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Abstract: To quantify the seismic resilience of buildings, a
method for evaluating functional loss from the component
level to the overall building is proposed, and the dual-pa-
rameter seismic resilience assessment method based on post-
earthquake loss and recovery time is improved. A three-
level function tree model is established, which can consider
the dynamic changes in weight coefficients of different cat-
egory of components relative to their functional losses.

Bayesian networks are utilized to quantify the impact of
weather conditions, construction technology levels, and
worker skill levels on component repair time. A method for
determining the real-time functional recovery curve of build-
ings based on the component repair process is proposed.

Taking a three-story teaching building as an example, the
seismic resilience indices under basic earthquakes and rare
earthquakes are calculated. The results show that the seis-
mic resilience grade of the teaching building is comprehen-
sively judged as Grade Il , and its resilience grade is more
significantly affected by postearthquake loss. The proposed
method can be used to predict the seismic resilience of build-
ings prior to earthquakes, identify weak components within
buildings, and provide guidance for taking measures to en-
hance the seismic resilience of buildings.
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Seismic resilience is a crucial performance metric un-
der extreme events and has gained widespread atten-
tion in civil engineering, particularly in buildings''?',
building portfolios”** , and infrastructure'>®.,
et al. ') introduced the concept of seismic resilience, de-
fining it as the capacity of an engineering system to miti-
gate losses during disasters and achieve rapid recovery.
Thereafter, Cimellaro et al. "’ employed the functional
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curve with time integration as a seismic resilience index,
which has been widely used"”’. However, this approach
treats the functional loss and the recovery time as equal
weights, which overlooks the relative importance of
these two aspects and fails to capture the government
seismic resilience requirements for the target systems.
To better align with the disaster prevention principle of
prioritizing predisaster prevention over postdisaster assis-
tance, Zhai et al. "' proposed a dual-parameter seismic
resilience assessment method. This method considers
postearthquake loss and recovery time, with a particular
emphasis on controlling postearthquake loss relative to re-
covery time. However, Zhai et al. "'’ only applied this
method to engineering systems and did not extend it to in-
dividual buildings. RISN-TG041—2022""") adopts the
dual-parameter method to assess the seismic resilience of
individual buildings but does not consider functional
loss, which is also quite important. Functional loss re-
fers to damage to internal components or external infra-
structure, resulting in the complete or partially lost func-
tionality of buildings.

Qualifying postearthquake loss and recovery time is
Indi-
cators such as economic loss ratio, the number of casual-
ties, and asset value provide insights into building losses
from a social or economic perspective''>’. From an engi-
neering perspective, the postearthquake functional loss
of a building is often evaluated using fault tree'*'*’ or
functionality-weighted average methods''®'®). The fault
tree method, widely used for system performance evalua-
tion, describes the composition of a complex system and
clarifies the causal relationships between the system and
its components. However, evaluating functional loss
with the fault tree method typically necessitates the defi-
nition of additional functional indicators, such as the ra-

the basic content of seismic resilience assessment.

tio of successful paths to total possible paths in hospi-
tals'" and the percent of building area with compro-
mised functionality''>’. The functionality-weighted aver-
age method, while not requiring another functional indi-
cator, fails to explain the causal relationships between
the functional loss of a system and its components.

The repair sequences of damaged building components
follow a strong logical relationship, unlike power and
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water networks, which determine the repair sequences
through network analysis and optimization algorithms'.
During building component repairs, factors such as the
external environment, equipment efficiency, and worker
proficiency can either delay or expedite the repair dura-
1923 broposed feasible repair se-
quences for intra-story components and considered vari-
ous repair sequences and component importance coeffi-
cients, but they did not explicitly account for the impact
of these uncertain factors on the repair time.

To alleviate the issues discussed above, the dual-pa-
rameter seismic resilience assessment method is extended
by introducing functional loss. A component-to-building
functional loss evaluation method is proposed. This
method integrates the advantages of the fault tree and
functionality-weighted average methods. Specifically,
fault tree modeling is used for systems with functional
causality, while the functionality-weighted averaged
method is applied to mutually independent systems.
Bayesian networks are employed to analyze the effect of
uncertain factors on component repair time, and a more
generalized inter-story repair scheme is proposed.

tion. Previous studies!

