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Abstract: The improvement of the seismic resilience of existing reinforced-concrete (RC) frame buildings, which is
essential for the seismic resilience of a city, has become a critical issue. Although seismic isolation is an effective method for
improving the resilient performance of such buildings, target-oriented quantitative improvements of the resilient performance
of these buildings have been reported rarely. To address this gap, the seismic resilience of two existing RC frame buildings
located in a high seismic intensity region of China were assessed based on the Chinese Standard for Seismic Resilience
Assessment of Buildings. The critical engineering demand parameters (EDPs) affecting the seismic resilience of such buildings
were identified. Subsequently, the seismic resilience of buildings retrofitted with different isolation schemes (i.e., yield ratios)
were evaluated and compared, with emphasis on the relationships among yield ratios, EDPs, and levels of seismic resilience.
Accordingly, to achieve the highest level of seismic resilience with respect to the Chinese standard, a yield ratio of 3% was
recommended and successfully applied to the target-oriented design for the seismic-resilience improvement of an existing RC
frame building. The research outcome can provide an important reference for the resilience-based retrofitting of existing RC

frame buildings using seismic isolation in urban cities.
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1 Introduction

Over the last 30 years, modern cities in China have
seen an increase in the number of reinforced-concrete
(RC) frame buildings, including hospitals, schools,
offices, and government buildings, which are essential
for the seismic resilience of a city. To evaluate and
improve the seismic resilience of a city, it is necessary to
first quantify the seismic resilience of typical existing RC
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frame buildings and identify the critical factors affecting
it. Furthermore, a reliable and high-efficiency method
must be recommended to control such critical factors
and improve the seismic resilience of such buildings.
Various seismic-resilience-assessment methods have
been proposed to evaluate the performance or guide the
design of buildings (Bruneau et al., 2003; Cimellaro et
al.,2010,2017; FEMA, 2012; Hu et al., 2017; Renschler
et al., 2010; Almufti and Willford, 2013; Zhou et al.,
2017, 2019, 2020). A city-scale seismic-resilience-
assessment method was creatively proposed by Xiong
et al. (2020). However, these methods cannot be used
directly for assessing the seismic resilience of buildings
in China. This is because the component fragility data
and loss functions of various countries exhibit significant
differences. To address this issue, the Standard for
Seismic Resilience Assessment of Buildings GB/T
18591-2020 (MOHURD, 2020), which is referred to
as “the standard” hereafter, was issued in 2020 and is
the first Chinese national standard focused on seismic
resilience of buildings. This standard includes the fragility
database and loss functions of critical components of the
buildings of China. Furthermore, a seismic-resilience-
assessment method and the corresponding program were
also developed based on the standard and then released.
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However, investigations of the seismic resilience of
existing buildings based on this standard are rarely
reported. To yield more realistic results reflecting the
typical situation of buildings in China and to provide
a valuable reference on the application of the standard,
the seismic-resilience assessment of existing RC frame
buildings is valuable to be conducted. In addition, the
critical factors that affect the levels of seismic resilience
must be identified for achieving the subsequent
improvements.

Seismic isolation technology is acknowledged as
the most effective method for improving the seismic
performance of buildings and is therefore widely adopted
in the retrofitting of existing buildings (Moretti et al.,
2014; Dong and Frangopol, 2016; Li, 2020; Matsagar
and Jangid, 2008; Mayes et al., 2012; Yang et al., 2019;
Zhou and Tan, 2018). Currently, various researchers
have investigated the seismic resilience of isolated
buildings and retrofitted buildings by using seismic
isolation (Bhagat and Wijeyewickrema, 2017; Dong and
Frangopol, 2016; Mayes et al., 2012; Shang et al., 2019;
Taniguchi et al., 2016). Despite these efforts, previous
studies were mostly based on an iterative design method.
Specifically, a design scheme was first proposed, and
then the corresponding seismic resilience was evaluated.
If the expected target of resilience is not achieved,
another scheme is introduced until the target is satisfied.
This indicates that the scheme for retrofitting existing
buildings cannot be directly designed toward a given
target of seismic resilience. Note that different levels of
seismic resilience with an emphasis on restoration cost,
repair time and casualties are clarified in the standard.
For the retrofitting of existing buildings using seismic
isolation, a target-oriented quantitative improvement on
the resilient performance of such buildings is preferred
but is rarely reported.

To investigate a target-oriented method, it is
necessary to know the relationship between the critical
design parameters of the isolation system and the level
of seismic resilience of the retrofitted building. The
yield ratio of the isolation system (referred to as the
“yield ratio” hereafter) is considered as a critical design
parameter that significantly affects the efficiency of
the isolation system and seismic performance of the
entire building. It is defined as the ratio of the total
yield force of the lead-rubber bearings (Qy) to the total
seismic weight of the structure (W) (Park and Otsuka,
1999; Pourzeynali and Zarif, 2008; Providakis, 2008;
Avsar and Ozdemir, 2013; Mollaioli et al., 2013; Li
et al., 2017). Many researchers have correlated the
seismic performance of a structure with its yield ratio
and recommended rational values of the yield ratio,
which targeted a given reduction ratio of the base shear
force (Park and Otsuka, 1999; Pourzeynali and Zarif,
2008; Providakis, 2008; Mollaioli ef al., 2013; Li et al.,
2012; Li et al., 2017). Li et al. (2012) recommended
the rational yield for isolated RC frame structures to
be 3%—4.8%. Liu (2019) summarized the yield ratio of

buildings in numerous reported engineering practices for
isolated structures and indicated that yield ratios of 2%—
5% were generally applied in engineering practices. Li
et al. (2017) recommended the rational yield for isolated
RC frame-core tube tall buildings to be 2%—-3%. These
recommendations shed light on this research, because
it may be feasible to establish a relationship between
the yield ratio and the seismic resilience of a retrofitted
building.

