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Introduction
Because of the ever-increasing populations of large cities, the need for high capacity of 
transportation and storage has led to an increasing use of underground facilities, such as 
subway and railway tunnels, underground pipelines, civil air-defense engineering, sew-
age and water transport and so on [8]. In seismic active areas, underground tunnels are 
generally thought to be less susceptible to the earthquake damage compared to above-
ground structures due to its strong seismic-resistance by nature [7, 10, 19, 20, 22]. There 
is a popular idea that the major reason for the reduction in underground damage is the 
lower levels of shaking at depth comparing with surface motions [19]. Even the current 
design codes in the United States of American for the highway structures do not take the 
seismic loads in the transverse direction into consideration unless the structure crosses 
an active fault [1]. It is generally acknowledged that the constraints of the surrounding 
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rock can commendably prevent the damage of underground openings from the earth-
quake loads. However, the recent earthquakes showed that underground structures are 
also vulnerable to seismic damage when subjected to earthquakes [4, 13], including the 
1995 Kobe, Japan earthquake, the 1999 Chi–Chi, Taiwan, earthquake, the 1999 Kocaeli, 
Turkey earthquake and the 2008 Wenchuan, China earthquake [8].

In the seismic active regions, the support system must be designed to bear the static 
overburden loads of the surrounding rock as well as to accommodate additional defor-
mations triggered by the seismic-induced ground shaking. The earthquake-induced 
ground deformations, along with the static earth and rock pressure, will cause the defor-
mation of the surrounding rock and further development of plastic circle, which may 
bring about the pressure increasing around the support system and even the failure of 
support systems and collapse of underground openings.

As a matter of fact, the earthquake-induced inertia force of underground structures 
can be relatively small [9], even smaller than the inertia force of the surrounding ground. 
Based on the soil-structure interaction analysis of Samata et  al. [18], it was indicated 
that the seismic response of underground structure is mainly governed by the ground 
displacement during earthquakes, which proves that it is the dynamic response of sur-
rounding ground determining the dynamic response of underground structures. There-
fore, it is very important to make clear of the response of surrounding rock when 
subjected to earthquake loads. However, the damage survey of tunnels subjected to 
earthquakes is still underway and the research of damage mechanism is still undergoing 
[3, 4] and should be further studied [22]. Up to now, there are no established approach 
which can be employed for assessing and evaluating tunnel stability during earthquakes, 
and the design specifications for earthquake protection in tunneling are lacking [23].

Comparatively speaking, the seismic response research of surface and underground 
structures themselves, such as liners, are much further than that of underground sur-
rounding rock and soils. Analysis made by Wang [21], Penzien [16] and Pitilakis and 
Tsinidis [17] of the seismic response of underground structures, such as axial and cur-
vature deformation, and ovaling or racking deformations, shows that the most critical 
deformation occurring within a tunnel lining during a seismic event is the racking of the 
cross-section.

The purpose of this paper is to further understand the surrounding plastic deformation 
and develop a reasonable and consistent seismic design methodology for underground 
transportation tunnels which would also be applicable to other underground structures. 
Therefore, in order to optimize design, we present a numerical modeling of these prob-
lems by using FLAC3D software. Regardless of the liners and soil-structure interaction, 
we primarily focus on the damage and extension of plastic zone of shallow tunnel sur-
rounding rock, including quantitative analysis—response to a sinusoidal waveform and 
qualitative analysis—response to a recorded waveform.

Response to sinusoidal shear waves
Free‑field deformation

Generally, the peak ground acceleration (PGA), peak ground velocity (PGV), peak 
ground displacement (PGD), response spectra and duration are mainly used to describe 
the intensity of earthquake ground motion. However, it is an extremely complicated 
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problem to describe the free-field ground behavior rigorously even without the consid-
eration of ground-structure interaction. Therefore, for practical purposes, Newmark 
[14] proposed a simplified approach, based on the theory of wave propagation in homo-
geneous, isotropic and elastic media, in which the ground strains were calculated by 
assuming a harmonic wave traveling at an angle of incidence. Figure 1 shows the free-
field ground deformations along a tunnel axis due to a sinusoidal shear wave with a 
wavelength, L, a displacement amplitude, D, and an angle of incidence, θ [12]. The shear 
distortion of ground caused by vertically propagation shear waves is probably the most 
critical and predominate type of seismic ground motions in many underground open-
ings. Therefore, in this paper, we just take the sinusoidal wave as the vertical input seis-
mic loading at the bottom boundary.