1 Seismic Resilience Assessment Method

The dual-parameter method focuses on two key param-
eters: postearthquake loss and recovery time. It deter-
mines the seismic resilience grade of buildings by calcu-
lating the resilience indices based on both parameters.
The process for seismic resilience assessment of build-
ings follows the steps outlined below :

(1) Gather comprehensive information on the building
to be assessed, encompassing the area of each story,
room functions, occupant distribution, as well as the
types, quantities, materials, and geometric dimensions
of structural and nonstructural components.

(2) Develop a structural model of the building and per-
form elastoplastic time-history analyses under predefined
earthquake intensity levels. Extract the resulting engi-
neering demand parameters (EDPs).

(3) Expand the EDPs and conduct seismic fragility
analysis combined with Monte Carlo simulation to ascer-
tain the damage states of each component across various
simulation scenarios.

(4) Calculate postearthquake loss (i.e., functional
loss, repair cost ratio, and casualty ratio) and recovery
time for each simulation based on the damage states of
components. Aggregate these results to determine the av-
erage postearthquake loss and average recovery time
across multiple simulations.

(5) Derive the seismic resilience indices of the build-
ing based on postearthquake loss and recovery time and
comprehensively assess its seismic resilience grade under
different predefined earthquake intensity levels. The fi-
nal resilience grade is the lowest grade calculated across

different earthquake intensity levels.

The resilience index based on postearthquake loss is
defined as the ratio of the actual postearthquake loss to its
acceptable limit, which can be calculated as follows:

R.=—-F (1)

where R; is the resilience index based on postearthquake
loss; F. is the actual postearthquake loss; F, is the ac-
ceptable postearthquake loss determined based on the re-
silience level of effective seismic fortification systems
and the city s acceptable resilience level.

The resilience index based on recovery time is defined
as the ratio of the actual recovery time to its acceptable
limit. Considering the impact of rapid early-stage repairs
on seismic resilience and varying time requirements to re-
cover to specific functional levels for different functional
buildings, a multi-functional level of resilience index
based on recovery time is adopted:

RTziﬁz% (2)

where R is the resilience index based on recovery time;
T, . is the actual recovery time for the z-th functional
level; T, . is the acceptable recovery time for the z-th
functional level determined based on the resilience level
of effective seismic fortification systems and the city’ s
acceptable resilience level; Z is the number of functional
levels chosen for buildings; (. is the weight for the z-th
functional level.

Building seismic resilience is divided into three
grades: I (high resilience) , I (ordinary resilience) ,
and Il (low resilience) , as shown in Table 1. For the
same resilience grade, the threshold of R, is lower than
that of R, indicating a greater emphasis on disaster pre-
vention. The lower resilience grade based on postearth-
quake loss (i. e. , functional loss, repair cost ratio, casu-
alty ratio) and recovery time is taken as the seismic resil-
ience grade for a building.

Table 1 Seismic resilience grade classification for buildings

Grade
Resilience
index I (high resil- II (ordinary re- Il (low resil-
ience) silience) ience)
R, <0.8 0.8-1.1 1.1
R <0.9 0.9-1.2 >1.2

T

2 Postearthquake Loss Evaluation

2.1 Functional loss

Building components are categorized into structural
components, architectural components, service compo-
nents, and internal facilities in terms of usage func-
tions. Internal facilities vary with the building’ s func-
tion, with each type having specific facility require-
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ments. Since different stories within a building may
serve various functions, such as residence, office, com-
merce, or education, a quantitative analysis based on
stories is more reasonable for evaluating postearthquake
functional loss.

The three-level function tree model depicts the compo-
nents that support the story function, as shown in Fig. 1.
The components at the bottom of the tree are considered
mutually independent, and the functional losses at the up-
per levels are calculated using the functionality-weighted
average method. Notably, the functions of the electrical
system and the heating, ventilation, and air conditioning

(HVAC) system are causally linked to their compo-
nents. Failure of any component may lead to system fail-
ure; thus, the fault tree method is used to evaluate their
functional losses. Figs. 2 (a) and (b) show the fault tree
models for the electrical system and the HVAC system.
The lower event of the model affects the functional state
of the upper event, and the “and” or “or” logic gate is se-
lected based on event operation logic. All components in
the three-level function tree model can be modified, re-
placed, added, or removed to meet specific research
needs, ensuring flexibility in responding to different
building characteristics.