To address the above-mentioned topics, the
seismic resilience of two existing RC frame buildings
located in a high seismic intensity region of China was
assessed based on the Chinese Standard for Seismic
Resilience Assessment of Buildings. The critical
engineering demand parameters (EDPs) affecting the
seismic resilience of such buildings were identified.
Subsequently, the seismic resilience of such retrofitted
buildings with different isolation schemes (i.e., yield
ratios) were evaluated and compared, with emphasis on
the relationships among yield ratios, EDPs, and seismic
resilience level. Accordingly, to achieve the highest level
of seismic resilience in the standard, a rational yield
ratio was recommended and was successfully applied
to the target-oriented design of the seismic resilience
improvement of an existing RC frame building. The
research outcome can provide an important reference
for resilience-based retrofitting of existing RC frame
buildings using seismic isolation in urban cities.

2 Seismic resilience assessment method of
Chinese standard

As mentioned above, the Chinese standard, GB/T
18591-2020 (2020), is the first Chinese national
standard focused on seismic resilience of buildings.
The method regulated by the standard is adopted here
to assess seismic resilience. According to the standard,
the seismic resilience of buildings is evaluated based on
critical indices relating to three aspects: restoration cost,
repair time, and casualties. Each evaluation result of
these critical indices is divided into four levels, and the
resilience level of the building is determined as the lowest
level of these three aspects. The evaluation procedure
of the proposed method specified in the standard is
schematically illustrated in Fig. 1 and explained in the
subsequent seven steps.

(1) Collect building information, including the basic
information (e.g., the height and area of each floor) as
well as the quantities, types, and parameters of structural
and non-structural components.

(2) Establish the finite element (FE) model of the
building and perform nonlinear time-history analyses
(NTHASs) under the design basis earthquake (DBE) and
maximum considered earthquake (MCE). Eight natural
and three artificial ground motions are required to be
selected according to the design spectrum.

(3) Determine whether the building is worth repairing
based on the residual inter-story drift ratio (RIDR). The
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Fig. 1 Evaluation method in standard for seismic resilience
assessment of buildings

upper threshold of RIDR is recommended to be 0.5% for
RC and steel buildings.

(4) Extract EDPs obtained from NTHAs.

(5) Determine the damage states of components
according to EDPs and fragility data.

(6) Determine the indices of the restoration cost (k),
repair time (7 ), and casualties (y,, and y,) of the building
according to the damage state of the components. The
index of restoration cost, k, is defined as the ratio of
the restoration cost to the current replacement cost of
the building. The repair time index, 7, , is defined as
the total time of the repair process, in which impeding
factors are not considered. The indices of casualties, y,
and y, are defined as the proportions of people who were
hurt and died in the building, respectively.

(7) Evaluate the levels of the restoration cost, repair
time, and casualties according to the principles listed in
Tables 1-3. Then, the resilience level of the building is
determined as the lowest level of these three aspects.

It is noteworthy that the standard requires the indices
to be 84% of the percentile values obtained through the
Monte Carlo analysis with samples of more than 1000.

3 Seismic resilience assessments of two existing
RC frame buildings

Many RC frame buildings in the urban areas of
China were built in the last 30 years. The seismic
resilience of such buildings must be investigated and
possibly improved. To reveal the seismic resilience of
the existing RC frame buildings in modern cities, the
seismic resilience of two buildings in real engineering
projects located in Beijing were assessed using the
above-mentioned method.

3.1 Building information on the studied RC
frame buildings

The selected real engineering projects, namely

Buildings A and B, are existing office buildings in
Beijing, as detailed in Table 4. The three-dimensional
and planar views of the buildings are presented in Fig. 2.
The corresponding design seismic intensity is 8§ degree
according to the Chinese Code for Seismic Design of
Buildings GB 50011-2010 (MOHURD, 2016), indicating
that the corresponding peak ground accelerations (PGAs)
of the DBE (i.e., 10% probability of exceedance in 50
years) and MCE (i.e., 2% probability of exceedance
in 50 years) are 200 and 400 cm/s?, respectively. The
site condition belongs to Site Class II and is the second
group in GB50011-2010. The characteristic period of the
site is 0.40 s.

3.2 Building A

3.2.1 Component information

The component information for Building A was
obtained from the design information archives and
site investigation. Tables 5 and 6 respectively present
the information on structural components (SCs) and
non-structural components (NSCs) for Building A.
According to the standard, the maximum inter-story drift

Table 1 Principle for determining the level of restoration cost

Level  Earthquake level Index of restoration cost, x
3 MCE k<5%
2 MCE 5%<x<10%
1 DBE x<10%
0 DBE x>10%

Table 2 Principle for determining the level of repair time

Level Earthquake level Index of repair time, 7 (day)
3 MCE T.<7
2 MCE 7<T, <30
1 DBE 7<T, <30
0 DBE 127

Table 3 Principle for determining the level of casualties

Level Earthquake level  Indices of casualties, y, and y,
3 MCE 7,<10%, and y, <107
2 MCE 7,=107, and y <10
1 DBE 7,<107, and y <10
0 DBE y,210%, or y 210"

