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ABSTRACT: Taking Zhoutouzui Immersed Tunnel project in China as the background, a
series of shaking table model tests on immersed tunnel-joint-soil were conducted under two
horizontal directions seismic ground motions at the multiple shaking table testing system in
Beijing University of Technology. They were performed using a rigid prefabricated continuous
soil container with the dimensions of 7.7 meters long, 3.2 meters wide and 1.2 meters high. El
Centro, Tianjin and Guangzhou artificial ground motion records were selected as the seismic
input. The three ground motions were scaled to three levels (0.25, 0.75, and 1.5g). A new
tunnel model joint component was designed to simulate the immersed tunnel joint. In the
paper, the axial force and deformation of model immersed joints were obtained by using the
pull-press sensors and laser displacement sensors through shaking table tests and the law of
dynamic response can be summarized. Test results can provide technical support and theoret-
ical basis for immersed tunnel engineering design.

1 INTRODUCTION

The actual ground motion is a complex multidimensional stimulus, the reaction of the struc-
ture under single-dimensional and multi-dimensional earthquake is different. During the
underground structure seismic design, considering of bi-directional seismic action is more real
to reflect the stress of the underground structure under seismic action and failure mechanism
than only considering one-way horizontal seismic action (Li X., et al. 2015). Stronger vulner-
ability of structures under bi-directional shaking relative to that under uni-directional excita-
tion has been demonstrated in numerous studies (Aparna, R., et al. 2018).
Immersed tunnel is a kind of underwater tunnel which is composed of several prefabricated

tunnel elements. The joint between two adjacent section is the weak link. In view of the large
earthquakes happen frequently in recent years, the research of the immersed tunnel seismic
performance has important practical significance. Before scholars are mostly based on the
means of numerical simulation study of the immersed tube tunnel seismic problems. Previous
researches have been mostly conducted by using numerical simulation method (Ding J.H.,
et al. 2006; Anastasopoulos, Nikos Gerolymos, et al. 2007; Jakob Hausgaard Lyngs. 2008;
Van Oorsouw R.S.. 2010). Shaking table tests are rare on seismic performance of immersed
tunnels. In recent years, shaking table tests on seismic performance of immersed tunnels grad-
ually carried out (Yuan Y., et al. 2018; Yu H.T., et al. 2018; Cheng X.J., et al. 2017). In the
article, using the test method, the dynamic performance of immersed tunnel and its joints
under two horizontal directions seismic ground motions are studied. The test results can pro-
vide valuable reference for the seismic design of the immersed tunnel.
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2 EXPERIMENTAL SETUP

The shaking table test was carried out at the shaking table array testing system in Beijing Uni-
versity of Technology. The detailed information of the shaking table can be seen from the lit-
eratures (Li X., et al. 2015; Chen H.J., et al. 2017). In the test, four sub-shaking tables were
used and arranged in a straight line. The spacing distance between two adjacent sub-shaking
tables was measured 1 m, as presented in Figure 1.
The tests were performed using a rigid prefabricated continuous model container with

dimensions of 7.7 meters long, 3.2 meters wide and 1.2 meters high. The model box is pre-
sented in Figure 2.
To study the dynamic response of the model structure and model joints, accelerometers,

force sensors, laser displacement meters and soil pressure were used. See Figure 3.

3 TEST DESIGN

Taking the Zhoutouzui immersed tunnel of Guangzhou in China as the background, there are 4
immersed segments (E1, E2, E3 and E4) and each with length of 85 m, of which the E1 and E4
are variable cross-section segments. The height of the tunnel is 9.68 m. The standard width of
the tunnel is 31.4 m and the maximum width of the tunnel is 39.36 m. The layout and standard
cross-sectional design of the Zhoutouzui immersed tunnel are presented in Figure 4(a)–(b).

3.1 Scale factor design

According to similarity theory, three aspects of the simulation of the structure should be con-
sidered primarily: geometric similarity, physical similarity and mechanical similarity. The

Figure 3. Sensors and data acquisition system in the test

Figure 1. The shaking table array (unit: m).
Figure 2. The model soil container (unit: m).

