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Improving the seismic resilience of urban underground structures is among the hot topics
concerning disaster prevention and the mitigation engineering of underground structures;
however, there is still a lack of research on the quantitative methods for the seismic
resilience of underground structures. Based on the existing research results of seismic
resilience in other fields and combined with the actual situation of subway stations, in this
paper, a quantitative framework for the seismic resilience of subway stations was
proposed. In this quantitative framework, the seismic resilience of subway stations was
described from the functional and economic levels, respectively, with two indices. Also, a
recovery model and an indirect economic loss calculation method for subway stations
were proposed. Based on the proposed framework, the strategy and mechanism of
improving seismic resilience were analyzed. Moreover, a finite element model was
established to calculate and analyze the effects of the two strategies on enhancing the
seismic resilience of subway stations by adding seismic mitigation measures before
earthquakes and accelerating restoration after earthquakes. The results showed that
the proposed framework is feasible, as both strategies showed to improve the seismic
resilience of a subway station; however, the mechanisms are different. After the installation
of seismic mitigation measures before an earthquake, the functional recovery capacity of
the station increased by 22-30%, and the economic loss decreased by 43-75%. After the
earthquake, by increasing the number of repair workers, the functional recovery capacity
increased by 5-25%, and the economic losses decreased by 10-48%.

Keywords: underground station, seismic resilience, friction pendulum bearing, resilience improvement, recovery
model

1 INTRODUCTION

With the continuous progress of urbanization, the problem of traffic jams has become increasingly
serious, and developing underground transportation methods is one of the effective methods for
solving this problem. Nowadays, subways have become the primary transportation system in large
cities because of their advantages, such as being clean and fast. However, with the continuous
development of subways, the probability of earthquake damage is increasing. Historical data has
shown that underground structures are also at the risk of earthquake damage (lida et al., 1996; Wang
et al, 2001; Li 2008; Wang et al., 2009). In particular, in the 1995 Kobe earthquake, all the central
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columns of the Daikai station were destroyed, and the whole
station collapsed. It took a year to rebuild the station, and the
repair cost reached 10 billion yen. It can be seen that serious
damages to underground structures can cause serious blows to
local national life and economic development. Thus, ensuring
that underground structures have enough resistance to
earthquakes and that they can be quickly repaired after
earthquake damages has become a new research problem,
which needs to be solved so as to avoid any excessive indirect
economic losses. In general, the concept of seismic resilience
provides an answer to this problem.

The concept of seismic resilience originated from mechanics
and has been introduced into various research fields. In 2003,
Bruneau et al. (2003) proposed a conceptual framework for
assessing community resilience after earthquakes, and they
introduced the concept of resilience to the engineering seismic
field for the first time. After many years of development, seismic
resilience has become among the research hotspots in the
engineering seismic field, and its concept has gradually formed
a unified concept, namely the ability of structures to resist
earthquake shocks and quickly recover from them.

According to existing studies, there are three quantitative
methods for seismic resilience. The first one is a quantitative
method based on “resilience curve”, where the area integral
between a performance curve and coordinate axes is used to
represent the seismic resilience of a research object. It was first
proposed by Bruneau et al. (2003) and then optimized by
(Cimellaro et al., 2006; Cimellaro et al., 2010). This method
has been widely applied to seismic resilience research on
various structures and systems, such as hospitals (Cimellaro
and Piqué, 2016a; Li et al, 2020; Shang et al., 2020), bridges
(Deco et al., 2013; Capacci et al., 2020; Huang and Huang, 2021),
buildings (Anwar and Dong, 2020; Yu et al., 2021; Salado Castillo
etal., 2022), road networks (Ishibashi et al., 2021; Liu et al., 2021),
power distribution systems (Yuan et al., 2018), water distribution
systems (Cimellaro et al., 2016b), and community structures (Fu
etal,, 2021). Although this method can describe the performance
changes of a structure during repair periods through the
performance curve, it is difficult to fit the performance curve.
Also, this method cannot analyze the seismic resilience of
complex systems from multiple perspectives.

The second method is a quantitative method based on
“resilience index”, where the seismic resilience of a research
object is represented by indices, such as the repair time or
economic loss. Chang and Shinozuka (2004) provided an
initial idea for this approach by taking the probability that the
structural residual function and repair time both meet structural
performance goals, such as the resilience index of a community.
Other research works have also used this thought (Liu et al., 2017;
Xue et al,, 2021). Moreover, the current industry standards for
seismic resilience evaluation, such as FEMA-P58 (FEMA, 2012),
REDi (Almufti and Wilford, 2013), and Standard for the seismic
resilience assessment of buildings (GB/T 38591-2020, 2020), all
adopt this quantitative method. Although this method is easy to
understand and operate, it cannot describe the performance
changes of a research object during a repair process, which is
very important for some structures.

Seismic Resilience of Subway Station

The third method is a quantitative method based on the “index
evaluation system,” and it evaluates the seismic resilience of a
research object by listing relevant index elements on the basic
components of the research object. Common index evaluation
systems of resilience include DROP (Cutter et al., 2008), BRIC
(Cutter et al., 2010), ARUP (Resilience Alliance, 2010), and CDRI
(Mayunga, 2009). These methods can analyze the impact of each
system’s components on system resilience from multiple angles
and levels; however, they cannot reflect the performance changes
of underground structures during a repair process.