Table 4 Information of Building A and Building B

Index Building A Building B
Number of floors 4 2
Building height (m) 14.7 8.82
Height-to-width ratio 0.45 0.36
Building area (m?) 3952 1771
Replacement cost (CNY) 6,404,600 3,107,192
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Fig. 2 Three-dimensional and planar views of Building A and Building B (unit: m)

Table 5 Structural component (SC) information of Building A

Type of component Section dimension (mm X mm) Fragility ID Story X Y Qua;t;ly_ Jirectional

RC frame column 500%500 C.FKZ 1-2 0 0 75
(Axial load ratio<0.3) 500x500 CFKZ 3 0 0 52
500x500 CFKZ 4 0 0 46

RC frame beam 250%500 CFKL 1-2 66 0 0
300x800 C.FKL 1-4 0 0

300x800 C.FKL 1-2 0 26 0

300x800 C.FKL 1-2 0 22 0

300x500 C.FKL 1-2 0 19 0

250%500 C.FKL 3 45 0 0

250%500 C.FKL 3 11 0 0

300x800 C.FKL 3 0 26 0

300800 C.FKL 3 0 9 0

250%500 C.FKL 3 0 6 0

250%500 C.FKL 4 38 0 0

300800 C.FKL 4 13 0 0

250%500 C.FKL 4 10 0 0

300x800 C.FKL 4 0 22 0

300x800 C.FKL 4 0 8 0

300x500 C.FKL 4 0 4 0

ratio (MIDR) is the EDP that determines the damage sensitive NSCs (ASNSC) is determined using the EDP
state (DS) of columns and displacement-sensitive NSCs of maximum absolute floor acceleration (MAFA).
(DSNSCs). The EDP of the beam is the moment rotation Typical fragility curves of SCs and NSCs in Building
of the beam hinge. In contrast, the DS of acceleration- A are presented in Fig. 3. Notably, different types of
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Table 6 Non-structural component (NSC) information of Building A
Type of component Name Fragility ID EDP
Displacement-sensitive (DSNSC) Stair BI.S.02.01 MIDR
Glass curtain BE.F.01.01 MIDR
Infill wall BIL.P.01.01 MIDR
Wall partition BI.D.01.01 MIDR
Acceleration-sensitive (ASNSC) Ceiling BI.C.01.01 MAFA
Chilled water piping MEP.P.01.01 MAFA
Heating hot water piping 2 MEP.P.02.01 MAFA
Heating hot water piping 1 MEP.P.02.05 MAFA
Sanitary waste piping MEP.P.03.01 MAFA
HVAC ducting MEP.M.06.01 MAFA
Fire sprinkler piping MEP.P.05.01 MAFA
Traction elevator MEP.L.01.01 MAFA
Chiller MEP.M.02.01 MAFA
Cooling tower MEP.M.03.01 MAFA
Air handling unit MEPM.10.01 MAFA
Control cabinet MEP.E.02.01 MAFA
Pendant lighting BI.L.01.01 MAFA
., 100% components may have different numbers of DSs. For
g’ 80% | example, the RC frame column has four DSs, whereas
S ol the wall partition and traction elevator have one DS
E 50% ——DS1 of column each.
E 40% ——DS2 of column 3.2.2 NTHA results of Building A
£ 20%} —DS3of column NTHA of Building A was conducted to obtain the
— DS54 of column EDPs. The commercial software, Perform-3D, was

00.4%0.7% 1.6% 2.3%
0 1% 2% 3% 4% 5% 6% 7%
MIDR
(a) Typical SC: RC frame column (C.F.KZ)
with an axial load ratio lower than 0.3
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2.1%
2% 3% 4% 5%
MIDR
(b) Typical DSNSCs: Infill (BI.P.01.01) and wall partition (BI.D.01.01)
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Probability damage

1 2
MAFA (g)
(c) Typical ASNSCs: Traction elevator (MEP.L.01.01)
and chiller (MEP.M.02.01)

Fig. 3 Fragility curves of typical components in Building A

adopted to establish the nonlinear FE model. The well-
acknowledged fiber model was used to simulate the RC
frame components (Lu et al., 2015; Xie et al., 2015;
Yang et al., 2019). The Penta- and tri-linear models
were adopted for the concrete and reinforcement steel,
respectively. The characteristic parameters of both the
confined and unconfined concrete were calculated using
the model proposed by Mander et al. (1988). A modal
analysis was conducted before conducting the NTHAs.
The first three periods are 0.597 s (1st-order translation
in the Y direction), 0.508 s (1st-order translation in the X
direction), and 0.471 s (1st-order torsion), respectively.
The accuracy of the FE model was verified by comparing
the modal analysis results of Perform-3D and ETABS
(Computers and Structures Inc., 2003). The differences
of the first three periods calculated with these two
programs are below 3%. According to the requirements
in the standard, eight natural ground motion records
and three artificial ground motions were selected and
generated to perform NTHAs and obtain the EDPs for
resilience assessment. The response spectrum of each
ground motion was then compared with the design
response spectrum as shown in Fig. 4.

