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With the vigorous development of railway and highway construction, tunnel construction often follows the mountains and rivers,
crossing high-intensity landslide areas, and potential earthquakes triggering damage in areas including tunnel landslides have
become a hot issue today. Based on this, this paper performs a shaker test on the tunnel-containing landslide body, inputs
horizontal seismic waves, and tests the acceleration response data of different bits in the landslide body. By analyzing the
temporal and frequency domain transformations of the acceleration response at different positions in the slope body combined
with the deformation characteristics of the slope, and then analyzing the seismic response of the slope under the action of the
front and back seismic sequences, the results show that (1) the existence of the tunnel has the effect of energy dissipation and
vibration reduction, making the energy input at T8, and the measuring point on the upper part of the tunnel at the lowest. (2)
When the seismic wave is transmitted, it will cause reflection around the tunnel, forming complex seismic wave field, resulting
in the irregular distribution of acceleration amplification coefficient. (3) There is a high correlation between seismic responses
of different levels. When the acceleration response of the preseismic response to the landslide-containing tunnel is not
considered, the acceleration response of the postseismic response to the slope and the structure will be lower than the real
value. (4) The sequence of failure at different locations of landslide mass containing tunnel is found through marginal
spectrum analysis. It is concluded that the failure mode of landslide mass with tunnel is extrusion and sliding out of the
middle slope. The research results can provide some reference for the reinforcement design of landslide with tunnel in high-
intensity area.

1. Introduction

In recent years, with the rapid development of highway and
high-speed railway construction in mountainous areas of
China, tunnel construction from east to west and from plain
to mountainous areas has become an inevitable trend. Under
the action of a series of geological actions such as earthquake
and other disturbance loads, the slope with no obvious
deformation or relatively stable will also appear large defor-
mation and even develop into landslide, forming “landslide
tunnel,” which will damage the existing tunnel to varying
degrees and affect and even interrupt the normal operation
of the tunnel [1–4]. Tunnel-landslide problem has become
a hot issue in engineering construction. For this reason, we

have counted some typical tunnel-landslide engineering
cases, as shown in Table 1.

At present, many scholars have carried out extensive and
in-depth research on tunnel-landslide system. Wu et al. [5,
6] have studied the oblique and parallel system of tunnel
landslide and provided a certain basis for the construction
and design of tunnel crossing landslide through the analysis
of displacement, deformation, and strain. Many scholars
have discussed the tunnel orthogonal system through
large-scale geological model tests and summarized the stress
mode and deformation characteristics of the tunnel orthog-
onal system [7, 8]. But these studies have focused on statics.

With the continuous development of tunnel crossing
landslide engineering, the projects of tunnel crossing high-
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intensity area are increasing year by year. Therefore, many
scholars have carried out relevant research on tunnel land-
slide under earthquake action. Pai and Wu [9] carried out
shaking table test for the first time, taking orthogonal tunnel
underpass landslide as a typical case. The dynamic response
of underpass tunnel lining structure was studied, which pro-
vided reference for tunnel construction in high-intensity
area. He et al. [10] used MPM numerical implementation
to better understand the cause and impact of 2008 Wench-
uan earthquake on Daguangbao landslide and proposed a
safety analysis method based on Bayesian network. Konagai
et al. [11] analyzed and summarized Kizawa tunnel in Mid-
Niigata earthquake, summarized the causes of tunnel dam-
age, and put forward suggestions for tunnel repair. Lu and
Hwang [12] studied the collapse mechanism of Dakai sub-
way during the Kobe earthquake by using FLAC2D dynamic
time-history analysis and modified cross-section deforma-
tion (MCSRD) method and analyzed the damage evolution
process of subway tunnel, showing that inertia force has a
great influence on seismic characteristics. Zhang et al. [13]
summarized the cases of tunnel failure and discussed the
damage classification in order to explore the possible causes
of damage, such as seismic parameters, structural forms,
and geological conditions, providing reference for improv-
ing the seismic design of tunnels. Wen et al. [14] studied
the dynamic response of segment lining structure of moun-
tain tunnel crossing fault and proposed that the influence
range of tunnel structure and the setting method of seg-
ment lining structure could provide reference for tunnel
design crossing fault.

Most of the above studies focus on the dynamic response
of tunnel lining or discuss the failure mode of landslide
alone. At present, there are few studies on the dynamic of
landslide-containing tunnel. Therefore, it is necessary to
develop the dynamic response mechanism of landslide with
tunnel, so as to provide reference for the reinforcement
design of landslide with tunnel.

In this paper, through shaking table test of tunnel land-
slide, the acceleration response data of landslide at each loca-
tion under different intensity earthquake is obtained. The
failure of earthquake and slope acceleration time history
curve is analyzed jointly, and the dynamic transmission
characteristics and failure mode of tunnel landslide under
dynamic action are understood. By means of Fourier trans-
form and correlation analysis, the correlation between the
seismic action sequence of the first order and the seismic

action of the second order is discussed, which provides a ref-
erence for the reinforcement of landslide-containing tunnel.
The peak marginal spectrum amplitude and characteristic
frequency of each landslide location were extracted by the
Hilbert-Huang transform (HHT) to reveal the disaster mode
with sliding tunnel.

