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A series of shaking table tests were conducted to investigate the effect of pulse-like ground motion on a
multi-story subway station. Dynamic response data, including internal forces, column drift, and settle-
ment and deformation of the soil were obtained and analyzed. Results show that the pulse-like ground
motion increases dynamic responses of the subway station and surrounding soils mainly owing to its
inherent rich low-frequency component and high energy. In terms of the structure, central columns,
especially central columns on a floor with large story height, are vulnerable components of a multi-story
subway station. Both the dynamic earth pressure and the deformation mode of the side wall were
analyzed.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid development of the economy and society in
China, modern underground transportation, represented by the
subway, is continuously developing towards having a deeper and
multilevel structural form. Huaihai Road Station on metro line 13
in Shanghai, for example, is a six-story island-platform station
having height of nearly 30 m and diaphragm walls that are 71 m
deep [1]. More problems tend to arise for a deeper structural form
that has multiple layers and a larger story height. First, the water
and earth pressures imposed on side walls of the structure
increase with an increase in depth. Second, owing to the accu-
mulation of load transferred from top to bottom, the axial com-
pression ratio of central columns increases. Third, the structural
configuration tends to be more complicated so as to provide
multiple functions, which increases the number of latent vulner-
able points. Finally, a large story height greatly reduces the lateral
stiffness of central columns and side walls. Hence, the seismic
performance of such an underground structure is worthy of
attention.

In recent years, centrifuge and shaking table tests have been
conducted for subway stations to study the seismic performance
and failure mechanism of their underground structures [2–5].
Results show that underground structures may suffer severe
chnical Engineering, Tongji

.

damage during a strong earthquake. It is commonly believed that
the centrifuge test is an attractive way for seismic performance
evaluations due to its ability of reproducing the in-site stress state
of soils. Researches have been conducted by using a centrifuge,
and good results were obtained [6,7]. In addition, shaking table is
subtlety in loading, control and observation [8]. Hence, shaking
table test is also a common way for studying seismic performance
of underground structures [6,9,10]. These studies are of great help
to understand soil–structure interaction or responses of structures.

In studies of superstructures, it is also found that pulse-like
ground motions may induce more severe damage to structures
compared with other ground motions, such as far-field ground
motions. Pulse-like ground motion is defined as ground motion
whose PGV/PGA (the ratio of peak ground velocity to peak ground
acceleration) is greater than 0.2 while ordinary ground motion has
a ratio smaller than 0.15 [11]. If the rupture propagates in the
direction of the recording station, coherently traveling long-period
waves produce high ground velocities and large displacements in
the fault-normal direction [12], and most of the seismic energy in
ground motion is concentrated in the pulse [13]. Many studies
have verified the effects of pulse-like ground motion on the
superstructure. Bertero et al. [14] showed that pulse-like ground
motion can induce a dramatically strong response in fixed-base
buildings. Anderson and Bertero [15], in their study of the non-
linear dynamic response of a 10-story steel frame, revealed that
the lower floors of buildings with such structure can suffer great
damage if subjected to pulse-like ground motion. Makris and Black
[16] found that local, distinguishable acceleration pulses result in
unusual demands of structures. Sehhati et al. [17] stated that
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pulse-like ground motions impose a larger ductility demand on a
structure compared with ordinary ground motions. Additionally,
studies have been conducted on the effect of pulse-like ground
motions on isolated structures and bridges [18–22]. With regard to
underground structures, Chen and Wei [23] studied the effect of
pulse-like ground motion on mountain tunnels and concluded that
the velocity pulses are the main factor determining damage to
tunnel linings. However, from the perspective of the structural
form, the subway station has a framed structure. Hence, the sub-
way station and tunnel differ in terms of their mechanical and
vibration characteristics. Furthermore, the framed structure con-
figuration does not transmit static loads as effectively as a circular
lining. As a result, the high-energy impulse of pulse-like ground
motion poses a great threat to the structural members of a framed
structure, doing damage to the undetected vulnerable spots and
even to the whole structure. Additionally, the impulse may
increase the shear deformation of soil notably and thus enlarge the
story drift of the station and cause further damage.