Story function

[ 1
I Structural components| IArchitectural components|
T T

I 1
|Service components| l Internal facilities
I I

I 1 1 I I 1 [ I = 1_
I Beam | IColumn I I Slab | I Stair | I Exterior wall | IWindowI |Pip€ SyStle [HVAC system| |r__ | :__ |
[Partition wall] [ Ceiling | [Electrical system| [ Elevator |
Fig. 1 Three-level function tree model
Electrical system A “or” logic gate HVAC system
failure 0O “and” logic gate failure
£\ A
T i I
Power source Air Air conditioning|[| HVAC
distribution compressor system fan duct fan
A failure failure failure
Municipal Diesel Motor | [Distribution Cooling Air HVAC]| |Electrical
power generator control panel tower handling ducts system
grid failure| | failure box failure| | failure failure unit failure failure | | failure

(a)

(b)

Fig. 2 Fault tree models for the electrical system and the HVAC system. (a) Electrical system; (b) HVAC system

Damage to building components directly results in
functional loss. Component damage states are generally
categorized from slight to severe as DS,, DS, -+, DS,,
where DS, represents the basically intact state, and DS,
represents the most severely damaged state. To simulate
the damage states of building components, seismic fragil-
ity analysis combined with Monte Carlo simulation is per-
formed, which determines the probability that building
components reach or exceed a certain damage state for a
given EDP under one simulation.

Functional losses of many components cannot be pre-
cisely quantified due to insufficient testing and simula-
tion data, leading to uncertainty between the damage
state and functional loss. It is assumed that the functional
loss of components follows a triangular distribution to ac-
count for the uncertainty in mapping from component
damage state to functional loss. Each damage state of a
component corresponds to a triangular distribution,
where the mode represents the most likely functional loss
for that particular damage state. Specifically, when a
component is in the basic intact state (DS,) , the func-
tional loss is 0; when in the most severely damaged state
(DS,), the functional loss is 1.

Functional losses of the electrical system and the
HVAC system are evaluated using the fault tree method

shown in Fig. 2 after determining the functional losses of
their components. Functional losses of structural compo-
nents, architectural components, service components,
and internal facilities are calculated by

4
Lk,‘r = z Lk,‘r, v wk,r, v

v=1

(3)

where L, _ is the functional loss of the z-th category com-
ponent in the k-th story, = = 1, 2, 3, 4, representing
structural components, architectural components, ser-
vice components, and internal facilities, respectively;
L, ., is the functional loss of the v-th component of the
7-th category component in the k-th story; w, ., is the im-
portance coefficient of functional loss of the v-th compo-
nent of the 7-th category of components in the k-th story,
|4
satisfying 2 w,,, =L

v=1
The functional loss of a story can be calculated by the
weighted average of the functional losses of structural
components, architectural components, service compo-
nents, and internal facilities, as shown below :

4
szvrAk,r

L= (4)
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where L, is the functional loss of the k-th story and A, _ is
the weight coefficient of the functional loss of the z-th
category component, representing the impact of the func-
tional loss of the 7-th category component on the quantifi-
cation of the functional loss of the story.

The four categories of components play an indispens-
able role in story function. While assigning a fixed
weight coefficient to the functional loss of each compo-
nent category can partially express the biased judgment
of engineers and stakeholders, it may not adequately cap-
ture the dominant impact of the components with severe
functional loss on the story functionality in a specific con-
text. Therefore, the weight coefficients of components
should be dynamically adjusted based on the extent of
their functional losses. The weight coefficients of differ-
ent category components can refer to the following data,
which are derived from in-depth interviews and compre-
hensive surveys conducted among experts and scholars
within the pertinent disciplines. It is important to note
that the weight coefficients of components can be ad-
justed and refined to optimally align with the unique char-
acteristics of a specific building if there are more suitable
data available. For structural components, the weight co-
efficients fluctuate based on the functional loss intervals,
spanning from [0, 0.2), [0.2, 0.4), [0.4, 0.6),
[0.6, 0.8) to [0.8, 1.0], with corresponding values of
0.4, 0.5, 0.6, 0.8, and 1.0, respectively. For archi-
tectural components, the same intervals are utilized, but
with differing values of 0.2, 0.3, 0.5, 0.6, and 0. 8,
respectively. As for service components, the weight co-
efficients vary within the functional loss intervals [0,
0.5) and [0.5, 1.0], with values of 0.3 and 0.5, re-
spectively. The weight coefficients for internal facilities
are determined based on the specific building.