2. Design of Shaking Table Model Test

2.1. The Experiment Purpose. As the main traffic lines in
China pass through the complex and dangerous mountain-
ous areas, more and more tunnels are built in the high-
intensity areas in the west of China, often facing the problem
of tunnel penetration landslide. The tunnel deformation in
the slope area caused by the potential earthquake has
become one of the major hidden dangers facing the opera-
tion and maintenance of the traffic tunnels in this area
[15]. But based on the research so far, most of the seismic
studies on landslide-containing tunnels focus on the
dynamic response of tunnel lining structures. For example,
Pai and Wu [9] studied the dynamic response of tunnel lin-
ing under landslide by shaking table test and revealed the
characteristics of circumferential spatial dynamic response
of tunnel lining structure; in Sun et al. [16], interaction anal-
ysis of equal pass pair bias tunnel-loess slope coupling sys-
tem, the dynamic response, and failure mode of the loess
slope bias tunnel are revealed. Of course, many scholars have
also investigated the dynamic response of the landslide-
containing tunnels. Jiang et al. [17] explored the dynamic
response of tunnel slope with multiple arches under the exci-
tation of different seismic waves with multiple inputs, and
the acceleration distribution of slope with multiple arches
under different seismic waves is revealed. Zhang et al. [18]
explored the influence of the existence and location of tun-
nels on the dynamic response of slope through numerical
simulation and shaking table study.

Due to the complexity of seismic-tunnel-landslide ter-
rain conditions, at present, the research remains on the
dynamic response of tunnel lining structure and slope. The
weak position and disaster mode of landslide-containing
tunnel have not been given clear guidance. To effectively
protect the tunnel structure and landslide safety protection,
it is necessary to understand the weak link of seismic land-
slide with tunnel and reveal its motion law. Therefore, this
paper is aimed at revealing the acceleration distribution
law of landslide-containing tunnel, analyzing the seismic

Table 1: Typical engineering cases of tunnel crossing landslide under potential earthquake action.

Serial
number

Tunnel’s
name

Slope structure System type Disaster type Remarks

1
Sunjiayai
tunnel

Along dipping-layered slope
structure

Orthogonal-through
the slide

Tunnel excavation
construction, continuous rain

Chongqing-Wufeng
expressway

2
Zhongzhai
tunnel

Along dipping-layered slope
structure

Orthogonal-through
the slide

Tunnel excavation
construction, continuous rain

Linshuang highway

3
Songpan
tunnel

Loose broken body slope
structure

Skew-down slip
body

High-intensity seismic action Chenglan railway

4
Guojia
tunnel

Slope structure with soft top and
hard base bottom

Orthogonal system-
underpass slip body

High-intensity seismic action
Baoji-Lanzhou high-

speed railway

2 Geofluids



weak position of landslide-containing tunnel, and exploring
the motion law of each position of the landslide under earth-
quake action, and the catastrophe model of landslide-
containing tunnel under earthquake action is proposed. It
is expected to provide reference for engineering construction
and reinforcement of tunnel landslide.

2.2. Model Similarity Design and Model Boundary
Processing. In order to simulate the dynamic characteristics
of the slope with tunnel, we used shaking table to load the
seismic wave to observe the dynamic response in the slope
and bedrock (Shaker system as shown in Figure 1(a)). In
shaking table model tests of engineering structures, it is quite
difficult to completely satisfy the model similarity, but the
main influencing factors can generally be satisfied. However,
in the shaking table model test involving soil medium, due to
the limitation of the bearing capacity of the shaking table, it
is not easy to satisfy the similarity relation of the full mass
model with additional counterweight. In addition, consider-
ing the similarity of material constitutive properties, the
incomplete mass model with the similarity ratio of mass
density 1 : 1 is often adopted in shaking table test. Therefore,
the test adopts the loose similarity between the model system
and the prototype system, and the gravity distortion is
allowed [19]. On the basis of determining the basic parame-
ters of basic length ðCl = 1/100Þ, mass density ðCρ = 1Þ, and
elastic modulus ðCE = 1/100Þ, similarity ratios of other phys-
ical quantities are derived based on Buckingham π theorem
[20]. According to the similitude relationship of the physical
conditions, geometric conditions, dynamic equilibrium con-
ditions, etc., the similitude relationships are expressed as
Equations (1)–(6) [21]. The specific similarity ratio parame-
ters are shown in Table 2.

Cσ = CECε, ð1Þ

Cε = ClCρCE
−1, ð2Þ

Cc = CECε, ð3Þ

Ca = ClCt
−2, ð4Þ

Cv = ClCt
−1, ð5Þ

Cf = Ct
−1, ð6Þ

where Cμ = Cφ = 1, t is time, μ is Poisson’s ratio, σ is stress, ε
is strain, c is cohesion, φ is angle of internal friction, a is
acceleration, v is velocity, and f is frequency.

Considering the influence of “rigid model box boundary
effect,” the model box boundary needs to be processed [22,
23]. In order to reduce the influence of boundary effect in
the direction perpendicular to horizontal vibration inside
the model box, 20mm thick XPS extruded plate with com-
pressive strength of 250 kPa and density of 35 kg/m3 is
adopted. This kind of foam plastic plate has the best com-
pressive performance. XPS extruded plate is always in a lin-
ear elastic state during the test loading process. The dynamic
elastic modulus of XPS extruded plate is 7~9MPa. A smooth
PVC film was pasted along the horizontal vibration direction
to reduce the friction between the side wall of the model box
and the soil. A layer of XPS extruded plate is laid on the two
sides parallel to the tunnel to reduce the reflection of waves
on the boundary surface. Seismic waves are input from the

PC control 
end

Shaking table

Vibration 
direction

Power supply
Hydraulic 

supply system

Cooling 
system

(a)

Flexlible
boundary

Sliding
boundary

Bottom friction
boundary

(b)

Figure 1: Shaker overview diagram. (a) Shaker system diagram. (b) Boundary processing diagram.

Table 2: Test similarity ratio.

