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Abstract

Strong earthquakes can cause damages to structural members and also yield non-negligible damages to nonstructural
facilities, the latter being closely related to earthquake-induced inertial forces. At present, the acceleration response
regularity of shallow-buried subway station structure is not very clear. Using the finite-element software ABAQUS, a
dynamic soil-structure interaction model for a two-story subway station structure is established. The distribution of the
peak acceleration response of the structure is obtained, and the damage assessment of non-structural facilities is carried
out based on the structural acceleration response. The results demonstrate that, in general, the peak acceleration responses
of the subway station structure increase from lower to upper story levels, while the peak acceleration responses at the same
height are practically equal. Moreover, the peak accelerations of a shallow-buried subway station structure are generally
less than or close to the peak ground acceleration. Furthermore, the nonstructural facilities are slightly damaged when
subjected to a peak bedrock input acceleration of 0.1 g, and moderately damaged under a peak bedrock input acceleration
in the range 0.2 — 0.6 g. Based on the acceleration response characteristics, it is proposed that the peak surface acceleration
can be used as an index to evaluate the damage of non-structural facilities in shallow-buried subway station structure,
which is simple, practical and basically meets the precision requirements.
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1. Introduction

With the continuation of modern city development and underground space utilization, urban rail transit lines, which
mainly consist of subways, have become an important means to resolve traffic problems. During the 1995 Great Hanshin
earthquake in Japan, the Daikai, Luzawa, Nagata, and Sannomiya stations, suffered from various degrees of damage [1,
2]. In particular, the earthquake damage of Daikai subway station is extremely serious. It is the first large-scale
underground structure earthquake damage case that has been completely destroyed in human history. A large number
of theoretical, numerical and experimental research work has been carried out and the seismic damage mechanism and
failure mode have been deeply and systematically analyzed [3]. The vibration table test can visually reveal the
earthquake damage phenomenon. A multi-story subway station test was carried out to investigate the seismic effect. The
result demonstrates that central columns are vulnerable components in multi-story subway stations [4]. The result of
vibration table tests for subway station in loess soil shows that the Fourier spectrum values of accelerations increase at
low-frequency components and decrease at high-frequency components form bottom to top of soil. The seismic
responses of structure are controlled by surrounding soils in severe earthquake because of strong soil-structure
interaction [5]. The seismic analysis results for the subway structures in soft soil area show that: The earthquake action
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in soft soil area is obvious, and the seismic effect in thick soft soil is much larger than that in thin soil. The mechanic
property condition of the subway station can be considered as a flexible working stage [6]. Under multi-dimensional
seismic wave action, a two-story subway station in Shanghai soft site was studied. The results show that the peak of
structure internal force response, the ground acceleration response and displace response under long-period seismic
waves are much bigger than the results under normal seismic waves [7]. Based on the typical soft soil condition in
Tianjin, a three-dimensional finite element model for a two-story metro station structure was established. The seismic
analysis results show that the deformation of the structure increases in the height direction. Alternately Dynamic tensile
and compressive stresses occur at both the top and bottom of middle column with tensile plastic damage, indicating the
middle column is the weakest component in the structure [8]. Three site soil classifications are designed, and the seismic
deformation characteristics of the soil and metro structure interaction system are analyzed using the finite element
method. The results show that the lateral soil always pushes the structure to produce the maximum relative deformation.
The large deformation of the soil around the subway structure will adversely affect the seismic resistance of the structure
[9]. The artificial treatment for semi-infinite boundary condition of subway structure’s numeral model will directly
influence the accuracy of analysis results. By using infinite-element method to simulate the numeral boundary, the
characteristics of seismic wave passing through artificial boundary to semi-infinite region were simulated effectively.
The infinite element boundary presents the advantage of simple technical processing, low computational cost and high
precision. In the seismic analysis of subway station structures, it is feasible for coupling finite element with infinite
element to simulate the soil area [10].

In addition to experiencing typical seismically induced structural damage, such as concrete spalling, steel rebar
exposure, and plate wall cracking, subway stations also suffered from nonstructural member damage, such as mechanical
and electrical pipeline damage, interior finish shedding, and facility overturning, causing enormous economic losses
[11]. Therefore, as performance-based design philosophy is being applied to the seismic design of underground
structures, damage to such nonstructural members should also be considered to avoid excessive economic losses.