The functional loss of a building is assembled from the
functional loss of each story and quantified by introduc-
ing the story usage area to reflect the difference in its con-
tribution to the functional loss of the building, as shown
below:

anss = k:i (5)

where Q, . is the functional loss of the building; s is the
number of stories; A, is the usage area of the k-th story.
Notably, the structural components of the building en-
sure its safety, while the stairs support the vertical traf-
fic. To underscore the critical roles of these compo-
nents, it is assumed that if the functional loss of any
structural component, denoted as L, ;, within a story is
1, the functional loss of that story and all subsequent sto-
ries above is considered 1. Similarly, if the functional
losses of all staircases, denoted as L, , ,, within a spe-

cific story are 1, the functional loss of the story directly
above it is also 1. This implies that these affected stories
become unusable and lose their original functions. The
aforementioned relationships can be mathematically for-
mulated as follows:

If3k, L, , =1, then L, = 1 forall felk, k+1,---, s} (6)

If 3k, L, , =1, thenL, = 1 forall felk+1, k+
2’.'.’ S% (7)

2.2 Repair cost ratio

Repair cost involves the consumption of material re-
sources, such as site cleaning, leasing of mechanical
equipment, and the direct cost of supporting, repairing,
and replacing each damaged component. The ratio of re-
pair cost to building replacement cost is used to assess

the magnitude of the repair cost, calculated based on 2"

k==X (8)

Cy = ;ACk 2(§Ciz771i,j772i,jci,j,k ) (9)
= i

i=1 j=1

(10)

c, =3¢,

i=1

where « is the repair cost ratio; Cy is the repair cost; C;
is the building replacement cost, which is the total cost
required for constructing the target building according to
current quotas; 7, is the loss coefficient for the i-th
component when it is in the damage state of j; 7, ; is the
repair coefficient for the i-th component when it is in the
damage state of j; C, ; , is the total cost of the i-th compo-
nent when it is in the damage state of j within the k-th
story, calculated using current quotas; (., is the repair
cost discount factor that considers the amount of repair
work for the i-th component; m is the number of compo-
nent types; A, is the coefficient that represents the influ-
ence of the story location on the repair cost; C, is the con-
struction cost of the i-th component calculated according
to the current quotas.

2.3 Casualty ratio

In the event of damage to structural components or de-
struction of partition walls or exterior walls, there is a
risk of injuries or fatalities to occupants inside the build-
ing. It is assumed that the more severe damage state of
the structural components and partition walls or exterior
walls within each story represents the damage state of the
corresponding story. By combining the nominal casualty
rates for the different damage states, the number of casu-
alties can be determined. The ratio of the number of casu-
alties to the total number of occupants is used as a quanti-
tative indicator to evaluate the impact of an earthquake
on personnel safety and is calculated as follows:
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y=—"t1_ (1)
kzlzkAk
M= iigkAkgkar (12)

k=1r=1
where 7y is the casualty ratio; M is the number of casual-
ties; £, is the occupant density of the k-th story; &, is the
in-building rate of the k-th story, representing the num-
ber of occupants indoors; «, is the nominal casualty rate

for different damage states'>.

3 Recovery Time Evaluation

3.1 Intra-story repair

3.1.1 Repair sequence
Fig. 3 illustrates the repair sequences at each story,

which are determined by consolidating and comparing
different repair frameworks''®>'). Repair sequences
specify the order of repairs to be conducted. For in-
stance, the repairs of components other than the structure
and stairs can only start once the structure and stairs have
been repaired. The partition walls can be replaced only
after the repairs of pipes and HVAC ducts. Some repairs
can be executed concurrently. For example, the exterior
repairs (repair sequence B) would not interfere with the
interior repairs (repair sequence A). The repairs of inter-
nal facilities are typically scheduled toward the final
stages. Given the differences in internal facilities among
buildings with different functions, specific components
are not explicitly listed, allowing for process design to be
tailed down based on the unique characteristics of the
building.