Although there has been a lot of research on seismic resilience,
there is not enough research on the resilience of underground
structures (Yang et al., 2019). The existing studies on the seismic
resilience of underground structures have mainly focused on
improving the resistance of underground structures by
improving their residual functions after earthquakes (Lu et al,
2021). For example, by using traditional seismic mitigation
measures, such as bearings (Ma et al., 2018; Xu et al., 20205
Zheng Yue, 2020; Jia and Chen, 2021), the force transmission
mechanism of a central column is changed, and the damage of the
central column can be reduced. Also, new structural forms can be
developed for central columns (Du et al., 2018; Chen and Zhou,
2019; Lu et al,, 2020; Xu et al.,, 2021) to improve their ductile
deformation capacity.

However, it is not enough to only focus on structural seismic
mitigation. On the one hand, the effects of seismic mitigation
measures on structural seismic resilience improvement still need
to be analyzed and guided by scientific seismic resilience
quantitative methods. On the other hand, underground
structures still need an exact index to describe their recovery
capacity and social impact after being hit by earthquakes (Lu
et al., 2021).

Given the above, the research on the seismic resilience of
underground stations is still not perfect. The existing research
direction is single, and there is a lack of a resilience index and a
corresponding quantitative framework for evaluating this index.
We cannot assess the seismic resilience of subway stations or
know the specific methods and effects of resilience improvement
measures. Therefore, combined with the existing quantitative
methods of seismic resilience, in this work, we studied the
quantitative framework and worked on a strategy for the
seismic resilience of underground structures.

2 AQUANTITATIVE FRAMEWORK FOR THE
SEISMIC RESILIENCE ASSESSMENT OF
SUBWAY STATIONS

Subway plays an important role in urban transportation
networks. Whether its performance is perfect or not has an
important impact on the daily trips of city dwellers.
Obviously, when a subway station is damaged, its performance
can be time-varying during the repair process. Therefore, a
resilience quantification method based on “resilience index” or
“index evaluation system” cannot be suitable for quantifying the
seismic resilience of subway stations, as it cannot simulate the
time-varying performance of a structure during a post-
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FIGURE 1 | (A) A typical seismic resilience model; (B) definition of the repair target for each stage; (C) recovery profile for different performance requirements and
(D) shortcomings of existing quantification method of the functional recovery index.

earthquake repair process. However, a quantification method
based on “resilience curve” can describe the performance
changes of a structure during a repair period through a
performance curve, and it can be applied to the resilience
quantification of the underground stations that care about
using functions.

Figure 1A and Eq. 1 demonstrate a typical quantitative
framework (based on a performance curve) for seismic
resilience assessments. As seen in Figure 1A, Bruneau et al.
(2003) focuses on the functional loss amount during the repair
period (Rp), while Cimellaro et al. (2010) focuses on the
functional recovery capacity after an earthquake (Rc). Due to
the different sizes of structures, it is reasonable to describe the
seismic resilience of structures based on the amount of functional
recovery per unit time.

to+TRE

Rc = Q(t)/Tredt (1)

Q(t) = [1 - Qresidual] X frec (2)

where Q(?) is the performance function of a structure, Ty is the
time required to repair the structure to its initial state, £, is the
time of the earthquake occurred, f,.. is the recovery function, and
Qresiauar 18 the structural residual performance after the
earthquake.

2.1 Seismic Resilience Indices

In this paper, seismic resilience is defined as the ability of a
structure to withstand earthquake impacts and quickly recover to
its original performance after an earthquake. By referring to

Cimellaro’s  typical framework for seismic resilience
assessments (Cimellaro et al, 2010), the calculation of
functional recovery index (R) can be divided into two parts:
the calculation of the post-earthquake residual function and the
construction of a recovery model. However, the functional
recovery index (R) is an index that describes the structural-
functional recovery capacity of a research object, and it cannot
directly reflect economic losses. Therefore, an economic index
(Eior) was used to describe the structural seismic resilience
together with the functional recovery index. The seismic
resilience of the structure is improved with the increase in the
functional recovery index and the decrease in the economic index.
The calculation of the economic index is shown in Eqs 3, 4.

3)
(4)

where Egiyect—_ioss and Ej,gireci—10ss denote the direct and indirect
economic losses, respectively, and Eepair—ar and Eyepair—p denote
the material and labor costs, respectively. In this study, the
economic losses resulting from human casualties were not
calculated.

Etot = Edirect—loss + Eindirect—loss

Edirect—loss = Erepm'r—H + Erepuir—M

2.2 Functional Recovery Index of Subway

Station Components

2.2.1 Residual Function Calculation

In this study, the bearing capacity of a subway station was taken as
a performance index of the structure. The bearing capacity of the
station comes from two vertical structural components: the
central column and sidewall. Therefore, we evaluated the
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TABLE 1 | Performance requirements, damage state and limits of the interlayer displacement angles of the station’s components.

Seismic
performance requirements

Performance requirement |: Structure does not damage or
slight damage, can maintain normal function

Performance requirement Il: Repairable damage, It can be
restored in a short time

Performance 2
Repairable damage

Performance requirement Ill: Extensive damage, but should

not collapse components

Performance requirement IV: Structural collapse

seismic damage degree of the station from the component level.
In addition, the inter-layer displacement angle was selected as the
damage indicator of the station, because the side walls and the
central columns are displacement-sensitive components.

The code for Seismic Design of Urban Rail Transit Structures
(GB50909-2014, 2014) divides the seismic performance
requirements of underground structures into three grades and
provides corresponding component performance grades under
each performance requirement. However, this standard is not
clear in describing the allowed damage state that occurs at various
performance levels of the components. However, the description
of the damage states of the structural components in Standard for
seismic resilience assessment of buildings (GB/T 38591-2020,
2020) is basically consistent with the description of the
component performance grade requirements in standard
(GB50909-2014, 2014), and it can be used as a basis for the
damage classification of subway station components. Therefore,
based on the two codes, we provided the performance
requirements of subway stations and the corresponding
component damage classification (see also Table 1). And
according to the inter-layer displacement angle limits of the
underground rectangular structure under the condition of “no
damage, repairable and not collapse” given by Dong et al. (2014)
and factors such as repair difficulty, the suggested index limits of
the subway station adopted in this paper are shown in Table 1.

