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/is paper presents the seismic dynamic response and spectrum characteristics of an orthogonal overlapped tunnel by shaking
table tests. First, a prototype of the engineering and shaking table test device, which was used to design details of the experiment,
was developed. /en, the sensors used in the test were selected, and the measurement points were arranged. Subsequently, the
Wenchuan seismic wave with horizontal direction in different peak ground accelerations was inputted into the model, followed by
a short analysis of the seismic response of the overlapped tunnel in the shaking table test as well as the distribution of the peak
acceleration. /roughout the studies, the model exhibited obvious deformation stages during the seismic wave loading process,
which can be divided into elastic, plastic, plastic enhancement, and failure stage. In particular, the time- and frequency-domain
characteristics of the key parts of the tunnel were discussed in detail by using the continuous wavelet transform (CWT) based on
theMorlet wavelet as the basis function.We found that the acceleration response was more intense within 25–60 s after the seismic
wave was inputted. Furthermore, owing to “the superposition effect,” the seismic response at the crown of the under-crossing
tunnel was stronger than that at the invert of the upper-span tunnel. /e low and medium frequencies in the transformation of
small scales (5–20) significantly affected the overlapped tunnel. /ese results elucidate the seismic dynamic response of the
overlapped tunnel and provide guidance for the design of stabilizing structures for reinforcing tunnels against earthquakes.

1. Introduction

With the development and utilization of underground space,
three-dimensional intersections or close constructions be-
tween tunnels inevitably occur [1–3]. However, the over-
lapped tunnel, which differs from the conventional single
tunnel, is relatively complex under the action of seismic
loading because of its relatively ambiguous load and sen-
sitivity to the surrounding environment. Additionally,
owing to their unique features, overlapped tunnels are often
subjected to the interactions of multiple seismic waves such
as incident, reflection, and diffraction waves simultaneously
under the action of seismic loading [4–6]. Hence, it is
important to study the dynamic response of the overlapped
tunnel under seismic loading.

In general, theoretical analysis, numerical analysis, and
physical modelling are commonly used for evaluating the

seismic performance of underground structures, which have
been studied by many researchers. /e pioneering study in
the theoretical analysis of the seismic response of the tunnel
was performed by St. John and Zahrah [7], and their theory
is still used in subsequent studies [8–11]. /ey presented an
advanced review of the current understanding of the seismic
behavior of tunnels. According to their theory, the seismic
performance and damage characteristics of tunnel structures
differ from those of aboveground structures. Numerical
analysis has also been used to examine the mechanical and
deformation characteristics of tunnels under seismic loading
[12–15]. /rough numerical analysis, the tunnel response
can be simulated, and the results can be compared with
model test and field test results, which is one of the most
used methods for seismic response analysis in tunnel en-
gineering. Additionally, numerical simulations of the seis-
mic response of double-deck overlapped tunnels of subways
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were performed by Jiang et al. [16] and Wang et al. [17] who
focused on the effects of the cross form and input seismic
waves on the seismic response characteristics of the subway
tunnel.

Physical modelling is an important method for evalu-
ating the earthquake resistance of underground structures
[18, 19]. Generally, a shaking table test is used, which can
reproduce recorded ground motions or input artificial
seismic waves. /is is the most direct way to study the
dynamic characteristics of structures, failure mechanisms,
and seismic measures. For instance, Wang et al. [20] and
Jiang et al. [21] performed shaking table tests to study the
seismic performance of space-parallel overlapped tunnels
under different seismic waves, loading directions, and
amplitudes. /e results indicated that the amplification
coefficient of acceleration in Z direction was generally
larger than that in X direction, and the seismic responses at
different sections of the tunnel were significantly different.
Chen et al. [22] and Zhao et al. [23] studied the overlapped
subway tunnel by using the gypsum tunnel model and
found that the peak strain and degree of damage on both
sides of the tunnel model were distributed in the shape of an
“S” along the height direction. Additionally, the seismic
response exhibited a significant spatial effect in all parts of
the tunnel. /is conclusion was also drawn by Kawamata
et al. [24] and Wang et al. [25] in experimental studies.
Furthermore, MasoudRabeti et al. [26] examined the in-
fluence of the circular tunnel on the amplification mode of
ground motion and analyzed the effects of the shear wave
velocity of the soil, input motion frequency, flexibility ratio,
tunnel depth, and other parameters on the amplification
mode. Liu et al. [27] carried out a large-scale shaking table
test to study the seismic response of crossing tunnel, and
the acceleration and strain showed different dynamic re-
sponses, which were verified by numerical analysis
subsequently.

Although scholars have conducted numerous studies,
our understanding of the dynamic characteristics of the
overlapped tunnel, as well as their variation with the ap-
plication of seismic loads, remains poor. In some cases, the
studies focused on a single-line tunnel or metro shield
tunnel, and the research methods mainly involved theo-
retical analysis and numerical simulation. Research on the
overlapped tunnel has not achieved substantial break-
throughs, and the related research results are rarely pub-
lished. /erefore, to elucidate the seismic dynamic response
of the overlapped tunnel and improve the reliability of the
dynamic parameters of overlapped structures, a series of
shaking table tests were performed for the overlapped
tunnel. /e remainder of this paper is organized as follows.
First, details regarding the model and similar materials are
presented, including the similarity ratios, dimensions of the
model box, model parameters, and surrounding rock ma-
terials. /e subsequent sections describe the sensors in-
cluded in the tests, the arrangement of the measurement
points, and the direction and peak ground acceleration
(PGA) of the input seismic waves. Furthermore, the shaking
table test results are presented in detail, and the time- and
frequency-domain characteristics of the key parts of the

tunnel are discussed. Finally, the seismic responses and
seismic properties of the overlapped tunnel are summarized.

2. Experiment Setup

2.1.EngineeringPrototype. Strawberry ditch tunnel No. 2 is a
single-hole and double-line tunnel with a total length of
4262m and a buried depth of 20–150m. /e total length of
the Pandaoling Highway tunnel is 620m, with a buried
depth of 17.5–106.5m. Strawberry ditch tunnel No. 2 un-
derpasses the Pandaoling Highway tunnel (hereinafter re-
ferred to as the upper-span and the under-crossing tunnels,
respectively) at TJLDK158 + 161, with a clear structure
distance of only 7.47m. /is is a spatial orthogonal over-
lapped tunnel, as shown in Figure 1.

