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To explore the dynamic characteristics and influencing factors of immersed tunnels under the action of earthquakes, 5 groups of
shaking table model tests were carried out. Three different site conditions (unsaturated sand site, homogeneous saturated sand
site, and nonuniform site), structural stiffness, and seismic wave input direction were considered. By comparing the above
influencing factors, the seismic response law affecting the immersed tunnels was obtained. The test results show that, under the
action of horizontal earthquakes, the liquefaction of sand and the larger tunnel stiffness may influence the acceleration de-
velopment of the soil layers; seismic wave input directions affect the excellent frequency and frequency range of the soil layers, and
the liquefaction of sand and large structural stiffness change the shape of the Fourier spectrum curve of the soil layers; site
conditions, structural stiffness, and seismic wave input direction have a significant effect on the internal forces of tunnels.
Normally, the strain in the heterogeneous soil layer under the horizontal seismic wave input is the largest, and the peak strain of
the upper side of the tunnel side wall and center column is larger than the lower part, while the mechanism of structural damage

caused by vertical earthquakes is different.

1. Introduction

At present, the main methods for tunnel construction in-
clude shield tunneling and immersed tube [1, 2]. In the water
environment, the immersed tunnel method has become the
first choice for the construction of water tunnel in the world
due to its strong adaptability, high structural reliability,
simple construction, and little impact on traffic during
construction. But immersed tunnels in the water environ-
ment, located in a complex environment, are prone to
damage under large dynamic loads, especially earthquake
loads. Once the damage occurs, the consequences are un-
imaginable. Therefore, it is of great significance to study the
dynamic characteristics and influencing factors of the im-
mersed tunnels under earthquake loads. Nowadays, there are
three methods widely used to study the seismic performance
of immersed tunnels, namely, prototype observation, the-
oretical analysis, and experimental research. Due to the

particularity of their geographical locations, Japan and the
United States have done a lot of research on prototype
observation, obtaining some measured seismic data and
research results of inland underground structures and su-
perstructures [3-5]. Immersed tunnel is a new type of
structure, around which the environment is diverse (the
geographical environment of different countries in the world
is quite diverse). Besides, the amount of damage caused by
earthquakes, which happens accidentally, is small. Therefore,
comprehensive and detailed seismic observation data are
quite limited, which makes it difficult to understand the
failure mode of immersed tunnels. With the development of
seismic theory and computer technology, the theoretical
analysis method has become one of the main methods to
study the seismic performance of immersed tunnels. There
are two main theoretical analysis methods presently. One is
the simplified analysis method, and the other is the nu-
merical analysis method. These two methods enable repeated
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study of different problems of underground structures with
less cost, so they are widely applied in the performance
analysis of underground structures [6-15]. However, they
may bring about some problems in some cases. For example,
there are some problems in most of the existing simplified
analysis methods: (1) The theories are mostly based on the
seismic analysis methods of ground structures or summa-
rized from the seismic damage of underground ones, lacking
strict theoretical basis. (2) It is difficult to accurately de-
termine the earthquakes loads and their application mode.
(3) Complex soil layers and structural forms have a great
influence on the accuracy of calculation. (4) The methods to
solve the calculation parameters are too diverse to ensure
their accuracy. As for the numerical analysis methods,
calculation personnel with excellent theoretical basis and
high standards of selection of structural calculation pa-
rameters and models are required, which are prone to
human influence. Shaking table model tests could reproduce
the seismic process of underground structures rapidly, en-
abling researchers to intuitively understand the seismic
response law and failure mechanism of underground
structures. That is why they are widely used. For example, the
shaking table test was first applied by Okamoto and Tamura
to study the dynamic characteristics of underwater tunnels,
yielding some important conclusions in terms of the vi-
bration characteristics and deformation characteristics of
underwater tunnels [16]. Chen et al. conducted multiple
shaking table tests on subway stations under different
conditions and figured out the effects of deep and weak
ground, near-field vibration, and far-field vibration on
subway stations [17, 18]. Zhang et al. conducted a multipoint
shaking table model test on super-long immersed tunnels,
exploring the nonuniformly excited seismic response law of
immersed tunnel models and the deformation of pipe joints
[19]. Keizo et al. used the raw materials of actual engineering
to create a large-scale model of underground structures and
used this as a research object to conduct a large-scale shaking
table test for underground structures. The interaction
mechanism of the soil-underground structures and the
deformation capacity of the underground structures during
the large-scale deformation of the site were discussed [20].
Wang et al. concluded that the characteristics of seismic
waves, wave amplitude, and water all affected the seismic
response of immersed tunnel segments through shaking
table tests [21]. Although many scholars have carried out
shaking table model tests on various forms of underground
structures, obtaining many research results, compared with
other forms of underground structures, the number of
shaking table model test studies of immersed tunnels is still
small. In addition, most of the above studies focused on
nonliquefied sites without considering the impact of the
tunnel rigidity, the direction of ground motion input, and
the nonuniformity of the site soil on the immersed tunnels.

In order to understand the dynamic characteristics and
influencing factors of the immersed tunnels under earth-
quake action, taking the Hong Kong-Zhuhai-Macao sub-
marine immersed tunnel project as the research background,
a scaled model shaking table test was carried out on the
immersed tunnels. In the test, factors such as site conditions,
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ground motion input direction, and structural rigidity were
considered, and 5 groups of shaking table tests were carried
out. The seismic response law of immersed tunnels was
obtained by comparing the above factors.