In this paper, shaking table tests of a multi-story subway sta-
tion under pulse-like ground motions are conducted. On the basis
of the elastic response of a subway station under different ground
motions, the effects of pulse-like ground motion on the internal
force and deformation of structural members are discussed. The
dynamic earth pressure and deformation pattern of the side wall
are investigated. Moreover, the seismic performance of a deep
subway station under different levels of ground motion are
evaluated.
2. Experimental setup

2.1. Shaking table

The shaking table test was carried out using the MTS Company
shaking table facility at the State Key Laboratory for Disaster
Reduction in Civil Engineering, Tongji University. The table can be
input with three-dimensional and six-degree-of-freedom motions.
The dimensions of the table are 4 m�4 m. The working frequency
ranges from 0.1 to 50 Hz. The shaking table vibrates with two
maximum horizontal direction accelerations of 1.2 g and 0.8 g, and
a maximum acceleration of 0.7 g vertically.

2.2. Model soil container

To minimize the box effect, a flexible container was used in the
test. The cylindrical soil container was 3000 mm in diameter, see
Fig. 1. Its lateral rubber membrane was 5 mm thick, and reinfor-
cement bars having a diameter of 4 mm and spacing of 60 mm
were used to strengthen the outside of the box. The membrane
was fixed with an upper ring plate and a base plate by bolts. A
height-adjustable screw rod was installed to adjust the cylinder to
a proper state. A universal joint was set on the top of the columns,
Fig. 1. Schematic diagram of the soil container.
which supported the upper ring plate, to allow the ring plate to
deform laterally. To minimize the relative slip between the soil and
the container on the base surface, crushed rock was bonded to the
base steel plate to roughen the surface. In Ref. [24], Lu et al. con-
ducted three free field-shaking table tests to verify the boundary
effect of the flexible container, which was the same one used
herein. They indicated that the boundary effect can be ignored
when the distance between the structure and the boundary was
more than 600 mm. The distance in this paper's tests was more
than 1.2 m. Hence, the effect of boundary on dynamic responses of
the structure could be ignored.

2.3. Sensors and data acquisition system

To study the dynamic response of the model structure and the
dynamic soil–structure interaction, accelerometers, strain gauges,
displacement meters, laser displacement meters and soil pressure
gauges were used. The strain gauge was an FLA-3-11 produced by
the Japanese company TML. The gauge backing was made of epoxy
resin with thickness of 0.03 mm, and the length, width, backing
length and backing width of the gauge were 0.3, 1.4, 3 and 2 mm,
respectively. The laser displacement meter was a CP08MHT80
produced by the German company Wenglor and had dimensions
of 50 mm�50 mm�20 mm, a measuring range of 50 mm, reso-
lution finer than 8 μm, and response time less than 660 μs. The
soil pressure gauge had an outside diameter of 30 mm, capacity of
200 kPa, and precision of 0.5% of full scale. The data acquisition
system with 128 channels was produced by MTS Company, and
the sampling rate used in the test was 512 Hz.
3. Test design

3.1. Scale factor design

The prototype design of the model structure is a modern sub-
way station with height of 28.3 m. The station was designed ori-
ginally to be a six-story island platform station, and then because
of the need for parking, the first to third floors underground were
merged into one layer to function as a stereo garage. The second
floor is the lobby floor, the third is a floor that houses equipment,
and the fourth is an island platform. The total length of the station
is 155 m, and the width varies from 23.6 to 28.35 m. The prototype
structure was made of reinforcement concrete. Concrete of Grade
C45 was used for central columns and C35 for the rest parts of the
station [25]. Steel rebar of HRB400 was used in central columns
and HRB335 for the other parts [25].