Figure 4. The graph of the immersed tunnel (unit: m). (a) 4 segments of 85m length each.(b) Standard

cross-section.
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scale factor design should be based on the size and bearing capacity of the shaking table, size
of the soil container, boundary effect, and convenience of model manufacturing. The length
scale factor is set to 1/60. The scale factors of the model structure and soil are listed in Table 1.

3.2 Model structure

The model structure was manufactured by micro-concrete, of which the reinforcement was
made of galvanized steel wire.. The manufacturing process of the model structure is presented
in Figure 5.

3.3 Model soil

In the test, sawdust mixed clay soil was used. The details of the soil can be seen from the litera-
ture (Chen H.J., et al. 2017). Figure 6 presents the completed model site.

3.4 Model joints

The immersed tunnel was divided into four sections, of which three joints were present
betweenthe sections. For the test, a new kind of model joint was designed and made. The
detail information can be seen in the literature (Chen H.J., et al. 2017). The model joint can be
seen in Figure 7.

Table 1. Similitude relations of model structure and soil.

Physical quantities Similitude relations Model structure Model soil

Length SL 1/60 1/60

Linear displacement Sδ ¼ SL 1/60 1/60

Equivalent density Sρe
2 0.65

Elastic modulus SE 1/4 1/12.4

Duration ST ¼ SL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Sρe
=SE

p

0.047 0.047

Frequency Sω ¼ 1=ST 21.28 21.28

Acceleration Sa ¼ SE=ðSLSρe
Þ 7.5 7.5

Figure 5. The manufacturing of the tunnel model. (a) The template and wire. (b) The all template. (c)

Formwork construction. (d) Tunnel model casting

Figure 6. The completed model site
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3.5 Layouts of sensors

A series of shaking table tests were conducted under uniform earthquake excitation using the
multiple shaking table testing system at the Beijing University of Technology. The sensor
arrangements are presented in Figures 8 and 9. In this test, the acceleration sensors were
arranged in the soil and on the model structure. The acceleration sensors in the X- and

Figure 7. The joint immersed tunnel model. (a) Rubber waterstop. (b) Shear key. (c) Whole joint graph.

Figure 8. Acceleration sensors arrangement (unit: mm). (a) On the soil surface. (b) In the longitudinal

profile. (c) On the model tunnel.(d) Profile 1. (e) Profile2.
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Y-directions in Figure 8 are represented by red dots and black rectangles, respectively. The
force sensor layout is presented in Figure 9. The laser displacement sensor (see Figure 10) was
arranged in each joint. There are 3 joints in total.

3.6 Loading method and test cases

In the test, El Centro, Tianjin and Guangzhou artificially records were selected. There are two
vertical component of El Centro and Tianjin records. We define the direction of the larger
peak of acceleration time history as principal direction, with P. The another direction was
expressed as S. Horizontal bidirectional ground motions were the seismic input. There are two
cases. One is X direction as the principal direction (defined as XP + YS), and the other is Y
direction as the principal direction (defined as XS + YP). The three ground motions were
scaled to three levels (0.25,0.75 and 1.5g).White noise was used to check the changes in the
model. According to the code for seismic design of buildings (National Standard of the
People’s Republic of China. 2010), the ground motion intensity ratio of principal direction to
the another direction is 1:0. 85. Figure 11 presents the acceleration time histories and Fourier
spectra of the three records. Table 2 gives the test cases. When artificial seismic wave is as the
seismic input, the Y component is the same as the X component.

Figure 9. Force sensor arrangement of the joints. (a) Layout of the joints. (b) Layout of the sensors.

Figure 10. Laser sensors arrangement

Figure 11. Acceleration time histories and Fourier spectra
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4 TEST RESULT AND ANALYSIS

The boundary effects of the soil container are unavoidable in all soil-structure interaction
dynamic tests. Boundary effect of the model box used is small and negligible in the test (Chen
H.J., et al. 2017).
Test results are analyzed from the following three parts. In the paper, only the results of the

XP + YS direction are analyzed.

