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Drawing on the theory of model similarity, the failure mode of a columnfree long-span
subway station under asymmetric load was discussed under seismic waves, in the light of
different frequency spectrum features, loading conditions, and ground motion intensities.
Specifically, a largescale model was designed for the subway station, and subjected to
shaking table tests. Based on the test data, the authors comparatively analyzed the seismic
responses of the model under unidirectional and bidirectional earthquakes. The results
show that: (1) The acceleration response of the model increased with the acceleration
amplitude. The dynamic response of the model is more complex and greater under
bidirectional earthquake than under unidirectional earthquake. (2) The middle plate is the
weak link in seismic design, and should therefore be enhanced. (3) The acceleration
response was larger when the model had an asymmetric slope, for the dynamic response
is amplified by the asymmetric load. Hence, the asymmetric slope suppresses the seismic
resistance of the model. (4) The strains of the model gradually increased with the growing
amplitude of ground motion; The middle plate had a greater strain than other plates,
indicating that this plate has relatively low stiffness, and deforms significantly under
seismic action. (5) The earth pressure values under bidirectional seismic action were
greater than the simple superposition between the values under horizontal seismic action
and the vertical seismic action. The research results provide a good reference for the
seismic design of underground structures.

1. INTRODUCTION

The earthquake could bring serious damages to the inflicted
area, including direct consequence like building collapse and
secondary disasters like sand gushing, landslide, debris flow
and ground subsidence. Traditionally, it is believed that
underground structures suffer from fewer damages than
ground structures during an earthquake. But many seismic
evidences [1, 2] suggest otherwise: seismic damages of
underground structures are reported frequently. Taking the
Great Hanshin Earthquake for example, the most serious
damages occurred underground. During the earthquake, many
underground structures were impaired, ranging from railways,
parking lots, tunnels, to commercial streets. Five subway
stations underwent severe destruction, especially the Dakai
station [3]. More than half of the central columns at the station
completely collapsed, causing the roof to fall and the overlying
soil to settle by a maximum of 2.5m.

Of course, underground structures still have much better
seismic resistance than ground structures, provided that the
surrounding rock is rigid, the earthquake is of low magnitude,
and the buried depth is suitable [4]. The traditional view holds
that structural damage mainly depends on the horizontal
seismic force, but has little to do with the vertical seismic force
[5]. In 2008 Sichuan Earthquake, however, the horizontal and
vertical seismic components seemed to have the same intensity,
resulting in high seismic damages to many tunnels and
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underground engineering facilities [6].

Many scholars have explored the seismic effect on
underground structures. Based on the ANSYS finite-element
software, Zhuang et al. [7] created a nonlinear viscoelastic
model of the dynamic soil features under cyclic load,
numerically simulated the seismic damage mechanism of
Dakai station in the Great Hanshin Earthquake, and
summarized the damage evolution at the station: the collapse
of the station is mainly resulted from the failures of the roof
and central columns. Through shaking table tests, Tamari and
Towhata [8] detailed the soil-structure interaction in
underground engineering, and established the relationship
between soil-structure stress/strain, effective pore pressure,
and earth pressure. Wang et al. [9] considered the portal
section as the most vulnerable part of underground structures
during earthquakes, pointing out that the portal section and
portal slope are the most dangerous parts of a tunnel under
seismic action, in addition to the high-intensity seismic area
and the active fault zone. Dowding and Rozan [10] suggested
that, in a tunnel structure under asymmetric load, the free side
of the lateral slope at the portal section in a tunnel is prone to
collapse and instability, due to the weak overburden and
broken rock mass.

The shaking table test has often been adopted to study the
seismic response of underground structures. For instance,
Jiang et al. [11, 12] carried out a series of shaking table tests
to identify the seismic behaviors of a small shallow tunnel
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under asymmetric load, and concluded that the peak seismic
wave has much greater impact on the acceleration response of
tunnel than the type of seismic wave. Liu et al. [13] observed
that the corresponding measuring points on the two sides of
the target tunnel differed in acceleration and strain, under
different seismic waves. Lei et al. [14] obtained the failure
modes and velocity fields of shallow tunnels under
asymmetric load, and found that the method specified in the
current code underestimates the effect of asymmetric load of
surrounding rock pressure on shallow tunnels. Li et al. [15]
discovered that the asymmetric load of ground surface only
affects the acceleration of the surrounding rock within a
limited depth, and the free surface of a tunnel under
asymmetric load tends to displace more than that of a tunnel
under symmetric load. Overall, many shaking table tests have
been performed on tunnels under symmetric load [16-21], but
few have been conducted on tunnels under asymmetric load.