In Figure 1, the red lines on the bottom and left represent
Strawberry ditch tunnels No. 1 and No. 2, respectively; the
red line on the right represents Pandaoling tunnel; the blue
line represents Jinjiangshan tunnel; the purple lines on the
top represent the left and right lines of Pandaoling Highway
tunnel; and the arrow indicates the main research object of
this paper; namely, Strawberry ditch tunnel No. 2 under-
passes the left line of Pandaoling Highway tunnel.

We used a TRT6000 advanced geological detector to
forecast the geological conditions in the cross-affected zone.
/e surrounding rock was mainly composed of mixed
granite with different degrees of weathering and developed
joint fissures, and the rock mass was massive and frag-
mentary, with Vs of 1000m/s and Vp of 2600m/s. /e
crossing section where the tunnel was located had a varied
topography and belonged to a hilly geomorphic unit. /e
maximum elevation of the mountaintop was approximately
154m, and the maximum freezing depth of soil in the
crossing section was 1.2m. According to the relevant Chi-
nese criterion “Code for Design of Railway Tunnels (TB
10003–2016)” and “Earthquake Parameter Zoning Map of
China (2015) (GB18306),” the surrounding rock condition
was set as grade IV, and the site area corresponded to the
basic seismic intensity of grade VII, which might have
caused destructive earthquakes.

2.2. Similarity Ratios. Generally, for studying the seismic
responses of tunnels, gravity distortion models are often
used, because of the difficulty of adding additional weights
[28]. Considering the dimensions of the model box and the
depth of the tunnel, the following basic parameters were
used: the geometric dimension L (CL � 1/50), elastic
modulus E (CE � 1/30), and density ρ (Cρ � 1/1). /e
similarity ratios of other physical parameters were derived
using the Buckingham π theorem [29], as shown in Table 1.

2.3. Similar Materials of Surrounding Rock and Lining.
Owing to the complexity of the material properties of the
surrounding rock, it is difficult for the dynamic model tests
to fully comply with the similarity theorem. For the selection
of the surrounding rock materials, the physical and me-
chanical parameters that affected the seismic response were
mainly considered: the bulk density, cohesion, internal
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friction angle, elastic modulus, and so forth. To improve
efficiency, orthogonal design is used to set the comparison
group test; that is, only a single parameter is changed each
time. /e physical and mechanical parameters are deter-
mined by direct shear test and triaxial test (Figure 2) on
similar materials with different mix ratios, which are pre-
sented in Table 2.

Finally, a mixture of cement, coarse sand, soil, and water
at a weight ratio of 0.5 :12 : 5 : 2 was used to simulate the
surrounding rock. /e lining structure of the tunnel was
made of a mixture of gypsum, quartz sand, and water, with a
ratio of 1 :1.5 : 2. /is method of mixing the surrounding
rock has also been used in previous studies, and its effec-
tiveness has been validated [30, 31].

2.4. Design of the Model. In this study, the overlapped
tunnels were selected as the reference model, and the tests
were performed using the servo-driven seismic simulation
shake table system of the Lanzhou Institute of Seismology of
the China Earthquake Administration [32]. /e relevant
parameters of the shaking table system are presented in
Table 3.

/e size of the model box was 2.80m (length)× 1.40m
(width)× 1.80m (height), and both sides were composed of
U-shaped steel plates and plexiglass. A grid was used to divide
the sidewall of the glass, which was convenient for observing
the test phenomena and facilitated the sensor installation and
removal. A polystyrene foam board was adhered to the back
of the model box to prevent the reflection of seismic waves
caused by rigid boundaries. To reduce the boundary effect of
the model box, the bottom of the box was covered with 5 cm
thick grit and crushed stone particles and was treated as a
friction boundary to prevent the model and box from sliding
against each other. A smaller polystyrene foam board adhered
to the tunnel portal, which was treated as a sliding boundary
to prevent the vibration of the box from affecting the tunnel
structure. Additionally, the sidewall of the box was brushed
with a layer of butter to eliminate its friction constraint. /e
width of the tunnel is 10m, and the clearance between the two
tunnels is 7.47m in the engineering prototype. /erefore,
according to the geometric dimension ratio CL � 1/50, the
tunnel width used in the model test is 20 cm, the clear
structure distance between the two tunnels is 15 cm, and the
tunnel length is 130 cm.

Pandaoling Highway tunnel

(upper-span tunnel)

(upper-crossing tunnel)

Exit:
TJLDK159 + 227

Entrance:
TJLDK154 + 965

Pandaoling Highway tunnel

TJLDK158 + 161

Strawberry ditch tunnel No.2

Strawberry ditch tunnel No.2

Strawberry ditch tunnel No.1

Pandaoling tunnel

Jinjiangshan tunnel

Figure 1: /e spatial location of the overlapped tunnel.

Table 1: Similarity relations and similarity constants.

Model composition Physical parameters Similarity relations Similarity constants

Basic parameters
Length (L) Cl 1/50
Density (ρ) Cρ 1/1

Elastic modulus (E) CE 1/30

Derived parameters

Model material parameters

Stress (σ) Cσ �CECε 1/30
Strain (ε) Cε � 1 1/1

Poisson’s ratio (μ) Cμ � 1 1/1
Internal friction angle (ϕ) Cϕ � 1 1/1

Seismic response parameters

Time (t) Ct �Cρ
0.5CE

−0.5CL 1/9.129
Displacement (d) Cd �CL 1/50

Velocity (v) Cv �Cρ
0.5CE

−0.5 1/0.183
Acceleration (a) Ca �Cρ

−1CECL
−1 1/0.6
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To study the similarities and differences of the seismic
responses of different cross-shaped three-dimensional
tunnels under the same frequency and working conditions,
the model was set up with the left and right sides (or-
thogonal- and oblique-type, respectively). /is paper mainly
focused on the orthogonal overlapped tunnel, and the
similarities and differences of the oblique overlapped tunnel
will be shown in other articles. /e orthogonal overlapped
tunnel model was laid out when the model box boundary
processing was completed. Details are as follows: (1) /e
mixed surrounding rock material was filled in layers and
compacted with tamping hammer./e density and moisture
content of surrounding rock materials at different positions
were selected to ensure the consistency of soil parameters
from top to bottom. (2) /e under-crossing tunnel was