2. Experimental Designs

This experiment was carried out on a large-scale three-di-
mensional simulated seismic vibration table of the Institute
of Engineering Mechanics, China Seismological Bureau
(Harbin). The specific parameters of the shaking table are
shown in Table 1. In this test, a laminated shear model box
was used, which can obviously reduce the interference of
reflected waves generated by the wall of the box and has
better lateral restraint on the soil. It consisted of 15 layers of
steel frames, each of which can move in the horizontal
direction. The overall size was the length x width x height:
3.70mx2.40mx 1.70 m.

2.1. Test Similarity Relation. To make the shaking table test
truly reproduce the destruction process of the structure caused
by earthquake action, it is necessary to make the test model and
prototype as similar as possible in the test design. According to
the Buckingham 7 theorem and the main purpose of the test,
the similarity relation of the test is mainly the structural
similarity relation, and the tunnel model can meet the similarity
ratio relation of density through additional artificial mass. The
similarity relation can be expressed as follows:

o= f(o,L,Ep,t,d,v,a,g,w). (1)

Formulas suchas o, L, E, p, t,d, v, a, g, and w are dynamic
stress, length, elastic modulus, density, time, displacement,
velocity, acceleration, gravitational acceleration, and circular
frequency in turn. The length L, density p, and elasticity
models E are generally unknown. The relevant parameters of
the similarity ratio of the tests are shown in Table 2.

2.2. Model Making and Design. Given the similarity between
particulate concrete and ordinary concrete, which benefits
the realization of model similarity rate, the immersed
tunnels in this test were made from particulate concrete and
galvanized lead wires. In order to explore the seismic re-
sponse law and influencing factors of immersed tunnels,
factors such as unsaturated sand (dry sand) site, saturated
sand site, longitudinal nonuniform site, tunnel stiffness, and
ground motion input were considered, with 5 groups of tests
designed. The seismic wave input of the first four groups of
tests was all horizontal. The four groups were, respectively,
the shaking table test of the flexible immersed tube tunnels in
unsaturated sand field, saturated sand field, longitudinal
nonuniform field, and test of the rigid immersed tunnels in
the saturated sand field. The fifth group was the shaking table
test of the flexible immersed tunnels in the saturated sand
field under vertical earthquake input. In order to obtain the
seismic response law of different immersed tube tunnel
stiffness, two tunnel models with different stiffness were
made in this experiment (the flexible tunnels with joint and
the rigid tunnels without joint, which are described in detail
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TaBLE 1: Technical parameters of earthquake simulation shaking
table.

Indicators Technical parameter
Peak load 350kN

Table size 5mx5m
Direction of vibration XY Z

Maximum acceleration
Maximum speed

Maximum displacement
Frequency range

Maximum overturning moment

X, Y:1.0g Z: 07¢g
X, Y: 50cm/s; Z: 40 cm/s
X, Y: +8cm; Z: £5cm
0.5~ 40 Hz
735kN-m

below). To facilitate the test comparison, the design depth of
the soil layer, dry density of sand, clay density, and tunnel
buried depth in the five groups of tests were consistent. Soil
layer parameters are shown in Table 3, with the five groups
described, respectively, as follows:

(1) Test 1 was a shaking table test of a flexible immersed
tunnel in unsaturated sand field under horizontal
earthquake input. Firstly, the soil layers were com-
pacted layer by layer according to the design height.
When the soil layer was filled to the design depth of
the tunnel, the connected flexible immersed tunnel
model was placed, with the foundation soil backfilled
afterwards. The flexible immersed tunnel consisted
of 3 pipe sections and 2 joints. The pipe section was
0.5 meters long, 1.26 meters wide, and 0.38 meters
high, with the wall being 30 mm thick (Figure 1(a)).
A square steel plate was embedded at the port of the
pipe sections to facilitate the connection between
them (Figure 1(b)). Pipe section joints were generally
composed of reinforced concrete shear keys and two
water stops. Due to the limitation of model scale and
the fact that the shear keys were easily crushed after
being scaled, they could not reflect the actual shear
key characteristics, so the test simplified the joints
and selected natural rubber as the main material of
the joints (Figure 1(c)). The cross-sectional dimen-
sion of the rubber joint was the same as that of the
embedded square steel plate of the pipe section, so
the assembly of the model could be completed only
by connecting the steel plate of the pipe section with
the rubber through bolts when splicing the pipe
sections [22], as shown in Figure 1(d).

(2) Test 2 was a shaking table test of a flexible immersed
tunnel in a saturated sand site under horizontal
earthquake input, which shared the same site fabri-
cation and tunnel model with test 1. In order to fully
saturate the sand, a water pipe was embedded in the
inner side of the model box in the process of com-
pacting soil, of which the water input was controlled
to ensure that water could fully permeate through the
sand. When the water exceeded the surface of the
sand, it would be stopped and then be kept there for
two days so as to fully saturate the sand. Considering a
certain water depth above the immersed tunnels in
reality, the water was added 230 mm above the surface
of the sand before the experiment (Figure 2).

(3) Test 3 was a shaking table test of a flexible immersed
tunnel in a longitudinally inhomogeneous site under
horizontal earthquake input, which shared the same
flexible immersed tunnel with test 1. As for the
distribution of the model soil layers (Figure 3), with
sandy soil below the bottom of the tunnel, two soil
layers with different properties, sandy soil and co-
hesive soil in natural state, were, respectively,
arranged on two sides of the middle of the tunnel
above the bottom along the longitudinal direction.