To the best of our knowledge, there is no research of
columnless subway station through shaking table test, under
the conditions of bidirectional earthquake and asymmetric
load. This paper introduces shaking table test to examine the
dynamic response law of a subway station under asymmetric
load. Different frequency spectra, loading modes, and seismic
intensities were considered in the testing process. The research
results provide a good reference for the seismic design of
subway stations under asymmetric load.

2. SHAKING TABLE TESTS

2.1 Model design

(e)pressure balancing system (f) eccentric compression
system

Figure 1. The model box and test setup
As shown in Figure 1(a), the model box is made of steel

frame and steel plate. The model box is 2.15m long and 1.2m
tall along the vibration direction, and 2.35m long and 1.2m tall
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perpendicular to the vibration direction. Gravels were placed
at the bottom of the box to increase the friction between the
soil and the bottom. To eliminate the boundary effect, 10cm-
thick polystyrene foam boards were pasted on the two box
walls parallel to the vibration direction. In addition,
preservative films and lubricating oil were applied on the two
walls perpendicular to the vibration direction, with the aim to
reduce the friction of these walls.

As shown in Figures 1(b) and (c), the model structure
mainly consists of particulate concrete and galvanized steel
wire mesh. The mix ratio of the particulate concrete is 425#
cement: coarse sand: lime: water = 1: 5: 0.34: 0.8. Figures 1(d)
and (e) illustrate the embedding of the model, and the
deployment of internal measuring points, respectively. Finally,
a slope was created (Figure 1(f)) to simulate the asymmetric
load.

The shaking table tests were carried out in the Key Lab of
Structure and Earthquake Resistance, Xi’an University of
Architecture and Technology. Three seismic waves were
adopted for the tests, including two natural waves (i.e. El
Centro wave and Wenchuan wave) and an artificial wave (Ren
wave). The seismic response spectra are compared with design
response spectra in Figure 2; the time history of accelerations
of the ground motion are recorded in Figure 3.
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Figure 2. The comparison between seismic response spectra
and design response spectra
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Figure 3. The time history of accelerations of the ground
motion
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2.2 Similarity ratio

According to the theory on model similarity and the basic
parameters of the shaking table, the similarity ratio of the test
model was selected as 1: 50; the geometric dimension, density
p, and elastic modulus E were taken as the basic physical
quantities. The similarity relationship and the similarity of
physical quantities of the model are shown in Table 1.

2.3 Soil material

The elastic moduli of upper soil and lower soil were set to
3.72Mpa and 8.41Mpa, respectively. The cohesion and
internal friction angle of the soil were measured by direct shear
test. The test results are shown in Table 2.

Table 1. The similarity relationship and the similarity of physical quantities of the model

Physical parameter Symbol of similarity ratio Similarity Structure model Ground model
length Sl Sl 1/50 1/50
area Sa Sa=SI"2 1/2500 1/2500
Linear displacement SX Sx=SI 1/50 1/50
Elastic Modulus SE / 13/63 Actual measurement
strain Se Se=[1] 1 1
stress So So=SE 13/63 /
Model equivalent density Sp / 2.130 /
time St St =S1 (Sp/ SE) ~0.5 0.064
frequency Sw Sw=1/St 15.563
Table 2. The cohesion and internal friction angle of the soil
Material Density (kg/m®  Elastic modulus (MPa) Poisson ratio  Cohesion coefficient (kPa)  Internal friction angle (9
Upper soil 1497 3.72 0.3 14.12 32.1
Lower soil 1649 8.41 0.3 26.63 28.5
Micro concrete 2005 6635 0.3 / /
2.4 Test plan g
As shown in Figure 4, the shaking table tests adopt a total direttion of vibration
of 49 acceleration sensors, 30 strain gauges, and 14 earth '_—
pressure gauges. The layout of these measuring points is
explained in Figure 5. The middle section of the model is the A DR AWE cll
main measuring surface. The measuring points AP11, AP12, :
and AP13 are respectively deployed at the middle of the top §§ e
plate, the middle plate, and the lower plate of the subway HE : o
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Figure 4. The sensors used in shaking table tests
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(d) Layout of strain gauges at Section C-C
(e) Layout of strain gauges at Section A-A

Figure 5. The layout of measuring points



2.5 Ground motion parameters

For the target subway station, the fortification intensity is 7,
the design acceleration is 0.10g, the design earthquake group
is the first group, and the site class is Class I1l. According to
site survey and design report, the peak acceleration of the

ground motion was adjusted according to that of a Class 11 site
with an adjustment coefficient of 1.25. Therefore, the basic
acceleration of the site was set to 0.125g. The features of
ground motion are summarized in Table 3. The loading
conditions of the tests are given in Table 4.