placed perpendicular to the left and right sidewalls of the
model box after filling to a distance of 20 cm from the
bottom of box. (3) Simultaneously, the corresponding ac-
celerometers were embedded. (4)/e upper-span tunnel was
then placed parallel to the left and right sides of the model
box after layering and filling 15 cm. (5) Finally, the slope
shape was built according to a slope ratio of the engineering
prototype (1 : 2). /e model layout is shown in Figure 3.

2.5. Accelerometer Arrangement and Measurement Points.
TST120A500 accelerometers with a sensitivity of 500mV/g,
a measurement range of 10 g, and a frequency response
range of 0.2–2500Hz were used in the test. We mainly
studied the dynamic response characteristics of the peak
acceleration at the crown and invert of the upper-span and
under-crossing tunnels in the orthogonal cross structure.
/e crown and invert of Strawberry ditch tunnel No. 2
(under-crossing tunnel) and the Pandaoling Highway tunnel
(upper-span tunnel) were selected as the targets of the study.
Accelerometers were arranged in the corresponding sec-
tions. To avoid the difference in the analysis results for the
seismic response caused by the shape of the tunnel and
consider both economy and timeliness, circular tunnels were
used instead of hoof tunnels in the test [33]. /e acceler-
ometers were arranged symmetrically, as shown in Figure 4.
Accelerometers of the upper-span tunnel were labeled as SA
(crown: SA1–3, invert: SA4–6), and the under-crossing
tunnel accelerometers were labeled as XA (crown: XA1–3,
invert: XA4–6).

2.6. Design of Seismic Wave Loading. We considered the
design of the dynamic response of the overlapped tunnel
under various seismic intensities and various working

Table 2: Physical and mechanical parameters of similar materials.

Similar material Physical and mechanical
parameters Elastic modulus, E (GPa) Density, ρ

(kg/m3) Cohesion, c (kPa) Internal friction angle,
ϕ (°)

Surrounding rock Prototype 1.3–6 2000–2300 200–700 27–39
Model 0.14 2270 10.47 34.80

Lining structure Prototype 31.5 2300 / /
Model 1.05 2180 / /

Table 3: Parameters of the shaking table system.

Parameters Technical
specification

Table size (m) 4× 6
Maximum bearing capacity (t) 25

Loading direction

Horizontal (X),
vertical (Z),

horizontal–vertical
(XZ)

Range of operating frequency (Hz)
X 0.1–70
Z 0.1–50
XZ 0.1–50

Maximum acceleration (g)
X 1.7
Z 1.2
XZ 1.2

Maximum displacement (mm)
X ±250
Z ±100
XZ ±150

(a) (b) (c)

Figure 2: Test systems: (a) ZJ direct shear test system; (b) sample preparation; (c) the results of test.
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Similar materials of
surrounding rock

Pandaoling Highway tunnel
(upper-span tunnel)

Strawberry ditch tunnel No.2
(under-crossing tunnel)

Polyethylene foam board

Gravel and coarse sand in
the bottom layer

Z

X

Unit: m

1.40 2.80

1.
80

(a)

X direction

Z direction Z direction

Shaking table system

6m4m

Working frequency: 0.1~70Hz in X direction, and 0.1~70Hz in Z and XZ directions

(b)

Le� panel-the orthogonal
overlapped tunnel

Right panel-the oblique
overlapped tunnel

Pandaoling Highway tunnel
(upper-span tunnel)

Strawberry ditch tunnel No.2
(upper-crossing tunnel)

Tabletop acceleration sensor

A0

Shaking table system

1.30

0.
15

0.
20 A3

A2

A1 X

Z

1.
80

2.80
Unit: m

(c)

Figure 3: Layout of the test model: (a) sketch map; (b) shaking table system; (c) model map.
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conditions in the shaking table test of this subject. During
the loading process, sine waves, EL Centro in X and XZ
directions, and WC waves in X and XZ directions were
input, respectively, as shown in Figure 5. What we need to
clarify is that, from the beginning of the test to the complete
destruction of the model, the model has not been artificially
restored to the initial state, and the overall model dynam-
ically changes with the working conditions. However, owing
to time and energy, we have currently only carried out a
complete analysis of the X-directional WC wave with a
relatively strong response after preliminary data processing
and screening. /e WC waves were recorded at Tangyu
during the 2008 WC earthquake (Ms8.0) in Sichuan, China,
whose original PGA and fault distances were 0.55 g and
10.1 km, respectively [34, 35]. /e time history and Fourier
spectrum of the WC wave are shown in Figure 6.

/e test model was applied to 11 excitation cases, and the
WC wave was inputted in the horizontal (X) direction. /e
maximum input acceleration of the input seismic wave was
0.1 g, 0.15 g (seismic intensities of grade VII), 0.2 g, 0.3 g
(grade VIII), and 0.4 g (grade IX), respectively, as shown in
Table 4. It was set according to the principle of low seismic
accelerations, followed by high seismic accelerations. Ad-
ditionally, to test the dynamic characteristics of the system
and study the damage of the system with the input seismic
wave, a sine sweep (with maximum input acceleration of
0.05 g) was inputted, while the amplitude of the input
seismic wave was changed.

