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A B S T R A C T

Isolation bearings have been a widely applied seismic strengthening technique in above ground structures.
Whereas, the sliding isolation bearings were seldom used in underground structures. This study aims to explore
the feasibility of sliding isolation bearings reducing the seismic response of underground structures. The collapse
mechanism of underground structures was firstly analyzed by taking the Daikai Station as an example.
Numerical results demonstrated that the collapse of the structure was due to the poor ductility of the inter-
mediate columns. Therefore, the sliding isolation bearing could be installed between the columns and the beam
to reduce the lateral deformations of columns. In order to determine an appropriate coefficient for sliding
bearings, static analyses for the capacity of columns were conducted. Moreover, the performances of a beam-
bearing-column system were also investigated. Finally, seismic responses of the underground structure retro-
fitted with bearings were studied. Numerical results presented that the responses of both columns and the whole
structure were reduced remarkably. Moreover, the frictional coefficient of bearing influencing the seismic re-
sponses of underground structures was discussed. And some interesting conclusions were also obtained for the
seismic design of underground structures.

1. Introduction

The construction of underground structures including subway sta-
tions, underground malls, tunnels, and underground parking stations
has gained a rapid development in China during recent years. Taking
the subway stations as the example, more than 2000 stations along the
total of 3000 km long tunnels have been constructed till 2015 (Chen
et al., 2016), and up to 373 stations were constructed in 2016. How-
ever, almost all the cities with underground structures in China are in
the strong earthquake prone area. Seismic investigations showed that
underground structures were at greater risk during an earthquake
(Sharma and Judd, 1991; Yashida and Nakamura, 1996; Wang et al.,
2000; Wang et al., 2009; Shen et al., 2014; Lee et al., 2016). Therefore,
it is of urgent need to focus on the seismic safety and seismic design of
underground structures.

Seismic isolation technology is an approach that adding an isolation
system between structures and the foundation, and is an effective way
to reduce earthquake energy transferring from ground to structure
(Providakis, 2009; Li and Li, 2011). This technology as an approach to
earthquake protection has been used more than 100 years (Buckle and
Mayes, 1990) in above ground structures. Seismic isolation technology

has been introduced to underground structures aiming to reduce the
damage of underground structures during an earthquake (Xin et al.,
2014; Li, 2012) in recent years. The isolation layer was applied as the
buffering to mitigate the constraint of the surrounding ground, and then
the earthquake-induced structural deformation and forces of under-
ground structures were reduced (Xin et al., 2014). The isolation layer
was always used for the seismic design of tunnels (Suzuki, 2000; Kim
and Konagai, 2001; Konagai and Kim, 2001; Hasheminejad and Miri,
2008; Kiryu et al., 2012; Chen and Shen, 2014; Wang et al., 2017).
Moreover, seismic investigations and damage features of tunnels from
the Wenchuan earthquake also illustrated that isolation layers could be
applied to improve the seismic performance of tunnels (Li, 2012).
Studies proved that seismic isolation technology was an effective way of
reducing damages to tunnels. Alternatively, seismic reduction tech-
nology is another approach to protecting structures surviving during an
earthquake, and has also been applied in the underground structures.
For example, flexible joints were utilized between the segments of
tunnels to mitigate the earthquake-induced stress concentration (Ding
et al., 2006; Yu et al., 2013; Do et al., 2015; Kawamata et al., 2016; Yu
et al., 2017).

Analyses of seismic responses of underground structures presented
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that intermediate columns were the key structural components
(Hashash et al., 2001; Huo et al., 2005; Nam et al., 2016; Ma et al.,
2017b). Failure of intermediate columns could result in the collapse of
underground structures. Thus, the isolation bearings were also used as
the damper installed between the columns and beams to weaken the
seismic responses of underground structures. In consideration of the
survivability of the Daikai Station from the great lateral deformation, a
3D shock isolator bearing composed of dish spring and lead rubber
beading was introduced to reduce the lateral deformation of column
(Huan et al., 2011). Numerical results presented that the 3D shock
isolator could reduce the lateral deformation and damage of columns. A
flexible rubber joint was inserted on upper and/or lower ends of col-
umns to updating the seismic performance of the Daikai station
(Mikami et al., 2001). It demonstrated that the induced shear force and
moment of columns were also weakened. Similarly, a shear panel
damper bearing was installed between the top beam and columns to
upgrade the seismic performance of underground structures (Chen
et al., 2014). It demonstrated that the maximum shear forces of col-
umns in both single- and double-story structures declined effectively
although the lateral deformation of columns increased. However,
during the studies of Mikami et al. (2001), Huan et al. (2011) and Chen
et al. (2014), the lateral deformation of columns changed slightly
during earthquake. Because the functionality of columns is to bear
vertical loadings, more effective measures which could keep the col-
umns standing upright, should be ultimate to reduce the deformation of
columns and to promote the seismic responses of underground struc-
tures.