Table 3. The summary of ground motion features

_— Peak Time of peak . . . Equivalent shear wave Time
Seismic wave acceleration (g)  acceleration (s) Hold time (s) Effective duration (s) velocity VS30 (m/s) interval (s)

EL Centro-180 0.281 217 53.72 24.20 213.44 0.01

Wenchuan 0.164 70.89 199.6 128.395 Three types of venues 0.005

Artificial wave (Ren) 0.100 28.26 70.00 62.02 Artificially generated 0.01

Table 4. The loading conditions of the tests

Model structure (g)

Model structure (g)

Condition  Seismic wave X 7 Condition Seismic wave X 7

Artificial wave 0.968 - 6 Artificial wave  0.867 0.433

1 EL Centro wave 0.968 - EL Centro wave 0.867 0.433
Wenchuan wave 0.968 - Wenchuan wave 0.867 0.433
Artificial wave - 0.968 7 Artificial wave  0.684 0.684

2 EL Centro wave - 0.968 EL Centro wave 0.684 0.684
Wenchuan wave - 0.968 Wenchuan wave 0.684 0.684
Artificial wave 0.968 0.484 8 Artificial wave  0.433 0.867

3 EL Centro wave 0.968 0.484 EL Centro wave 0.433 0.867
Wenchuan wave 0.968 0.484 Wenchuan wave  0.433 0.867
Atrtificial wave 1.200 - 9 Atrtificial wave  0.968  Symmetric slope

4 EL Centro wave 1.200 - EL Centro wave 0.968 Symmetric slope
Wenchuan wave 1.200 - Wenchuan wave 0.968 Symmetric slope
Artificial wave 1.200 0.600

5 EL Centro wave 1.200 0.600
Wenchuan wave 1.200 0.600

3. DYNAMIC RESPONSE ANALYSIS

3.1 Differences in seismic response under unidirectional
and bidirectional earthquakes

During the shaking table tests, acceleration sensors AP11,
AP12, and AP13 were respectively arranged on the bottom,
middle, and top plates to capture the acceleration response of
the model with asymmetric load under seismic action. Figure
6 shows the time history of the acceleration response at AP11
under three different seismic waves.

As shown in Figure 6, under different seismic waves, the
acceleration responses at the measuring point of AP11 were
like the input ground motion; the strong earthquakes lasted for
basically the same duration; the peak acceleration exhibited a
certain law. With the increase of acceleration amplitude, the
acceleration response at the measuring point gradually
climbed up.

The comparisons between conditions 1-3 and 4-5 indicate
that the dynamic response of the model was more complex and
greater under bidirectional earthquake than under
unidirectional earthquake. The opposite was observed under
El Centro wave: the dynamic response of the model was larger
under unidirectional earthquake, probably a result of the
spectral features of the wave.

3.2 Differences in seismic response between models with
asymmetric and symmetric slopes
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Figure 7 shows the time history of the acceleration response
at AP11 of the model with a symmetric slope with that of the
model with an asymmetric slope under condition 1.

Obviously, the acceleration response at the measuring point
was larger when the model had an asymmetric slope. The
possible reason is that the dynamic response is amplified due
to the lack of soil on the right side of the model with
asymmetric slope. Hence, the asymmetric slope suppresses the
seismic resistance of the model.

3.3 Differences in seismic response between different plates

To disclose the variation in ground motion amplitude with
different plates in the model, the acceleration responses were
measured at AP11, AP12, AP13 under different seismic waves
incident in the horizontal direction under condition 1, and then
measured under different seismic waves incident in the vertical
direction under condition 2. The time history of the
acceleration responses at these points are recorded in Figure 8.

As shown in Figure 8(a), when the three kinds of seismic
waves were applied in the horizontal direction, the three plates
can be ranked as top plate> middle plate> bottom plate, in
descending order of the peak acceleration response; in this
case, the structural response increased with the amplitude of
input seismic wave.

As shown in Figure 8(b), when the three kinds of seismic
waves were applied in the vertical direction, the three plates
can be ranked as middle plate> top plate> bottom plate, in



descending order of the peak acceleration response; the middle must be strengthened to improve the seismic performance of
plate is greatly affected by the vertical seismic waves, making the entire model.
it the weak link in seismic design. As a result, the middle plate
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Figure 6. The time-history of acceleration responses at AP11 under unidirectional and bidirectional earthquakes
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Figure 8. The time history of the acceleration responses at AP11,

3.4 Differences in structural strain under unidirectional
and bidirectional earthquakes

Taking the El Centro wave as an example, the strain
amplitudes of the different plates of model under various
conditions are shown in Table 5.