—A—l Pipes |-—| HVACs |->| Partitions |->| Ceilings '—

S —B>| Exterior partitions |——| Cladding/Glazing l— G

—C—l Mechanical equipment }

F —D>| Electrical system I

—>|E Elevators

3.1.2 Uncertainty in repair time
GB/T 38591—2020"2" provides the expected repair

Internal
facilities
Fig. 3 Repair sequences at each story
condition o o2
Y 02 M 0.5

times for building components, expressed as the number
of days for a single worker to complete the repair, but
does not take into account the uncertainty in repair time.
Based on Bayesian networks, Fig. 4 explains how
weather conditions, construction technology levels, and
worker skill levels impact component repair time. The
probability values in Fig. 4 are determined by consulting
with engineers and domain experts. Weather conditions
are categorized as either impacting repair (Y) or not
(N). Construction technology levels and worker skill
levels are categorized into three levels: “L,” “M,” and
“H. " Level “M” aligns with the expected repair time for
the component. For expedited repair completion, two
cases are considered: “L” and “H, ” representing
completion of 0-20% and 20%-40% earlier than the ex-
pected repair time, respectively. For delayed repair
completion, three cases are outlined: “L,” “M,” and
“H, ” representing delays of 0-20%, 20%-40%, and
40%-100% relative to the expected time, respectively.
Table 2 defines various repair completion working condi-
tions based on the interplay of weather conditions, con-
struction technology levels, and worker skill levels.

The repair time after considering the uncertainty is cal-
culated by

Ter = zPXTx (13)

N 0.8

Worker skill
level

Construction
technology
level

0.1

Fig. 4 Bayesian structure

where T is the component repair time after considering
the uncertainty; P

x

is the probability of each working
condition; T is the time under each working condition,
which is assumed to follow a uniform distribution.
3.1.3 Labor allocation for each story

Labor allocation significantly impacts the repair sched-
ule, both within and across multiple stories. A larger la-
bor force typically can expedite component repairs across
more stories but must be balanced against labor availabil-
ity, working space, and site access. The recommended
worker allocation for the repair sequences is as follows:
2 workers per 100 m* for sequence S, 1 worker per 100
m? for sequences A and B, 3 workers/unit for sequences
C and D, and 2 workers/unit for sequences E and F. For
structural repairs and components distributed throughout
or around the entire story (i.e. , interior and exterior re-
pairs) , the number of workers is determined based on the
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Table 2 Various repair completion working conditions
Construction
Worker
State Case Weather technology kil Tevel
level
N H M
L
Expedite N M H
H N H H
Normal N M M
N H L
N L H
L Y H H
Y H M
Y M H
N L M
N M L
Delay
M Y H L
Y M M
Y L H
N L L
Y M L
H
Y L M
Y L L

story usage area. Other component types are allocated
workers based on the quantity of damaged components.
Considering the demand for workspace, a maximum
limit of 0.026A, has been set for the total number of
workers that can be accommodated within a single story.

3.2 Inter-story repair

There is no consensus on the inter-story repair
scheme, with a preference for conducting repairs based
on the actual earthquake damage and available resources.
A generalized inter-story repair scheme is proposed as
follows:

(1) Divide all stories of the building into groups, with
each group comprising several stories. Repairs among
groups are carried out sequentially, while repairs of the
stories within groups can be conducted simultaneously.

(2) Intra-story repairs follow the sequences outlined in
Fig. 3. Upon completing the repairs of a specific type of
component in a story, the repair of that component type
in the next group of stories can begin on the premise of
conforming to the inter-story repair sequences.

(3) If all stories are treated as a single group, the sto-
ries are repaired simultaneously; if each story is consid-
ered a separate group, the stories are repaired sequen-
tially.