Sliding isolation bearing is a typical type of passive seismic isolation
devices. Sliding isolation bearings are capable of changing stiffness
property during the horizontal flexibility. The bearings provide pro-
tection against earthquakes by reducing the peak and residual dis-
placement of buildings (Nagarajaiah et al., 1993; Mualla and Belev,
2002; Fenz and Constantinou, 2006; Castaldo et al., 2015). When the
bearings are installed between beams and columns of underground
structures, the deformation of columns will be transferred to the slide of
the bearings. Therefore, in this study, sliding isolation bearings were
utilized to underground structures for updating the seismic response.
The collapse mechanism of underground structures was firstly analyzed
by taking the Daikai Station as an example. Then the recommended
optimum range of the frictional coefficient of sliding isolation bearings
was determined by carrying out the ductility of columns under different
normalized force. To assess the seismic performance of underground
structures retrofitted with sliding bearings, nonlinear dynamic analyses
were conducted, and a discussion about the seismic improvement of
underground structures was also presented, which may be a useful re-
ferences for future design.

2. Failure mechanism of underground structures

2.1. Target structure and numerical model

During the Great Hanshin earthquake, on 17 January 1995, more
than 30 intermediate columns (in total 35 columns) of the Daikai
Station completely collapsed over a total length of about 110m. The
largest subsidence of the ground reached 2.5m. This station is the only
collapse underground structure during an earthquake. The collapse of
the Daikai Station attracted great interest of researchers and engineers,
and this station was always represented as an example to study the
failure mechanism of underground structures (Iida et al., 1996; Yashida
and Nakamura, 1996; Hashash et al., 2001; Huo et al., 2005).

In this section, the completely collapse section of the Daikai Station
is selected as the research target to study the collapse mechanism of
underground structures. Then a 3D FEMmodel with dimensions of 80m
long, 20m width and 30m high was built for the nonlinear numerical
analysis, as shown in Fig. 1. According to Liao’s (2013) study, the
maximal height of element hmax of the shear motion propagating in the

soil should be determined by

= ∼h V f(1/75 1/160) /smax max (1)

where, Vs is the shear and compression motion velocity, which can be
deduced by Eq. (2).

=G ρVs
2 (2)

where, ρ is the density of the soil. fmax is the maximal vibration fre-
quency of the input motion, which is 0.82 Hz. The viscoelastic artificial
boundary conditions were utilized to deal with the lateral and bottom
boundaries in order to decrease the influence caused by infinite field.
On the basis of the viscoelastic boundary condition, the wave field
decomposition method was used to implement the seismic input.
During the simulation, the horizontal and vertical components of
ground motions shown in Fig. 2 were applied, which were measured at
the Kobe meteorological observatory closing to the Daikai Station.
Noting that, both the horizontal and vertical components of ground
motion are at a very high level. However, the amplitudes of both
ground motions decrease to no larger than 0.1 g after 20.0 s. Therefore,
a period of the previous 23.0 s simulation was carried out.

The concrete in the structure was modeled as the plastic damage
model, with density 2500 kg/m3, Poisson’s ratio 0.2, Young’s modulus
30 GPa, initial compression yield stress 18.8 MPa, limited compression
yield stress 26.8 MPa, and initial tensile yield stress 2.4MPa. An elas-
toplastic constitutive model developed for soil (Lu et al., 2017; Ma
et al., 2017a,b) was used to describe the 3D strength, strain softening
and the behaviour under monotonic and cyclic loading, with the density

=ρ 1900 kg/m3, frictional angle = °φ 35 , Poisson’s ratio =υ 0.3, initial
pore ratio =e 0.60 , the isotropic compression index =λ 0.12 and the
swelling index =κ 0.008. The initial consolidation pressure p0 of ground
increases from 1.5MPa at the surface to 3.0MPa at the bottom. For the
soil, the Yong modulus E is expressed as:

= −
+E υ e
κ

p3(1 2 ) 1 0
0 (3)

And = +G E υ/2(1 ). Then according to Eqs. (1)–(3), the range of
the maximal element height hmax of the soil can be deduced as 2m–4m
for the ground surface and 4m–8m for the bottom. Here, the lower

80m

30
m

(a) Transverse section of the FEM model

Monitoring plane

(b) 3D FEM model of structure

Fig. 1. FEM numerical model.
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value of each range were used to mash the FEM model. Then the ele-
ment height of the soil ranges from 2m to 4m. The steel in the structure
was modeled as the ideal elastoplastic model, with density 7800 kg/m3,
Poisson’s ratio 0.1, Young’s modulus 200 GPa, yield stress 240MPa. The
Coulomb’s friction law was used to simulate the behaviour of the in-
terface between structure and ground. Referring the study of Huo et al.
(2005) and Ma et al. (2017b), the friction coefficient between soil and
structure was set as 0.4, and no cohesion between structure and ground
was included.

2.2. Failure mechanism analysis

Fig. 3(a) presents the time histories of ground subsidence and re-
lative vertical displacement between the ceiling and floor of the Daikai
Station. With the duration of seismic loading, both the ground sub-
sidence and the deformation of the structure increased. At the end of
the seismic loading, the ground subsidence reached its maximum value
(2.324m), which approximates to the seismic investigations (Yashida
and Nakamura, 1996). The final relative vertical displacement between
the ceiling and floor is about 1.491m, which indicates that the struc-
ture has been destroyed. The final deformation of structure, shown in
Fig. 4(a), presents that the whole structure exhibits a vertical failure
mode. In particular, the intermediate columns were bent, ceiling slab
was broken, the top beam and the ceiling slab fell down. The ceiling
slab and walls collapsed to an “M” failure mode. Comparisons between
the obtained failure model and the seismic investigation shown in

0 5 10 15 20 25 30 35 40
-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
H

or
iz

on
ta

l g
ro

un
d 

m
ot

io
n 

/ g

Time / s

(a) Horizontal ground motion

0 5 10 15 20 25 30 35 40
-0.4

-0.2

0.0

0.2

0.4

V
er

tic
al

 g
ro

un
d 

m
ot

io
n 

/ g

Time / s

(b) Vertical ground motion

Fig. 2. Ground acceleration time history.
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Fig. 3. Deformation time history of the structure and soil.

Fig. 4. Comparison between numerical result and investigation.
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Fig. 4(b) indicate that, the numerical results are in good agreement with
the investigation. Therefore, it can be concluded that the failure pro-
cedure of the Daikai Station was reappeared.

The relative vertical displacement between the ceiling and floor is
used as the indicator to judge the collapse of the structure. Noting that,
there is an inflection point on the curve of the relative vertical dis-
placement between the ceiling and floor at 6.50 s. Since then, the re-
lative displacement increases monotonously and rapidly, shown in
Fig. 3(b). The relative displacement has a 0.39m increase during the
following second. Therefore, the collapsing of the structure begins at
6.50 s.

A number of researches (Iida et al., 1996; An et al., 1997; Huo et al.,
2005) indicated that the collapse of the Daikai Station began from the
failure of the intermediate columns. To clearly explain the failure me-
chanism of the structure, several static analyses were carried out by
using the pushover method. The corresponding loading scheme is
shown in Fig. 5. During the analyses, the bottom of the components,
including the column and lateral wall, was fixed. After a constant axial
force N acted on the top of components, horizontal displacement at the
top of the components was then incrementally increased. Shear force-
deformation ( −T Δ) curve, shown in Fig. 5, can be obtained in each test.
Herein, shear force T is the reaction force monitored at the bottom of
components. The failure of components is defined as whenT fell to 85%
of its peak value, and the corresponding deformation is ΔF . After si-
mulating the failure process of the column and lateral wall at various
axial force, shear force-deformation curves were obtained and plotted
in Fig. 6. The numbers on the curves in Fig. 6 are the corresponding
normalized forces. Here, normalized force Nc is defined as:

=N N
σ Ac

d (4)

where, σd is the concrete strength for design and A is the sectional area
of components. The obtained loading capacity which is ○ presented in
Fig. 6 were used to give the envelopes of the column and wall presented
in Fig. 7. Fig. 7 illustrates that the rising of Nc in column and wall
weakens their lateral deformation capacity.