The residual function of the station components after an
earthquake is defined as the ratio of the maximum inter-layer
displacement angle during the earthquake to the ultimate
inter-layer displacement angle, which is calculated by Eq. 5 as
follows.

1 Gi <0Op
0;,-6
Qresidual,i = DS GDI < 91’ < BDS (5)
Op1 — Ops
0 9D5 < 61'

where Q,esiduar is residual function of the type i components; 6; is
the maximum inter-layer displacement angle of the type i
component during the earthquake, and 6p; is the lower limit

Component performance grade

Performance 1: Displacement that does
not affect driving safety

Performance 3: Replacement of new

Performance 4: Reconstruction

Damage state of Index limit
structural component

No Damage (D1) 1/650 < 6
There is only cosmetic damage
Slight Damage (D2) 1/650 < 6 <
The original function can be restored after simple 1/400
repair
Moderate Damage (D3) 1/400 < 6 <
Conventional repair methods can repair the 1/250
damage of the original function
Extensive Damage (D4) 1/250 < 6 <

Serious damage that affects bearing capacity 1/70
and needs to be replaced occurs

Structural Collapse (D5)

The structure collapsed is beyond repair and
needs to be rebuilt

1/70< 6

of the inter-layer displacement angle under the damage level j (In
fact, the values of Op, and 6Ops; are the same, as shown in
Figure 1B). When 0; is greater than or equal to Ops the
structure collapses, and its residual function is 0. Similarly,
when 0; is equal or lesser than 0p;, the structure is not
damaged, and its residual function is 1.

2.2.2 Recovery Model Construction

The recovery curve describes the real-time recovery process of a
structure’s functions depending on its own recovery ability or
with the help of external forces. It is also the basis of quantifying
the functional recovery capacity of a component. To construct a
function recovery model, it is necessary to have the recovery
profile and shape parameters of the component under different
damage levels.

2.2.2.1 Recovery Profile

The recovery profile is a profile curve that describes the
performance change during a repair process, and it is related
to the types of the components to be repaired, regional economic
conditions, repair strategy, and seismic damage degree. Existing
recovery profiles include linear type, trigonometric type (Chang
and Shinozuka, 2004), exponential type (Kafali and Grigoriu,
2005), and stepwise type (Padgett and DesRoches, 2007).
Compared with the first three, stepwise type conforms to the
reality of a staged repair process and reflects the recovery strategy
and means in the repair process. Consequently, stepwise type was
selected in this paper.

In this paper, the same recovery profile was adopted for the
central columns and sidewalls, which were only differentiated by
shape parameters. In addition, the economic factors (referring to
the regional economic conditions) can also be reflected by shape
parameters.

The damage level of the component to be repaired directly
controls its repair difficulty (Deco et al.,, 2013; Li et al,, 2017).
Therefore, according to the performance requirements of the
station described in Table. 1, we extracted the recovery profile of
the component at different damage levels, as shown in Figure 1C,
where Qesiguar Was used to select the recovery curve, and the
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TABLE 2 | The functionality, repair targets and repair time of each recovery stage under different damage levels.

Damage level

Recovery stage Stage1 Stage2

Stage3 Stage4 Stage5

target (repair Q(0) (TroStage1)

Q(1) (TroStage?2)

Q(2) (TroStage3) Q(3) (TroStage4) Q(4) (TrqStageb5)

time)

D1 - - - - -

D2 Qresidual (Ti2=Ti1) 1 (Tre~Ti2) - - -

D3 Qresidual (Ti2=Ti1) Qexp(D2) 1 (Tre,~Tia) - -
(Mia=Ti2)

D4 Qresidual (Ti2=Ti1) Qexp(D3) Qexp(D2) 1 (Tre,;—Ti4) -
(Tia—Ti2) Mia—Tig)

D5 0 (Tiz—Ti4) Qexp(D4) Qexp(D3) Qexp(D2) 1 (Tre;=Tis)
(Miaz-Ti2) (Mia=Tia) (Tis—Tia)

parameters Tro(StageN) and Q(N-1I) define the shape of the
recovery profile. When the component damage level is D1
[Qresidual = Qmin(D1) = 1], there is no damage to the structural
component that can affect the performance. Thus, the function of
the component remains 1. When the damage level of the
component is D5 [Qesidual < Qumin(D4) = 0], the component is
completely destroyed and the function of the component is 0.
When the damage level of the component is D2-D4 [Q,,;,(D4) <
Qresidual < Qmin(D1)], the component can be restored to its
original performance by repair and replacement, respectively,
and its function is not interrupted during the repair period.
However, the repair process is different due to the difference
in its damage level.

The performance of a damaged component is controlled by its
damage level and is gradually improved through continuous
repair. Consequently, a step-by-step repair strategy from high-
level damage to no damage was adopted in this study. When a
repair stage is completed, the manager should remove the
functional limitations of the structure in a timely manner. For
example, if the seismic damage level of the component is D4, the
damage level should be reduced to D3 after the first repair stage is
completed, and the structural function should be improved to the
corresponding function level of D3.