Physical quantities
Similar

relationship
Design similarity

ratio

Length (l) Cl 1/100

Elastic modulus (E) CE 1/100

Density (ρ) Cρ 1

Time (t) Ct = CL
1/2 1/10

Poisson’s ratio (μ) Cμ 1

Stress (σ) Cσ = CECε 1/100

Strain (ε) Cε = ClCρCE
−1 1

Cohesion (c) Cc = CECε 1/100

Internal friction angle
(φ)

Cφ 1

Acceleration (a) Ca = ClCt
−2 1

Speed (v) Cv = ClCt
−1 1/10

Frequency (f ) Cf = Ct
−1 1/0.1
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bottom of the model box, so there should be no relative slid-
ing between the filling material and the bottom plate of the
model box. In order to ensure good bonding between them,
a layer of gravel soil 5 cm thick is laid on the bottom plate of
the model box to increase the friction force, and the particle
size of gravel is about 1 cm [14]. The bottom plate is treated
as friction boundary to limit and reduce the relative dis-
placement between the bottom and the soil. The boundary
processing diagram of shaking table model is shown in
Figure 1(b).

2.3. Test Similar Material Selection and Model Making. In
shaking table model test, the key to success lies in the prep-
aration of similar materials. The selection of similar raw
materials is also the first consideration in the preparation
of similar materials for rock mass. The mechanical proper-
ties of different rock strata can be changed by selecting dif-
ferent materials or changing their proportions. In order to
ensure that the slope similar materials prepared can meet
the needs of the test, the following principles are considered

in the selection of similar materials: (1) in the selection of
raw materials for similar materials, it is necessary to ensure
that the similarity of mechanical properties between the
similar materials and the prototype is higher, so that it
can better simulate the rock structure. (2) The physical
and mechanical parameters of samples prepared by one or
several similar materials have a large adjustable range.
Changing the ratio of one or several materials can change
the mechanical parameters of the samples. (3) Similar
materials used as casting models can still maintain good
stability when temperature, time, and other factors change.
(4) The raw materials used in the experiment come from a
wide range of sources and are cheap. (5) Raw materials are
harmless to human body and do not damage human health.

The raw materials selected for this test are quartz sand,
red clay, gypsum, talc, barite powder, water, and so on.
Quartz sand in similar raw materials can not only play the
role of skeleton support but also increase the internal friction
angle and bulk density of similar materials. Barite powder is
mainly used to increase the counterweight of model

(1) Material
preparation
and
weighing

(2) Material mixing
and specimen making

(3) Specimen
testing

Figure 2: Model similar materials and sample tests.

Table 3: Model similarity parameters.

Material
Quartz
sand
(g)

Red
clay
(g)

Barite
powder
(g)

Gypsum
powder
(g)

Talcum
powder
(g)

Water
(g)

Bulk
density

γ
(kNm-3)

Elastic
modulus
E (GPa)

Cohesion
c (kPa)

Internal
friction
angle φ

(°)

Tensile
strength

σt
(MPa)

The
compressive
strength σc
(MPa)

The
surrounding
rock

16 6 24 1 / 2 15.65 0.03 25.07 39.32 / 0.12

The sliding
body

70 / / 3 / 2 13.77 / 17.94 38.10 / /

Sliding zone 4 6 / / 7 4 12.51 / 5.68 39.81 / /

The lining 1.1 1 0.77 / / 0.05 0.58
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materials. Talc, gypsum, and red clay are used as auxiliary
adjusting materials to adjust the density, elastic modulus,
and compressive strength of similar materials. Water can
be used to regulate the cohesion of the material and control
the moisture content. The specific preparation of similar
material parameters is shown in Figure 2, and the obtained
similar model parameters are shown in Table 3.

According to geometric similarity, the maximum span of
the lining model is 19.3 cm, the height is 14.6 cm, and the
thickness is 0.6 cm. Tunnel lining is mainly formed by mix-
ing gypsum powder and water in a certain proportion, and
the proportion parameters are shown in Table 3. The effec-
tiveness of using gypsum as a similar material to simulate
C30 concrete has been confirmed in previous studies [24].
A 0.2mm diameter steel wire mesh is used to approximate
the annular main reinforcement and distributed reinforce-
ment in the lining structure. The tunnel model is shown in
Figure 3.

Before the model test, we designed the experiment in
advance. The height of the model is 110 cm, the width is
95 cm, the length is 160 cm, the slope of the front edge of
the overlying sliding body is 15°, the slope of the back edge
is 40°, the slope ratio of the whole sliding body is 1 : 1.5,
and the tunnel is in the middle of the main sliding section
of the landslide, 10 cm away from the sliding zone and
20 cm away from the bottom of the model. The model was
composed of three kinds of soil materials: the lower bedrock,
the middle slide zone, and the overlying slide body. The
model design is shown in Figure 4. We focus on the dynamic
response of landslide with tunnel under seismic action, so
the slip surface is set up in advance during model design.
In order to make the sliding process continuous, according
to the requirements of physical model test, referring to rel-
evant specifications [25, 26] and combined with the actual
guiding parameters of relevant engineering, the appropri-
ate proportion of similar materials in the sliding zone
was determined through indoor sample test, mainly meet-
ing the similarity of c and φ. The sliding-band similar
materials are simulated to meet the requirements, and
the cohesion and internal friction angle are similar. The
initial slip surface of slope is simulated by using similar
materials of slip zone, and the effectiveness of this method
to simulate the slip surface has also been confirmed in
previous studies [27].

When the shaking table test model was prepared, mate-
rials were first mixed according to the similar material ratio,
and then, the model materials were placed layer by layer,
each layer was 10 cm thick and tamped layer by layer. As
the model is filled, the tunnel structure is installed at the tar-
get position. The specific filling process is shown in Figure 5.
The full view of the model is shown in Figure 6.

2.4. Experimental Loading Scheme and Sensor Layout. EL
Centro wave was used in this experiment, which was the first
seismic wave with the maximum acceleration over 300 gal
captured in the United States in 1940 [28]. The loading
direction was loaded along the horizontal direction, and
the waveform used was the same each time during the load-
ing process, except that the peak acceleration increased. We
carried out three loads: case 1: 0.1 g low-intensity seismic
wave, case 2: 0.2 g medium-intensity seismic wave, and case
3: 0.4 g high-intensity seismic wave. The design of loading
conditions is shown in Figure 7.