It can be seen that, the strain of the model increased
gradually with the growing amplitude of the ground motion;
the middle plate had a greater strain than other plates; the
strains collected under vertical seismic action were smaller
than those collected under horizontal seismic action; the end
surface had smaller strains than the main observation surface.
Then, it is inferred that the middle plate has relatively low
stiffness, and deforms significantly under seismic action.

3.5 Differences in the dynamic earth pressure between the
model with asymmetrical slope and that with symmetrical
slope

To clarify the soil-structure interaction, miniature soil

Table S. The strain amplitudes of different

5 6

(b)
(b) Condition 2

AP12, and AP13 under horizontal and vertical seismic waves

pressure boxes were placed between the soil and the model.
Then, the dynamic pressure between the soil and the model
were measured through the shaking table tests. Under the EI
Centro wave, the earth pressures on the side walls and bottom
plate of the model are recorded in Table 6.

As shown in Table 6, the model had higher earth pressures
under bidirectional seismic action than under unidirectional
seismic action. Moreover, the earth pressure values under
bidirectional seismic action were greater than the simple
superposition between the values under horizontal seismic
action and the vertical seismic action. This means the dynamic
response is a coupled action under bidirectional earthquake.
In addition, the dynamic earth pressure at PP4 was greater than
that at PP6, indicating that, under seismic action, the top of the
model is squeezed more significantly by the soil than the
bottom. This is mainly because the slope on the right side of
the model makes the structure asymmetric. The phenomenon
echoes with the strain change law observed in the subway
station.

plates under El Centro wave (unit: pe)

Condition Cl C2 C3 C4 C5 Condition Cl C2 C3 C4 C5
SP4 100 53 173 120 207 SP1 43 37 50 52 59

SP15 85 45 147 102 176 SP12 40 35 47 48 54

Left wall SP10 130 69 225 156 270 Top plate SP2 50 44 48 60 68
SP21 111 59 192 133 230 SPI3 46 40 43 55 62

SP3 44 38 53 53 60

SP14 41 36 48 49 55

SP5 85 45 147 102 176 SP7 47 41 54 56 63

SP16 72 38 124 86 149 SP18 40 35 47 48 54

Right SP11 76 40 131 91 158 Middle SP8 52 45 60 62 70
wall SP22 65 34 112 78 135 plate SP19 44 38 54 53 60
SOP 43 37 55 52 59

SP20 37 32 48 44 50
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Table 6. Dynamic earth pressure under El-Centro wave action

Condition Soil pressure (kPa)

PP4 PP5 PP6 PP7 PP8 PP9 PP10 PPI1
1 2.131 1.231 0.891 1.461 1.769 1.022 0.740 1.213
2 1.321 0.763 0.552 1.906 1.096 0.633 0.458 1.582
3 3.832 2213 1.602 2.737 3.181 1.837 1330 2.272
4 2.557 1.477 1.069 1.753 2.122 1.226 0.887 1.455
5 4.598 2.656 1.922 3.152 3.816 2204 1.595 2.616

4. CONCLUSIONS [3] Nakamura, S., Yoshida, N., Iwatate, T. (1996). Damage

This paper designs a largescale model of a columnfree long-
span subway station, and carries out shaking table tests to
study the seismic responses of the model under unidirectional
and bidirectional earthquakes. The main conclusions are as
follows:

(1) The acceleration response of the model increased with
the acceleration amplitude. The dynamic response of the
model is more complex and greater under bidirectional
earthquake than under unidirectional earthquake

(2) When the three kinds of seismic waves were applied in
the horizontal direction, the three plates can be ranked as top
plate> middle plate> bottom plate, in descending order of the
peak acceleration response; when the three kinds of seismic
waves were applied in the vertical direction, the three plates
can be ranked as middle plate> top plate> bottom plate, in
descending order of the peak acceleration response; therefore,
the middle plate is the weak link in seismic design.

(3) The acceleration response was larger when the model
had an asymmetric slope. The possible reason is that the
dynamic response is amplified by the asymmetric load. Hence,
the asymmetric slope suppresses the seismic resistance of the
model.

(4) The middle plate had a greater strain than other plates;
the strains of the model gradually increased with the growing
amplitude of ground motion; the middle plate has relatively
low stiffness, and deforms significantly under seismic action.

(5) The dynamic response of the model is a coupled action
under bidirectional earthquake: the earth pressure values under
bidirectional seismic action were greater than the simple
superposition between the values under horizontal seismic
action and the vertical seismic action.
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