NTHAs under DBE and MCE were conducted
using 11 ground motions as the seismic input to the
structure along the direction of the fundamental modal
(i.e., Y-axis). The maximum residual inter-story drift
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ratio (MRIDR) was first checked to determine whether
the building was worth repairing. For Building A, the
MRIDRSs were all less than 0.5%; thus, Building A was
worth repairing and the assessment procedure could
be conducted. Three types of EDPs, i.e., the MIDR,
MAFA, and moment rotation of beam hinges, were
obtained through NTHAs. The comparisons between the

| Averaged spectrum
%i —Design spectrum
i

S, (g)

0 i 3 3 i 5 6
T(s)
Fig.4 Comparison between the averaged spectrum and design
response spectrum

—&@—DBE

4 — ok
\
LI
1 0/ A/
0 0.4% 0.8% 1.2%

MIDR
(a) Distribution of MIDR

— A== MCE

A

Story
[\S)

distributions of MIDR and MAFA under DBE and MCE
are presented in Fig. 5. The MIDR appears at the second
story with average values of 0.4% and 0.82% under
DBE and MCE, respectively, whereas the MAFA was
observed on the roof with average values of 0.40 and
0.61 g under DBE and MCE, respectively.

3.2.3 Seismic resilience assessment of Building A
3.2.3.1 Restoration cost

The restoration costs of SCs, DSNSCs, and ASNSCs
under DBE and MCE are illustrated in Fig. 6. The
composition of restoration costs is illustrated in Fig. 7.
Notably, the values in Fig. 6 are the 84% percentile
values of the Monte Carlo analyses, which is required
by the standard to determine the level of restoration cost.
In contrast, the values in Fig. 7 are calculated based on
the averaged values collected from the Monte Carlo
analyses conducted 1000 times; this could reflect the
general trends (Tian et al., 2016). As such, the following
findings can be drawn.

(1) The restoration costs under DBE and MCE were
obtained as 292,500 and 918,300 CNY, respectively. The
replacement cost of Building A was 6.46 million CNY.
Thus, the indices of the restoration cost, x, under DBE
and MCE were 4.6% and 14.3%, respectively. The level
of restoration cost was assessed to be level 1, as shown
in Table 1.

(2) The restoration costs of SCs and DSNSCs are
relatively lower than those of ASNSCs. As depicted
in Fig. 7, the sum of the restoration costs of SCs and
DSNSCs account for 21% and 17% under DBE and MCE,
respectively. For example, under MCE, the restoration
cost of RC columns has the highest proportion among
the SCs and DSNSCs, as shown in Fig. 7(b); however,
this accounts for only 6.3% of the total restoration cost.
This is because that the columns are more prone to
damages of DS2 with an MIDR of 0.82%, as shown in
Fig. 3(a). The corresponding restoration cost of columns
with DS2 is only 207 CNY, as shown in Table 7.

(3) The total restoration cost is mostly caused by
the repair of ASNSCs, with proportions of 79% and

=== DBE — g — MCE
4 & A
3k 0 4 A/
z /
Z 2r ] A
1F /0 A
0 * A L
0 0.2 0.4 0.6 0.8
MAFA (g)
(b) Distribution of MAFA

Fig. 5 Critical EDPs of Building A under DBE and MCE
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Fig. 6 Restoration cost of Building A under DBE and MCE
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83% under DBE and MCE, respectively. This is mainly
because of the high probability of ASNSCs to attain DS3
as well as the high replacement cost of these components
compared with those of SCs and DSNSCs. For example,
under MCE, the restoration cost of traction elevators
accounts for the largest proportion (41%) of the total
cost, as shown in Fig. 7(b). This is because the average
MAFA reaches 0.61 g and the possibility for a traction
elevator to achieve DS3 is approximately 80% as shown
in Fig. 3(c). Moreover, the restoration cost of a traction
elevator could be up to 200,000 CNY, as shown in
Table 7. Hence, the expectation of a high restoration
cost for ASNSCs is dominant.

(4) To improve the level of restoration cost of this
building, it is critical to control the MAFA to reduce the
damage of ASNSCs.
3.2.3.2 Repair time

According to the standard, repair time estimates
include the consideration of both serial and parallel
repair strategies. The parallel repair strategy is adopted to
repair different floors. In one floor, the serial and parallel
repair strategies are both used. Specifically, the SCs and
stairs were repaired in parallel as Phase 1. Subsequently,
other NSCs were serially repaired as Phase Il after
the completion of Phase 1. According to these repair
strategies, the longest repair time in a floor, which is
the maximum value of the sum of the time consumed
by serial work on each floor, is given as total repair time
T, .. The repair time of Building A under DBE and MCE
is illustrated in Fig. 8, and the following conclusions can
be drawn from these findings.

(1) The total repair time required for Building A
under DBE and MCE is 37.9 and 52.6 days, respectively,
both of which are longer than 30 days, leading to a level
of 0 as shown in Table 2.

(2) The repair time for Phase I is longer than that for
Phase II under DBE and MCE. The repair time of SCs
and traction elevators dominates that of Phases I and II,
respectively. Notably, the repair time of SCs is longer
than that of NSCs. This mainly could be because the
quantity of SCs is larger than that of traction elevators.
For example, under MCE, the second floor experienced
the severest structural damages, leading to a repair time
of 6.2 and 5.6 man-days for columns and beams with
DS2, respectively; the numbers of columns and beams
on this floor were 75 and 67, respectively. According
to the standard, two workers per 100 m? were required
to repair the SCs specified, and the area of the floor is
approximately 1200 m?. Therefore, the expectation of
the corresponding repair time of SCs in the second floor
is approximately 39.5 days under MCE. Moreover, only
one traction elevator was installed in the building, the
repair time of which is 13.1 days for DS3.