Since the experiment focuses on studying the accelera-
tion transfer characteristics of landslide with tunnel, accel-
eration sensors are mainly used to monitor the dynamic
characteristics of slope during loading. Five sensors are
arranged in the slope body at the interface between land-
slide and sliding surface, numbered T20, T21, T15, T16,
and T8 from top to bottom. Three sensors are arranged
on the mountain side of the tunnel (axis 1-1), numbered
T7, T5, and T4, respectively, from top to bottom. Three
sensors, numbered T2, T13, and T6, were placed above
and below the tunnel vault. Three sensors, numbered T8,
T6, and T1 from top to bottom, are arranged on the river
side of the tunnel. The layout of measuring points is shown
in Figure 8.

Tunnel casting
model

𝜑d = 2

Longitudinal main
reinforcement

Circumferential main
reinforcement

Figure 3: Tunnel model.

Foam layer
Rigid model

box

Hauling sliding

Slope ratio 1:1.5
surface

Main-sliding

15°

3020

10

70

50

3510

110

160

120

Z

X

95

40° surface

Surrounding
rock

Landslide

Tunnel

Figure 4: Design drawing of shaking table test model (cm).
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3. Experimental Results and Analysis

3.1. Analysis of Acceleration Time-History Curve of Landslide
Deformation and Slide Zone Position. In order to study the
dynamic response of the landslide under the earthquake,
the acceleration response time-history curves of different
positions of the slide surface inside the slope were extracted
and analyzed in combination with the failure of the land-
slide. Figure 9 shows the slope failure and acceleration
time-history curve under the action of low-intensity earth-
quake (0.1 g), medium-intensity earthquake (0.2 g), and
high-intensity earthquake (0.4 g).

It can be seen from Figure 9(a) that, under the action of
low-intensity earthquake, the accelerated response at T15
and T21 on the slope reached the peak first and was more
intense than other positions and reached the peak later at
the top of the slope, the middle, and lower parts of the bro-
ken rock and the foot of the slope. Combined with the defor-
mation analysis of the slope body, the small cracks appear in
the middle of the landslide under the action of seismic waves
in the process of upward transmission. Partial spalling
occurred at the top of the slope, and smiling tensile cracks
occurred at the top and left and right sides. Local spalling
occurred at the foot of the slope.

With the further loading, under the action of moderate
earthquake, the peak acceleration of each position of the
slide zone almost reached the maximum at the same time,
and the peak acceleration of T16 position in the middle
and lower part of the landslide was the minimum, while
the peak acceleration of the middle and upper part of the
landslide was almost the same degree of intensity. Under
the action of earthquake, the damage of slope body shows
that the cracks of the upper slope body continue to expand,
the cracks of the top extend to the slope body, and the cracks
on the left and right sides extend to the sliding zone from top
to bottom. The slope surface gradually loosens under the
earthquake action and produces further spalling. Spalling

(1) Material
preparation

(2) Mix the
ingredients

(3) Model
filling

(4) Tunnel
buried

(5) Instrument
placement

(6) Filling
complete

Figure 5: Shaking table model filling process.

Landslide 
hauling section

Landslide 

Tunnel model

Landslide main-
sliding section

Bed rock

Figure 6: Overall view of the model.

Low-intensity
earthquakes

(i) X-direction
(ii) 0.1 g EL Centro

(i) X-direction
(ii) 0.2 g EL Centro

(i) X-direction
(ii) 0.4 g EL Centro

Medium
intensity

earthquakes

High-intensity
earthquakes

Figure 7: Design of loading conditions.
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at the foot of the slope is further enhanced, and a few accu-
mulations are formed at the bottom of the slope.

Under the action of high-intensity earthquake, the accel-
eration at each position of the landslide body reaches the
maximum value almost at the same time, the dynamic
response of the landslide body is more obvious, and the
destruction phenomenon at each position of the landslide
is more intense. The fracture depth of the upper slope grad-
ually increased and formed a “U” shaped groove on the
upper slope. The left and right sides of the slope extend from
the top of the slope through the slide zone to the middle of
the landslide, deep into the lower bedrock, and the length
of the fracture increases gradually. The spalling surface of
the slope extends from the foot of the slope to the central
slope. The exfoliation blocks from the upper and lower parts
of the slope form a large amount of accumulation at the toe
of the slope.

Combined with the acceleration time-history curves of
the measuring points of the slope and inside the slope, it
can be seen that under the action of different seismic inten-
sities, the peak acceleration of the measuring point T16 at
the top of the tunnel is always the minimum. This may be
because the existence of the tunnel makes the location be
buffered to a certain extent, so the earthquake damage at this
location is always minimal. This indicates that the existence
of tunnel has a certain damping effect on the slope. It can be
seen from the failure phenomenon of the upper slope and
the middle slope that there are large cracks and spalling slots
in these positions. Meanwhile, it can be found from the
acceleration time-history curve that the response to these
positions is the most obvious, indicating that the upper slope
and the middle slope may be the weakest positions in the
whole slope, which provides a certain basis for the reinforce-
ment of tunnel landslide.

3.2. Analysis of Time-History Curve of Acceleration in Slope
Bedrock. According to the above experimental phenomena
and the analysis of the acceleration time-history curve
arranged along the slip zone, it can be seen that after the
earthquake of different intensities, the tensile cracks gradu-
ally penetrate down into the surrounding rock along the
position of the slip zone and the slide body, making the
whole slope appear a downward sliding trend. Therefore,

in order to explore the dynamic response of different posi-
tions in the surrounding rock, measurement points at differ-
ent positions were selected for analysis. Here, we specify axes
1-1 (T4, T5, and T7), 2-2 (T2, T13, and T16), and 3-3 (T1,
T6, and T8) from inside the slope to outside. The time-
peak acceleration curves of the above axis positions were
selected for analysis.