3.3 Functional recovery curve

The recovery time is assumed to be determined exclu-
sively by the repair time of buildings, without consider-
ing any potential delay time. By integrating intra-story
repair sequences and inter-story repair schemes with the

three-level function tree model, a real-time functional re-
covery curve of the building can be established as the re-
pair process unfolds. The procedure involves selecting a
certain time after the earthquake and checking the repair
progress of each component type in every story. Once
the repair of a certain type of component is completed,
all components of that type will return to their original
functionality, resulting in a functional loss of 0. Con-
versely, if repairs are incomplete, the components will
retain their postearthquake functional loss. Building func-
tionality can be quantified based on the functional loss of
the components at this stage, utilizing the method de-
scribed in Section 2. 1. This procedure can be repeated to
track building functionality throughout the entire recov-
ery process. The real-time functional recovery curve of
the building can then be drawn with recovery time as the
horizontal axis and building functionality as the vertical
axis.

4 Case Study: A Teaching Building

4.1 Basic information

To validate the feasibility of the seismic resilience as-
sessment method, a three-story reinforced concrete
frame teaching building is selected as a case study. The
structural layout plan is shown in Fig. 5 and considered
components are listed in Table 3. This case assesses the
seismic resilience grade of the teaching building under ba-
sic earthquakes and rare earthquakes. Considering that
the main purpose is to validate the method, reasonable
assumptions are made regarding the EDPs. For the basic
earthquake, the inter-story drift ratios (IDRs) for each
story are assumed to be 0. 002 9, 0. 004 6, and 0. 003 7,
with peak floor accelerations (PFAs) of 0. 15g, 0. 24g,
0.29¢g, and 0. 40g for each floor. Under the rare earth-
quake, the IDRs are assumed to be 0.009 1, 0.011 3,
and 0. 007 5, with PFAs of 0. 31g, 0.56g, 0.66g, and
0. 80g for each floor.

4.2 Postearthquake loss

Based on questionnaire surveys, the importance coeffi-
cients of functional losses of components are presented in
Table 4. The weight coefficients of internal facilities
vary with the functional loss intervals from [0, 0.5),
[0.5, 0.8) to [0.8, 1.0], taking values of 0.3, 0.5,
and 0. 8.

To quantitatively evaluate the functional losses of
building components in a probabilistic manner, Monte
Carlo simulation is employed. After conducting 1 000
simulations, the average functional loss of each compo-
nent is shown in Fig. 6. Notably, for drift-sensitive com-
ponents such as stairs and exterior walls, the most severe
damage occurs at the second story, where the IDR is the
largest. For acceleration-sensitive components such as
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Fig. 5 Structural layout plan of the teaching building (unit: mm)
Table 3 Considered components in this teaching building
Component category No. Component EDP EDP(DS))' EDP(DS,)* Ref.
1 Beam IDR 0.002 0.4 [24]
Structural components 2 Column IDR 0.003 0.4 [24]
3 Slab IDR 0.02 04 [25]
4 Stair IDR 0.005 0.6 [21]
5 Partition wall IDR 0.005 0.4 [21]
Architectural components
6 Exterior wall IDR 0.000 7 0.412 [26]
7 Ceiling PFA 0.56g 0.25g [21]
8 Water pipe PFA 1.5 0.4g [21]
9 Drainage pipe PFA 1.2¢ 0.5 [21]
10 Distribution panel PFA 2.16g 0.45g [21]
11 Motor control box PFA 0.73g 0.45g [21]
Service components
12 Air compressor PFA 0.25¢ 0.45g [21]
13 HVAC ducts PFA 1.5¢ 0.4g [21]
14 HVAC duct fan PFA 1.9¢ 0.4g [21]
15 Air conditioning system fan PFA 0.5¢g 0.4g [21]
16 Desk and chair PFA 0.498g 0.5 [25]
Internal facilities 17 Broadcasting speaker PFA 2.5g 0.50g [25]
18 Blackboard IDR 0.01 0.3 [25]
Note: EDP(DSI)1 is the median of the EDP threshold at DS ; EDP(DS,)2 is the standard deviation of the EDP threshold at DS,.
Table 4 The importance coefficients of functional losses of components
Component No. 1 2 3 4 5 6 7 8-9 10-11 12-15 16 17 18
Coefficient 0.33 0.34 0.33 0.3 0.2 0.3 0.2 0.3 0.2 0.5 0.2 0.4 0.4