3. Experiment Results

3.1. Verification of the Boundary Condition. Combined with
previous studies, Chen et al. [36] and Wu et al. [37] through
calculation, analysis, and testing had shown that the flexible
container can reproduce the prototype response well and
had a lighter weight, which could meet the requirements of
multidirectional vibration testing and weakened the
boundary effect. Since the rigid model box was used in this
test, two measures were taken to control the boundary
condition design: (1) Control the plane size of the structure
model. Generally, when the ratio of the foundation plane size
to the structure plane size is greater than 5, the error of the
numerical calculation results caused by the lateral boundary

is small and tends to be stable. /e horizontal direction
(140 cm) of the test is approximately 7 times the diameter of
the structure tunnel (20 cm), which meets the requirements.
(2) Use flexible materials on the side wall of the container to
reduce the reflection effect of seismic waves at the boundary
of the model box. /erefore, a layer of 50mm thick high-
strength polystyrene foam board was added to the inner
walls of the horizontal vibration direction of the model box
to reduce the reflection of the vibration wave, and there was a
flexible foam partition in the center of the model box.

To verify the effect of this method on boundary effect,
under the action of 0.1 g seismic wave, sine wave, EL Centro
wave, and WC wave were successively inputted on the
shaking table, and the seismic acceleration time history and
Fourier spectra curves of measuring points A0 (table sur-
face), A1, A2, and A3 (Figure 3) in the horizontal vibration
direction of the model foundation surface were obtained.
We selected the loading situation of the sine wave for
analysis, as shown in Figure 7.

Pandaoling Highway tunnel
(upper-span tunnel)

Strawberry ditch tunnel No.2
(upper-crossing tunnel)

SA1

SA4 SA5 SA6
XA3

XA2
XA1

XA6
XA5

XA4

SA2 SA340 40

15

Accelerometer

Unit: cm

Figure 4: Arrangement of the accelerometers.
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itu
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Loading sequence

0.05g

Sine sweep
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Figure 5: Loading sequence and amplitude.
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We can obtain that the acceleration sensors at different
positions of the model soil have quite similar curves under
the same seismic wave, and the time for each measuring
point to reach peak acceleration is basically the same. At the
same time, comparing the acceleration response Fourier
spectrum of each measuring point, the result shows that the
Fourier spectrum composition of different measuring points
under the same seismic wave action is close to the spectrum
value. From Figure 7, the sampling time interval is 0.001 s,
the peak acceleration is 1.2–1.8m/s2, the main vibration
time is about 23 to 78 s, and the total time is 55 s. /e ex-
cellent frequency is about 1.0Hz, and the maximum am-
plitude is about 0.05–0.07. It shows that the polystyrene
foam board installed on the wall of the model box per-
pendicular to the vibration direction can eliminate the re-
flection and scattering of waves on the boundary and has a
better effect on reducing the boundary effect.

Moreover, we introduced the concepts of relative error
and boundary effect index to quantitatively describe the
degree of dispersion between the accelerations of each
measuring point and verify the processing effect of the
model box boundary [38]./e calculation method of relative
error and boundary effect index is as follows:

δx,y �
X − Y

X




× 100%,

Sx,y �

����������

 xi − yi( 
2

n − 1
,



μx,y �
Sx,y

X
× 100%,

(1)

where δx, y is relative error; Sx, y is standard deviation; μx, y is
boundary effect coefficient; xi is the acceleration sample
value at a position far away from the wall of the model box;
here the acceleration of A3 is the reference value; X is the
peak acceleration of the measuring point; yi is the acceler-
ation sample value at other positions; Y is the peak accel-
eration of the corresponding measuring point.

/e acceleration of A3 is selected as the reference value
to calculate the various indicators of the boundary effect.
Table 5 shows the specific values of the boundary effect
verification index when sine wave, EL Centro wave, andWC
wave are inputted under 0.1 g of maximum input
acceleration.
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Figure 6: WC wave: (a) time history; (b) Fourier spectrum.

Table 4: Seismic wave input cases.

Number Input sequence Maximum input acceleration (g) Input direction Seismic intensity
Sine sweep 0.05 X —

Case 1 WC wave 0.1 X VII
Sine sweep 0.05 X —

Case 2 WC wave 0.15 X VII
Sine sweep 0.05 X —

Case 3 WC wave 0.2 X VIII
Sine sweep 0.05 X —

Case 4 WC wave 0.3 X VIII
Sine sweep 0.05 X —

Case 5 WC wave 0.4 X IX
Sine sweep 0.05 X —
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Figure 7: Continued.
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It can be seen from the verification index of boundary effect
coefficient that, under the action of arbitrary seismic wave, the
farther away position from the base reference value, the larger
the boundary effect coefficient, showing the overall rule of
μ0,3>μ1,3>μ2,3, and the boundary effect coefficients are all less
than 10%. Some studies [39] showed that when the boundary
coefficient was less than 10%, the scattering and reflection of
seismic wave at the boundary could be eliminated. /e model
box boundary perpendicular to the vibration direction has a
good treatment effect in this test. /erefore, we deem that the
boundary effect on both ends of the tunnel is effectively
controlled within the acceptable error range.

Furthermore, sine sweep was generally used to test the
dynamic response of the system to obtain the influence of the
natural frequency and damping ratio of the slope on the dy-
namic parameters of the test model during the test. /erefore,
we performed fast Fourier transform (FFT) on the acceleration
of each measuring point under the random sweep of a low
amplitude (0.1 g) sine wave and analyzed the corresponding
spectrogram to obtain the natural frequency of the model.
From the FFTspectrum diagram in Figure 7, it can be seen that
the spectrum change law of each measurement point basically
shows the same law. /e first-order natural frequency of the
model is 3.01Hz, which is the fundamental frequency of the
model. At this frequency, its amplitude also reaches its max-
imum, which indicates that the fundamental frequency co-
incides with the main frequency; that is, natural frequency of
the model is 3.01Hz. /e second-order natural frequency of

the model is 6.67Hz, while the third-order natural frequencies
of each measuring point behave slightly differently, being
15.0Hz and 32.53Hz, respectively. However, second- and
third-order frequencies are not natural frequencies, whichmay
be the excitation frequency or its multiples.

3.2. Acceleration Response of Upper-Span Tunnel. From the
perspective of seismic wave energy transfer, the higher the
strength and rigidity of the surrounding rock and structure,
the more conducive to energy transfer, and the acceleration
amplification effect is more obvious along the slope body in
all directions and the empty surface. /erefore, the accel-
eration response is closely related to the local damage mode
of surrounding rock and structures.