Fig. 7 also presents the seismic responses of the columns and the
lateral walls. Both the deformation and the normalized force of the
column and lateral walls were obtained from the monitoring plane
shown in Fig. 1(b). The seismic responses of the column and lateral
walls in the following were also obtained from the monitoring plane
shown in Fig. 1(b). The initial Nc of the columns and walls are 0.48 and
0.08, respectively. During the earthquake, the maximum Nc value of the
column reaches to 0.72; whereas, the maximum Nc value of the lateral

walls is not greater than 0.1. Therefore, the column works at the high Nc
value state with poor ductility, while the walls work at the low Nc value
state with excellent ductility. Consequently, the lateral deformation
capacity of the column becomes rather smaller and is far lower than
that of the walls. At the failure moment (6.50 s), the lateral deformation
of the columns is 0.062m. However, for the lateral walls, the lateral
deformations are not larger than 0.053m. The deformations of the
column and walls are almost the same size, however, the deformation of
the column is far beyond its failure envelope, whereas, the deforma-
tions of walls are locating within their capacity. Thus, the collapse of
the structure is from the failure of the column. In conclusion, the col-
lapse of the Daikai Station originates from the poor ductility of the
column at the high normalized force state.

Fig. 8 shows the time histories of total loads bearing by all the
columns. From the beginning of earthquake to 6.50 s, the vertical loads
bearing by the columns are around 35%–45% of the total vertical loads
acting on the structure. However, the horizontal loads bearing by all the
columns are no more than 8% of total ones. In this sense, the main
functionality of columns in underground structures is to support the
vertical loads. Moreover, Fig. 7 also presents that the vertical loads
acting on the column are far below its maximum vertical loading ca-
pacity. Therefore, the way keeping the columns upright can be applied
to rescue the underground structure during an earthquake.
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3. Sliding isolation bearings application in underground
structures

3.1. Sliding isolation bearings

Pure-Friction-System without any restoring force is the simplest
sliding system device. The typical Pure-Friction-System bearing was
used in this study, which schematic diagram is presented in Fig. 9. In
Fig. 9, the F is the friction force before sliding occurring when N is an
instant, the value of F is given by

=F f N( ) (5)

where, N is the normal force acting across the sliding interface. f is the
function of instantaneous values of sliding velocity, the normal force on
the bearing and temperature at the sliding surface, etc. Moreover, f is
also influenced by the contact type and material of isolation bearings.
When the friction force reaches to F , the rolling ball moves along the
sliding surface, relative displacement will be accrued between the
sliding surfaces. Consequently, the ductility demand for the compo-
nents will be satisfied. Every time the sense of sliding reverts, the di-
rection of F also changes. The frictional force at the interface is always
described using Coulomb type friction. Due to their inherent flexibility
in the horizontal direction, the Pure-Friction-System bearings have the
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capacity to undergo large displacements when subjected to strong
ground motions (Berger, 2002; Ismail et al. 2010).

3.2. Determination of frictional coefficient

Different from isolating the underground structures from the sur-
rounding ground, Pure-Friction-System bearings applied in under-
ground structures is to separate structural components. Considering the
seismic failure mechanism of underground structures, Pure-Friction-
System bearing will be installed between the capital of column and the
top beam. The functionality of bearings in underground structures is to
reduce the lateral deformation of columns not to the dissipate seismic
energy. Therefore, it is important to obtain the maximum horizontal
deformation of columns for giving a recommended optimum range of
the friction coefficient.

Fig. 7(a) shows that columns work in the state of < <N0.4 0.8c
during the earthquake. Therefore, the relations between lateral de-
formation and lateral shear force of column under normalized forces of
0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 were used to determine the sliding
coefficient. The corresponding normal forces, the obtained maximum
lateral shear loads and maximum lateral deformation are all demon-
strated in Table 1. The ratios between maximum shear forces and
corresponding normal forces were also calculated and presented in
Table 1. Consequently, the maximum horizontal deformation of the
columns must be smaller than 0.050m, accordingly, the sliding coef-
ficient should be smaller than 0.076 when using a sliding isolation
bearing to enhancing the seismic performance of the Daikai Station.