Qgexp(Dj) denotes the expected values of the residual functions
of components under the damage level j. Also, it denotes the
corresponding recovery target of each damage level. Also,
Qumin(Dj) is the lower limit of the damage level j. Trq(StageN)
and Q(N—-1) denote the repair time and recovery target required
in recovery stage N, respectively, and their calculation method is
shown in the next section.

2.2.2.2 Stage Recovery Target

When the component is repaired and the damage is reduced from
D; to Dj.,;, its function should be increased from Qgxp(D;) to
Qexp(Dj-). However, it is difficult to determine the value of
Qgxp(Dj-1), as each damage level corresponds to a certain
performance range, which should be discussed by experts
based on the safety and social impact of the structure. In this
paper, we suggest that the performance value corresponding to
the median of the damage level j be selected as the expected
residual function Qgxp(Dj) of the component under this damage
level, as shown in Figure 1B.

The functionality and repair targets of each repair stage under
different damage levels are shown in Table. 2, where Q(N-1) is
the functionality of the components during the repair stage N;
Q(N) is the repair target of the repair stage N, achieved at the time
instants when the repair stage j is finished, and serves as the
functionality of the components during the repair stage N + 1.

2.2.2.3 Repair Time Calculation

There are two methods for calculating the repair time. The first
method is to extract the repair experience from the past, and the
second method is based on the repair time required by each
component, which is also used in the existing resilience
evaluation standard (FEMA, 2012; GB/T 38591-2020, 2020).
Since there are only a few earthquake damage cases for
underground structures, it is difficult to obtain relevant repair
data from historical cases. Consequently, the second method was
used to calculate the repair time of the component.

Since subway structures should be immediately repaired after
earthquakes, in this paper, the repair time is defined as the time
period between the earthquake and the completion of repair. To
facilitate the calculations, we made the following assumptions.

Assumption 1. The central columns and sidewalls can be
repaired at the same time.

Assumption 2. The damage level of same type of components is
the same.

Assumption 3. The repair workers are equally competent.
The time instants and time interval of each repair stage are
calculated by Eqs 6, 7, respectively.

_ (ti,j _ti,j—N) X l’li/i’lwork N<] -~ .
Tin = ‘{ b _ti,l) o ni/nwork N = ]') VN € [1,j],j € [2,5]
(6)

Ti - Ti N<j
Tio(stagen) = { 2 T NS

Where N and T; y denote the numbering the repair stage and the
time instants when the repair stage N of type i components are
finished, respectively; N and j are integer; t;; denote the repair
times required by a single type i component under the damage
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level j and is related to the means of repair; n; is the number of
type i components, and #,,,, is the number of repair workers; the
normal meaning of Tgg ; is the total repair time required for
completion of type i component. In this paper, it is represented
as the repair time standard, and the detailed explanation is
given in Section 2.2.3. Therefore, the repair time required for
each stage of different components under different damage
levels is shown in Table 2. It should be noted that the damage
of the components also need to be repaired when its damage
level is D1, since such damage does not affect the structure’s
function, this period of time is not counted as the repair time.
Therefore, the components at damage level D1 has no repair
target and repair time (Table 2).

2.2.3 Recovery Function and Calculation Method of
the Functional Recovery Index

If the structural-functional recovery capacity of a component is
calculated according to Eq. 1, the functional recovery index (R)
cannot respond to the change in the repair time. As shown in
Figure 1D, if the accelerated repair strategy (more repair workers
or a faster repair method) is used to double the repair rate of each
repair stage, the total repair time is halved. Consequently, when
using the accelerated repair strategy, the functional limit time is
halved, and the function loss amount in the repair process are half
that of the normal repair strategy. Thus, the accelerated repair
strategy is a better choice for both the owner and the public.
However, the functional recovery index calculated according to Eq.
1 with the accelerated repair strategy is the same as that obtained
with the normal repair strategy.

To make the functional recovery index respond to the
change in the repair time, we provide a new calculation
method. Firstly, a normal repair strategy (including the
number of repair workers and the repair method) should be
established as the standard, and the corresponding repair time
was calculated as the repair time standard (Trg). Then the
function recovery amount per unit time in the repair time
standard is taken as the functional recovery index of the
components. Thus, based on the content in Section 2.2.2,
the corresponding recovery function is shown in Eq. 8. And

the functional recovery index R; of the components was
calculated by Eq. 9.

j
R = [ZQ(N -1) x TRQStageN:|/TRE,j €25 (9

Q(N-1) Tin1<t<T;N,N<j q
QIN=1) Toy<t<TaoN = "N E[Liljel23]

®)

Where j is the seismic damage level of the structure; R;
and Tgrgp,; (repair time standard) denote the functional
recovery index and the repair time of a type i component,
respectively; T; o equal to 0. However, the repair strategy is
not one and only, as long as the repair time required by the
actual using repair strategy is shorter than the repair time
standard.

2.3 Economic Index of Subway Station

Components

2.3.1 Direct Economic Loss Calculation

The economic loss caused by human casualties was not
considered. Thus, direct economic loss was the repair cost of
the structure, including the material and labor costs. The repair
cost of the structure was calculated according to the concept of
“loss ratio” (GB/T 18208.4-2011, 2011; FEMA, 2005), as shown in
Eq. 10.

Edirect-loss = ﬁ,‘)j x C; (10)

where ; ; denote the loss coefficient of the structural component
type i under the seismic damage level j, and C; denote the
construction cost of the structural component type i. And C;
can be calculated according to industry standard.