It is difficult to directly estimate the damages to nonstructural members of a subway station. The damages to above-
ground structures are generally described using appropriate structural response indices such as the inter-story drift angle
to indirectly indicate the building damage and the floor acceleration response to indicate the damage to interior contents
[12-14]. For the structure of a subway station, the structural deformation incurred during an earthquake causes damage
to the decorative materials (e.g., ceramic tiles, fireproofing coatings, and decorative panels) on side walls, making the
inter-story drift angle a good index with which to describe the damage to interior wall decoration. However, the lighting
equipment, electrical facilities, and monitoring facilities within a subway station can be damaged by inertial forces
during an earthquake, making the station acceleration response suitable to characterize the damage to such facilities.
Because the inter-story drift angle can also be used as a structural damage index, the Code for Seismic Design of
Buildings (GB50011-2010) in China has provided threshold values of inter-story drift angles for subway station
structures designed at different seismic levels [15]. Although there has been relatively ample research on structural inter-
story drift angles [16], research on the acceleration response of subway stations has been scarce.

The dynamic response of a subway station structure, as an underground concrete entity, is controlled not by the
inertial forces of itself, but by the shear deformation of soil layers. Therefore, the acceleration response characteristics
of a subway station structure are different from those of an above-ground structure. Using the general-purpose finite-
element software ABAQUS (Dassault Systemes, France), a two-story, two-span subway station is numerically modeled,
and its dynamic time history considering soil-structure interaction is analyzed. The acceleration response characteristics
of the subway station structure are summarized, based on which the damages to nonstructural members are evaluated.

2. Project Background

The two-story, two-span subway station considered in this study is an island-type station, which has an upper-story
station floor and a lower-story island platform. Figure 1 shows the representative cross-sectional dimensions of the
subway station structure, with a width of 21.84 m, a height of approximately 13.1 m, and a roof buried depth of 3.1 m.
The station was constructed by the open-cut method, and its retaining structure was made of continuous underground
walls. Inner lining walls were constructed in the station structure and were connected by embedded inserts to those
continuous underground walls, thereby jointly resisting loads. The central columns in the two stories of the station have
the same size, 1.4 m long and 0.7 m wide, with a column spacing of 8.5 m. The site category is Class III, and the soil
layer has a shear wave velocity of 200 m/s, Poisson's ratio of 0.3, internal friction angle of 15° and cohesion of 20 KPa.
The soil density is 2000 kg/m?, and the dynamic elastic modulus is 2.08 x 103N/m?.
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Figure 1. Representative cross-section (unit: mm)

3. Finite-Element Modeling

A numerical analysis model of soil-structure dynamic interaction was established by using finite element software
ABAQUS. According to the plane strain problem analysis, the size of the structure is determined according to the axis
of the standard cross section shown in Figure 1. According to the "Code for Seismic Design of Urban Rail Transit
Structures” (GB50909-2014) and the "Code for Seismic Design of Buildings" (GB50011-2010), the distance between
the side boundary of the model and the bottom boundary to the underground structure is not less than 3 times of the
width and vertical effective height of the underground structure. In this paper, the width of one side of the soil is taken
as 100 m, and the depth of the soil is taken to the top of the bedrock, which is 60 m. The dimensions meet the design
specifications mentioned above.

The soil is simulated by the Mohr-Coulomb constitutive model with Rayleigh damping. The station structure is
modeled using the beam element B21. The concrete material of the station structure adopts the material type C35. In
order to better simulate the dynamic response of the structure as it enters the elastoplastic stage, the constitutive model
of the structure takes the concrete plastic damage model (China Code GB50010-2010). This model uses the damage
factors Dt and Dc to respectively describe the tensile and compressive damages degradation of concrete. The values of
Dt and Dc are both in the range 01, with a larger value denoting more damage to an element and a value of 0 suggesting
an elastic element. The steel reinforcement in reinforced concrete is simulated by an ideal elastoplastic model using the
material type HRB400. It is reasonably assumed that the structure and the soil do not disengage or slip during their
interaction under an earthquake.