Take Cases 1–5, which were inputted in X direction, as
examples. /e peak accelerations for different measured
locations in the crown and invert of the upper-span tunnel
are shown in Figures 8(a) and 8(b), respectively. In general,
the response acceleration increased with the maximum
input acceleration of the input seismic wave.

When the model was excited by the WC waves with
different intensities (i.e., 0.1 g, 0.15 g, and 0.2 g), the seismic
response at SA2 of the center of the crown was smaller than
that at the two sides of SA1 and SA3, where the peak ac-
celeration was distributed in a “V” shape. /e peak accel-
eration distribution at SA3 was the largest. However, at
grades VIII–IX (0.3g–0.4 g), the peak acceleration
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Figure 7: Acceleration time domain and frequency spectrum curves at different positions when sine wave of 0.1 g is inputted in X direction.
(a) A0. (b) A1. (c) A2. (d) A3.

Table 5: Verification indicators of boundary effect.

Input seismic wave
Peak acceleration (m/s2) Relative error (%) Boundary effect coefficient

(%)
A0 A1 A2 A3 δ0,3 δ1,3 δ2, 3 µ0, 3 µ1,3 µ2,3

Sine wave 1.26 1.63 1.32 1.47 14.28 10.88 10.20 9.71 7.40 6.93
EL Centro wave 0.87 1.04 0.89 0.96 9.37 8.33 7.29 9.76 8.67 7.59
WC wave 0.98 0.87 0.89 0.92 6.52 5.43 3.26 7.08 5.90 3.54
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distribution of the crown exhibited slight changes, where the
peak acceleration increased nonlinearly with respect to the
seismic intensity./e reason for this phenomenon is that the
seismic wave is horizontally loaded and SA3 is closer to the
source and receives the seismic wave earlier and stronger, so
its dynamic response is larger than that of SA2. Additionally,
SA1 of the affected section upper-span tunnel is closer to the
empty surface of the slope, and the soil cover thickness is
relatively thin, which will cause obvious deformation under
the action of larger seismic waves. For the invert of the
upper-span tunnel, the peak acceleration exhibited a non-
linear increase when the range of the input seismic wave was
0.1 g–0.2 g (Cases 1–3). From the perspective of seismic wave
energy transfer, as the seismic wave transmits horizontally,
part of energy is absorbed by the surrounding rock and
tunnel structure and energy transfer is weakened sharply.
/e acceleration response showed an approximate parabolic
linear decline along the horizontal path: SA6⟶SA5⟶SA4
under 0.1 g-0.2 g. With the increase of the maximum input
acceleration, the acceleration response has an obvious
amplifying effect on the free surface in the horizontal di-
rection; that is, the acceleration response of SA4 increases,
showing an obvious “surface trending effect.”

Moreover, we have also analyzed the deformation and
failure of the model, and the experimental results are ba-
sically consistent with our inferences. During the loading
process where the maximum input acceleration is
0.1 g–0.15 g (seismic intensity is VII), slight cracks appeared
around the tunnel. With continued loading, the longitudinal
cracks and transverse cracks on both sides of the upper-span
tunnel crown continued to expand and developed, with
longitudinal cracks reaching 8mm and transverse cracks
reaching 5mm, as shown in Figures 9(a) and 9(b). At this
time, the model as a whole has basically begun to be in the
deformation stage.

We define the amplification factor as the ratio between
the peak acceleration value of the measured acceleration and
the peak acceleration value of the input. /e amplification
factors of different measurement points in the upper-span
tunnel for various cases are presented in Figure 10.When the
seismic intensity was relatively low (0.1 g–0.15 g), that is,
under the excitation of small amplitude seismic waves, the
surrounding rock of the slope was in the elastic stage, and the
acceleration amplification factor of each measured point
exhibited the characteristics of linearity and stationarity
increase. When the peak value of input seismic wave is
0.15 g–0.2 g, the acceleration amplification factor of each
measured point increased, which can be regarded as the
plastic state of the model. However, after the input of 0.2 g
seismic wave, the relationship curve between the accelera-
tion amplification factor and the peak value of the input
wave presented a “sawtooth” distribution state./e reason is
analyzed that, after the action of the 0.2 g seismic wave, the
surrounding rock of the slope has been locally damaged, and
the change of the slope geometry and force status has an
impact on the propagation law of acceleration. When the
peak value of input wave was 0.2 g–0.3 g, the acceleration
amplification factor of each measured point decreased,
which indicated that the dynamic shear modulus of soil
decreased and the damping ratio increased in this process. It
can be considered that the model is in a state of plastic
enhancement at this time. When the amplitude of input
seismic wave was 0.3g-0.4 g, the acceleration amplification
factor of changed suddenly and the seismic response in-
creased abnormally; we were convinced that as the cumu-
lative damage of the tunnel surrounding rock inside the
slope increased, cracks gradually increased (consumption of
seismic energy), and the filtering effect became more and
more intensified. In plastic enhancement stage, the ampli-
tude of the dynamic stress intensity factor of the tunnel
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Figure 8: Peak acceleration of the upper-span tunnel: (a) crown; (b) invert.
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surrounding rock increased to its fracture toughness,
resulting in a sharp decrease in the number of microscopic
cracks and a significant increase in damage rate, and
accelerated expansion into macroscopic cracks. Further-
more, the integrity of the surrounding rock was seriously
damaged and its bearing capacity was significantly weakened
(critical instability stage) and further penetration of macro
cracks would promote the failure of the model.

Additionally, the growth of the seismic dynamic re-
sponse at the crown of the cross section was significantly
faster than that on both sides of the affected section when the
seismic intensity was VIII–IX (0.3–0.4 g), indicating that the
cross section within the intensity range was a weak area. /e
damage of the invert evolved from the right side to the cross

section and then to the left side for grades VII–VIII
(0.1–0.2 g) but developed from the affected section on both
sides to the cross section for grades VIII–IX (0.3–0.4 g).
Although this situation is relatively rare in real world, we are
convinced that the study results can provide some references
for similar situations as a qualitative study of the seismic
response of overlapping tunnels.