2.3.2 Indirect Economic Loss Calculations

The indirect economic loss is the economic loss caused by the
reduction of structure’s using function. A station is a gate for
passengers to get in and out of a subway, and the reduction of its
function directly affects the passenger flow of the subway. If
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analyzed from the view of the public, the indirect economic loss
caused by the reduction of a subway station’s function is the time
and fare costs passenger transfer. And from an owner’s point of
view, the indirect economic loss is the income loss caused by the
decrease in passenger traffic. Although the economic loss of
passengers does not increase the economic loss of owners, this
part of the economic loss should be added to the indirect
economic loss in the form of social responsibility so as to
restrain the owner from choosing a repair strategy with a long
recovery time and a low repair cost.

Thus, the indirect economic loss of type i components can be
calculated by Eqs 11-13 as follows.

Eindirect—loss = losspublic + lossowner (11)
loss pupiici = ATD x Tgg; x [(1 = R;) x (AC+AT)] x L (12)
lossowner,i = ATD x TRE,i X (1 - Rl) XS xL (13)

where [0ssp,p1ic and [055g,,4er denote the socioeconomic and owner
losses, respectively; ATD is the daily passenger flow of the station
under normal conditions; S is the fare per kilometer per person;
ACand AT denote the fare cost and time cost per kilometer of one
person, respectively (Transfer is by taxi); L is the average distance
between the station and nearby stations.

2.4 Functional recovery index of a station.
Different components have different effects on structural
performance. Consequently, the weight of each component
with regard to the performance of a subway station should be
considered when calculating seismic resilience of stations. The
calculations of the functional recovery index and economic index
of a subway station are shown in Eqs 14, 15.

n

R = Z(XiR,‘ (14)

n
Etot = Edirect—loss + Z‘xi X (losspublic,i + lossowner,i) (15)
i=1
where a; is the weight coefficient of the type i component, and # is
the number of component types. A central column is vulnerable
to damage because of its small crosssection, as it is the main factor
affecting the performance of subway stations. Therefore, the
recommended weight coefficients for the central column and
sidewall in this study are 0.7 and 0.3, respectively.
According to the above, the flowchart of the seismic resilience
assessment of subway stations is shown in Figure 2.

3 SEISMIC RESILIENCE IMPROVEMENT
STRATEGY OF SUBWAY STATIONS

To improve the structural seismic resilience is to increase the
proportion of the functional recovery quantity in a structural
repair process. Seismic resilience of a subway station can be
improved using two ways. The first way is to improve the residual
function of a structure after an earthquake, which can be realized
by improving the ability of the structure to resist earthquake loads
by using seismic mitigation measures (before the earthquake).

Seismic Resilience of Subway Station

The second method is to improve the repair rate of the subway
station. Under the condition that the residual functions of a
structure are invariant, shortening the repair time can reduce the
functional loss amount during a repair process (after the
earthquake) and improve the seismic resilience of the station.

3.1 Improvement of Structural Resistance

Resilience

There are two common seismic mitigation methods for subway
stations. The first method is to use shock-absorbing bearings,
such as friction pendulum bearings (FPB), which can be used on
the central column to concentrate the horizontal deformation at
the bearing, thus reducing the deformation of the central column.
The second method is to use new structural forms for the central
column, such as a split column, which can be adopted to improve
the ductile deformability of the central column. In this study, FPB
was selected as a seismic mitigation measure, and its effect on
improving the seismic resilience of subway stations was
quantified and analyzed using numerical simulations.

FPB is a type of seismic mitigation device that uses the friction
sliding energy dissipation technology, as shown in Figure 3A.
Under the action of an earthquake, the soil deformation causes
the relative displacement of the roof and floor of the station. In
this process, the slider can slide on the sliding concave surface
(Figure 3B). The relative displacement is divided into two
parts as it transfers from the roof to the central column, one
part is the displacement of the slider in the support, the other
part is the displacement of the central column. Therefore,
compared with the original structure, the deformation of the
central column with FPB is reduced. Moreover, the constant
friction between a slider and a sliding concave surface can
consume the seismic energy resulting from earthquakes, as
shown in Figure 3B. The force analysis of the slider is
illustrated in Figure 3C.

In Figure 3C, 0 is the rotation angle of the slider relative to the
vertical symmetry axis of the bearing bottom plate; D
represents the horizontal displacement of the slider; W
denotes the vertical bearing weight of the FPB, and its
component in the normal direction of the sliding concave
surface is Wcos(0); R indicates the radius of the sliding concave
surface radius; f is the sliding friction force of the slider; F
stands for the horizontal shearing force transmitted by the
structure.

WD

cosGZT-HJW (16)

_ WD f
" Rcos@

Where, y is the sliding friction coefficient of the slider, and when 8
is very small, cosf is approximately equal to 1. Assuming the value
of F remains unchanged, it can be seen from Eq. 16 that when W
and ¢ remain unchanged, the increase of sliding concave surface
radius will lead to a longer slide distance for the slider to reach
balance. Similarly, when y increases and R remains constant, the
slide distance to reach equilibrium decreases accordingly. In
conclusion, the deformation of the central column closely
correlates with the friction coefficient and the radius of the
sliding concave surface.
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pendulum bearing in the case of an earthquake.

FIGURE 3 | (A)Structural map of friction pendulum bearing; (B) working mechanism of friction pendulum bearing and (C) force analysis diagram of friction
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:

3.2 Improvement of the structural recovery

resilience.

In the case that the repair time standard (Trg) is constant, the
shorter the repair time, the less the function loss amount in the
restoration process and the higher the functional recovery index.
This paper puts forward two schemes for enhancing resilience in
subway stations after earthquakes.

1) Increasing the number of repair workers.
2) Using a repair method that is faster than normal repair
methods.