The soil is simulated by the Mohr-Coulomb constitutive model while applying Rayleigh damping. Rayleigh damping
is defined as follows:

C = aM + BK 1)

o« = zc(%) @)
1

B= Zi(m) (3)

Among them, w, and w, are the first two orders of the natural vibration circle frequency, which is the damping ratio.

The lateral boundary of the soil is simulated by an infinite element boundary. Traditionally, the boundary is cut off
manually, and the waves are reflected on the boundary surface, returning energy to the analysis grid. The infinite element
in ABAQUS can reduce the boundary effect by setting damping on the boundary [15-16]. Taking one-dimensional wave
conduction as an example, suppose that the infinite element material in the dynamic analysis is linear.

p, E, x, c,tare density, elastic modulus, axial coordinate, wave speed, time.

c= |- (4)
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A damped boundary condition was set on the boundary,

Jdu

0 =—d— = —d(—cf] + cf})

Jt

In order to achieve the phenomenon of no reflection, the following conditions must be met:
E(f{ + ) + d(—cf] +cf;) =0

Since no reflected waves appear, the following are obtained:

f2=0,f2,=0

The damping parameter can be solved from (6):

d = pc

®)

(6)

U]

®)

This means that as long as the boundary damping parameters are chosen properly, the non-reflective situation can be

simulated correctly.

The numerical model is shown in Figure 2.
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Figure 2. Finite-element model

The selected earthquake input at the bottom (i.e., the top of the bedrock) of the numerical model is the N-S component
of El Centro ground motion, with its acceleration time history and Fourier amplitude spectrum shown in Figure 3. In
order to investigate the acceleration response characteristics of the subway station structure under different seismic
intensities, the peak ground accelerations at the bottom of the model are adjusted to 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 g

separately.
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Figure 3. N-S component of El Centro ground motion: (a) Acceleration-time history (b) Fourier amplitude spectrum

4. Distribution of Peak Acceleration Responses in Structure

Figure 4 shows the distribution of peak acceleration responses at different locations of the subway station structure,
as the peak input accelerations at the base are 0.1 and 0.6 g. It is seen in Figure 4(a) that when the ground motion
intensity is low, the distribution of accelerations inside the subway station structure generally shows a gradually
increasing trend from bottom to top, and the peak acceleration responses at the same height are practically the same.
The locations corresponding to the maximum and minimum peak acceleration responses occur at the top and bottom
plates, respectively. It is observed in Figure 4(b) that when the ground motion intensity is high the accelerations inside
the subway station structure, in general, increase from bottom to top, with the location corresponding to the minimum
peak acceleration response at the structural bottom plate, while the maximum peak acceleration response occurs at the
upper-story central column.
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Figure 4. Peak acceleration responses at different locations of the structure: (a) 0.1g (b) 0.69

Figure 5 shows the variations of peak acceleration responses of the bottom plate, middle plate, top plate, upper- and
lower-story central columns, and ground surface as the peak of bedrock input acceleration changes. When the bedrock
input accelerations are small (0.1 and 0.2 g), the accelerations inside the structure are close to the peak ground
acceleration response due to the shallow-buried depth of the station. For the case of 0.1 g input, the amplification factors
of peak accelerations at the bottom plate, lower central column, middle plate, upper central column, top plate, and ground
surface relative to bedrock are 1.28, 1.37, 1.46, 1.75, 1.75, and 1.54, respectively. However, when the bedrock input
acceleration is large (the cases of 0.3-0.6 g), the acceleration responses at the bottom, middle, and top plates are either
less than or close to the peak ground acceleration response, and the peak acceleration responses of both upper and lower
central columns significantly exceed the peak ground acceleration response. Specifically, for the case of 0.6 g, the
amplification factors of peak accelerations at the bottom plate, lower central column, middle plate, upper central column,
top plate, and ground surface relative to bedrock are 0.66, 1.48, 0.77, 1.64, 0.88, and 0.88, respectively. These results
suggest that, because the dynamic response of the subway station structure is controlled by the deformation of the
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surrounding soil, the overall distribution of peak interior acceleration responses of the subway station structure is similar
to the pattern of acceleration propagation in soil, demonstrating the amplification effect under small earthquakes and the
attenuation effects under large earthquakes. The reason why the acceleration response of the central column is
significantly larger under large earthquakes is discussed in detail below.
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Figure 5. Peak acceleration responses with different base input accelerations