3.3. Acceleration Response of Under-Crossing Tunnel. /e
distributions of the peak values of the acceleration from the
two directions at the under-crossing tunnel are compared in
Figure 11. /e response acceleration of the under-crossing
tunnel increased with the maximum input acceleration of
the input seismic wave.

For the crown of the under-crossing tunnel, the peak
acceleration exhibited a parabolic shape when the maximum
input acceleration of 0.1 g–0.3 g was inputted, and the re-
sponse of XA1 in the affected section was the strongest,
followed by that of XA2. However, the distribution was
different from the previous cases when a maximum input
acceleration of 0.4 g was inputted, and the peak acceleration
of XA3 in the affected section was the highest. Furthermore,
for the invert of the under-crossing tunnel, the seismic
response of XA5 in the cross section of the invert was smaller
than that of the twomeasurement points on both sides of the
affected section, with a “V” distribution. /us, the peak
acceleration of XA5 was lower than those of XA4 and XA6.
Owing to the existence of the upper-span tunnel and the
spatial effect, the seismic response of the invert of the under-
crossing tunnel at the cross section of the under-crossing
tunnel was significantly weaker than that of the crown.

Similarly, the amplification factors of different mea-
surement points in the under-crossing tunnel for various
cases are presented in Figure 12. We found that the de-
formation mechanism of the under-crossing tunnel is
similar to that of the upper-span tunnel; namely, the model
exhibited obvious deformation stages during the seismic
wave loading process, which can be divided into elastic,
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Transverse crack Longitudinal crack
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Extended longitudinal crack
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Figure 9: Model deformation and failure: (a) main view; (b) rear view.
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tunnel.

Advances in Civil Engineering 11



plastic, plastic enhancement, and failure stage. As shown in
Figure 12, the acceleration amplification factor increased
steadily and slowly at low seismic accelerations, but, with a
continuous increase in the seismic intensity, the amplifi-
cation factor increased sharply. Since the seismic ground
motion was inputted in the horizontal direction (X direc-
tion), its longitudinal stiffness was relatively large for the
homogeneous ring model. /erefore, the acceleration re-
sponse of each point in the tunnel showed basically the same
law under the seismic uniform ground motion when

maximum input acceleration was 0.1–0.3 g. However, the
measurement points showed obvious differences when the
seismic intensity was large (maximum input acceleration is
0.4 g); that is, the acceleration amplification factors of the
crown decreased in the following order: XA3>XA2>XA1.
After the model was subjected to multiple earthquakes, the
vertical cracks around the tunnel surrounding rock and the
secondary joints in the slope gradually expanded and
penetrated the layer, resulting in increased cumulative
damage to the tunnel surrounding rock.We inferred that the
reason for this situation may be that the model had begun to
deform and fail, which we could see from the sudden change
in the acceleration magnification factor. /e crown response
of the under-crossing tunnel was more sensitive when the
seismic intensity was higher. In addition, the acceleration
amplification factors on the cross section were essentially
coincident with the two sides of the affected section at the
invert of the under-crossing tunnel. /erefore, the earth-
quake damage of the invert of the under-crossing tunnel
developed from the affected section on both sides to the
cross section under the horizontal seismic input.

/rough analyzing the dynamic response characteristics
of the model, it is helpful to further explore the working state
of the structure and the development mode of seismic
damage of the surrounding rock. We found that the model
presented significant deformation stages during the seismic
wave loading process, and the seismic response of the invert
of the upper-span tunnel and the crown of the under-
crossing tunnel for overlapped tunnel was relatively strong.
/erefore, we can make a macro grasp of the safety per-
formance of the tunnel engineering and avoid the occur-
rence of engineering accidents such as the paralysis of the
entire line due to the destruction of the tunnel by improving
the corresponding antiseismic level of the structure in
advance.

XA1

XA2

XA3

Trend

XA3
XA2

XA1

Under-crossing tunnel

Crown

1.
23

1.
22

1.
12

0.
610.

680.
71

0.
35

0.
440.

48

0.
30

0.
390.
40

0.
230.

270.
28

15

4040

Case 5
0.15g (IX)

Case 4
0.3g (VIII)

Case 3
0.2g (VIII)

Case 2
0.15g (VII)

Case 1
0.1g (VII)

PGA (seismic intensity)

Pe
ak

 ac
ce

le
ra

tio
n 

(m
/s

2 )

0.0

0.4

0.8

1.2

(a)

XA4

XA5

XA6

Trend

XA6
XA5

XA4 Invert

Under-crossing tunnel

0.
62

0.
77

0.
56

0.
54

0.
29

0.
48

0.
39

0.
23

0.
330.

37
0.

20
0.

31

0.
25

0.
210.
22

15

4040

Pe
ak

 ac
ce

le
ra

tio
n 

(m
/s

2 )

0.0

0.2

0.4

0.6

0.8

1.0

Case 5
0.4g (IX)

Case 4
0.3g (VIII)

Case 3
0.2g (VIII)

Case 2
0.15g (VII)

Case 1
0.1g (VII)

PGA (seismic intensity)

(b)

Figure 11: Peak acceleration of the under-crossing tunnel: (a) crown; (d) invert.
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4. Discussion

4.1. Analysis of Continuous Wavelet Transform (CWT).
/rough the analysis of the frequency spectrum, we can
obtain the relevant information of excellent frequency and
frequency band, which can more clearly understand the
frequency and energy distribution characteristics of the
seismic wave transmission process. In engineering appli-
cations, the seismic waves in the main frequency bands
should also be avoided to resonate with the structure,
providing relevant theoretical references for engineering
practice. /erefore, to study the seismic response and
spectral characteristics of the overlapped tunnel in more
detail, we introduced wavelet transform (WT), a mathe-
matical tool that can also characterize the local charac-
teristics of seismic waves in the time-frequency domain.
/e WTallows multiresolution analysis and can be used to
reveal the local characteristics of the signal in both the time
and frequency domains [40, 41]. /e WT is a mathematical
function with zero mean that can be localized in the time
and frequency domains [42]. By using a wavelet basis
function to translate and scale the signal along with the
time index, we can focus on any position and obtain all the
details of the signal. /e specific equations of the WTare as
follows:

F(a, b) � 
+∞

−∞
f(t)ψ ∗ (t; a, b)dt,

ψ(t; a, b) �
1
��
a

√ ψ
t − b

a
 ,

(2)

where f(t) represents the time-domain signal, ψ(t; a, b)

represents the wavelet basis function, ∗ represents the
complex conjugate, t represents time, a is the translation
factor, and b is the expansion factor.