The scale factors of the model structure are listed in Table 1.
According to similarity theory, three aspects of the simulation of
the soil–structure interaction should be considered primarily:
geometric similarity, physical similarity and mechanical similarity.
On account of the differences in dimensions between a modern
subway station and typical one, the 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 0.02. Fig. 2 presents
the dimensions of the model structure. Then scale factors of dis-
placement and area can be determined.

In the shaking table test, organic glass was chosen as the
material of the model structure owing to its good homogeneity,
high strength and low elastic modulus, providing flexibility to the
design of the scale factor. This material is also suited to accurate
manufacturing. Thus elastic modulus and density scale factors can
be determined according to material tests of the organic glass.

After the scale factor of geometry, elastic modulus and density
are decided, scale factors among the physical quantities can be



Table 1
Scale factors of the model structure.

Type Physical quantity Scale factor

Geometry properties Length 0.020
Linear displacement 0.020
Angular displacement 1.000
Area 4.00�10�4

Material properties Elastic modulus 0.106
Equivalent density 1.765
Stress 0.106
Strain 1.000
Poisson's ratio 1.000

Loading Force 4.24�10�5

Linear load 2.12�10�3

Area load 0.106
Moment 8.48�10�7

Dynamic properties Mass 1.41�10�5

Stiffness 2.12�10�3

Duration 8.16�10�2

Frequency 12.253
Velocity 0.245
Acceleration 3.003 30
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Fig. 2. Dimensions of the model structure: (a) cross section A–A; (b) top view
(unit: mm).

Table 2
Scale factors of the model soil.

Physical quantity Symbols Scale factor

Shear modulus SG 0.020
Length SL 0.020
Density Sρ 0.333
Acceleration Sa 3.003
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deduced using the Buckingham π law [26]:

Sσ ¼ SE
St ¼ SlSρ

1
2=SE

1
2

Sv ¼ SE
1
2=Sρ

1
2

Sa ¼ SE=SlSρ

8>>>>><
>>>>>:

ð1Þ

where Sσ ; SE; St ; Sl; Sv; Sa denote the stress scale factor, elastic
modulus scale factor, time scale factor, geometric scale factor,
velocity scale factor, and acceleration scale factor, respectively.

According to a numerical simulation of the shaking table test
on a subway station [27], the error introduced when using the
plane strain hypothesis can be ignored when the distance between
the observation plane and the end of the model is equal to the
structure width. The widths of the model structure and the col-
umn separation are 0.47 and 0.16 m, respectively, and the long-
itudinal length of the model structure is thus determined to be
1.1 m. A diaphragm wall mainly behaves as a flexural member, as
does the central column according to the results of a previous
study [28]. In addition, the model structure was designed on the
basis of the similarity principle of bending stiffness to introduce
the action of steel bars [28]:

Sk ¼ SσSl ¼
EpIp=lp

3

EmIm=lm
3 ð2Þ

where Sk; Sσ ; Sl are the stiffness scale factor, stress modulus scale
factor, and geometric scale factor, respectively, Ep; Ip; lp are the
prototype's elastic modulus, moment of inertia, and geometry,
respectively, and Em; Im; lm are the model's elastic modulus,
moment of inertia, and geometry, respectively.

The synthetic model soil was a mixture of sand and sawdust.
According to trial tests, adding sawdust to sand can reduce both
the density and dynamic shear modulus, which complies with
similitude requirements. Employing the Buckingham π law, the
scale factors of geometry, density, shear modulus, and inertial
acceleration were selected as essential parameters and adjusted to
satisfy [26].