Note: 8-9, 10-11, and 12-15 represent pipe system, electrical system and HVAC system, respectively. Other numbers correspond to the numbers

in Table 3.

water pipes, drainage pipes, and ceilings, the functional
loss gradually increases with the number of stories. Un-
der basic earthquakes, the functional losses of structural
components are within 0. 23. The functional loss of the
slabs is found to be negligible. The maximum functional
loss of the stairs is 0. 12, indicating that the vertical trans-
portation function of the teaching building has not been
significantly affected. The maximum functional losses of
exterior walls are 0.76, potentially resulting in a high
number of cracks and voids. The air compressors experi-
ence a significant functional loss, reaching up to 0. 85.
Other service components and the internal facilities of the
teaching building suffer less functional loss. In the case
of rare earthquakes, the functional losses of various com-

ponents increase. The maximum functional losses of
structural components reach 0. 71. The maximum func-
tional loss of the stairs increases to 0. 36, which is three
times that of basic earthquakes. Moreover, the maxi-
mum functional losses of exterior walls reach 0. 92, pos-
ing a potential threat to life safety. The maximum func-
tional loss of motor control boxes increases to 0. 56, and
the electrical system is likely to be in a failed state. Addi-
tionally, the functional losses of air compressors and air
conditioning system fans within the HVAC system fur-
ther increase, leading to nearly complete failure of the
HVAC system. Lastly, the maximum functional losses
increase to 0. 40 for desks and chairs and 0. 36 for black-
boards, while the broadcast speakers maintain high func-
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tionality. Under both earthquake intensity levels, the ex-
terior walls and air compressors exhibit notable func-
tional losses, indicating weak components. To mitigate
functional losses, targeted reinforcement of building
components can be implemented based on the results de-
picted in Fig. 6.
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Fig. 6 Average functional loss of each component. (a) Basic
earthquakes; (b) Rare earthquakes

The functional loss of the teaching building is shown
in Fig. 7. Under basic earthquakes, there is a probability
of 0.5 that the functional loss of this building exceeds
0. 12. The main distribution interval of functional loss is
from 0. 08 to 0. 14, with an average functional loss of
0. 125. Overall, the functional loss is within a control-
lable range and does not cause serious impacts. In the
case of rare earthquakes, there is a probability of 0.5
that the functional loss of this building exceeds 0.42.
The main distribution range of functional loss is from
0.38 to 0.46, with an average value of 0.419, which
represents a functional loss 3. 3 times greater than that ex-
perienced under basic earthquakes.

Based on the current quota in China, the estimated re-
placement cost of the teaching building is approximately
6.5 million yuan. The average repair cost ratios of the
teaching building under basic earthquakes and rare earth-
quakes are 0. 022 8 and 0. 032 5, respectively. It is as-
sumed that the occupant density of the teaching building
is 0.4 occupants/m”> and the in-building rate is 0.98,
i.e., the earthquake occurs during class hours. The
nominal casualty rate follows the recommended value in
GB/T 38591—2020 "?'). The average casualty ratios of
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Fig. 7 Functional loss of the teaching building. (a) Basic

earthquakes; (b) Rare earthquakes

the teaching building under basic earthquakes and rare
earthquakes are 5. 5 X 10 and 4. 8 X 107, respectively.

4.3 Recovery time

Given that the available labor force may be constrained
after the earthquake, three different inter-story repair
schemes are considered. Scheme 1 assumes a sufficient
labor force, enabling simultaneous repairs of all stories
of the teaching building. Scheme 2 addresses scenarios
with a moderately constrained labor force by dividing all
stories into two groups: the first two stories, divided as a
group, are repaired simultaneously, and once a specific
component type in the first two stories completes the re-
pair work, the repair of the third story begins. Scheme 3
caters to situations with a scarcity of labor force by divid-
ing all stories into three groups, with repairs conducted
sequentially.