/e CWTallows multiscale analysis of the signal through
the translation and expansion of the wavelet basis function,
which is suitable for extracting features of the signal [43, 44].
/e frequency information of the signal at any scale and at
any time can be obtained through the CWT. In this study,
the Morlet wavelet, which has the resolution in the time-
frequency joint domain as well as high-amplitude aggre-
gation [45], was used. /e Morlet wavelet function and
wavelet waveform (Figure 13) by [46] are expressed as
follows:

ψ(t) �

��
1
π

4



cos 2πf0t( e
− t2/2( ), (3)

where f0 � 0.8125 represents the center frequency of the
wavelet basis function and 2πf0 � 5 represents the
wavenumber.

Owing to the existence of the cross section, the tunnel
structure may be affected to some extent; thus, the dy-
namic response and spectral characteristics of the cross
section of the orthogonal overlapped tunnel are discussed
here. /e Morlet wavelet was used to transform the invert
of the central section of the upper-span tunnel (SA5) and
the crown of the under-crossing tunnel (XA2), and its

spectrum was analyzed. Analysis of the peak acceleration
for various loading cases revealed that the seismic dy-
namic response changed obviously when it reached
0.2 g–0.3 g when loading X direction of the WC wave.
/erefore, the input with a maximum input acceleration
of 0.2 g (grade VIII) was selected as the demarcation point
for analysis.

Furthermore, the transform scale is an important pa-
rameter for the Morlet wavelet [47]. To thoroughly consider
the spectrum changes at different scales, the proposed scales
of change in this study were 1, 2, 5, 10, 20, 50, 100, 500, and
1000, respectively.

4.2. CWT of the Invert (SA5) of Upper-Span Tunnel.
Taking Case 8 (maximum input acceleration is 0.2 g) as an
example, the typical time history and Fourier spectrum of
the invert of the upper-span tunnel transformed by SA5 are
presented in Figure 14. From Figure 14, the acceleration
and frequency characteristics of the original signal at the
invert of the upper-span tunnel at different scales and
positions can be obtained. For the acceleration dynamic
response of the SA5measurement point, the response of the
transformation of small scales was relatively large in the
4–50Hz range of the original signal. /e acceleration re-
sponse was relatively strong within 40–60 s after the seismic
wave was inputted. Additionally, when the scale value of the
transform was small, the time domain of the Morlet wavelet
transform was relatively narrow, and the frequency domain
was relatively wide. When the scale value of the transform
was large, the opposite was observed: the time domain was
relatively wide, and the frequency domain was narrow
[48, 49].

To elucidate the relationship between the acceleration
peak response and the frequency, the CWT at the trans-
formation of small scales (1, 2, 5, 10, and 50) was analyzed.
We defined Rai and Rfi (Table 6) as the peak acceleration
and dominant-frequency ratios, respectively, of the
transformation-scale signal to the original signal. /at is,
the closer the parameters are to 1, it indicates that this
frequency band or peak acceleration is the dominant
parameter of the original signal. /ey are expressed as
follows:
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Figure 13: Waveform of the Morlet wavelet.
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Rai �
ai

ao

,

Rfi �
fi

fo

,

(4)

where ao represents the peak acceleration of the original
signal, ai represents the peak acceleration of the transfor-
mation-scale signal, fo represents the dominant frequency
of the original signal, fi represents the dominant frequency
of the transformation-scale signal, and i� 1, 2, 5, 10, 20, and
50.

Figure 15 presents the time-transformation scale-
coefficient matrix and frequency-transformation scale-
amplitude matrix. For Rai and Rfi, changes mainly
appeared at a low transformation scale. With an increase in
the transformation scale, the peak value of acceleration first
increased and then decreased. When the transformation
scale was 10, the peak value was maximized (0.30m/s2). /e

corresponding frequency Rfi growth law was similar to that
of the acceleration, which first increased and then de-
creased with an increase in the transformation scale. When
the transformation scale was between 5 and 10, the peak
acceleration and dominant frequency were closest to the
original signal. /ese different responses indicate that, at
the transformation of small scales, the medium and low
frequencies play a leading role in the invert of the or-
thogonal upper-span overlapped tunnel. /us, the me-
dium- and low-frequency responses of the upper-span
tunnel under seismic loading are stronger than high-
frequency response. Additionally, the absorption effect of
the surrounding rock around the tunnel for high-frequency
seismic waves is significant [50, 51]. Furthermore, the
resonance between the low- and medium-frequency seis-
mic waves and the tunnel structure should be avoided, so as
to prevent the deformation and damage of the tunnel when
the earthquake disaster is aggravated in the engineering
application.
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Figure 14: CWT analysis of SA5 at the invert of the upper-span tunnel at different scales: (a) time history; (b) Fourier spectrum.

Table 6: Peak acceleration and frequency of the invert at the central cross section of the upper-span tunnel.

Transformation scale Peak acceleration
(m/s2) Rai

Corresponding
time (s)

Main frequency
band (Hz) Dominant frequency (Hz) Rfi

Original signal 0.23 — 40.56 5–48 26 —
1 0.05 0.22 51.25 10–50 46 1.77
2 0.11 0.48 53.56 52–83 74 2.92
5 0.28 1.22 51.26 14–47 32 1.23
10 0.30 1.30 51.72 18–30 15 0.57
20 0.11 0.22 48.47 7–13 9 0.35
50 0.05 0.48 48.51 3–6 5 0.19
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Figure 15: /ree-dimensional (3D) color mapping curve for the invert of the upper-span tunnel: (a) time-transformation scale-coefficient
matrix; (b) frequency-transformation scale-amplitude.
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Figure 16: CWT analysis of XA2 at the crown of the under-crossing tunnel at different scales: (a) time history; (b) Fourier spectrum.

