributes to the bending cracks on the spandrels. The tunnel
uplift is generally caused by high squeezing loads acting on the
sidewalls and floor of the tunnel.

Fig. 15. Damage zone of contact face.

Fig. 16. Tunnel damage due to structure deformation.

Fig. 17. Tunnel damage due to large squeezing loads.
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