SG=ðSl�SρÞ ¼ Sa; ð3Þ

where SG; Sl; Sρ; Sa denote the shear modulus ratio, geometry ratio,
density ratio, and inertial acceleration ratio, respectively. The scale
factors of soil are presented in Table 2.
3.2. Material and designation of the model

3.2.1. Model structure
To measure the elastic modulus of the organic glass, a material

test was carried out as shown in Fig. 3. The elastic moduli of three
specimens were 3.60, 3.21, and 3.19 GPa, respectively. The aver-
age value was 3.33 MPa, and the corresponding scale factor of the
elastic modulus was 0.106. To match the performances of the
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shaking table and to keep the acceleration scale factor and fre-
quency scale factor within reasonable ranges, mass was added to
meet the requirement of the density scale factor. When the
acceleration scale factor is 3.00 and the frequency ratio is 12.253,
the density scale factor should be 1.765. In this case, the original
model structure mass was 88 kg but should be 324 kg according
to the scale factor, and 236 kg of mass thus needed to be added.
Owing to the arrangement of sensors, the actual mass added was
208 kg. Fig. 4 shows the layout of added mass.

3.2.2. Model soil
The prototype soil was typical soil deposits found in Shanghai.

To satisfy the scale factor equation and taking the maximum
dynamic shear modulus, Gd=Gd max�γd curve, and λ�γd curve into
consideration, the most appropriate mass ratio of sawdust to sand
was 1:2.5, where Gd;Gd max;λ; γd denote the dynamic shear mod-
ulus, maximum dynamic shear modulus, damping ratio, and
dynamic shear strain respectively. The density of the mixture was
700 kg/m3, the density scale factor was 0.39, the confining pres-
sure ratio was 0.02, and the modulus obtained in the test was
1.81 MPa (target modulus: 1.72 MPa, error: 5.2%). The Gd=Gd max�
γd curve and λ�γd curve obtained in a dynamic tri-axial test are
presented in Fig. 5.

During the experiment, the soil was placed into the soil con-
tainer layer by layer. Each layer was compacted to have thickness
of approximately 20 cm. Before the main shaking table test, a trial
shaking table test was conducted to analyze the degree of com-
paction and settlement, and to ensure the soil density in the main
test remained accurate and consistent.

3.3. Layouts of sensors

Fig. 6 presents the soil container and observation plane. The
layouts of 20 strain gauges, 18 accelerometers, 10 displacement
meters, eight laser displacement meters, and 10 soil pressure
gauges in the model soil and model structure are shown in
Figs. 7 and 8. Strain gauges were used to investigate the dynamic
response of the structure. Accelerometers A3, A6, A9, and A12
were set to investigate the propagation law of seismic waves in
soil, accelerometers A2, A5, A8, and A11 to investigate the effect of
structure on the propagation law, accelerometers A10, A11, and
A12 to validate the boundary effect, and accelerometers A15–A18
to record the dynamic acceleration response of each story. Dis-
placement meters were placed to measure the settlement of soil
and lateral displacement of the soil container. Laser displacement
meters were fixed on the upper surface of each floor and circular
tubes made of organic glass were fixed on the lower surface of
each floor. Hence, the laser displacement meters provided data on
the relative displacement of the central column and side wall. Soil
pressure gauges P1–P8 were arranged to explore the distribution
of the dynamic earth pressure and P9 and P10 were used to check
the dynamic earth pressure.
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Table 3
Input ground motions.

Information Ground motion

Hector Mine ChiChi El Centro

PGA (g) 0.1 0.1 0.1
PGV (m/s) 0.766 0.496 0.115
PGV/PGA (s) 0.766 0.496 0.115
Record sequence number 1803 1542 172
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3.4. Loading method and test cases

To investigate the effect of pulse-like ground motion on the
subway station, three records were selected from the Pacific
Earthquake Engineering Research Center database [29] and the
information is shown in Table 3. Specifically, El Centro ground
motion is ordinary ground motion while Hector Mine and ChiChi
ground motions are pulse-like ground motions. Definitions of
pulse-like ground motion are consistent with those given by the
papers [30,31]. To define the pulse-like characteristics of these
motions more directly, the ratio of peak ground velocity to peak
ground acceleration (PGV/PGA) was selected as the index.
According to studies[11,32], pulse-like ground motion is defined as
ground motion whose PGV/PGA is greater than 0.2 while ordinary
ground motion has a ratio smaller than 0.15. The pulse-like effect
of Hector Mine ground motion is greater than that of ChiChi
ground motion. Fig. 9 presents the acceleration time histories and
Fourier spectra of the three records.