Figure 10 shows the time-peak acceleration curves of dif-
ferent measuring points in bedrock under the action of
earthquakes of different intensities. Figure 10(a) shows the
time-peak acceleration curves of measuring points on differ-
ent axes in bedrock under the action of low-intensity earth-
quake. It can be seen from the figure that under the
excitation of low-intensity earthquake, the peak acceleration
appears the regular distribution with elevation increase.
However, there are great differences in peak time of each
axis. The peak time of each measuring point at axis 1-1 is
relatively close, while the peak time of each measuring point
at axis 2-2 and axis 3-3 is quite different after crossing the
tunnel. With the increase of earthquake intensity, combined
with Figure 10(b), under the action of moderate earthquake,
the peak time of each measuring point only fluctuates
slightly, which indicates that the tunnel setup has obvious
influence on the peak acceleration time, and the difference
of peak acceleration time under the action of moderate
earthquake is almost 0. In Figure 10(c), the time-peak accel-
eration curve appears similar to Figure 10(b), and this shows
that the time difference between peak accelerations is nearly
the same as the earthquake intensity increases.

Combined with the analysis of the location of each mea-
suring point, it can be seen that in the case of horizontal low-
intensity earthquake, seismic wave takes the lead to the posi-
tion 1-1 on the axis. Due to the low earthquake intensity, the
bedrock gives full play to its damping effect, resulting in a
slight difference in the peak arrival time of each measuring
point at the position 1-1 on the axis. As the horizontal seis-
mic wave is transmitted to the position 2-2 of the axis, due to
the existence of the tunnel, and the measuring point at T13
is close to the slip zone, the damping characteristics of this
position are changed, and the damping performance at the
lower T2 position is stronger, resulting in a large gap
between the peak time at the upper and lower positions of
the tunnel. When the horizontal seismic wave reaches posi-
tion 3-3, T6 is located in the middle of the tunnel, and the
tunnel gives full play to its damping effect as a structure,
resulting in a late peak time at this position. However, with
the increase of seismic intensity, the intensity has exceeded
the damping threshold of bedrock and tunnel, resulting in
the arrival time of peak acceleration at each location is basi-
cally the same.

3.3. Analysis of Acceleration Amplification Coefficients at
Various Positions in the Landslide Body. In order to explore
the characteristics of acceleration transfer in landslide with
tunnel, we further processed the acceleration peaks at each
position under various working conditions and defined the
ratio of the peak acceleration at each position to the peak
acceleration at T1 position at the bedrock bottom of slope
toe as acceleration amplification coefficient (PGA
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T13
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Figure 8: Layout of measuring points.
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amplification coefficient). The PGA amplification coeffi-
cients of internal axes 1-1, 2-2, and 3-3 and slope surface
of bedrock were selected for analysis.

Figure 11 shows the acceleration amplification coeffi-
cients of each side point at different axis positions in the
slope body. It can be seen from the figure that the accelera-
tion amplification coefficients of each axis position show a
relatively complex trend under the action of earthquakes of
different intensities. It can be seen from Figure 11(a) that
at axis 1-1, the acceleration amplification coefficients of each
measuring point under the action of low-intensity earth-
quake and high-intensity earthquake show a trend of ampli-
fication, while under the action of medium-intensity
earthquake, the acceleration amplification coefficients show
a trend of first decrease and then increase. It can be seen
from Figure 11(b) that the measuring points at the 2-2 posi-
tion of the tunnel axis show a trend of first increasing and
then decreasing under the action of earthquakes of different
intensity. At the position of axis 3-3, the accelerated amplifi-
cation coefficients of each measuring point show an increas-
ing trend under the action of low-intensity earthquakes,
while the accelerated amplification coefficients of each mea-
suring point show an increasing trend first and then decreas-
ing trend under the action of medium-intensity and high-
intensity earthquakes. Combined with the analysis of the
above phenomena, it can be seen that a complex seismic
wave field will be formed under the coupling action of differ-
ent input peak seismic waves and tunnels, and this wave field
will have a complex influence on the acceleration transmis-
sion of surrounding soil, especially in the position of mea-
suring points close to the tunnel.

Figure 12 shows the acceleration amplification coeffi-
cient of each measuring point at the interface between the
slip body and the slip zone. As can be seen from the figure,

under the earthquake of different intensities, the acceleration
amplification coefficient does not increase with the increase
of the height but decreases sharply at the position of 1/2 of
the slope height first and then increases sharply. After the
slope angle T15 position, the acceleration amplification coef-
ficient shows a relatively gentle or even decreasing feature
with the increase of the height. Combined with the position
analysis of each measuring point, it can be seen that the rea-
son for the rapid decrease is that the landslide has a strong
suppression effect on the horizontal seismic wave under
the coupling effect of seismic wave and tunnel. The acceler-
ation amplification coefficient at the angle of T15 increases
sharply. Compared with the acceleration amplification coef-
ficient at the measured point above it, it indicates that the
small topographic gap is likely to cause the surge of horizon-
tal seismic acceleration at the interface between the slip zone
and the slip body. This can also be effectively verified by the
deformation characteristics of the landslide in Figure 9(c).
After the earthquake, the tensile crack of the landslide
extends to the corner position of the lower part of the slope.
From the above analysis, it can be seen that in the landslide
with tunnel under earthquake action, the corner position at
the interface between the slide zone and the slide body is
the weak link in the slope, and the effective suppression of
vibration intensity at this position is the key to prevent land-
slide damage, which provides a reference for the reinforce-
ment of the landslide with tunnel.