Numerical analysis of sinusoidal wave load

Problem definition

The dynamic analysis in FLAC3D is based on the explicit finite difference scheme to 
solve the full equations of motion, using lumped grid point masses derived from the 
real density of surrounding zones [11]. There are two main conditions contained in the 
program: (1) quiet boundary; and (2) free boundary. For the seismic loading, the time-
history of velocity and acceleration cannot apply along the quiet boundary. In this sec-
tion, we take the simplest mode of wave, the sinusoidal wave, showing in Fig. 2, as the 
input motion load of this problem, and then try to illustrate the dynamic response of 
surrounding ground to the earthquake load, theoretically.

The model that has been analyzed consists of homogeneous, isotropic and elasto-plas-
tic Mohr–Coulomb rock materials, and the mechanical properties of surrounding rock 
are given in Table  1. Material damping was introduced by Rayleigh damping which is 
defined as follows [6]:

(1)ξi =
αR

2ωi

+
βRωi

2

Fig. 1 Simple harmonic wave and tunnel [21]
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where ξi and ωi is the damping ratio and the circular frequency, respectively at mode 
i, αR and βR are Rayleigh damping coefficients proportional to the mass and stiffness. 
For the analyses described in this paper, only stiffness proportional damping was used. 
Material damping of the dry used rock material was taken as 5% based on the resonant 
column tests conducted by Bolton and Wilson [5]. The value of the stiffness proportional 
damping coefficient βR was obtained using this damping ratio.

The numerical model has a length of 60  m, a height of 60  m, a width of 5  m, with 
a tunnel of 6 m excavation diameter, just conforming to one step of excavation of the 
tunnel. An elastic-perfectly plastic constitutive model, with failure criterion defined by 
the Mohr–Coulomb envelope, was assigned to the surrounding rock. Boundaries around 
the model are set as the viscous absorbing boundary, and the bottom bedrock bound-
ary is set as static boundary, serving as input boundary of the earthquake load and the 
dynamic input wave is applied as an acceleration record. The geometry modeling is 
showed in Figs 3, 4.

The simulation procedure of this problem is divided into three steps: (1) initial stress 
state simulation; (2) post-excavation stress equilibrium; (3) applying the seismic wave 
along the bottom boundary.

Specific energy density (SED)

As we know, strong earthquake ground motion is primarily caused by the generation 
of large-amplitude and short-period seismic waves at the earthquake source in the fault 
zone. However, in general, the properties of seismic waves on the stratums’ surfaces can 
be affected by the effect of the propagation path from the source to the site and by local 
site dynamic response effects, because seismic waves are attenuated by the propagation 
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Fig. 2 Input of sinusoidal waveform

Table 1 Mechanical properties of rock

Density (kg/
m3)

Bulk modulus 
(MPa)

Shear modulus 
(MPa)

Friction Cohesion MPa Tension 
strength (MPa)

Damping

2500 4.0e8 2.3e8 30 2.2e4 1.5e7 0.05



Page 5 of 15Wen et al. Geo-Engineering  (2017) 8:28 

path, and may be attenuated or amplified by the site effects, which can cause the damage 
of surrounding ground of underground openings. Near-surface geological conditions 
plays a significant role on ground shaking, and earthquake damage can be accelerated 
by the ground motion amplification, due to sediments and soft rock near the ground 
surface [15]. Seismic wave propagates through rock and soil media and the earthquake 
energy dissipate gradually. The earthquake wave does not travel in a straight line, but the 
various curves with complicated forms after a bunch of reflections and transmissions. 
When seismic wave propagates vertically into varieties of interfaces, continuous reflec-
tions, transmissions and diffractions are generated, which causes the energy absorption 
by stratum material.