For the purpose of investigating the dynamic earth pressure
under different intensities and types of ground motions, the three
ground motions were scaled to four levels (0.1, 0.2, 0.6, and 1.0 g).
White noise was used to check the changes in the model. Table 4
gives the test cases.
4. Test verification

4.1. Amplification of the acceleration of soil

According to tests results, peak values of accelerometers A7, A8
and A9 under El Centro ground motion (peak acceleration was
0.1 g) were 0.085, 0.081 and 0.082, respectively (see Fig. 10), which
indicated that influences of boundary effect could be ignored.

Fig. 11 presents the peak acceleration amplification factors for
different depths of soil with different peak accelerations. Because
there was no signal for A12, it is replaced by the signal for A11
temporarily in Fig. 11. It is seen that, when peak acceleration were
0.1 g and 0.2 g, the amplification factors were greater closer to the
ground surface. Additionally, amplification factors at any depth
under pulse-like ground motion were slightly larger than those
under ordinary ground motion. However, in the case of 0.6 g, the
amplification factors were obviously lower. Huang et al. [33], in
their study of the dynamic response of soil deposits in Shanghai,
found that soil had damping characteristics when the peak
acceleration of the input wave was larger than 0.3 g. In this paper,
methods proposed by Zeghal et al. [34] and Brennan et al. [35]
were used to calculate the shear modulus and damping ratios of
the soil. It is found that with the increase of acceleration, shear
modulus decreases significantly, resulting in the natural frequency
getting far away from the domain frequency of the motion. This
might cause a reduction in amplification factor of soil acceleration.

The peak acceleration of the model structure is shown in Fig. 12.
Generally, the model structure embedded in soil underwent the
magnified acceleration effect. The accelerations of different stories
were magnified to various degrees. The peak accelerations recorded
by A16 and A17 were much higher than those recorded by other
accelerometers. The effect of different types of ground motion on the
peak accelerations of the structure is not clear.

4.2. Lateral displacement and settlement of soil

Fig. 13 shows the maximum lateral displacements of the soil
container under different ground motions with the peak accel-
eration of 0.1 g. To better understand the lateral displacement of
the soil container under ground motions, typical time histories of
displacement meter D6 are presented in Fig. 13(b). Fig. 13(a) shows
shear-type deformation of the soil container, which satisfies the
lateral deformations of soils as semi-infinite half space media
subjected to the ground motion of a real earthquake [36]. In
addition, it could be find from Fig. 13(a) and (b) that the effect of
the pulse-like ground motion on the overall soil deformation was
much greater than that of ordinary ground motion.

Taking the record of the Hector Mine ground motion as an
example, Fig. 14(a) shows the instantaneous soil deformation under
the Hector Mine ground motion when the peak acceleration was
0.1 g. In Fig. 14, T symbol stands for the duration of earthquakes. It is
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seen that the container had a shear-type deformation mode
throughout the duration of the earthquake. Fig. 14(b) shows the
maximum soil deformation under the Hector Mine ground motion
with different peak accelerations. It can be concluded that the
deformations were large close to the ground, especially when the
earthquake was strong. Moreover, owing to the large story height of
the first floor underground, this kind of deformation can do more
harm to the subway station. In the actual project, the density of soil
near the surface is lower than that at greater depth, and the defor-
mation of soil near the surface might thus be even larger.
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Table 4
Test program.