3.4. Correlation Analysis of Spectrum Amplitude Changes. In
order to further explore the transfer characteristics of accel-
eration in tunnel landslides, the spectral amplitude feature
points were extracted by Fourier transform, and the correla-
tion of seismic acceleration responses was analyzed by

25

50

75

100

35 70 105 1400 5 10 15 20 25 30 35 40 45 50

–1.6
0.0
1.6
3.2

–1.2
0.0
1.2
2.4

–3.2
–1.6

0.0
1.6

–3.2
–1.6

0.0
1.6
3.2

–1.7
0.0
1.7
3.4

19.21

19.21

19.21

2.5216

19.21

T (s)

19.028

1.988

A
cc

el
er

at
io

n 
(m

/s
2 )

2.7584

2.6872

2.6044

A large number of slope
toe accumulations 

Slope failure

Transverse crack

The extension of 
trailing edge 
tensile cracks

T8
T16

T15
T21
T20

(c)

Figure 9: Time-history curves and deformation characteristics of slope in-plane acceleration under different earthquake intensities. (a)
Acceleration time-history curve and deformation characteristics of slope under low-intensity earthquake. (b) Acceleration time-history
curve and deformation characteristics of slope under moderate earthquake. (c) Acceleration time-history curve and deformation
characteristics of slope under high-intensity earthquake.

9Geofluids



statistical principles. Figure 13 shows the amplitude scatter
matrix of different measuring points in the slope.

According to the amplitude scatter matrix analysis of
each measuring point at the interface between the sliding
body and the sliding zone in Figure 13(a), it can be seen that
there is a positive correlation between seismic responses at
all levels, and the correlation coefficient is relatively high.
The seismic response at the junction of the slide body and
the slip belt was 0.1 g and 0.2 g, the correlation coefficient
of 0.4 g was 0.98656 and 0.95499, and the correlation coeffi-
cient of 0.2 g and 0.4 g was 0.98557. Earthquakes of all mag-
nitudes have a high correlation coefficient with foreshock,

which indicates that the occurrence of foreshock directly
affects the acceleration response of post-first-order earth-
quakes to landslides containing tunnels. The landslide fail-
ure process mentioned above can be verified. After the
foreshock response, the second-order ground motion
response has serious damage to the upper slope body when
the vibration response occurs everywhere, and tensile cracks
extend from top to bottom to the interior of bedrock.

As can be seen from Figure 13(b), the correlation coeffi-
cient between 0.1 g and 0.2 g ground motion responses at
each axis inside the bedrock is 0.89066, and the correlation
coefficient between 0.2 g and 0.4 g ground motion responses
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Figure 10: Time-peak acceleration curves of different measuring points in bedrock under different earthquake intensities. (a) Time-peak
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is 0.9533, indicating that there is a high correlation between
adjacent seismic responses when earthquakes occur in the
bedrock. The correlation coefficient between 0.1 g and 0.4 g
ground motion responses is 0.7641, indicating that there is a
significant correlation between the two ground motion
responses. As can be seen from the landslide failure mentioned
above, when the ground motion response is 0.1 g, only the
upper slope body is damaged, and the lower bedrock is always
in a relatively stable state. When the ground motion response
reaches 0.4 g, tensile cracks appear in the middle and lower
slope body, so the correlation coefficient between 0.1 g and
0.4 g of ground motion response decreases slightly.

The above analysis shows that the correlation coefficient
between ground vibration responses is high in the failure
process of the landslide-containing tunnel. If the accelera-
tion response of the preseismic response to the landslide-
containing tunnel is not considered, the acceleration
response of the post-first-order seismic response to the slope
and the structure will be lower than the real value.

4. Discussion

Through the above analysis, it is found that the slope with
tunnel landslide shows very obvious variation characteristics
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Figure 11: Acceleration amplification coefficients of axes in bedrock under earthquake of different intensities. (a) Acceleration amplification
coefficient of axis 1-1 under different intensity earthquake action. (b) Axis 2-2 position acceleration amplification coefficient under different
intensity earthquake action. (c) Acceleration amplification coefficient of axis 3-3 under different intensity earthquake action.
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to the earthquake. Combined with the previous studies [29]
on the dynamic response of the slope without tunnels under
the action of earthquakes, there is a large gap between the
acceleration amplification coefficient curve of the slope sur-
face in the previous research and the slope acceleration
amplification coefficient curve presented in Section 3.3. In
the past, the slope magnification factor for slopes without
tunnels showed a gradually increasing trend with the eleva-
tion, while the slope acceleration magnification factor curve
shown in Section 3.3 showed a significant decrease and
then gradually increased with the elevation. Therefore, it
can be foreseen that the existence of the tunnel may change
the failure mode of the slope to a certain extent. In addi-
tion, some previous studies on failure modes of slopes
without tunnels are summarized, as shown in Table 4. In
order to further explore its change law, we select A20,
A21, A15, A16, and A8 measuring points located inside
the slope for HHT transformation [30–33], and the mar-
ginal spectrum of the above measuring points is extracted
to analyze the energy variation characteristics in the fre-
quency domain of the transmission process of seismic wave
in the landslide surface.