In combination with Eqs 6, 7, it can be seen that when the
number of repair workers increases, #,,;) increases, while
Trq(StageN) decreases. When using a faster repair method, higher
repair costs may be incurred, and both ¢;; and Trq(StageN) decrease.
In this case, we chose to increase the number of repair workers
to enhance the seismic resilience of subway stations.

4 CASE STUDY

4.1 Numerical Model

4.1.1 Engineering Background

To demonstrate the proposed seismic resilience assessment
framework for subway stations and analyze the effectiveness of
the seismic resilience improvement method, a three-dimensional
numerical simulation was performed with the Daikai station as a
prototype. The Daikai subway station is a single-layer, double-
span, rectangular frame structure, and its crosssection is shown in
Figure 4A. The thickness of the covering Earth of the station is
4.8 m, and the concrete grades C30 and C35 are used for the main
structure and central columns of the station, respectively. In
addition, the reinforcement ratios of the sidewall, top and bottom

plates, and central column are 0.8, 1.0, and 0.6%, respectively. All
the reinforcements adopt screwed reinforcements with a diameter
of 32 mm. Figure 4B shows the detailed size of the FPB. The main
physical and mechanical parameters of the soil in each layer of the
site are listed in Figure 4C.

4.1.2 Finite Element Model

To avoid the adverse impact of the boundary effect on the
calculation results (Lou et al., 2000). In this paper, the width
of the site model is set to 119 m (7 times the width of the station),
the thickness is 39 m, and the longitudinal width is 10.5m
(longitudinal width of the triple-span station). The finite
element model was established based on the ABAQUS
software, as shown in Figures 4D-F. The soil, concrete
structure, and FPB were meshed using C3D8R, and T3D2 was
adopted for the mesh division of the reinforcement. The
reinforcement was embedded in the concrete without
considering the bond-slip between the reinforcement and
concrete. The mesh size of the bearing plate ranges from 0.01 to
0.02 m, and the mesh size of the slider ranges from 0.005 to 0.008 m.
The mesh size of the remaining part was selected according to
the minimum wavelength of 1/10-1/8 (<2 m), and the soil mesh
around the structure was appropriately encrypted. The sidewalls
and the top and bottom plates have an elastic modulus of
30 GPa, a density of 2,500 kg/m’, and a Poisson’s ratio of 0.2.
The FPB is made of high-strength steel with a density of
7,850 kg/m”, an elastic modulus of 206 GPa, and a Poisson’s
ratio of 0.3. In this study, we adopted Mohr-Coulomb as the
nonlinear constitutive of the soil mass, and the constitutive
model of the concrete material adopted a plastic damage
constitutive model (Lubliner et al., 1989; Lee and Fenves,
1998). The linear elastic constitutive model was adopted for
the bearing steel. Rayleigh damping was used to approximate
the damping of both the concrete and soil materials.
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FIGURE 4 | (A) Main dimensions of the cross section of the Daikai subway station; (B) main dimension of cross section of friction pendulum bearing; (C) main
physical parameters of the soils; (D)Finite element model of soil; (E) finite element model of station; (F) finite element model of FPB and (G) schematic diagram of the
value point.

The artificial boundary was a viscous-spring boundary, and
the ground motion input was converted into a nodal force. In
addition, the calculation methods of the spring stiffness, damping
coefficient, and concentrated force of the node were calculated by the
self-compiled MATLAB program (Liu and Li, 2005; Du and Zhao,
2006). In this paper, the initial stress extraction method was adopted
to balance the in situ stress of the model, and the method reported by
Zhuang et al. (2011) was employed to transform the static and
dynamic boundaries. The surface-to-surface contact was adopted for
the contacts between the soil and the station and between the slider
and the bearing plate. Moreover, the normal contact was hard, the
Coulomb friction law was used to simulate the tangential contact of
the contact surface, the coefficient of friction between the soil and
structure was 0.4 (Lu et al., 2018), and the coefficient of friction of the
concrete was 0.6 (Chen et al., 2014).

4.1.3 Ground Motion Selection
In this study, the horizontal and vertical ground motions
recorded by Kobe University were selected as input ground

motions. The acceleration-time curve, displacement-time
curve, and Fourier spectrum are shown in Figure 5, respectively.

4.1.4 Working Conditions

To analyze the influence of the different FPB parameters on the
seismic resilience improvement effect, we set 17 working conditions
(The original structure serves as a contrast) for the numerical
simulation, as shown in Table 3. Also, four working conditions
(18-21) were set to analyze the impact of increasing the number of
repair workers on the seismic resilience of subway stations.

4.2 Analysis of the Resilience Improvement

Effect of Friction Pendulum Bearings

4.2.1 Residual Function

The residual functions of each component of the station in the
case of an earthquake were calculated according to the proposed
method in Section 2.2.1. The value points of the inter-layer
displacement angles of the central column and sidewalls are
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FIGURE 5 | (A) Acceleration time history curve; (B) displacement time history curve and (C) Fourier spectrum.

TABLE 3 | Working condition.
Work condition Concave radio (m)

0.5

— 0 ~NO O~ wWwN =
—
o

7 Original structure

Working condition

Friction coefficient

0.01
0.03
0.05
0.07
0.01
0.03
0.05
0.07

18 No
19 Yes
20 No
21 Yes

Work condition

Concave radio (m)

Friction coefficient

9 1.5 0.01
10 0.03
11 0.05
12 0.07
13 2.0 0.01
14 0.03
15 0.05
16 0.07

Central column: increase the number of repair workers

No
No
Yes
Yes

Sidewall: increase the number of repair workers

shown in Figure 4G. The residual functions of the central
columns and sidewalls in the case of an earthquake under
each working condition are shown in Figures 6A,B, respectively.