(4) Test 4 was a shaking table test of a rigid immersed
tunnel in the saturated sand site under horizontal
earthquake input. The rigid tunnel was 1.8 m long,
1.26 m wide, and 0.38 m high. Considering the
stiffness of the tunnel itself and the influence of the
stiffness of the tunnel joints, the wall thickness of the
rigid tunnel section was 50 mm. The model was cast
at one time without joints in the middle
(Figure 4(a)). After calculation, the bending stiffness
(joint stiffness) of the rigid tunnel (Figure 4(b))
section was about 1.5 times as the flexible one, while
the shear stiffness was about 2 times. For test 4, the
site fabrication was the same as that in test 2.

(5) Test 5 was a shaking table test of a flexible immersed
tunnel in a saturated sand site under vertical seismic
input. The flexible immersed tunnel model and site
soil model in test 5 were the same as those in test 2.

2.3. Sensor Arrangement. For the purpose of comparison,
sensors and observation surfaces were arranged at the same
positions in the five groups of tests, as shown in Figure 5
(only the sensor arrangement and the position map of
observation surfaces in test 2 are given due to the limited
space). Al to A5 were acceleration sensors on observation
surface 1, with S1 to S6 being the structural strain gauges.

2.4. Design of Test Conditions. To study the ground motion
response of the immersed tunnels under various working
conditions, EL wave was selected as the external input for this
test. 0.05 g of horizontal white noise was used for frequency
sweeping after each excitation was completed, with the input
horizontal direction y and vertical direction Z (Figure 6). The
specific test loading conditions are shown in Table 4. The
seismic records monitored on the table top of the shaking
table were selected as analysis waves aiming to avoid the
errors between the input and output of the shaking table. The
EL wave measured on the table top is shown in Figure 7.

3. Comparison and Analysis of Test Results

To explore the dynamic characteristics and influencing
factors of the immersed tunnels under earthquake action,
the five groups of tests were divided into four working
conditions for analysis, respectively. Case 1 was the com-
parative analysis of test 1 and test 2, aiming to study the
influence of liquefied and nonliquefied soil layer site on the
seismic response of immersed tunnels. Case 2 was the
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TaBLE 2: Similitude relations and ratios of the model system.

Item Symbol Similitude relation Tunnel ratio Soil ratio
Geometry L L, 1/30 1/4
Elasticity modulus E E, 1/4 1/4
Mass density p Py 5 1
Displacement D d, =1, 1/30 1/4
Acceleration a a, = E,p;'L! 15 1
Time t t, = E%%p 1L} 0.149 1/2
Frequency w w, =t 6.711 2
Pore water pressure u t, = E%5p 1! — 1/4
Shear wave velocity 14 v, — 1/2
Stress o o, =E, 1/4 1/4

TaBLE 3: Soil layer parameters.

Name Dry density (g/cm3) Natural density (g/cm3) Saturation (g/cm3) Max shear modulus (MPa) Water content (%) Plasticity index (IP)
Sand 1.51 1.84 2.03 — — _

Clay — 1.90 14.65 30 17
Rubber joint Rubber joint
(=3
on.
ol O
| 0
on| en o
Section 3 Section 2 Section 1 ®
(=3
30 505 2813433 505 39
L L 220 L w500 150 s00 10 s0
, 1260 | , 1800 |

(d)

FiGure 1: Test 1 structural model. (a) Tunnel cross section and vertical section dimensions (mm).
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FIGURE 2: Test 2 model physical diagram.
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F1GURe 3: Soil layer distribution of the site. (a) Layout diagram of boundary line of soil layer and observation surface. (b) Observation surface

1. (c) Observation surface 2. (d) Observation surface 3.

analysis of test 1 and test 3, aiming to study the influence of
homogeneous and heterogeneous soil layers when they were
distributed along the longitudinal direction. Case 3 was the
analysis of test 2 and test 4, aiming at the influence of tunnel
stiffness. Case 4 compared test 2 and test 5, aiming at the
influence of earthquake input direction. The acceleration
and the frequency spectrum of the soil layers, as well as the

structural strain under the four conditions, are contrasted
and analyzed as follows.

3.1. Comparison and Analysis of Test Results in Case I.
Case 1 was the comparative analysis of test 1 and test 2,
aiming at the influence of liquefied and nonliquefied soil
layer on the seismic response of the immersed tunnels.
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FIGURE 4: Test 4 structural model. (a) Dimensions of cross section and vertical section of rigid tunnel (mm). (b) Actual model of rigid tunnel.
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FIGURE 5: Sensor layout.

3.1.1. Contrast Analysis of Acceleration Amplification
Coefficient. To gain the propagation law of seismic wave in
nonliquefied and liquefied soil layers, the acceleration am-
plification coeflicient at different positions was used for
description, which is defined as the ratio of peak value at
different displacement measuring points to that at the
deepest buried depth of the model. Therefore, the acceler-
ation peak value of Al in the soil layer was taken as the
reference object to define the acceleration amplification
coefficients of A2, A3, A4, and A5. The acceleration am-
plification coefficients of the two groups are shown in
Figure 8.
The following can be seen from Figure 8:

(1) Under the excitation EL wave, the acceleration
amplification coeflicient of soil layer in test 1 was
about 1.0~1.7. When the seismic wave input am-
plitude increased from 0.1g to 0.4 g gradually, the
acceleration amplification coefficient increased with
the decrease of the buried depth of the soil layer, and
the closer to the surface it was, the greater it was, but

Shaking direction Y

FIGURE 6: Vibration direction of shaking table.

TaBLE 4: Test conditions.

Loading order Input wave type Direction input Peak acceleration (g)

1 EL-1 Y (2) 0.1
2 White noise Y (2) 0.05
3 EL-2 Y (2) 0.2
4 White noise Y (2) 0.05
5 EL-3 Y (2) 0.4
6 White noise Y (2) 0.05

at the same position, it decreased with the increase of
the seismic input amplitude.