Figure 6 and 7 compare the acceleration-time histories and Fourier amplitude spectra, respectively, of the structural
top plate and upper central column as well as the bedrock. It can be seen in Figure 6(a) that, when the peak input
acceleration of the bedrock is 0.1 g, the accelerations of the top plate and the upper central column relative to that of
bedrock are magnified, and the acceleration-time-history curves associated with these two locations are highly
correlated, with corresponding peaks almost coinciding with each other. However, it is observed in Figure 6(b) that,
when the peak input acceleration of the bedrock is 0.6 g, the acceleration-response-time history of the top plate is
significantly smaller than that of bedrock, while the acceleration-response-time histories of the upper central column
and the bedrock are very similar, with the peak acceleration of the central column more pronounced. Such phenomena
are also observed by comparing the Fourier amplitude spectra in Figure 7. Figure 7(a) and 7(b) show that the acceleration
Fourier amplitudes of the top plate and the upper central column are both magnified in the frequency range 0-3 Hz and
attenuated in the frequency range 3-6 Hz. The differences between the two sets of acceleration Fourier amplitudes are
as follows. For frequencies higher than 6 Hz, when the bedrock input acceleration is 0.1 g, the two sets of acceleration
Fourier amplitudes are almost zero. In comparison, when the bedrock input acceleration is 0.6 g, the acceleration Fourier
amplitudes of the top plate are also almost attenuated to zero while the acceleration Fourier amplitudes of the upper
central column are still non-zero. Therefore, the higher-than-6-Hz frequency component is responsible for the high
acceleration response of the central column compared to that of the top plate.
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Figure 7. Comparison of acceleration Fourier amplitude spectra for different locations: (a) 0.1 g, (b) 0.6 g
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The high-frequency acceleration response of the central column under strong ground motion is attributed to its
weakened end restraints. As the weakest member of the subway station structure, the central column often suffers from
the most severe plasticity developed at its ends under strong earthquakes, thereby affecting its acceleration response.
Table 1 gives the plastic damage factors of the top and bottom ends of the upper central column as its peak acceleration
occurs. When the bedrock input acceleration is 0.1 g, the damage factors of the top and bottom of the column are both
close to zero, indicating that there is almost no plastic damage. In comparison, when the bedrock input acceleration is
0.2 g, the plastic damage at the top of the column is severe, while almost no plasticity occurs at the bottom of the column.
Note that the acceleration responses of the central column under the above two bedrock-input-acceleration cases are not
significantly large. When the bedrock input acceleration is in the range 0.3-0.6 g, severe plastic damage occurs at both
the top and bottom of the central column. In particular, with the bedrock input acceleration in the range 0.4-0.6 g, the
tensile damage factor exceeds 0.9. Under the four (0.3, 0.4, 0.5, and 0.6 g) input acceleration cases, the acceleration
responses of the central column are obviously large. This observation indicates that the more severe the plastic damages
at the two ends of the central column are, the weaker its two end constraints become, and hence the larger its acceleration
response.

Table 1. Plastic damage factors for column ends corresponding to occurrence of peak acceleration of upper central column

Bedrock input acceleration (g) 0.1 0.2 0.3 0.4 0.5 0.6
Occurrence time of peak acceleration (s) 4.64 4.64 4.57 4.90 5.32 241
Tensile damage 0.04 0.77 0.96 0.99 0.99 0.97

Column top .
Compressive damage 0 0.2 0.44 0.84 0.94 0.49
Tensile damage 0 0.06 0.47 0.90 0.97 0.94

Column bottom
Compressive damage 0 0 0.12 0.23 0.42 0.27

5. Nonstructural Damage Evaluation Based on Structural Acceleration Response

Because the nonstructural facilities are usually attached to horizontal structural members, such as floor plates, vertical
structural members such as the central column are not considered when evaluating the damage to nonstructural members.
Figure 8 shows the variation of peak acceleration responses of the structural bottom, middle, and top plates as the
bedrock input acceleration changes. To investigate the effects of soil-layer stiffness on the acceleration of the subway
station structure, two additional soil-layer shear-wave velocities (100 and 300 m/s) of the soil layer are considered in
the calculation, and the results along with those calculated earlier with 200 m/s are plotted in Figure 8. It can be seen
that, as the peak input acceleration of the bedrock increases, the peak acceleration responses of the structural bottom,
middle, and top plates increase. In addition, as the soil-layer stiffness increases, the acceleration response of the structure
also increases. This observation indicates that the higher the soil-layer stiffness of the site is, the larger the acceleration
response of the subway station structure becomes, possibly causing more severe damage to nonstructural facilities.
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Figure 8. Peak acceleration responses at: (a) bottom (b) medium (c) roof