As can be seen from Figures 6A,B, after the central column
was equipped with FPB, its residual function increased by more
than 80%, and the residual function of the sidewall slightly
decreased by around 5%. The results show that the stations
equipped with FPB can effectively improve the residual
function of the station, which is consistent with the expected
results.

4.2.2 Functional Recovery Index

4.2.2.1 Shape Parameters Calculation

The repair time and the number of repair workers used in the
calculation in this section were considered to be as the normal
repair strategy. Since it is difficult to obtain the repair time data of
the central columns and sidewalls of the subway station,
consequently, the repair time data of the reinforced concrete
frame given in standard (GB/T 38591-2020, 2020) were used to in
this case. And the repair data of the central column using the
friction pendulum support is unknown and does not affect the
research content in this section, the repair time data of the central
column was configured with FPB is consistent with that of the
original structure.

Based on the assumption in Section 2.2.2.3, we took one span
of the structure as a research object, including a central column
and a sidewall. In addition, the central column and sidewall were
repaired by one person each, and the repairs were performed at
the same time. According to the repair time data from standard
(GB/T 38591-2020, 2020) and the calculation method given in
Section 2.2.2, the repair time and repair target of each stage
under different damage levels of the components were obtained
(Table 4).

4.2.2.2 Results and Analysis

According to the seismic resilience assessment framework
proposed previously, the corresponding recovery curves of the
central column (Figures 6C-F) and sidewall (Figures 6G-J)
under different working conditions were calculated. Also, the
functional recovery indices of the central column, sidewall, and
station were calculated, as shown in Figures 7A-C.

Figure 7C shows that the functional recovery index of the
station was significantly improved with an increase of more than
23% after the use of PFB. Also, the functional recovery index of
the central column increased by more than 30% and by up to 50%
(Figure 7A). However, the functional recovery index of the
sidewall had no obvious changes (Figure 7B). In addition, the
functional recovery index was positively correlated with the
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TABLE 4 | Repair time of different components in each stage for different damage states (day).

Recovery stage
target
(repair time)

Damage
level

D1
D2
D3
D4
D5
D1
D2
D3
D4
D5

Structural Stage1 Stage2 Stage3 Stage4 Stage5
component Q() () Q@) Q@) Q@)
(TraStage1) (TraStage?2) (TraStage3) (TraStage4) (TraStages)
Central Column - — - — -
Qres\dua\ (36) 1 (O) - - -
Qreswdua\ (3-2) 0.97 (3-6) 1 (O) - -
Qresidual (18.7) 0.89 (3.2) 0.97 (3.6) 1(0) —
0 (14.0) 0.47 (18.7) 0.89 (3.2) 0.97 (3.6) 1(0)
sidewall — - — - —
Qres\dua\ (1 1) 1 (O) - - -
Qresidual (8-6) 0.97 (1.1) 1(0) - -
Qrosicual (16.1) 0.89 (8.6) 0.97 (1.1) 1 (0) —
0(14.0) 0.47 (16.1) 0.89 (8.6) 0.97 (1.1) 1(0)

radius of the sliding concave surface and negatively correlated

with the coefficient of friction.

The results show that the seismic resilience of the subway
station can be effectively improved after the use of seismic

mitigation measures (before earthquakes). Also, the more
effective the seismic mitigation measures, the higher the
seismic resilience of the structure. This is because the higher
the residual function of the structure, the shorter the recovery
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construction costs of the sidewalls and central columns in this
case were calculated by referring to the Urban rail Transit

steel Dbar,

In this study, the construction cost calculations for the central
columns and sidewalls were simply divided into three parts:
This study case does not correspond to an actual station, and
the data used in this section is from previous studies, where ATD

is 500,000 person per day, L is 2 km

that is, the demolition cost is 20% of the construction cost, as
shown in Table 5.
According to the data provided in reference (Gao and Wang,

respectively. S is 3 yuan/person, and AC is 11 yuan/person.
2014), the time cost AT is 0.258 yuan/person*km.

unit prices of local building materials. The costs of the central
billing standards:yuan) were calculated from Eqs 17, 18,

columns and sidewalls were calculated to be 3

Engineering Budget Quota (GCG103-2008, 2008) based on the
8,390 yuan/piece, respectively.

structural demolition, the structure loss ratio in D5 was set to 1.2,

concrete,

12
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FIGURE 7 | (A)Functional recovery indices of the central column; (B) functional recovery indices of the side wall; (C) functional recovery indices of the station (D)
capacity, the better the seismic resilience.

direct economic loss; (E) indirect economic loss and (F) functional recovery indices and economic loss under different working conditions.

standard (GB/T 38591-2020, 2020). Also, considering the cost of

In this case, the loss coefficients §;; of the subway station refer to
the loss coefficients of frame structure components given in the

TABLE 5 | Loss coefficients of the structural components.
4.2.3.1 Economic Parameters Calculation

Damage state

time, consequently,

4.2.3 Economic Index
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TABLE 6 | The main physical parameters of the soils and the dimensions of the finite element model in different site types.

Site Density Shear Station Model Buried Poisson’s Cohesive Internal
types (kg/m3) wave dimension dimension depth(m) ratio force friction
velocity (m3 (m® (kPa) ©)
(m/s)
| 2000 500 17 x 10.5 119 x 25 4.8 0.26 6 15
x 717 x 10.5
1l 1900 150 119 x 39 4.8 0.3 5 20
x 10.5
\% 1900 100 119 x 90 4.8 0.35 18 25
x 10.5
3 I < 6km functional recovery index and that the law is consistent with
S=414 6km <1< 16km (17) the actual situation, which proves that the installation of seismic
5 16km <1< 26km mitigation measures can improve the seismic resilience of subway
14 1< 3km stations.
C=124l+14 3km<I<10km (18) _ . _
3.6l+14 10km<l 4.2.4 Effect Analysis at Different Site Types

4.2.3.2 Results and Analysis

Assuming that there are 100 central columns and 100 sidewalls in
the station, the direct economic losses of the central columns and
sidewalls in each working condition were calculated as shown in
Figure 7D.