(2) The acceleration amplification coefficients in test 2
ranged from 0.82 to 1.43. When the seismic input
amplitude was 0.1 g, the pore water pressure in the
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Ficure 7: EL wave excitations during testing. (a) Acceleration process of all waves. (b) Fourier spectra of all waves.

saturated sand layer was small and the soil layer did 0.0

not reach liquefaction, so the acceleration amplifi-

cation coefficient increased with the decrease of the 0.2

buried depth. When the input amplitude of the EL

wave increased to 0.2 g and 0.4 g, the pore pressure of el 04r

the upper soil layer of the tunnel increased rapidly, £ o6l

and the soil layer liquefied, which reduced the ac- <

celeration. For the lower soil layer of the tunnel, the ?é ~08 |

effective stress increased because the weight of the &

tunnel was larger than that of the soil layer with the -1.0 -

same volume. Besides, the lower soil layer was re- ¢
strained by the structural rigidity so that it was -L2r . . . . . .

difficult to liquefy. That is why the acceleration
amplification coefficients in test 2 increased first and
then decreased with the decrease of the buried depth
of the soil layer.

(3) Comparing the acceleration amplification coeflicient
curves of the two groups, it can be seen that when
inputting EL-1 wave, the acceleration of the soil layer
in the two groups shared the same development rule.
However, the development rule differed between
groups under excitations EL-2 and EL-3 wave. This is
mainly because in test 1 no matter how large the EL
wave input amplitude was, the pore water pressure
would not be generated in the unsaturated sand (dry
sand) site. Thereby, the effective stiffness of the soil
body can be kept better in the whole vibration
process. But the site for test 2 was made up of sat-
urated sand. Only when the vibration input intensity
was small would the pore water pressure generated in
saturated sand be small, and the soil could maintain a
large effective stiffness. However, with the vibration
input intensity strength, the water pressure in sat-
urated sand increased, and the effective stiffness of
soil layer decreased. Moreover, the higher the overall
liquefaction degree, the greater energy absorbed by
the soil layer. The soil acceleration attenuated more
obviously at that time.

Therefore, the above results indicate that the charac-
teristics of sand (unsaturated sand sites and saturated sand

0.8 1.0 1.2 14 1.6 1.8

Acceleration amplification coefficient

—a— Test 1-EL-1
—o— Test 1-EL-2
—a— Test 1-EL-3

—w— Test2-EL-1
—o— Test 2-EL-2
Test 2-EL-3

FIGURE 8: Case 1 acceleration amplification factor of soil layer.

sites) have a great influence on the propagation of seismic
waves.

3.1.2. Comparative Analysis of Fourier Spectrum of Soil
Acceleration. In order to explore the difference of soil dy-
namic characteristics between the unsaturated and the
saturated sand sites, the acceleration measurement points of
soil layers in tests 1 and 2 went through Fourier transfor-
mation for the corresponding acceleration Fourier spectra.
The changes of their spectra in the vibration process were
analyzed to judge their influence on soil dynamic charac-
teristics. Only the acceleration Fourier spectra of each
measuring point under the EL-3 seismic wave input of the
two groups are contrasted and analyzed (Figure 9).

The following can be seen from Figure 9: (1) The am-
plitude of the Fourier spectrum of acceleration at each
measuring point in the soil layer in test 1 and test 2 increased
with the decrease of the buried depth of the measuring
points. (2) The frequency spectrum of it in test 1 is mainly
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FIGURE 9: Case 1 Fourier spectrum of soil acceleration. (a) Test 1 accelerated Fourier spectrum of soil layer. (b) Test 2 acceleration Fourier

spectrum of soil layer.

fluctuated between 0 Hz and 10 Hz but in test 2 fluctuated
between 0 Hz and 16 Hz, which means the range of accel-
eration Fourier spectrum of soil layers in test 2 was larger
than that in test 1. (3) The predominant frequency of the
acceleration Fourier spectrum of each measuring point in
test 1 was about 5Hz, and the shape of the acceleration
Fourier spectrum curve of each point was approximately the

same. In test 2, the predominant frequencies of measuring
points Al, A2, and A3 were about 6 Hz, while those of A4
and A5 were about 2 Hz, which shows that the predominant
frequency reduced from 6 Hz to 2 Hz when the seismic wave
propagated upward. This is because the liquefaction of
saturated sand reduces the effective stiffness of the soil layer
and makes the predominant frequency move from high to
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low. When saturated sand liquefies, the shape of the ac-
celeration Fourier spectrum curve corresponding to the
measuring point changes correspondingly. Therefore, the
shape of the acceleration Fourier spectrum curve and the
predominant frequency of the liquefied site change greatly
under the action of moderate and stronger earthquakes than
those of nonliquefied sites. The above results show that,
under the action of horizontal earthquakes, the character-
istics of sand have a great impact on its own spectral
characteristics.

3.1.3. Comparative Analysis of Structural Strain. In order to
figure out the influence of unsaturated sand site and satu-
rated sand site on the structural strain under earthquake,
corresponding strain gauges were arranged in the middle of
the tunnel section before the test. The locations of strain
gauges are shown in Figure 6. The structural strain peaks of
the two groups of tests are shown in Table 5.