(3) The damage of SCs and NSCs both significantly
affect the repair time of the building. To improve the
level of repair time of this building, it is critical to
control the MIDR and MAFA to reduce the damage of
SCs and NSCs.

3.2.3.3 Casualties

The indices of casualties, i.e., y, and y, of Building
A under DBE and MCE are listed in Table 7. According
to Table 3, the casualties of Building A are assessed to
be at level 1.

Based on the above analyses, the seismic resilience
level of Building A was assessed to be level 0 based on
the lowest level of the restoration cost, repair time and
casualties. Therefore, it is determined to be necessary to
improve the seismic resilience of Building A and ensure
its function after an earthquake.

Table 7 Casualties of Building A under DBE and MCE

Earthquake level Hurt ratio, y,, Death ratio, y,

DBE 2.76x10° 0
MCE 3.61x10° 6.29x10*

Air handling unit
16.1%

partition
9.2%
(a) DBE

Stair 0.4%

Coolling tower
3.0%

Others 1.5%

Chiller
23.4%

Wall
partition
3.7%

Traction
elevator
41.2%

(b) MCE
Fig. 7 Composition of restoration costs for Building A
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Fig. 8 Repair time of Building A under DBE and MCE
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3.3 Building B

The seismic resilience of Building B was also
assessed using the assessment method of the standard.
The procedure of the assessment was identical to that for
Building A. The critical EDPs of Building B under DBE
and MCE are illustrated in Fig. 9. The restoration costs,
repair time and casualties of Building B are presented
in Fig. 10, Fig. 11, and Table 8, and were assessed to
be level 1, level 0, and level 1, respectively. Thus, the
seismic resilience level of Building B was also assessed
to be level 0. The composition of the restoration costs
and repair time of Building B tended to be similar to
those of Building A.

Notably, the repair time of Phase I under MCE is
57.4 days, which is longer than that of Building A,
i.e., 39.5 days. As mentioned above, the repair time of
Phase I is controlled by the repair time of the SCs. The
comparison of Figs. 9(a) and 5(a) shows that the MIDR

—4&@—DBE —A— MCE
21— Ok
5ot )\
wn
O(A 1 1
0 1% 2% 3%
MIDR

(a) Distribution of MIDR

—‘—DBE — g — MCE
2 * -k
E 1r 0 4 A
N
0 * A
0 0.2 0.4 0.6
MAFA (g)

(b) Distribution of MAFA
Fig. 9 Critical EDPs of Building B under DBE and MCE

of Building B (1.51%) is larger than that of Building A
(0.82%). Thus, the SCs in Building B are more likely
to attain DS3 compared to the SCs in Building A. The
repair time of SCs with DS3 is much longer than that of
SCs with DS2. For example, as illustrated in Fig. 3(a),
the probability for columns in Building B attaining DS3
is 44%. Moreover, the repair time of columns with DS2
and DS3 is 6.2 and 9.4 days, respectively. Therefore, the
expectation of the repair time of Phase I of Building B is
longer than that of Building A.

4 Seismic resilience of retrofitted RC frame
buildings

To improve the seismic resilience of Building A and

Building B, seismic isolation is introduced to retrofit
these buildings. The corresponding retrofitting schemes

Table 8 Casualties of Building B under DBE and MCE

Earthquake level Hurt ratio, y,, Death ratio, y,

DBE 2.76x10° 0
MCE 3.61x10° 6.29x10"
80
B SCs K =20.9%
[| @ DSNSCs

60 H O ASNSCs

Restoration cost (10° CNY)

63.7
i x=8.1%
20F
| 22.9
12 2.2
0 1.2 B>
DBE MCE

Fig. 10 Restoration cost of Building B under DBE and MCE

80
MPhase I: SCs-stairs
[ | OPhase 11: NSCs
60
) i
o
E
H
<
53
~ L
20 }
0

DBE MCE
Fig. 11 Repair time of Building B under DBE and MCE
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are designed according to GB 50011-2010. In addition,
the retrofitting scheme, seismic performance, and
resilience performance of Building A after retrofitting are
discussed in detail, while the critical results of Building
B are briefly introduced.

The most important design parameter in seismic
isolation is the yield ratio of the isolation system, which
significantly affects the efficiency of the isolation system
and the seismic performance of the entire building. If
seismic resilience is not considered, a yield ratio of 4% is
usually used for RC frame structures, and the retrofitting
schemes for Building A and Building B are designed
according to this value. The retrofitted buildings are
named as Building A4 and Building B4. For Building
A4, the yield ratio of its isolation system is 4.18%, and
the corresponding layout of the bearings is presented in
Fig. 12. The dimensions and mechanical properties of
lead rubber bearings (LRB) and natural rubber bearings
(NRB) adopted in the isolation system are listed in
Table 9.