Fig. 3 Schematic diagram of numerical model (Points 1–8 are feature points)

Fig. 4 Numerical model in FLAC3D
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In this section, combining with the theory of energy absorption, the numerical experi-
ments have been carried out accompanying with the sinusoidal wave input of 5 s. Mean-
while, we introduce the specific energy density (SED) to quantificationally estimate the 
damage of surrounding rock and evolution of plastic zone. SED is the square of velocity 
at any time integrated over the entire time range. The definition of SED is as follows:

where, v(t) is the velocity.

Results

When the seismic wave is applied to the bottom boundary of the model as a shear stress 
wave loading, the wave propagates upwards perpendicular to the bottom static bound-
ary while horizontal displacements occur in the ground as the amplitude of the wave 
decays with distance.

Figure 5 shows the response acceleration of feature points 1 (in Fig. 3) during the seis-
mic numerical model, comparing with the sinusoidal acceleration wave. We can see from 
the graph that the original sinusoidal wave is smoothing, however, the response accel-
eration wave is unsmoothing, mingled with many ripples. This is because the reflections 
and transmissions of the seismic wave at the free boundaries and excavation boundary. 
Through the Fast Fourier Transform (FFT), Fig. 6 gives the results of spectrum analysis 
of response and sinusoidal waves, which demonstrates many low-frequency waves in the 
response spectrum.

As defined in the last section, the specific energy density (SED) is calculated depend-
ing on the Eq. (2). Figure 7 demonstrates the SED results of response wave and original 
wave, in which the shaded area stands for the energy dissipation during the propagation 
of seismic waves. This is the results from the elasto-plasticity of rock materials, mean-
while, the existence of excavation boundary is one of the reason for this.

(2)SED =

t∫

0

[v(t)]
2
dt
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Response to recorded earthquake waves
Problem definition

In this section, the field recorded wave during earthquakes, Loma Prieta earthquake, 
Northern California, 1989, was used in the numerical model. Comparing with the sinu-
soidal wave, the recorded motion is a realistic motion and that it has a broad and rich 
frequency, which truly reflects the seismic response of tunnel surrounding to the earth-
quake. Before the seismic loading input, the processes of baseline correction and filter-
ing should be performed to force both the final velocity and displacement to be zero 
[11]. The modeling geometry is the same with the last section, only differing in seismic 
loads input. In order to better understand the seismic response of under a particular 
intensity of ground motion, artificially amplifying and shrinking the waveforms to 0.1g, 
0.2g, 0.3g, 0.4g and 0.5g (‘g’ stands for the gravidity acceleration), using the SeismoSig-
nal software [2]. Figure 8 shows the surface recorded acceleration, velocity, displacement 
time-history during Loma Prieta earthquake, when the peak ground acceleration is set 

0 20 40 60 80 100
0

3

6

9

12

15

Response spectra
Fo

ur
ie

r
 Am

pl
itu

de
 S

pe
ct

ru
m

Frequency/Hz

Sinusoidal spectra

Fig. 6 Fourier amplitude spectra

0 1 2 3 4 5
0

2

4

6

8

10

Energy Dissipation

Response wave

mc(/ytisne
D

ygrenE
cificepS

2 /s
)

Time/s

Sinusoidal wave

Fig. 7 Specific energy density



Page 8 of 15Wen et al. Geo-Engineering  (2017) 8:28 

as 0.1g. From the velocity-frequency spectrum, we can see that predominant frequency 
of the recorded is 0.8 Hz, which is equal to the frequency of the sinusoidal wave.

Feature points analysis

Feature points

In the numerical simulation of this section, eight feature points are arranged along the 
excavation tunnel, showing in Fig. 3. Each feature point refers to a modeling element. 
During the simulation, the maximum principle stress is recorded of each monitoring ele-
ment. And then, we extract the peak maximum principle stress (PMPS) of the maximum 
principle stress time-history, setting as the numerator, and extract the maximum prin-
ciple stress of the same zone after static excavation, and setting as the denominator. In 
this way, we obtain the ratio of dynamic and static maximum principle stress, which can 
used to estimate the effect of various PGA of ground motion to underground openings. 
Figure 9 gives an example to obtain the peak maximum principle stress during the maxi-
mum principle stress time-history of zone ID =  297, and negative value indicates the 
compressive stress state.