Pure-Friction-System bearings were installed between the capital of
columns and the top beam presented in Fig. 10. Then, a serious of static
numerical tests were conducted with the normalized force 0.6 (axial
load 3240 kN) to study the effect of the beam-isolation-column system.
During the numerical simulations, the coefficient of friction is kept as a
constant 0.02, and the beam-bearing-column system was subjected to
constant axial load as the beam goes under cyclic lateral loads. The
simulation results are exhibited in Fig. 11. When the lateral force
reaches 64.8 kN, the bearing begins slid. At this time, the deformation
of the column is only 0.040m, which is rather smaller than the de-
formation capacity of the column shown in Fig. 5 and Table 1. Then
both the deformation of the column and shear force no longer in-
creased. Therefore, the sliding bearings could be used to reduce the
deformation of the column and enhance the performance of the Daikai
Station.

4. Seismic resistance analysis and discussion

The Pure-Friction-System bearings with =μ 0.02 discussed above
were installed between all the columns and the top beam to simulate
the seismic response of the Daikai Station. During the simulation, the
friction coefficient is independent of velocity, axial load, etc. In addi-
tion, the seismic loads, constitutive model for materials, interactions as
well as boundary conditions are the same as that in Section 2. The
obtained numerical results are used to analysis the seismic resistance of
underground structures.

Fig. 12 presents the comparison of the vertical relative deformation
of the beams between the structures with and without sliding bearings.
The maximum relative deformation of the structure retrofitted with
bearings is no larger than 0.026m, which is relatively smaller than

1.491m of the structure without retrofitted. Note that the seismic re-
sponses of the column and lateral walls were also obtained from the
monitoring plane shown in Fig. 1(b). Numerical results indicate that
sliding bearings are an effective way to enhancing the seismic perfor-
mance of underground structures. In order to comprehend detailedly
about seismic efficiency of frictional bearings in the underground
structure, the seismic responses of the column and whole structure are
analyzed following.

4.1. Seismic response of columns

Numerical simulation presents that the lateral deformation of the
column was reduced by adding sliding bearings to the underground
structure. Fig. 13(a) shows the comparisons of the lateral deformation
time histories of the column between structures with and without ret-
rofitted with bearings. At 6.5 s, which is the collapsing moment of the
structure without retrofitted, the lateral deformation of the column
without retrofitted is 0.090m. However, at this moment, the lateral
deformation of the column with bearings is only 0.036m. The de-
formation of the column reduced by the bearing is obvious. Moreover,

Table 1
Sliding coefficient under different normalized forces.

Normalized force/– 0.3 0.4 0.5 0.6 0.7 0.8
Normal force/kN 1620 2160 2700 3240 3780 4320
Maximum lateral deformation/m 0.084 0.081 0.076 0.069 0.059 0.050
Maximum shear force/kN 215 245 269 293 314 328
Sliding coefficient/– 0.133 0.113 0.100 0.090 0.083 0.076

Beam

Column Rolling 
balls

Baffles

Y

X

Fig. 10. FEM model of the beam-bearing-column system.
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during the earthquake, the maximum lateral deformation of the column
with bearings is 0.048m. 0.048m is slight larger than 0.040m which is
from the static numerical tests. This is because, the deformation of the
column accumulates during the earthquake. Obviously, the columns
will exist residual deformation after seismic loads, which is about
0.041m. Although the normalized force of column changes comparing
with that shown in Fig. 7(a), the seismic response of column is located
within the loading capacity envelope. Therefore, the column does not
fail during the earthquake. Further, it can be concluded that the un-
derground structure does not collapse during the earthquake according
to the failure mechanism of the underground structure.

Fig. 14 presents the sliding displacement of the isolation bearing.
The maximum sliding displacement is 0.054m around 5.5 s of the

earthquake; this is because the horizontal ground motion exists a peak
value at this time. Moreover, the frictional force increases to 180 kN
shown in Fig. 15. The value is in good agreement with the loading
capacity of column obtained from Table 1. There is another peak sliding
displacement 0.048m around 9.50 s. Likewise, the horizontal ground
motion also exists a peak value at this time.