4.1. HHT and Marginal Spectrum Theory. HHT transform is
a random signal processing method proposed by Huang
et al. [31]. Here, we briefly describe the HHT transforma-
tion. First, we need to perform empirical mode decomposi-
tion of the original signal, and after EMD decomposition,
several order intrinsic mode functions (IMF) with frequency
distribution from high to low can be obtained from a com-
plex random time series; then, we perform Hilbert transfor-
mation on each IMF. Finally, the instantaneous frequency,
Hilbert spectrum, and Hilbert marginal spectrum of each
order of the original complex random time series are
obtained. The acquisition process is as follows:

The initial processed acceleration data XðtÞ is subjected
to empirical mode decomposition (EMD) to obtain a series
of intrinsic mode function (IMF) components of XðtÞ,
denoted as YðtÞ:

Y tð Þ = 1
π
P
ð+∞
−∞

X t ′
� �

t − t ′
dt ′: ð7Þ

The obtained YðtÞ is used to construct the analytical sig-
nal, which is recorded as ZðtÞ, and the analytical equation is
derived to obtain the instantaneous frequency spectrum
curve of IMF. The process is as follows:

Z tð Þ = X tð Þ + iY tð Þ = a tð Þeiθ tð Þ, ð8Þ

where aðtÞ = ½X2ðtÞ + Y2ðtÞ�1/2 is the instantaneous ampli-
tude, θðtÞ = arctan ½YðTÞ/XðtÞ� is the instantaneous phase,
and instantaneous frequency is ωðtÞ = dθðtÞ/dt; then, we
can derive

Z tð Þ = 〠
n

j=1
aj t, ωj

À Á
ei
Ð
ω j tð Þdt: ð9Þ

The Hilbert spectrum Hðt, ωÞ can be obtained by com-
bining all IMF amplitudes decomposed by XðtÞ in the
time-frequency domain.

H t, ωð Þ = 〠
n

1
aj t, ωð Þ: ð10Þ

Equation (11) characterizes the distribution of signal
energy in the time-energy-frequency three-dimensional
space defined as Hilbert spectrum Hðt, ωÞ. Integrating Hil-
bert spectrum on the timeline yields a marginal spectrum h
ðt, ωÞ:

h t, ωð Þ =
ðT
0
H t, ωð Þdt: ð11Þ

When the seismic wave is transmitted in the landslide
(slope), if there is earthquake damage in a certain part, then
the energy cannot be transmitted completely there, and the
loss of energy will cause the sharp fluctuation and mutation
of the marginal spectrum [33]. Based on this, we analyze the
marginal spectrum of landslide with tunnel.

4.2. Marginal Spectrum Analysis of Each Measuring Point
near the Sliding Surface under Different Earthquakes.
Figure 14 shows the marginal spectrum curve of the measur-
ing points near the landslide surface with tunnel. As can be
seen from the figure, the marginal spectrum curve of land-
slide sliding surface under the action of low-intensity earth-
quake is obviously different from that under the action of
medium-intensity and high-intensity earthquake. Under
the action of low-intensity earthquake, the marginal spectral
peak at T21 in the middle of the slope is obviously stronger
than that at other locations, and the marginal spectral peaks
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of T20, T21, and T15 near the slope sliding surface from top
to bottom are close under the action of medium- and high-
intensity earthquakes. It is worth noting that with the
increase of earthquake intensity, the marginal spectrum peak
at each position increases in different intensities; however, at
T21 in the middle of the slope, abnormal characteristics
appear during the action of low-intensity earthquake and
medium-intensity earthquake, and the marginal spectral
peak at this location under the action of low-intensity earth-
quake is greater than that under the action of medium-
intensity earthquake. This indicates that the middle part of
the slope may be the most sensitive part of the landslide
mass containing tunnel, and under the action of low-
intensity earthquake, the seismic damage may reach a cer-
tain damage intensity, so that the damage at this location
will not be enhanced under the action of slightly strong
earthquake. At the same time, the peak value of marginal
spectrum at T16 at the top of the tunnel is the smallest under
the action of earthquakes of all intensities. This shows that
the seismic damage suffered by this location during earth-
quake is the smallest, and the existence of the tunnel has a
certain damping effect on the surface of the above slope.
This corroborates with the content of Section 3.

4.3. Analysis of Energy Variation Characteristics of Marginal
Spectrum in Frequency Domain under Different Intensity
Earthquakes. In order to further reveal the above contents,

we extracted and analyzed the marginal spectral peak
(PMSA) and characteristic frequency (f ) of each measuring
point near the sliding surface of the slope. Based on the
research of previous scholars [32], the energy variation char-
acteristics in frequency domain of seismic wave transmission
process at each position of sliding surface of landslide mass
with tunnel under horizontal earthquake are explored.

Figure 15 shows the marginal spectral peak and charac-
teristic frequency curve of each measuring point under the
action of earthquakes with different intensities. According
to the analysis in Figure 15(a), under the action of low-
intensity earthquake, the marginal spectral peaks and char-
acteristic frequencies at T8, T16, and T15 in the downhill
are basically stable with the increase of relative elevation. It
shows that these locations were not damaged by low-
intensity earthquake, and this may also be because the tun-
nel has a certain damping effect on this position. The T21
measuring point in the middle of the slope has obvious
abrupt changes in the peak value of the marginal spectrum,
and the characteristic frequency decreases. It shows that
the seismic response of seismic wave at this location is obvi-
ously different from that of other measuring points under
the action of low-intensity earthquake. The marginal spec-
tral peak and characteristic frequency at the measuring point
T20 decrease, and it shows that there is seismic damage at
the position between relative elevation 0.75 and 0.875. With
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Figure 13: Amplitude scatter matrix. (a) Amplitude scatter matrix of measuring points on interface between slip zone and slip body. (b)
Amplitude scatter matrix of each measuring point in bedrock.

Table 4: Failure mode of slope without tunnel.