Results

The ratio values of peak dynamic and static maximum principle stress represent the 
effect of earthquake to tunnel surrounding rock. Based on this, to understand the stress 
state of feature points during the earthquake is significantly important for the practical 
aseismic design and stability evaluation of underground openings. On the premise of 
this, it is very clear to know which parts of surrounding rock should be strengthen or 
which parts of liners should install the plastic hinges to avoid seismic damage.
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Tables 2, 3 list the peak dynamic and static maximum principle stress of feature points 
1–8, shoulder points 1–4 included in Table 2 and center points 5–8 included in Table 3.

Figures  10, 11 show the ratio of peak dynamic and static maximum principle stress 
of monitoring points 1–8. In the figures, we can see that almost all the ratio values are 
less than 1, which means that the compressive capacity of surrounding rock decreases 
because of the earthquake, except for the zone located in the uppers side of the tunnel 
section, such as vault and right shoulder positions. This is because the continuous rock 
arching effects of post-excavation under the vertical stress. However, the peak maximum 
principle stress of all the feature points increase gradually with the increasing of PGA 
after the sharp drop of post-excavation. Meanwhile, it can be seen from Fig. 10 that the 
stress relief induced by excavation causes the decreasing of static maximum principle 
stress in the tunnel invert (point 3), and the propagation of earthquake wave accelerates 
the stress relief.
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Fig. 9 Maximum principle stress time-history of zone ID = 297 (PGA = 0.1g)

Table 2 Peak maximum principle stress of points 1–4  (105 Pa)

PGA monitoring points static Loma wave

0.1g 0.2g 0.3g 0.4g 0.5g

Point 1 ID = 297 2.47 1.21 1.68 2.31 2.28 2.76

Point 2 ID = 785 6.0 1.48 2.5 4.23 4.02 4.88

Point 3 ID = 2265 4.7 2.23 2.45 2.89 2.94 3.98

Point 4 ID = 1441 5.55 1.48 1.53 2.12 1.98 2.28

Table 3 Peak maximum principle stress of points 5–8  (105 Pa)

PGA monitoring points static Loma wave

0.1g 0.2g 0.3g 0.4g 0.5g

Point 5 ID = 297 3.95 1.78 2.77 4.14 4.12 4.68

Point 6 ID = 785 8.80 0.75 1.04 1.61 1.42 1.70

Point 7 ID = 2265 6.23 2.84 2.95 3.3 3.43 4.26

Point 8 ID = 1441 3.67 0.07 0.11 0.71 0.5 0.58
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In Fig. 11, comparison analysis of shoulder points (points 5–8), the compressive capac-
ity of surrounding rock near point 5 and 7 decrease more quickly than those of point 
6 and 8 when subjected to earthquake. Obviously, asymmetrical influence subjected to 
seismic load on the arching positions exists, which proved that ovaling deformation of 
circle cross-section happens during the earthquake, which agrees well with the results 
of Hashash et al. [9], as red dotted ellipse in Fig. 11. Interestingly, when the PGA reaches 
0.3g and 0.4g, the simulation results show that there is scarcely any difference of ratio 
value between them, for all the zones along the surrounding, showing in the red dotted 
rectangles. For this result, the properties of geological conditions and the characteristic 
of earthquakes waveform may play some roles in this result.

According to the results of dynamic simulation, based on the Eq. (2), the SED of point 
1–8 can be calculated, described in Figs 12, 13. As shown in the figures, we can see that 
there is rarely SED generating before 4 s of time history, which is true with the accel-
eration and velocity time history. This also informs that we should pay more attentions 
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to the strong motion duration. The SED of origin wave is much higher than that of 
response wave of feature points around tunnel, because the energy dissipation happened 
continuously during the wave propagation though the elasto-plastic media. Obviously, 
both charts indicate that the points at upper cross-section of tunnel have larger wave 
energy dispersion than that of the points at lower part. That is to say, the plastic damage 
of upper section is also much more serious than the lower section, which means that 
more attentions are needed in the designing of supporting liner, especially joints and 
connecting interfaces, in the area with a high seismic level, comparing with the conven-
tional method. However, due to the excavation and gravity of the overlying rock, upper 
section elements seem like have less damage, but this is not true.
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Plastic extension analysis