It is known that sliding isolation bearing devices do not change the
inherent properties of structures (Berger, 2002). Therefore, the de-
formation with the column deformation (shown in Fig. 13) plus the
sliding displacement (shown in Fig. 14) is calculated and called total
deformation. The total deformation is used to illustrate the seismic
responses of underground structure without retrofitted. The maximum
total deformation is 0.073m. Column deformation shown in Fig. 13 is
replaced by total deformation, and is presented in Fig. 16. Seismic re-
sponse of the column presents that the column is closer to its loading
capacity. In other words, if the structure is not retrofitted by the
bearings, the underground structure may be destroyed under the
earthquake.

4.2. Seismic response of the whole structure

As discussed above, the maximum total deformation of the column
retrofitted with the bearings is still smaller than that without bearings
shown in Fig. 17. This is because the seismic performance of the whole
structure was improved by installing sliding bearings. Horizontal de-
formations of the lateral walls were selected as an indicator to illustrate
the seismic responses of the whole structure. Fig. 17 also presents that
most of the horizontal deformations of the lateral walls without bearing
occur after the failure of the column. However, for the retrofitted
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structure, the column is not destroyed, and then the horizontal de-
formations of the walls did not increase significantly. Comparing with
the structure without retrofitted, adding the sliding bearings brings
about a 58% reduction in the final deformation of the walls. The drift
ratios of the column and walls at 6.5 s and 23.0 s are calculated, and the
values are presented in Fig. 18. It can be found that by adding sliding
bearings to underground structure, drift ratios decreased in all vertical
load carrying structural components. At 6.5 s, 60% drift ratio of the
column is reduced. Moreover, the residual drift ratios reductions of the
column and walls are the range of 70% to 88%.

4.3. Seismic response of the structure influenced by frictional coefficient

Nonlinear seismic analyses of the Daikai Station retrofitted by the
Pure-Friction-System bearings with =μ 0.04, 0.06, 0.08 and 0.10 were
conducted. The numerical results of the bearings with =μ 0.02 are to-
gether applied to study the seismic response of the structure influenced
by frictional coefficient. Fig. 19 presents the relations between the
frictional coefficient and horizontal deformation of column and sliding
displacement of the bearing. With the increase of frictional coefficient,
the sliding displacement of the bearing decease quickly, and the max-
imum horizontal deformation of the column increases sharply espe-
cially when >μ 0.08. However, when columns are fixed with the
beams, the sliding displacement is zero and the horizontal deformation
of the column is 0.14m. Therefore, relations between friction coeffi-
cient and deformation of the column could be fitted by curves shown in
Fig. 19. Using sliding bearings to retrofit underground structures is an
effective way for enhancing their anti-seismic capacity. To ensure the

efficiency of the Pure-Friction-System, a reasonable range of the fric-
tional coefficient must be determined. The deformation capacity of the
column ranges from 0.05m to 0.08m when < <N0.4 0.7c , thus, as
presented in Fig. 19, for structures like the Daikai station, the frictional
coefficient of bearing should be smaller than 0.08. The frictional coef-
ficient obtained by numerical simulation coincides with the results in
Table 1.
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5. Conclusion

In this study, the sliding isolation bearing was introduced to un-
derground structures to enhance the anti-seismic capacity. Firstly, the
collapse mechanism of underground structures was analyzed by taking
the Daikai Station as an example. It was concluded that the collapse of
underground structures originated from the poor ductility of columns at
high normalized force state. Reducing the lateral deformation of col-
umns was an effective approach to mitigating seismic damage of un-
derground structures from earthquakes. Therefore, Pure-Friction-
System bearings with low friction coefficient were installed in under-
ground structures to assess the seismic performance of the retrofitted
structures.

Numerical results showed that the sliding bearing in the retrofitted
underground structures worked well during earthquakes. The sliding of
the bearing decreased remarkably the lateral deformation of the column
when =μ 0.02. Consequently, the columns worked within their loading
capacity, which makes the deformations of the lateral walls were also
reduced. Therefore, sliding bearings is the effective device to improve
the anti-seismic capacity of underground structures. In addition, the
deformations of the whole structure and the components were all
greatly influenced by the frictional coefficient, thus, to give an optimum
range of the frictional coefficient is important for the design of bearings.
In other words, the determination of the frictional coefficient is the key
issue to keep the column stand straightly and to prevent the collapse of
underground structures. Further, from this study, it can also be con-
cluded that the technologies of seismic mitigation and isolation using in
above ground structures can also be applied to underground structures
for aseismic design.
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