According to GB 50011-2010, the horizontal seismic
absorbing coefficient, f, which indicates the efficiency

Table 9 Characteristic parameters of the isolators

Type LRB500 NRB500 NRB400
Notation R5 N5 N4
Effective diameter (mm) 500 500 400
Total rubber thickness (mm) 98 98 78
Equivalent stiffness 1150 620 490

at 100% shear strain (kN/m)
Post-yield stiffness (kN/m) 600 - -

Horizontal yield force (kN) 73 - -
Equivalent damping ratio 0.31 - -
Diameter of lead core (mm) 100 - -
Vertical stiffness (kN/mm) 2736 2017 1613
First shape factor 37 35 35
Second shape factor 5.10 5.08 5.08

R5 R5 N5 N5 N5 N5 N5 N5 R5 RS

RS RS RS. RS RS RS RS RS RS RS
[ ( o 00 00

RS R5

[
RS RS

Fig. 12 Isolation system of Building A4

R5 R5 R5 R5 R5 RS

of the isolation system, is one of the most important
indices in the design of seismically isolated structures.
This coefficient is defined as the ratio of the maximum
shear force of the isolated structure to that of a fixed-
base structure on each story under DBE. In addition, the
control of the following four critical design indices is
required: the maximum bearing displacement (MBD)
under MCE, maximum compressive stresses under

gravity load (o ),and MCE (o?, )aswell as maximum

tensile stress under MCE ( Oy, ). The general-purpose
commercial software, ETABS, was used to establish the
refined FE model and conduct the seismically isolated
designing and NTHAs of the retrofitted buildings.
Eleven selected ground motion records in section 4.1.2
were used because the averaged response spectrum also
agrees well with the design response spectrum at the
fundamental period (7, ) of Building A4.

The calculated and code-required upper thresholds
of these indices of Building A4 are presented in Table 10,
indicating that the isolation system of this building meets
the design requirements. The critical EDPs of Building
A before and after retrofitting under DBE and MCE are
compared in Fig. 13. As shown, the MIDR and MAFA
are effectively controlled after retrofitting. Furthermore,
under MCE, the values of MIDR and MAFA decreased
from 0.82% to 0.16% and 0.61 g to 0.24 g, respectively,
with the corresponding reduction ratios of 80.5% and
60.9%.

The seismic resilience of Building A4 was also
assessed using the above-mentioned method. The
restoration cost of Building A4 and its composition
are presented in Table 11 and Fig. 14, respectively. By
comparing the results obtained before and after the
retrofitting, the following findings can be drawn.

(1) The level of restoration cost of Building A
was effectively improved from level 1 to level 2 after
retrofitting. The indices of the restoration costs (x) under
DBE and MCE were decreased from 4.6% to 2.3%
and 14.3% to 7.2%, respectively, resulting in a level 2
according to Table 1. The restoration cost of Building A4
was mostly caused by the repair of ASNSCs.

(2) The proportion of the restoration cost of ASNSCs
was more than 99% under DBE and MCE for Building
A4 and is larger than that for Building A. This is because
after retrofitting, the MIDR is more effectively controlled

Table 10 Critical design parameters and indices of Building A4

Index Value Code requirement
T (s) 2.064 -
/W (%) 4.18 -
B 03 <04
MBD (mm) 146.2 <275
ot (MPa) 8.4 <15
o’ (MPa) 12.14 <30
T (MP2) 0 =1
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than the MAFA. For example, under MCE, the MIDR
was effectively reduced from 0.82% to 0.16%. With such
an MIDR, the probabilities that the columns and infills
attain DS1 are both lower than 10%, as shown in Figs. 3(a)
and 3(b). Hence, the expectation of the repair costs of
SCs and DSNSC:s are effectively reduced. Furthermore,

Building A4:

—&=—DBE  =——A=—MCE
Building A:

—(—DBE  =—Z/—MCE

0 L L
0 0.3% 0.6% 0.9%
MIDR

(a) Comparison of the distribution of MIDR

Building A4:
—&— DBE =——A—MCE
Building A:

—/x—MCE

——DBE

Story

Ay 1
0 02 04 06 08
MAFA (g)

(b) Comparison of the distribution of MAFA
Fig. 13 Comparisons of the critical EDPs of Building A before
and after retrofitting

Table 11 Restoration cost of Building A4 under DBE and

MCE (10° CNY)
Component type DBE MCE
SC 0.005 0.040
DSNSC 0.127 0.185
ASNSC 14.584 46.136
Total 14.716 46.361

the averaged (maximum) MAFA was reduced from
0.61g (0.71 g) to 0.24g (0.26 g) under MCE. As such,
the probabilities that the chillers and traction elevators
attain DS3 remain 80% and 15%, respectively, as shown
in Fig. 3(c). Therefore, a considerable restoration cost is
observed for these ASNSNs, and it dominates the total
restoration cost.

The repair time of Building A4 under DBE and MCE
is illustrated in Fig. 15. The comparisons between the
results of Building A (section 4.1.3.2) and Building A4
reveal the following findings.

(1) After retrofitting, the level of repair time of
Building A was improved from level 0 to level 2. The
total repair time was decreased from 37.9 to 3.3 days and
52.6 to 15.1 days under DBE and MCE, respectively.

(2) The restoration work of NSCs dominates the
repair time of Building A4. This is contrary to the findings
on the repair time of Building A, but it is consistent
with the findings on the restoration cost of Building A4.
This could also be attributed to the fact that the MIDR
is effectively reduced, and only negligible damage is
observed for the SCs after retrofitting. Nevertheless, the
repair time required for chillers and traction elevators is
still considerably long after retrofitting, thus hindering
the further improvement of the seismic resilience of this
building.