Test sequence Test no. Ground motion Peak acceleration (g)

1 WN-1 White Noise 0.07
2 El-x0.1 El Centro 0.10
3 Chi-x0.1 ChiChi 0.10
4 HM-x0.1 Hector Mine 0.10
5 WN-2 White Noise 0.07
6 El-x0.2 El Centro 0.20
7 Chi-x0.2 ChiChi 0.20
8 HM-x0.2 Hector Mine 0.20
9 WN-3 White Noise 0.07

10 El-x0.6 g El Centro 0.60
11 Chi-x0.6 g Hector Mine 0.60
12 HM-x0.6 ChiChi 0.60
13 WN-4 White Noise 0.07
14 El-x1.0 g El Centro 1.00
15 Chi-x1.0 g ChiChi 1.00
16 HM-x1.0 Hector Mine 1.00
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the maximum peak acceleration. It is concluded that the changes
in density can be ignored. Under the El Centro and ChiChi ground
motions, the maximum settlement was less than 1.0 mm. In the
case of the Hector Mine record, the maximum settlement was
7.8 mm, which is small compared with the height of the soil, 1.6 m.
In particular, the effect of strong pulse-like ground motion (in the
Hector Mine record) on the settlement of soil was much stronger
than the effects of ground motion in the El Centro and ChiChi
records. This difference in settlement was caused by the energy of
ground motions. Hector Mine ground motion carries much larger
energy than El Centro, which will be explained in detail later.
5. Test result and analysis

5.1. Deformation mode of the model structure

The presented results of displacements, accelerations, and soil
pressures mean dynamic results. Internal forces presented include
both static and dynamic forces. To comply with the real project, all
results obtained in the test were converted from model to proto-
type according to the scale factors. As shown in Fig. 16, the model
structure had a racking deformation mode. In Fig. 16, T symbol
stands for the duration of earthquakes. Fig. 16(a) presents the
instantaneous deformation of the side wall in steps of one-fourth
of the period of the El Centro record when the peak acceleration
was 0.033 g. Fig. 16(b) shows the maximum deformation of the
side wall throughout the entire period under different records
with different peak accelerations.

Both the instantaneous and maximum deformations of the
side wall turned out to have a nice racking form, especially
when the peak acceleration was small. When subjected to shear
distortions during an earthquake, a rectangular box structure
will undergo transverse racking deformation [37]. Although the
multi-story subway station has relatively large height, it still has
a nice racking deformation mode. This is mainly because of the
large stiffness imparted by its thick side wall. Chen et al. [38]
came to the same conclusion on the basis of numerical results.
The deformations increased with the peak acceleration. By
comparing the deformations under the El Centro ground motion
with those under the ChiChi and Hector Mine ground motions, it
is found that the deformations of the side wall under pulse-like
ground motions were obviously larger than those under ordin-
ary ground motions. Comparison between the deformations for
the ChiChi record with those for the Hector Mine record shows
that the pulse-like effect may remarkably increase the seismic
response of the understructure.

5.2. Dynamic response characteristics of the internal force of the
central column

Fig. 17 shows the relationship between the maximum moment
of the top-story central column and the peak acceleration of input
motions.

The maximum moment of the central column on the top story
increased with the peak acceleration. The maximum moments
under pulse-like ground motions were obviously larger than those
under ordinary ground motions. The maximum moment increased
with the magnitude of the pulse-like effect. In addition, the pulse-
like effect is remarkable especially in a destructive earthquake. In
Fig. 17, when the peak acceleration was 0.033 g, the maximum
moment of the first-story central column induced by the Hector
Mine (ChiChi) ground motion was 26.44% (20.20%) larger than that
induced by the El Centro ground motion. When the peak accel-
eration was 0.333 g, the difference reached 80.64% (29.43%).