The relationship between structural acceleration response and nonstructural damage, according to that available in
the literature [14], states that the nonstructural facilities are slightly damaged, moderately damaged, and severely
damaged when the corresponding acceleration response is less than 0.2 g, in the range 0.2-0.8 g, and in the range 0.8—
1.25 g, respectively. The nonstructural facilities are considered completely destroyed when their acceleration response
is greater than 1.25 g. It can be seen in Figure 8 that the nonstructural facilities are slightly damaged and moderately
damaged when the bedrock input accelerations are 0.1 g and in the range 0.2-0.6 g, respectively.

Under seismic ground motion, the acceleration response of an above-ground structure often exceeds ground
acceleration and can be further amplified due to the whiplash effect. Therefore, it is unsuitable for the peak ground
acceleration to be used as an index to evaluate the damage to above-ground nonstructural facilities. However, because
the subway station structure is restrained by the soil layer, its acceleration response usually does not exceed the ground
acceleration. Table 2 lists the percentage differences between the peak ground acceleration response and the peak
acceleration responses at different locations of the station structure, with a positive percentage value denoting that the
peak ground acceleration response is greater than the peak structural acceleration response. It is seen in Table 2 that
there is a difference of —15% to 40% between the peak accelerations of the structure (at the top, middle, and bottom
plates) and the ground. Therefore, the peak ground acceleration can be directly used as a fairly accurate, simple, and
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practical index to evaluate the seismic damage to nonstructural facilities in a shallow-buried subway station structure.

Table 2. Percentage differences between peak ground acceleration and peak acceleration responses at different locations

Bedrock input acceleration (g) 0.1 0.2 0.3 0.4 0.5 0.6
Top plate 5% 7% 13% % 9% 16%
Vs=100 m/s Middle plate 14% 11% 18% 11% 21% 29%
Bottom plate 35% 40% 37% 38% 37% 38%

Top plate -13% -9% —6% 1% 3% 0
Vs=200 m/s Middle plate 4% 8% 11% 16% 20% 12%
Bottom plate 17% 17% 16% 23% 12% 25%
Top plate —14% —6% 11% —2% 1% 6%
Vs=300 m/s Middle plate 12% 8% 20% 11% 11% 14%
Bottom plate 15% 9% 21% 13% 15% 18%

6. Conclusions

Using the finite-element software ABAQUS, a dynamic soil-structure interaction model has been established for a
two-story subway station structure. The distribution of peak acceleration responses of the structure has been analysed,
and the non-structural damage evaluation has been carried out based on the structural acceleration response. Major
conclusions are drawn as follows.

e The peak acceleration responses inside the subway station structure generally increase from the bottom to top of
the structure, and the peak acceleration responses at the same height are practically equal.

e Under weak ground motion, the maximum peak acceleration response inside the subway station structure occurs
at the top plate. Under strong ground motion, such a maximum peak response takes place in the central column
and is attributed to its weakened end restraints due to the occurrence of severe plastic damage there.

¢ In general, non-structural facilities are slightly damaged when the bedrock input acceleration is 0.1 g, and are
moderately damaged when the bedrock input acceleration is in the range 0.2-0.6 g.

o Higher stiffness of site soil layer leads to larger acceleration response of the subway station structure and hence
likely more severe damage to non-structural members.

e The peak accelerations inside a shallow-buried subway station structure are generally less than or close to the peak
ground acceleration. The difference between the peak accelerations of the structural top plate, middle plate, bottom
plate, and the ground is approximately in the range 15-40%. Therefore, the peak ground acceleration can be
directly used and is a fairly accurate, simple, and practical index for evaluating the seismic damage to nonstructural
facilities of shallow-buried subway station structures.
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