The following can be seen from Table 5: (1) The strain
peak value of each measuring point in test 1 and test 2
increased with the increase of EL wave input amplitudes.
Under the action of EL wave with the same amplitude and at
the same measuring point, the strain peak value of test 2 was
larger than that of test 1. This is because the density of the
soil layer in test 2 was larger than that of test 1 (Table 2), and
the soil pressure coeflicient increased when the sand became
muddy water after liquefaction. (2) In tests 1 and test 2, the
peak strain on the upper part of the structure was larger than
the lower parts, and the peak value of S2 and S5 was larger
than the other measuring points. Therefore, the upper part of
the tunnel, especially the middle wall and the side wall, is the
weak position of the structure.

In order to better reflect the growth process of structural
strain in the test, the growth rate of measuring point strain is
used in this paper, which is defined as the ratio of the strain
peak value of structural measuring points under the action of
EL-2 wave and EL-3 wave to that of EL-1 wave. The formula
of strain growth rate is

§(j) —S(@)

SGR = ,
S(7)

(2)
where S (i) is the strain peak under the action of EL-1 and
S(j) is the strain peak under the action of EL-2 wave and EL-
3 wave.

The strain growth rate of the structures under the EL-2
wave and EL-3 wave in the two groups is shown in Figure 10.
The following can be seen: (1) The strain growth rate in-
creased with the increase of the input amplitude of the EL
wave. (2) The rate of measuring point S5 was the highest,
while that of S4 was the lowest. (3) Under the action of EL-2
waves, the rate of each point in the two groups was similar.
However, under the action of EL-3 wave, the strain growth
rates in test 1 were significantly higher than those of test 2,
which may be due to the large nonlinear strain produced in
test 2 under the action of EL-2 wave. With the increase of
ground motion amplitude, the structural stress was redis-
tributed, and the nonlinear strain at the measuring point

decreased somewhat. In test 1, under the action of EL-2
wave, the strain peak value at the measuring point of the
structure was small, and the strain was still in an elastic state.
With the increase of the ground motion amplitude, a large
nonlinear strain was generated at the measuring point.

The above results indicate that the characteristics of sand
have few effects on the strain growth rate of the structures
under small and medium earthquakes, while under strong
earthquakes, they may have a significant effect. There is a
spatial effect on the distribution of structural strain, and
seismic waves with different peak values also affect the
growth rate of structural strain.

3.2. Comparisons and Analysis of Test Results in Case 2.
Case 2 was the comparative analysis of test 1 and test 3,
aiming to explore the influence of homogeneous soil layer
and heterogeneous soil layer on the seismic response of
immersed tunnels when they are distributed along the
longitudinal direction of the immersed tunnels.

3.2.1. Contrast Analysis of Acceleration Amplification Coef-
ficient of Soil Layer. To study the influence of homogeneous
soil layer and heterogeneous soil layer on seismic wave
propagation when distributed along the longitudinal di-
rection of the immersed tunnels, the acceleration amplifi-
cation factor of the soil layer is also used for description. The
specific method is the same as that of working condition 1.
The acceleration amplification factor of the soil layer in the
two groups of tests is shown in Figure 11.

The following can be seen from Figure 11: (1) Under the
action of EL wave, the acceleration amplification coefficients
of the soil layer in test 1 and test 3 both increased with the
decrease of the buried depth of the soil layers, but the ac-
celeration amplification coeflicient range of the soil layer in
test 3 was larger than that of test 1. (2) When the input
amplitude of EL wave was 0.1 g, 0.2 g, and 0.4 g, the variation
law of the coefficients at the same measuring point in test 1
and test 3 varied. For example, the coefficients of A4 in test 1
were 1.62, 1.38, and 1.21, respectively, which decreased with
the increase of the input amplitude, while those in test 3 were
1.43, 1.62, and 1.81, respectively, which increased with the
increase of the input amplitude of ground motion. There-
fore, the failure probability of soil layers and structures
caused in test 3 was higher than that of test 1 under the
action of a medium-strong earthquake.

The above results suggest that the distribution of soil
layers with different properties also influences the propa-
gation of seismic waves in the sites (For instance, the ac-
celeration amplification effect of the soil layer of test 1 at the
same measurement point was significantly different from
that of test 3).

3.2.2. Comparative Analysis of Fourier Spectrum of Soil
Acceleration. To explore the influence of homogeneous soil
layer and heterogeneous soil layer on the dynamic char-
acteristics of site soil when they are distributed along the
longitudinal direction of the immersed tunnels, the
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TaBLE 5: Strain peak of structure under EL wave (ye).

. . Test 1 Test 2
Measuring point
EL-1 EL-2 EL-3 EL-1 EL-2 EL-3
S1 135 231 668 2260 3680 70.74
S2 224 31,6 853 33.87 5113 100.89
S3 86 146 459 21.71 34.01 50.55
S4 135 156 46.6 2898 4125 60.87
S5 133 199 805 2858 4297 108.15
S6 101 155 450 1917 27.14 36.37
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FIGURE 10: Case 1 strain growth rate of structure.
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FIGURE 11: Case 2 acceleration amplification factor of soil layer.

acceleration time histories of each measuring point in test 1
and test 3 are, respectively, Fourier-transformed for the
corresponding acceleration Fourier spectra. Only the ac-
celeration Fourier spectra of each measuring point under

Shock and Vibration

EL-3 seismic wave input in two groups of tests are contrasted
and analyzed. Please refer to Figure 9(a) for the acceleration
Fourier spectra of each measuring point in test 1 and Fig-
ure 12 for the acceleration Fourier spectra of each measuring
point in test 3.