The above results are mainly explained as follows. First, although
seismic waves have the same peak acceleration, pulse-like ground
motion carries more energy than the ordinary motion. Various
parameters are used to measure earthquake energy. The Arias
intensity [39] is an important measure of the strength of ground
motion, as it simultaneously reflects multiple characteristics of the
motion [40]. The Arias intensity describes the cumulative energy
per unit weight absorbed by an infinite set of single-degree-of-
freedom oscillators [41]. Moustafa and Takewaki [42] used the Arias
intensity to describe the characteristics of pulse-like motions.
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Calculations show that when the peak acceleration is 0.1 g, the Arias
intensity of the El Centro, ChiChi, and Hector Mine ground motions
are 0.146, 0.773, and 2.113, respectively. There is clearly a great
difference in energy among the three motions. Second, the pulse-
like ground motions are rich in low-frequency components if
compared with the ordinary ground motion, as seen for the Fourier
spectrum of the three ground motions in Fig. 9. The soil deposits
filter out a significant portion of the high-frequency content and
can amplify low-frequency signals. As a result, when seismic waves
propagate from bedrock to the underground structure, the energy
attenuation of pulse-like motion is less than that of ordinary
motion. Therefore, the input energy of the underground structure is
dramatically different. A large proportion of the energy of ordinary
motion is dissipated by soil.

To evaluate the safety of the subway station under different
intensities and types of ground motions, the top-story central
column was selected as an observed object for two reasons. First,
the large story height of the top story means that the lateral
stiffness is much lower for the top story than for the other stories.
Second, although the axial force of the bottom-story column is the
largest, the size of the top-story column is relatively small and
thus the bearing capacity is relatively low. Axial force–moment
time histories with peak acceleration of 0.333 g converted from
model to prototype and axial force–moment bearing capacity
curves calculated for the prototype are presented in Fig. 18. With
the same peak acceleration, the Hector Mine motion, followed by
ChiChi motion and then El Centro motion, had the greatest effect
on the moment. The prototype structure is made of reinforced
concrete (an elasto-plastic material), while the model structure is
made of organic glass (an elastic material). However, from the
point of dynamic internal forces, the stress concentration of the
prototype structure may affect distributions of internal forces thus
leading to higher forces in some sections compared to the elastic
responses. Moreover, nonlinearities of soils and interface which
affected by the flexibility of the structure will also change the
elastic internal forces of central columns [43]. In additional, Piti-
lakis and Tsinidis [44] pointed out that the displacement-based
methods were closer to the physics of the problem and presented
several advantages including the proper evaluation of the inelastic
response of the structural components. Consequently, using
deformations to describe the columns performance will be more
rational, and will also show the kinematic nature.

In addition, with respect to the effects of motions on the axial
force, there are few differences between pulse-like motions and
ordinary motions. As shown in Fig. 18, the maximum axial forces of
the top-story central column under El Centro, ChiChi, and Hector
Mine ground motions were 4330, 4160, and 4390 kN, respectively.
Moreover, the conclusion is transferable to bottom-story columns.
It is found that under two extreme conditions (0.033-g El Centro
ground motion and 0.333-g Hector Mine ground motion), there
was only a 401-kN (1.2%) difference in the axial compression ratio.
In other words, the horizontal inputted pulse-like motion did not
induce vertical vibration of the central column.

5.3. Dynamic response characteristics of the displacement of the
central column

Column drifts of each story under the ChiChi ground motion
with different peak accelerations are shown in Fig. 19. It can be
concluded from the gradient in the figure that (1) the drift
increased with the peak acceleration and (2) except in the 0.066-g
case, the column drifts of the top story and the bottom story were
larger than those of the middle stories. For instance, when the
peak acceleration was 0.333 g, the column drift for the top story
was 37.68% higher than that for the second story. The lateral
stiffness values of columns on the top story and second story were
4.71�106 and 6.07�107 N/m, respectively. An increase in height
clearly reduced the lateral stiffness, therefore enlarging the
column drift.

As stated in the previous section, from the perspective of
internal forces, central columns seemed safe under the ground
motions of the considered earthquakes. But it did not take
account of stress concentration effect and so on. From the view of
performance-based design, deformation is a more suitable index
than force with which to evaluate the seismic performance of
underground structures. In investigating the relationship
between the pulse-like effect and column drift, the top-story
central column was selected for its large story height. Fig. 20
shows the relation between the column drift and peak accel-
eration. The variation in column drift was basically the same as
that of the moment: (1) the column drift on the top story
increased with the peak acceleration; (2) the column drift under
pulse-like ground motion was obviously larger than that under
ordinary ground motion and increased with an increase in the



0 30 60 90 120 150

0

5

10

15

20

25

Th
e 

he
ig

ht
 o

f s
tru

ct
ur

e(
m

)

Displacement of the columns(mm)

 0.033g
 0.066g
 0.200g
 0.333g

Fig. 19. Lateral displacements of columns in each story under ChiChi ground
motion.