Others 2.2%

Others 2.1%

elevator

Chiller 59.4%

Chiller 67.4%

(a) DBE (b) MCE
Fig. 14 Composition of restoration costs for Building A4 under
DBE and MCE
16
B Phase [: SCs+stairs
141 O Phase II: NSCs
12
=
101
.= B 13.1
% 8
o
6t
aF
2r 33 20
0 2
0 DBE MCE

Fig. 15 Repair time of Building A4 under DBE and MCE
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The hurt ratio (y,,) and death ratio (y,,) of Building A4
are both 0 under DBE and MCE. The level of casualties
is therefore improved from level 1 to 3 after retrofitting.

The above analysis indicates that the seismic
resilience of Building A could be improved to level 2
from level O after retrofitting. Notably, the restoration cost
and repair time of Building A4 are both level 2 because
the damage of some ASNSCs is still considerable. To
improve the level to level 3, the MAFA of the building
must be further controlled. This requires the use of an
isolation system with a lower yield ratio.

For Building B4, the yield ratio of its isolation system
was also approximately 4%. The isolation system of
Building B4 is shown in Fig. 16. The MIDR and MAFA
of Buildings B4 and B under MCE are compared in
Fig. 17. The levels of restoration costs, repair times, and
casualties of Building B4 are 2, 2, and 3, respectively,
indicating that the level of seismic resilience of Building
B is improved from level 0 to level 2 after retrofitting.
The levels of restoration cost and repair time of Building
B4 are both level 2 because the damage of some ASNSCs
is still considerable.

Based on the above analysis, it can be concluded that
retrofitting using seismic isolation is an effective method
to improve the seismic resilience of existing RC-frame
buildings, because it can significantly reduce the critical
EDPs and alleviate the damage states of all components.
However, the influence of yield ratio on the isolation
efficiency and improvement of seismic resilience must
be further investigated.

5 Rational yield ratio for resilience-based
improvement of existing buildings

5.1 Recommendation of rational yield ratio

As mentioned above, it is valuable to recommend a
rational yield ratio for the resilience-based improvement
of existing buildings using seismic isolation. To achieve
this, seismic isolation retrofitting schemes of Building A
and Building B with different yield ratios were designed,
and the seismic resilience of the retrofitted buildings
were evaluated. The considered yield ratios were
approximately 3%, 4%, and 5%, resulting in six cases.
The critical indices of these six cases are presented and
compared in Table 12.

The seismic resilience for these six cases (Table 12)
was also assessed according to the standard. The level of
casualties of all cases is level 3. The indices of restoration
cost and repair time under MCE are illustrated in Fig. 18.

(1) The indices of restoration cost and repair time
generally increase with the yield ratio. This trend is
consistent with expectations, because the MIDR and
MAFA decrease with the increase of yield ratio, as
shown in Table 12.

(2) For Building A3 and Building B3, the
corresponding indices of restoration cost are both lower

than 5%, and their corresponding indices of repair time
are less than 7 days. These results indicate that the
seismic resilience of buildings retrofitted with a yield
ratio of approximately 3% can be successfully improved

RS R5 N5 R5 RS R5

R5¢ p

RS54

N5¢

R5¢

RS DRS

R5 RS

Fig. 16 Isolation system of Building B4

g = Buiilding B
=A== Building B4
2 rA—A
g
St A
0 1 1
0 1% 2% 3%

MIDR
(a) Comparison on the distribution of MIDR

=——A— Building B
=A== Building B4
2 T A
E I A A
2
0 A A
0 0.2 0.4 0.6
MAFA (g)

(b) Comparison on the distribution of MAFA

Fig.17 Comparisons of the critical EDPs of Building B before
and after retrofitting
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to level 3. Notably, the seismic intensities of most cities
in China are lower than those in Beijing, and most
RC frame buildings in high seismic intensity regions
have 24 stories. Hence, the yield ratio of 3% can be
considered as a rational value if the seismic resilience of
level 3 is expected to be achieved.

(3) The seismic resilience of the buildings retrofitted
with a yield ratio of approximately 5% also reaches level
2. Note that currently, such a value is approximately
the maximum value used in real engineering practices.
Hence, the level of seismic resilience of retrofitted RC
frame buildings using seismic isolation can basically
reach level 2.

5.2 Application and validation of the rational yield ratio

To validate the feasibility and reliability of the

Table 12 Critical indices of study cases

Notation Yield ratio (%) MIDR (%) MAFA (g)
Building A3 3.11 0.159 0.182
Building A4 4.18 0.164 0.239
Building A5 5.14 0.168 0.269
Building B3 3.02 0.207 0.146
Building B4 3.95 0.213 0.157
Building B5 5.12 0.224 0.171

10%
AS
o
3 o *
o
; 6% L B4
2 s b By . . AP
g %043
2 4%}
2
[
=]
5 2%
]
K|
e B T—
Yield ratio (%)
(a) Restoration cost
16 S o
14F A4 AS
= 1ot
&9
g 10F .
A S B4 P
g oo B o
& 4l 0 A3
5
2 oo
0 1 1 1 1 1
3 4
Yield ratio (%)
(b) Repair time (%)
Fig. 18 Indices of restoration cost and repair time of six cases
under MCE