Extension along with time‑history

During the earthquake time-history, continuous vibration of ground will cause the 
unceasing damage of elasto-plastic geological material, reflecting in the extension of 
plastic circle along with the time-history. In the numerical simulation, the failure crite-
rion is defined by the Mohr–Coulomb envelope, and the plastic state refers to the stress 
state reaches the yielding, not failure, thus we take the plastic zone size as a symbol of 
the seismic response grade, in which an isotropic material will fail, with any effect from 
the intermediate principal stress being neglected. From the acceleration time-history of 
PGA equaling to 0.1g, the acceleration reaches peak at 4 s, at which the plastic damage is 
most acute and extension of plastic zone size is largest. After the PGA, with the decreas-
ing of wave density, the plastic zone size reduces, showing in the following Fig. 12.

Extension along with PGA

The extension of plasticity along with various PGA is shown in Figs 14, 15. We can take 
note that, with the increasing of PGA, the plastic zone size is raising continually in 
numerical model. In addition, the seismic-induced damage is mainly gathered around 
the surrounding of tunnel and areas near the surface. On the one hand, the dissipative 

Fig. 14 Plastic zone size vs. time a 4 s, b 9 s, c 20 s, d 23 s



Page 13 of 15Wen et al. Geo-Engineering  (2017) 8:28 

energy of earthquake wave makes the stress-redistribution areas more vulnerable and 
lower bearing capability; on the other hand, seismic wave propagating at the regions 
near surface will be amplified and cause the maximum shaking, which will induce those 
areas into plastic state. From the unsymmetrical extension of plastic circles, we can see 
that seismic loading will result in the alternant diagonally distortion of tunnel section. 

Discussions
This paper proposed a three-dimension numerical simulation modeling to study the 
dynamic response of tunnel surrounding rock under a sinusoidal wave and a field 
recorded earthquake waveform, respectively. Results have shown that seismic wave 
propagating in the Mohr–Coulomb rock material causes the additional damage of 
tunnel surrounding rock expect for the damage of static loads, and this is because the 
energy dissipation during wave propagation, which is the reason of the extension of plas-
tic circle during earthquake.

1. For almost all the feature points along the tunnel, the ratio of dynamic and static 
maximum principle stress is less than 1, which means that compressive capacity of 
surrounding rock decreases subjected to the effect of earthquake, except for the zone 

Fig. 15 Expansion of yielding zone vs. PGA. a Static, b PGA = 0.1g, c PGA = 0.3g, d PGA = 0.5g
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located in the upper section, vault and right shoulder position. This is because the 
continuous rock arching effects of post-excavation under the vertical stress.

2. However, the peak maximum principle stress of all the feature points increase gradu-
ally with the increasing of PGA after the drop of post-excavation. Meanwhile, obvi-
ously, asymmetrical transformation of tunnel section on the arching positions exists, 
which proved that ovaling deformation happens during the earthquake, agreeing well 
with the research of Hashash et al. [9].

3. Interestingly, when the PGA reaches 0.3 and 0.4 time of gravity acceleration, the 
seismic response of tunnel surrounding rock induced earthquake behaves nearly the 
same. Maybe, the properties of geological condition of field and characteristics of 
seismic waveform can lead to this result.

4. Meanwhile, based on the theory of energy dissipation, results show that upper part 
of tunnel cross-section has larger wave energy dispersion than the points at lower 
part, which means plastic damage of upper part is more serious than the lower part.

5. From the above, in the seismic active regions, the surrounding rock of tunnel should 
be strengthened, such as backfill-grouting, anchor bolt support and fiber reinforced 
concrete liner, especially the upper side of the tunnel section. Besides, in consid-
eration of the ovaling deformation, the diagonal parts should set plastic hinges to 
improve ductility and to prevent distorting damage and failure.
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