0.000 0.067 0.133 0.200 0.267 0.333

0.000

0.002

0.004

0.006

0.008

0.010

0.012

C
ol

um
n 

dr
ift

Peak Acceleration(g)

 El Centro
 ChiChi
 Hector Mine

Fig. 20. Column drifts of the top-story central column.

Table 5
Column drifts of the top-story central column.

Peak acceleration of
model structure

Peak acceleration of
prototype structure

Column drift of the top-story
central column
El Centro ChiChi Hector

Mine

0.1 g 0.033 g 1/2278 1/677 1/677
0.2 g 0.066 g 1/797 1/482 1/404
0.6 g 0.200 g 1/268 1/193 1/138
1.0 g 0.333 g 1/206 1/153 1/103
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magnitude of the pulse-like effect; and (3) such increment was
greater given the peak acceleration was higher; i.e., the earth-
quake imposed was stronger.

As stated in the previous section, from the perspective of
internal forces, central columns were safe under the ground
motions of the considered earthquakes. This does not entirely
agree with the perspective of deformation. Table 5 presents the
top-story column drift under the three motions with different
peak accelerations. When the peak acceleration of prototype was
0.2 g (major earthquake), column drifts were already beyond 1/
200. Furthermore, when the peak acceleration was 0.333 g, the
column drift reached 1/103 under Hector Mine ground motion. It
is important to note that, because the model structure is elastic,
the column drifts measured are smaller than those in a real
situation. Hence, the column drift rather than the internal force
deserves more attention and improvement.

5.4. Dynamic earth pressure distribution

Fig. 21 shows the maximum dynamic earth pressure distribu-
tion on the model structure. The dynamic earth pressure was
calculated by subtracting the static earth pressure from the total
earth pressure. It is seen that the dynamic earth pressure under
pulse-like motion was higher than that under ordinary motion.
However, the maximum dynamic earth pressure distribution was
not clear and it is different from the dynamic earth pressure acting
on a single-double story or double-story underground structure
[27,45,46]. Additionally, the distribution mode with an “S” shape is
inconsistent with the pressure induced by racking deformation.
Nonlinear phenomena of soils and the soil–structure interface
during shaking, especially for higher intensities, may also affect
the dynamic earth pressure. Additionally, these recorded earth
pressures may be biased to some extent by the response of the
earth pressure cells. Tsinidis et al. [47] also stated that the relative
stiffness of the sensing plate may affect the readings of earth
pressure cells. And the responses of pressure gauges can be quite
tricky in cases of dry cohesionless soils due to grain size effects
and so on.
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6. Conclusions

Shaking table tests were conducted to study the effect of pulse-
like ground motions on a multi-story modern subway station. The
following conclusions are drawn from the results of the study.
(1) Because of the strength of low-frequency components and

high energy, pulse-like ground motion has a dramatically
greater dynamic effect than ordinary motion on underground
structures and surrounding soils, in terms of the internal
forces and drift of the central column and deformation of
the side wall and soil.

(2) The multi-story subway station operates in a racking
deformation mode.

(3) Central columns, especially columns with large height, are the
points vulnerable to ground motion. Reducing the lateral
stiffness generated by large story height increases the column
drift notably. The column may suffer larger dynamic responses
under pulse-like ground motion than under ordinary ground
motion. When the peak acceleration of input motion is 1.0 g,
the top-story maximummoment and drift under strong pulse-
like ground motion are 81% and 100% higher than those under
ordinary ground motion, respectively.
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