Table 7: Peak acceleration and frequency of the crown at the central cross section of the under-crossing tunnel.

Transformation scale Peak acceleration (m/s2) Rai

Corresponding
time (s)

Main frequency
band (Hz)

Dominant
frequency (Hz) Rfi

Original signal 0.49 — 43.90 2–46 14 —
1 0.05 0.10 36.88 3–50 41 2.93
2 0.09 0.18 40.84 52–93 73 5.21
5 0.31 0.63 45.31 12–48 31 2.21
10 0.63 1.29 46.57 8–25 13 0.93
20 0.53 1.08 44.62 6–12 8 0.57
50 0.94 1.92 43.22 2–5 3 0.21
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4.3. CWT of the Crown (XA2) of Under-Crossing Tunnel.
Figure 16 shows the typical time history and Fourier
spectrum of the crown of the under-crossing tunnel
transformed by XA2. For the acceleration dynamic response
of the XA2 measurement point, the response of the trans-
formation of small scales was larger in the frequency band of
0–50Hz of the original signal. Synchronously, the acceler-
ation response was relatively strong within 25–50 s after
loading. Rai and Rfi of the CWT at the transformation of
small scales (1, 2, 5, 10, and 50) were also analyzed, as shown
in Table 7.

Similarly, the time-transformation scale-coefficient
matrix and frequency-transformation scale-amplitude are
shown in Figures 17(a) and 17(b), respectively. As for Rai

and Rfi, distinct changes mainly appeared at a low trans-
formation scale. With an increase in the transformation
scale, Rai first increased and then decreased. When the
transformation scale was 50, the peak value was maximized
(0.94m/s2). /e growth law of the frequency Rfi was slightly
different from that of the acceleration, which first increased
and then decreased with the increase in the transformation
scale. Remarkably, the peak acceleration and dominant
frequency were closest to the original signal when the
transformation scale was between 10 and 20. /e results of
these analyses suggest that, at the transformation of small
scales, the medium and low frequencies play an important
role in the crown of the orthogonal under-crossing over-
lapped tunnel.

/e peak acceleration and frequency characteristics of
the invert of the upper-span tunnel and the crown of the
under-crossing tunnel were compared at the cross section,
respectively. Overall, the seismic response at the crown of
the under-crossing tunnel was stronger than that at the
invert of the upper-span tunnel. According to the study of
single tunnel by Zhao et al. [52], the dynamic response of
tunnel decreased with the increase of depths. However, the
results of this study showed that the dynamic response of the
under-crossing tunnel invert decreased, while the crown
increased instead of decreasing./is indicates that there was

a superposition effect on the acceleration response of the
crown of the under-crossing tunnel owing to the existence of
the upper-span tunnel. Additionally, the acceleration re-
sponse was relatively intense within 25–60 s after the seismic
wave was inputted; thus, attention should be paid to pro-
tecting the overlapped tunnel in this process. Analysis of the
corresponding spectrum characteristics revealed that the
medium and low frequencies under the transformation of
small scales (5–20) played a dominant role in the overlapped
tunnel under seismic loading.

5. Conclusions

/e seismic response of an orthogonal overlapped tunnel
under horizontal seismic loading was investigated through a
large-scale shaking table test with a geometric similarity ratio
of 1 : 50. A mixture of cement, coarse sand, soil, and water
was used to simulate the surrounding rock. /e lining
structure of the tunnel was made of a mixture of gypsum,
quartz sand, and water. Different input accelerations were
consecutively applied to the shaking table in the horizontal
direction. /e distributions of the peak accelerations of the
crown and invert in the orthogonal overlapped tunnel were
studied separately. Moreover, the spectral characteristics of
the invert of the upper-span tunnel and the crown of the
under-crossing tunnel at the cross section were analyzed
using the Morlet wavelet of the CWT. According to the
results, the following conclusions are drawn:

(1) For the upper-span tunnel, the failure of the tunnel
basically evolved from the right to the cross section
and then to the left side, and acceleration response
showed obvious “surface effect” in the horizontal
direction with increase of maximum input acceler-
ation. For the under-crossing tunnel, the peak ac-
celeration of the crown and invert exhibited
“parabolic” and “V” shape distribution, respectively.
Additionally, owing to the existence of the upper-
span tunnel and the spatial effect, the seismic
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Figure 17: 3D color mapping curve for the crown of the under-crossing tunnel: (a) time-transformation scale-coefficient matrix; (b)
frequency-transformation scale-amplitude.
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response of the invert at the cross section of the
under-crossing tunnel was significantly weakened.

(2) /e model exhibited obvious deformation stages
during the seismic wave loading process, which can
be divided into elastic, plastic, plastic enhancement,
and failure stage. When the seismic intensity was
high, the acceleration amplification factor had a
jump increase, and the seismic response growth
trend of the central section was significantly greater
than that of both affected sides, indicating that the
cross section was an obvious weak area, which was
easy to cause the damage of tunnels.

(3) /e seismic response at the crown of the under-
crossing tunnel was stronger than that at the invert of
the upper-span tunnel, because of “superposition
effect.” Additionally, the acceleration response was
strongest within 25–60 s after the seismic wave was
inputted./erefore, it is necessary to pay attention to
the antiearthquake design of the invert of the upper-
span tunnel and the crown of the under-crossing
tunnel for overlapped tunnel.

(4) An analysis of the corresponding spectrum charac-
teristics revealed that the medium and low frequen-
cies in the transformation of small scales (5–20)
played a dominant role in the overlapped tunnel
under seismic loading, while the surrounding rock
around the tunnel had an obvious absorption effect on
high frequency. It is necessary to avoid the resonance
of low-medium frequency seismic waves with the
tunnel structure to prevent the deformation and
damage of the tunnel during the earthquake disaster.
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