From Figures 9(a) and 12, the following can be concluded:
(1) The amplitude of the acceleration Fourier spectrum at each
measuring point in the soil layer in test 1 and test 3 changed
consistently, increasing with the buried depth of the soil layers
descending. (2) The amplitude in test 3 was larger than that of
test 1. (3) The acceleration Fourier spectrum frequency in test
1 and test 3 mainly fluctuated between 0 Hz and 20 Hz, and
the low-frequency component (0~8 Hz) was gradually am-
plified in the upward propagation process of seismic waves.
The acceleration Fourier curve shape in the two groups was
approximately consistent, but the frequency components of
soil layers in test 3 were richer than those in test 1 on the
whole.

3.2.3. Comparative Analysis of Structural Strain. To study
the influence of homogeneous soil layer and heterogeneous
soil layer on the internal forces of the structure when they are
distributed along the longitudinal direction of immersed
tunnels, the strain measuring points in the middle of the
tunnel sections are contrasted and analyzed. The positions of
the strain gauges are shown in Figure 6. The effective strain
peaks are shown in Table 6 except for the data collected by
S1, §2, and S3 because of damage.

The following can be seen from Table 6: (1) The strain peak
value of each measuring point in test 1 and test 3 increased with
the increase of the input amplitude of EL wave. For example, in
test 1, when the local seismic wave input amplitude increased
from 0.2g to 0.4 g, the strain amplitude of S4 increased from
15.6 t0 46.6, and, in test 3, the amplitude increased from 30.3 to
73.1. (2) In tests 1 and 3, the strain peak at the upper part of the
structure was larger than that of the lower parts. For example,
in test 1, under the EL-1 wave input, the strain peak value of
measurement point S5 was 13.3, with that of point S6 being
10.1, and in test 3, the value of S5 was 15.2, with that of S6 being
13.4. Under the input of EL-2 and EL-3 waves, the same results
were obtained. (3) The strain peak value in test 3 was larger
than that in test 1 at the same measuring point under the same
seismic input. For example, under the EL-1 wave input, the
strain peak value of measuring point S5 in test 3 was 15.2, while
that in test 1 was 13.3. The other measuring points shared the
same rule. This shows that, under the same earthquake, the
failure probability of the structure in test 3 is larger than that in
test 1. Due to the large displacement difference of different soil
layers in the vibration process, the relative displacement dif-
ference of the structure is relatively large, so the failure
probability of the structure may also rise.

3.3. Comparisons and Analysis of Test Results in Case 3 [22].
Case 3 was the comparative analysis of test 2 and test 4,
aiming at the influence of tunnel stiffness on the seismic
response of the immersed tunnels.
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FIGURE 12: Test 3 acceleration Fourier spectrum of soil layer. (a) Al. (b) A2. (c) A3. (d) A4. (e) A5.

TABLE 6: Strain peak of structure under EL wave (ye).

. . Test 1 Test 3

Measuring point

EL-1 EL-2 EL-3 EL-1 EL-2 EL-3
S1 135 231 668
S2 224 316 853
S3 8.6 146 459
S4 135 156 466 177 303 731
S5 133 199 805 152 302 991
S6 101 155 450 134 281 489

3.3.1. Contrast Analysis of Acceleration Amplification Coef-
ficient of Soil Layer. To explore the influence of tunnel
stiffness on the propagation of seismic waves in the soil
layers, the acceleration amplification factor of the soil layers
is also applied for description. The specific method and the
location of the observation surface are the same as those of
case 1, as shown in Figure 13.

Figure 13 illustrates that the acceleration amplification
factors in test 4 ranged from 0.6 to 2.0, which were larger
than those of test 2. Due to the large rigidity of the tunnel, the
seismic response of the soil layer nearby was restrained, and
the acceleration of the soil layer reduced (the peak accel-
erations of A3 and A4 were smaller than that of A1). Under
the joint action of tunnel stiffness and weight, although the
pore pressure of the soil layers increased with the increase of
seismic wave input amplitude, it did not reach liquefaction,
so the acceleration of the surface soil layer (measuring point
A5) increased. Therefore, the acceleration amplification
factor of the soil layers in test 4 first decreased and then
increased with the decrease of the soil depth. The rule of the
acceleration amplification factor in test 2 resembled case 1,
which will not be repeated here.

Comparing the acceleration amplification coefficient
curves of the two groups of tests, it can be seen from Fig-
ure 13 that, under the EL-2 and EL-3 wave inputs, the
variation law of acceleration amplification coefficient of the
soil near the tunnel is the same, but the causes are different.
For example, in test 2, the acceleration amplification factor
of the soil layer decreased with the decrease of the buried
depth. It was mainly due to the liquefaction of the soil layer,
which reduced the acceleration of the soil layer. In test 4, the
response of the soil layer was restrained due to the larger
stiffness of the tunnel, which reduced the acceleration. The
acceleration amplification coefficients (A3 and A4) of the
soil layer near the tunnel in test 4 were smaller than those in
test 2.

The above results demonstrate that the stiffness of the
tunnel significantly influences the seismic wave propagation
in the sites.

3.3.2. Comparative Analysis of Fourier Spectrum of Soil
Acceleration. To learn about the influence of the tunnel
stiffness on the site soil dynamic characteristics, the soil
acceleration time-history curves in test 2 and test 4 went
through Fourier transformation before analysis. Because of
the limited writing space, only the measuring points under
EL-3 ground motion input are analyzed here. The acceler-
ation Fourier spectrum of each measuring point in test 4 is
shown in Figure 14, and that in test 2 is shown in Figure 9(a).