Author The types of slope body Failure mode

Yu [34] Loess slope with structural joints
Push on failure

The collapse of destruction

Yang [35] Foundation and overlay slope

Overall pull fracture of slope top-shear failure of slope foot

Slope foot collapse-internal fracture of soil-sliding failure of sliding body

Trailing edge tension-soil internal fracture-slope shear failure

Wang [36] Gravel soil slopes and clay slopes Push type failure
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the increase of earthquake intensity (as shown in
Figure 15(b)), the threshold reached by the damping effect
of the tunnel. The peak value of the marginal spectrum of
T16 measuring point at the middle and lower measuring
points suddenly decreases, seismic energy cannot be
completely transmitted in the wave body [33], and its char-
acteristic frequency also mutated. This shows that the area
between measuring point T8 (relative elevation 0.42) and
measuring point T16 (relative elevation 0.5) has been dam-
aged by earthquake under the action of medium-intensity
earthquake (which can be effectively confirmed from the

damage diagram in Figure 9(b). The marginal spectral peak
and characteristic frequency at the measuring point T15
suddenly change, the middle slope is also further damaged
under the action of medium-intensity earthquake, and the
marginal spectral peak and characteristic frequency of the
middle and upper slope are also slightly lower than those
of the previous earthquake, which indicate that the seismic
damage is also developing further. With the further increase
of earthquake intensity (as shown in Figure 15(c)), its earth-
quake damage is similar to that of medium-intensity earth-
quake; however, the characteristic frequency of the middle
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Figure 14: Marginal spectrum curve of each measuring point near the sliding surface under the action of earthquakes with different
intensities. (a) Marginal spectrum curve of each measuring point under low-intensity earthquake. (b) Marginal spectrum curve of each
measuring point under medium-intensity earthquake. (c) Marginal spectrum curve of each measuring point under high-intensity
earthquake.
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and upper slope (measuring points T15, T21, and T20) does
not change, indicating that the middle and upper slope may
have reached the critical limit of failure.

As can be seen from the above analysis, under the action of
low-intensity earthquake, seismic damage occurs between the
middle and upper parts of the slope (relative elevation
0.875~0.75), the seismic response of the middle slope (relative
elevation 0.54~0.75) is different from that of other locations,
and spalling blocks appear on the middle and upper slope.
Under the action of moderate intensity earthquake, earth-
quake damage began to appear between the middle and lower

slopes (relative elevation 0.42~0.5), the earthquake damage of
the middle and upper slopes was further strengthened, the
cracks in the middle and upper slope develop downward, the
slope body tilts forward, and the spalling of the slope surface
is enhanced. A large area of spalling occurs on the middle
and lower slope, forming slope toe accumulation. Under the
action of high-intensity earthquake, the seismic damage of
the whole slope continues to increase, the middle and upper
slope spall to form a depression, and the failure of the middle
and lower slopes extends upward. A large amount of slope toe
accumulation is formed at the slope toe.
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Figure 15: Marginal spectrum peak and characteristic frequency curve of each measuring point near the sliding surface under the action of
earthquakes with different intensities. (a) Marginal spectrum peak and characteristic frequency curve of each measuring point under low-
intensity earthquake. (b) Marginal spectrum peak and characteristic frequency curve of each measuring point under medium-intensity
earthquake. (c) Marginal spectrum peak and characteristic frequency curve of each measuring point under high-intensity earthquake.
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Combined with the above analysis, the failure sequence
of landslide with tunnel is as follows: failure of middle and
upper slope→middle and lower slope fragmentation→the
middle slope slides out; the failure mode can be summarized
as extrusion and sliding out of the middle slope.

5. Conclusions and Recommendations

In order to study the dynamic characteristics of landslide
with tunnel under horizontal seismic action and to provide
reference for the reinforcement of landslide with tunnel,
we carried out shaking table test of landslide-containing tun-
nel and extracted the acceleration response of the interface
between landslide and slip zone and bedrock before and
after tunnel. Through analysis of deformation characteris-
tics, acceleration time-history curve, and spectrum charac-
teristics of slope and correlation analysis of seismic
response of various intensities, the results showed the
following:

(1) Under the action of earthquakes of different inten-
sity levels, the existence of tunnels has a certain effec-
tive damping effect on the upper landslide. In the
landslide-containing tunnels, the upper slope is seri-
ously damaged, and the lower slope foot is spalling
and forming a large amount of accumulation at the
slope foot, while the earthquake damage of the mid-
dle slope is always the least. Therefore, the middle
and upper slope may be the weakest part of the
landslide

(2) The tunnel and bedrock play a certain damping role
in the transmission of low-intensity seismic waves,
especially in the impact on the peak acceleration
time of soil around the tunnel. The peak acceleration
times in the bedrock in front of the tunnel are basi-
cally the same under the action of horizontal low-
intensity seismic waves, but there is a big difference
in the peak acceleration times under the coupling
action of bedrock and tunnel after the local seismic
waves pass through the tunnel. With the increase of
earthquake intensity, the damping threshold of tun-
nel and bedrock reaches its limit, and the peak accel-
eration time is basically the same

(3) Under the coupling action of horizontal seismic
wave with different peak value and tunnel, seismic
wave will form complex seismic wave field. Under
the coupling effect of tunnel and seismic wave, the
acceleration amplification coefficient around the
tunnel appears irregular distribution. At the interface
between slip zone and slip body, the acceleration
amplification coefficient of slope first decreases and
then increases with elevation and basically remains
unchanged when it reaches the angle position of
slope 1/2 height. This indicates that the horizontal
seismic action will be greatly affected in the position
of stress concentration with tunnel landslide angle,
and there should be effective damping structure in

this position during the reinforcement of tunnel
landslide

(4) There is a high correlation between seismic
responses at all levels. When the preseismic response
to the acceleration response of the landslide-
containing tunnel is not considered, the acceleration
response of the post-first-order seismic response to
the slope and the structure will be lower than the real
value. The continuous effect of fore shock response
should be considered in seismic reinforcement of
landslide-containing tunnel

(5) The sequence of failure of landslide mass containing
tunnel is as follows: failure of middle and upper slo-
pe→middle and lower slope fragmentation→the
middle slope slides out; the failure mode can be sum-
marized as extrusion and sliding out of the middle
slope
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