4.1 Response acceleration of the model soil and structure

In order to compare the two accelerations between the tunnel model structure and the surround-
ing soil, accelerometer A40 on E2 segment of model tunnel structure and A23 in soil nearby,
accelerometer A50 on E3 segment of model tunnel structure and A27 in soil nearby are chosen.
The acceleration time histories and their Fourier spectra are depicted in Figure 12 for the vibra-
tion in XP + YS direction for when the earthquake intensity of the principal direction is 0.75g.

It can be seen from these figures that:(1) Waveforms of response accelerations from sensors
on structure and in soil match very well. And it means the response accelerations phase syn-
chronization primitives. But response acceleration amplitude on structure is smaller than that
in surrounding soil, this is in line with the actual observation results in earthquakes. (2) The
Fourier amplitude spectra of the response accelerations keep good shape similarity in soil and
on structure. The above phenomena, due to the constraints of the surrounding soils, the seis-
mic response of underground structures is not vibrate along with its own features, but is

Table 2. Test cases.

The peak ground acceleration (PGA) and the direction
Seismic input Test No.1 Test No.2 Test No.3

PGA Direction PGA Direction PGA Direction

White noise 0.07g X 0.07g X 0.07g X

El Centro 0.25g XP + YS 0.75g XP + YS 1. 5g XP + YS

Tianjin 0.25g XP + YS 0.75g XP + YS 1. 5g XP + YS

Artificial* 0.25g XP + YS 0.75g XP + YS 1. 5g XP + YS

Artificial seismic wave.

Figure 12. Accelerations of structure and soil under seismic excitation.
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subject to the seismic response of the surrounding soils, it has to do with other researchers‘test
conclusion (Okamoto S., Tamura C.. 1973). (3) There are differences of acceleration time his-
tories and their Fourier spectra among different segments.

4.2 Force results of the joints

Under different ground motion, the extreme values of different force sensors are shown as in
Figure 13.
It can be seen from Figure 13: (1) Peak values of force time histories under different

earthquake excitation have similar change rule. (2) With the increase of input intensity,
the absolute values of peak force are increased. (3) The maximum and the minimum
values of each force time history are distributed symmetrically along the neutral axis. (4)
Peak values of force time histories measured from force sensors No.5, No.7 and No.9
are larger than others.

4.3 Displacement results of the joints

Deformation of different joints under different intensity of different seismic excitation can be
seen from Figure 14.
The Figure 14 shows that: (1) Under different seismic excitations, positive and negative dir-

ection displacement change trend of each joint basic parallel (i.e., tension or compression). (2)
Under different intensity earthquake excitation, the change tendency of different joint dis-
placement basically follows the largest joint displacement of J1 joint, the minimum of J2 joint.
It dues to the J2 connector located in the middle, so that the change rule of the tunnel along
the longitudinal deformation is more coordination. (3) Under different intensity of seismic
excitations, the change rule of different joint displacement are consistent in the two situations.
(4) Under XP + YS direction seismic input, the maximum joint displacements are 0.61 mm,
and according to the similarity relation conversion, the prototype tunnel joint maximum ten-
sile displacement are 36.6 mm, less than the precompression of 50 mm, so that the joint water
stop is in a safe range and will not leak.

Figure 13. Force peak value of different sensors under different seismic excitations

Figure.14. Displacement of different joints under different seismic excitation
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5 CONCLUSIONS

Detailed information about design of the shaking table model test was given. Dynamic char-
acteristics of the model tunnel and its joints were studied. The following conclusions are
drawn from the results of the study.

1. The seismic response of underground structures don‘t vibrate along with its own features,
but is subject to the seismic response of the surrounding soils.

2. The maximum values of force time histories are different under different seismic excita-
tions. The maximum values of force time histories of the middle joints are bigger.

3. The model joints will not leak through the tests.
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