The following can be seen from Figures 9(a) and 14: (1)
In test 4, the acceleration Fourier spectrum amplitudes of
measuring points A3 and A4 were smaller than those of test
2, which is due to the lower vibration amplitude of the soil
layers nearby the structure resulting from the larger re-
straints produced by the stiffer structures in test 4. (2) The
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Fourier spectrum amplitude of acceleration at A5 in test 4
was larger than that in test 2. That is, because the vibration
amplitude of the soil layers near A5 reduced due to the
liquefaction of the soil layer at A5 in test 2. (3) When the
seismic wave propagated upward, obvious low-frequency
concentration and amplification effect occurred in the fre-
quency spectrum of test 2. For example, the predominant
frequency of the acceleration Fourier spectrum of measuring
points A4 and A5 reduced (from 6Hz to about 2Hz)
compared with Al. This is because the liquefaction of

saturated sand reduced the effective stiffness and made the
predominant frequency move from high to low. However, in
test 4, the predominant frequency of the soil layers changed
minimally except for that of A5, which reduced evidently. (4)
The shapes of the acceleration Fourier curves of A4 and A5
in test 2 were quite different from those of A1 and A3, but the
shape side of the acceleration Fourier curve of each mea-
suring point in test 4 was approximately the same.

From the above analysis, it can be concluded that the
tunnel stiffness can affect not only the acceleration Fourier
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TABLE 7: Strain peak of structure under EL wave (ye).

) ) Test 2 Test 4

Measuring point

EL-1 EL-2 EL-3 EL-1 EL-2 EL-3
S1 22.60 36.80 70.74 14.17 19.94 24.67
S2 33.87 5113 100.89 1820 27.13 45.01
S3 21.71 34.01 5055 9.23 14.86 184l
S4 2898 4125 60.87 11.51 15.41 26.24
S5 28.58 4297 108.15 15.38 21.83 2527
S6 19.17 27.14 36.37

spectrum amplitude and the predominant frequency of the
soil layer nearby but also the shape of the acceleration
Fourier curve.

3.3.3. Comparative Analysis of Structural Strain Analysis.
In order to explore the influence of tunnel stiffness on its
internal force under earthquake action, the strain measuring
points in the middle of the tunnel sections of the two groups
are analyzed and compared. The locations of the strain
gauges are shown in Figure 6(b). The effective strain peaks
are shown in Table 7 except for those collected by the S6
strain gauge in test 4, which was damaged in the test.
The following can be seen from Table 7:

(1) The peak strain value of each measuring point in test
2 and test 4 increased with the increase of the input
amplitude of EL wave. For example, in test 2, when
the input amplitude of EL wave increased from 0.2 g
to 0.4 g, the strain peak value of measuring point S2
increased from 51.13 to 100.89, and, in test 4, the
value of S2 increased from 27.13 to 45.01.

(2) The peak strain in the upper part of the structure in
tests 2 and 4 was larger than that in the lower part.
For example, under the input of the EL-1 wave, the
strain peak value of S2 was 33.87 with that of S1 being
22.6 in test 2. Similarly, the peak values of S4 and S5
were also greater than those of S3 and Sé6.

(3) The strain peak value of test 2 was larger than that of
test 4 at the same measuring point. For example, the
strain peak value of S2 in test 2 was 51.13, while the
strain peak value of S2 in test 4 was 27.13. This rule
worked at the other points. This shows that the
tunnel in test 2 is more amenable to the movement of
the surrounding soil layers.

In order to better reflect the growth process of the
structural strain in the test, the growth rate of strain at the
measuring points is also used to describe it, of which the
definition is the same as that in case 1. The growth rates of
the two groups of tests under excitations EL-2 and EL-3 are
shown in Figure 15. The following can be seen from Fig-
ure 15 as follows: (1) The strain growth rate of the structure
in the two groups increased with the increase of the input
amplitude of EL wave. (2) Under the excitation EL-2 wave,
there was no significant difference in strain growth rate
between test 2 and test 4, while under excitation EL-3 wave,
the strain growth rate of multiple measuring points in test 2
was significantly higher than that in test 4, in which the
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growth rates of S1 and S5 in test 2 were the fastest, while the
growth rate of S4 was the lowest. In test 4, the growth rate of
S2 was the fastest, while that of S5 was the lowest.

The above results show that, under the small or moderate
earthquakes, the stiffness of the structures has little influence
on the strain growth rate of the structures, while under the
strong earthquakes, it significantly influences the strain
growth rate. There is spatial effect on the distribution of
structural strain, and the seismic wave with different peak
values also has influence on the growth rate of the structural
strain.

For more information on this chapter, please refer to
shaking table test study on flexible and rigidly immerged
tube tunnel in liquefiable soil layer [22].

3.4. Comparison and Analysis of Test Results in Case 4.
Case 4 is the comparative analysis of test 2 and test 5, aiming
at the influence of the earthquake input direction on the
seismic response of the immersed tunnels.

3.4.1. Comparative Analysis of Fourier Spectrum of Soil
Acceleration. In order to explore the influence of the input
direction of seismic wave on the dynamic characteristics of
the site soil, the soil acceleration time-history curves in tests
2 and 5 went through Fourier transformation before anal-
ysis. Due to the limited writing space, only the acceleration
Fourier spectra of the measuring points under EL-2 and EL-
3 wave inputs in the two tests are contrasted and analyzed, as
shown in Figures 16 and 17.