As seen from Figure 7D, the direct economic loss of the
station was reduced by ~14% under most working conditions.
However, in the working conditions 3, 4, and 8, the direct
economic loss of the station did not decrease, as the direct
economic loss is only related to the post-earthquake damage
level of the components and the number of components to be
repaired. In the working conditions 3, 4, and 8, although the
residual function of the central column was improved, the
damage level did not decrease, thus, the repair cost did not
decrease. With the use of FPB, the damage level of the
sidewalls did not change, and the damage level of the
central columns only decreased by one level, thus the
reduction in the repair costs limited. Overall,
improving the seismic resistance of the structure cannot
significantly reduce the repair costs.

Based on the calculation method provided in Section 2.3.2,
the indirect economic loss of the station under different
working conditions is shown in Figure 7E. Compared with
the original structure, the indirect economic loss of the station
greatly decreased after FPB was installed in the central column.
Among them, the indirect economic loss of 76% of the
maximum reduction, the minimum reduction of 47%
(Figure 7E). This is because the indirect economic loss is
not only related to the residual functions of the structure but
also related to the repair time. The longer the repair time,
the higher the function loss and the greater the indirect
economic loss. After using FPB, the repair time of the
central columns greatly decreased, so the indirect economic
loss is significantly reduced.

The functional recovery index and economic loss of a station
under each working condition are shown in Figure 7F. It can be
seen that the economic loss is inversely proportional to the

was

It is well known that the site of the Daikai station is of site type II.
In the site type II, FPB can improve the seismic resilience of
subway stations; nevertheless, it is not clear whether the same
effect can be achieved in other site types. Therefore, according to
the division of the site types in the code for Seismic Design of
Urban Rail Transit Structures (GB50909-2014, 2014), in this
paper, the optimal working conditions (13) were selected to
establish the soil-structure interaction models of the site types
I, III, and IV and then conduct a numerical simulation. The
information of the site and model is presented in Table 6. Main
physical parameters of the soils and dimensions of the finite
model for different site classifications.

The recovery curves of the central column and sidewalls at
different site types are shown in Figures 8A-C. As seen from
Figures 8D,E, In the site type I, the structural damage is small,
and the structure has good resilience. In the site types IIT and IV,
the structure was seriously damaged, and the functional recovery
index was low before FPB was added. After setting FPB, the
functional recovery index was obviously improved. In the site
types III, the functional recovery index of the stations increased
by 63%, and the economic loss decreased by 76%. In the site type
IV, the functional recovery index increased by 100%, and the
economic loss decreased by 73%. Similarly, the results show that
the conclusions deduced from the site type II still apply to the site
types III and IV.

4.3 Analysis of the Resilience Improvement

Effect of Accelerated Repair
The working condition 18 was taken as a comparative object, and
the normal repair strategy (same as above) was adopted. In the
normal repair strategy, the number of repair workers for both the
central columns and sidewalls is one person. In this section, the
number of repair workers was increased by one, and the means of
repair remained unchanged. The recovery curve and seismic
resilience indices of the working conditions 18-21 are shown
in Figure 9.

It can be seen from Figure 9 that the seismic resilience of the
station can be improved by increasing the number of repair
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workers for the central columns or the number of repair workers  (Figure 9B). Obviously, as expected, with the increase in the
for the sidewalls. The functional recovery index of the station ~ number of repair workers, the repair time of the central column
increased by 5-25%, and the economic loss decreased by 10-48%  or sidewall in each repair stage decreased, the functional loss
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quantity decreased in the repair process, and the seismic
resilience was improved. In the working conditions 19 and 20,
the increase in the seismic resilience of the station was different.
This is because central columns have a great influence on station
performance. Therefore, compared with the increase in the
number of repair workers for the sidewalls, the increase in the
number of repair workers for the central columns has a more
obvious effect on improving the seismic resilience of subway
stations. These results show that the seismic resilience of subway
stations can be improved by accelerating restoration after
earthquakes. They also prove that for established stations,
planning for repair strategies and preparing rescue materials in
advance can improve structural seismic resilience.

5 RESULTS AND CONCLUSIONS

The seismic resilience of subway stations was studied in this work,
and a quantitative framework for evaluating the seismic resilience
of subway stations is proposed in this paper. Through finite
element numerical simulations, the effect and mechanism of
improving the seismic resilience of subway stations based on
different methods before and after earthquakes were analyzed,
and the following results and conclusions were obtained.

A quantitative evaluation framework for the seismic resilience
of subway stations was established, and a calculation process of
the resilience index was proposed. Based on the current standard,
a recovery function model for subway stations was constructed,
and a calculation method of the repair target and repair time was
given. Also, a calculation method of the indirect economic loss of
subway stations was proposed in terms of the public and owners.
Overall, based on a study case, it was proven that the proposed
quantitative evaluation framework can be used to calculate the
seismic resilience of subway stations.

Improving the seismic resilience of underground
structures can be achieved by adopting seismic mitigation
measures at the beginning of design or by accelerating post-
earthquake repair. In essence, the two strategies have
different effects on seismic resilience. The former mainly
improves the seismic resilience by improving the residual
function of the structure, while the latter improves the
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