recommended rational yield ratio (i.e., 3%), another
existing RC frame building with four stories was selected
and retrofitted. This is an office building located in the
urban area of Beijing and is denoted as Building C. The
corresponding information of the building is listed in
Table 13, and its three-dimensional and planar views are
illustrated in Fig. 19. The design seismic intensity of this
building is also 8 degrees, and the site condition belongs
to Site Class II and the second group. The first three
periods of Building C are 0.731 s (1st-order translation
in the Y direction), 0.691 s (1st-order translation in the X
direction), and 0.641 s (1st-order torsion), respectively.
The seismic isolation retrofitting scheme of Building
C was designed with the recommended yield ratio. The
seismic weight of Building C is 80,584 kN. To achieve a
yield ratio close to 3%, the required total yield force of the
isolation system is approximately 2418 kN. Therefore,
34 R5 with a yield force of 73 kN and 24 N5, as shown
in Table 9, were adopted in the isolation system. The
total yield force of the isolation system was 2482 kN,
and the actual yield ratio was 3.08%. In addition, LRBs
were set along the outline of the structure to alleviate the
torsion effect. The corresponding layout of the bearings
is efficiently determined and illustrated in Fig. 20. The
first three periods of Building C after retrofitting were
2.499 s (Ist-order translation in the Y direction), 2.465 s
(1st-order translation in the X direction), and 2.136 s
(1st-order torsion), respectively. Figure 21 compares the
MIDR and MAFA for Building C under MCE before and
after retrofitting. The values of MIDR and MAFA are

Table 13 Main information of Building C

Index Building C
Number of floors 4

Building height (m) 15.96
Height-to-width ratio 1.07
Building area (m?) 4426.8
Replacement cost (CNY) 6,685,558

5.1

8.9

6

377 11.77

Fig. 19 Three-dimensional and planar views of Building C
(unit: m)
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effectively reduced from 0.82% to 0.2% and 0.46 g to
0.16 g, respectively.

The restoration cost and repair time of Building C
before and after retrofitting are illustrated in Figs. 22
and 23, respectively. The level of restoration cost and
the level of repair time were both improved from level
1 to level 3. In addition, the level of casualties was also
improved from level 1 to level 3. The level of seismic
resilience was effectively improved from level 1 to level
3 by introducing an isolation system with a yield ratio of

R5 R5_R5
R5 R5 R5 R R5 R5 R5 R5 R5 R5 R5RS
RS '
[ RS
< O O
RS RS

R5 R5 R5 R5 RS RS R5 R5 RS RS R5 R5 RS

Fig. 20 Isolation system of Building C after retrofitting
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(a) Comparison of the distribution of MIDR
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4 A
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0 \ L u/
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MAFA (g)
(b) Comparison of the distribution of MAFA

Fig. 21 Comparisons of the critical EDPs of Building C before
and after retrofitting under MCE

3.08%. Note that no iteration was conducted during this
design process, thus validating the reliability and high
efficiency of the recommended value.

6 Conclusion

To quantify and improve the seismic resilience
of typical existing RC frame buildings, the seismic
resilience of two existing RC frame buildings located
in Beijing were assessed based on the Chinese Standard
for Seismic Resilience Assessment of Buildings. The
critical EDPs affecting the seismic resilience of such
buildings were identified. Subsequently, the seismic
resilience of retrofitted buildings with different isolation
schemes (i.e., yield ratios) was evaluated and compared,
with emphasis on the relationships between yield ratios,
EDPs, and levels of seismic resilience. Accordingly,
to achieve the highest level of seismic resilience with
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2 40F
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16.3
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DBE MCE MCE
(Before retrofitting) (After retrofitting)
Fig. 22 Restoration cost of Building C before and after
retrofitting
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M Phase [: SCs+stairs
OPhase I1: NSCs
40
g
5
~ 20F
101
2.5
L
425
0 DBE MCE MCE
(Before retrofitting) (After retrofitting)

Fig. 23 Repair time of Building C before and after retrofitting
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respect to the Chinese standard, a rational yield ratio was
recommended and successfully applied directly to the
design of the seismic resilience improvement of existing
RC frame buildings. The following conclusions can be
drawn from this study.

(1) The levels of the restoration cost, repair time,
and casualties of two selected buildings were 1, 0, and
1, respectively. The corresponding levels of seismic
resilience were assessed to be the lowest level of these
three aspects, i.e., level 0. MAFA (maximum absolute
floor acceleration) was identified as the EDPs affecting
the restoration cost. MAFA and MIDR (maximum inter-
story drift ratio) were identified as the EDPs affecting
the restoration cost and repair time.

(2) Seismic isolation is an effective method to
improve the seismic resilience of existing RC frame
buildings. After retrofitting, the corresponding levels
of seismic resilience were successfully improved to 2
or 3. The MIDR could be significantly reduced after
retrofitting, resulting in approximately the complete
elimination of the restoration cost and repair time of
structural components as well as displacement sensitive
non-structural components. In contrast, although a
considerable reduction effect was observed for MAFA,
the damage of some acceleration sensitive non-structural
components could not be completely avoided if the yield
ratio was larger than 3%.

(3) The yield ratio of the isolation system is found
to be a critical design parameter affecting the seismic
resilience of the retrofitted buildings. The levels of
restoration cost and repair time increased with the
decrease in the yield ratio. For low-rise frame buildings,
the rational value of the yield ratio was recommended to
be approximately 3% for achieving the highest level (i.e.,
level 3) of seismic resilience specified by the standard.
Under the guidance of this value, the seismic resilience
of an RC frame building was successfully and efficiently
improved to level 3 without any iterative design, thus
validating the feasibility and high efficiency of using this
value.

Although a robust value of the yield ratio is
required to be investigated, the outcome of the current
research could also provide an important reference for
the resilience-based retrofitting of existing RC frame
buildings using seismic isolation in urban cities.
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