Figures 16 and 17 illustrate the following: (1) In the two
groups of tests, the amplitude of the acceleration Fourier
spectrum at the same position increased with the increase of
the input amplitude of EL wave. (2) In the two groups, the
amplitude increased with the decrease of soil depth. (3) When
the seismic wave input in the horizontal direction propagated
upward, the action of the low-frequency part of the seismic
wave in test 2 increased (the amplitude of the 2-7 Hz fre-
quency part in the Fourier spectrum was gradually amplified),
while that of the high-frequency part decreased. For vertical
input seismic waves propagating upward, the action of the
high-frequency part of the seismic wave in test 5 increased
(the amplitude of the 10-20 Hz frequency part in the Fourier
spectrum was gradually amplified), while the low-frequency
part decreased. This shows that, under the vertical ground
motion input, the field soil can reduce the vibration of the
structures with a long natural vibration period but can en-
hance the vibration of the structures with a short natural
vibration period. Under the horizontal earthquake, the result
is quite the opposite. It can be seen that, under the seismic
wave with different input directions, the natural frequency of
the site is different, so the causes of structural damage vary.
Therefore, the input direction of seismic wave should be
considered in the design of the structures.

3.4.2. Comparative Analysis of Tunnel Structural Strain
Analysis. To study the influence of the input direction of
seismic wave on the tunnel internal forces, the strain
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FIGURE 16: Acceleration Fourier spectrum of test 2 and test 5 soil layers under EI-2 input. (a) Test 2. (b) Test 5.

measuring points in the middle of the tunnel sections of the
two groups are analyzed and compared. The locations of
strain gauges are shown in Figure 6. The effective strain
peaks in test 5 are shown in Table 8 except for the data of the
S3 strain gauge due to damage.

Table 8 illustrates the following: (1) The strain peak value
of each measuring point in test 2 and test 5 increased with
the input amplitude of EL wave increasing. For example,
when the input amplitude of EL wave increased from 0.2 g to
0.4 g, the strain amplitude of S2 in test 2 increased from 51.13

to 100.89 and that in test 5 increased from 7.9 to 10.2. (2)
Under the action of EL wave with the same amplitude, the
strain peak value of the structure in test 2 was larger than
that in test 5 at the same position of the two groups. This
suggests that, under the action of seismic wave with the same
amplitude, the strain peak value of the structures caused by
the horizontal earthquake input is larger than that of the
vertical one. (3) The peak strain of the upper part of the
structures in test 5 was smaller than that of the lower part,
while in test 2 it was the opposite. For example, the peak
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TaBLE 8: Strain peak of structure under EL wave (ue).

Test 2 Test 5

Measuring point
EL-1 EL-2 EL-3 EL-1 EL-2 EL-3

S1 22.60 36.80 70.74 64 106 181
S2 33.87 5113 100.89 4.8 7.9 10.2
S3 21.71 34.01 50.55 — — —
S4 28.98 41.25 60.87 5.6 8.3 12.2
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FIGURE 18: Case 4 strain growth rate of structure.

strain at points S5 and S2 in test 5 was smaller than that at S6
and S1. It can be seen from the above analysis that the

seismic wave input direction has a great influence on the
internal force of the structures, and different seismic wave
input directions may cause different structural destruction
mechanisms.

In order to better reflect the growth process of the
structural strain in the test, the growth rate of strain at the
measuring points is also used to describe it, of which the
definition is the same as that of case 1. The strain amplitude
growth rate of the two groups under the working conditions
EL-2 and EL-3 is shown in Figure 18. The following can be
seen from Figure 18: (1) The strain growth rate of the
structures in the two groups increased with the input am-
plitude of the EL wave increasing. (2) Under the excitation
EL-2 wave, the structural strain peak at the same measuring
point in test 2 was much larger than that in test 5, but the
strain peak growth rate side was close. (3) Under the ex-
citation EL-3 wave, the strain growth rate of multiple
measuring points in test 2 was significantly higher than that
in test 5. The growth rate of measuring point 5 in test 2 and
that of point 6 in test 5 were the largest.

The above results indicate that the seismic wave input
direction has little effect on the strain growth rate of the
structures under small and medium earthquakes but may
affect it significantly under strong earthquakes. There is also
a spatial effect on the structural strain distribution, and
seismic waves with different peak values also have an effect
on the structural strain growth rate.

4. Conclusions

Through the shaking table tests, the influence of five aspects
on the seismic response of the immersed tunnels, the un-
saturated sand site, saturated sand site, longitudinal
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nonuniform site, tunnel stiffness, and ground motion input
direction, is discussed. Through the analysis of the test re-
sults, the following conclusions are obtained:

(1) Site soil characteristics, structural stiffness, and
seismic wave input direction may influence the
development of soil layer acceleration to some ex-
tent, especially saturated sand and large structural
stiffness.

(2) Under the horizontal ground motion input, the
changes in the Fourier spectra of the soil layers in
tests 1 to 4 were the same. In the four tests, the low-
frequency part was amplified when the seismic wave
propagated upward in the soil layers, while the high-
frequency part reduced. The result was the opposite
under the vertical seismic wave input (the low-fre-
quency part was reduced, while the high-frequency
part increased).

(3) Sand liquefaction can not only move the excellent
frequency of the soil layer from high to low but also
change the shape of the acceleration Fourier spec-
trum curve. The larger structural stiffness may
partially hinder the liquefaction of the soil layer and
influence the shape of the acceleration Fourier
spectrum curve of the nearby soil layers to some
extent.

(4) The influence of site conditions, structural stiff-
ness, and seismic wave input direction on the
internal force growth of the structures is signifi-
cantly different. The internal force of the structures
in test 2 was the largest, while that in test 5 was the
smallest.

(5) The peak value of the structural strain in the 5 groups
of experiments increased with the increase of the
ground motion input amplitude, but the structural
strain growth rates of the 5 groups of experiments
were different. Under the action of horizontal
earthquakes, the peak strain of the upper part of the
center column and the side walls of the structure is
larger than those of the other locations. However,
under the vertical seismic wave, the locations with
the peak strain are the opposite.
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