To determine the functional recovery curve of the
teaching building in each simulation, daily evaluations
are made to check the completion of component repairs.
The functionality of a component is only updated upon
the completion of its repair. Fig. 8 and Fig. 9 show the
functional recovery curves of the teaching building under
different repair schemes, where the gray curve represents
each simulation result, and the red curve represents the
average result. Under basic earthquakes, the time taken
to reach the 98% functional level of the teaching building
is 26 d when all stories are repaired simultaneously. Re-
pairing two stories in a group extends this time to 37 d,
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and sequentially repairing each story requires 58 d. The
average recovery times for the three schemes are 26. 1,
34. 8, and 55. 4 d, respectively. In the case of rare earth-
quakes, where component damage is more severe, the re-
covery time increases substantially. Simultaneous repairs
of all stories take 110 d to reach the 98% functional
level. Repairing two stories in a group extends this time
to 115 d, and sequential repair of each story requires 186
d. The average recovery times for the three schemes in

this scenario are 66.7, 83.6, and 138.3 d, respec-
tively. When resources are sufficient and the building
damage is manageable, simultaneous repairs are recom-
mended to minimize the downtime of the teaching build-
ing and reduce the negative impact of educational inter-
ruptions. Additionally, implementing appropriate seis-
mic isolation and reduction or building reinforcement
measures is advised to minimize the damage to the com-
ponents of the teaching building.
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Fig.9 Functional recovery curves of the teaching building under rare earthquakes. (a) Scheme 1; (b) Scheme 2; (c¢) Scheme 3

4.4 Seismic resilience assessment

Table 5 presents the actual values and acceptable limits
of postearthquake loss (i. e. , functional loss, repair cost
ratio, casualty ratio) and recovery time of the teaching
building. The resilience index based on postearthquake
loss of the teaching building is determined as the maxi-
mum value among the indices calculated for the func-
tional loss, repair cost ratio, and casualty ratio. When
calculating the resilience index based on recovery time,
only the time to achieve full recovery is considered. The
seismic resilience grade based on recovery time is taken
as the lowest grade across different repair schemes. Un-
der basic earthquakes, the resilience index based on post-
earthquake loss is 55, corresponding to a seismic resil-
ience grade of Grade Il (low resilience). The resilience
index based on recovery time is 7.9, resulting in a seis-
mic resilience grade of Grade Il (low resilience). In the
case of rare earthquakes, the resilience index based on
postearthquake loss is 4. 8, indicating a seismic resil-
ience grade of Grade Il (low resilience). The resilience
index based on recovery time is 4. 6, and the seismic re-
silience grade is Grade I (low resilience). Conse-

quently, the seismic resilience grade of the teaching
building is classified as Grade Il (low resilience). Al-
though the seismic resilience grades, based on postearth-
quake loss and recovery time, are all classified as Grade
IT , the impact of postearthquake loss is more signifi-
cant. Therefore, enhancing seismic resilience can be
more effectively achieved by focusing on reducing post-
earthquake loss through predisaster defense measures.

5 Conclusions

(1) A method is proposed for quantifying the func-
tional loss of buildings through three rounds of assem-
bly. The weight coefficients of the four categories of
components, which vary with the functional loss, reflect
the dominant impact of components with severe func-
tional loss on the story functionality in a specific sce-
nario. The story usage area illustrates the impact of func-
tional losses of different stories on the overall functional
loss of the building.

(2) Bayesian networks are employed to quantify the
impact of weather conditions, construction technology
levels, and worker skill levels on the component repair
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Table 5 Actual values and acceptable limits of postearthquake loss and recovery time

Postearthquake loss

Recovery time/d

Earthquake intensity level

Functional loss Repair cost ratio Casualty ratio Scheme I  Scheme 2 Scheme 3
Actual values 0.125 0.022 8 5.5%10™ 26.1 34.8 554
Basic earthquake
Acceptable limits 0.15 0.035 1.0x 107 7 7 7
Actual values 0.419 0.0325 4.8x107° 66.7 83.6 138.3
Rare earthquake
Acceptable limits 0.30 0.06 1.0x 107 30 30 30
time. A more generalized inter-story repair scheme is 3639-3649.

proposed, providing flexibility for appropriate selection
based on the available labor force.

(3) The dual-parameter seismic resilience assessment
method based on postearthquake loss and recovery time
places greater emphasis on predisaster defense. In this
case study, when subjected to basic earthquakes, the re-
silience indices based on postearthquake loss and recov-
ery time are 55 and 7.9, respectively. Under rare earth-
quakes, the corresponding resilience indices are 4. 8 and
4. 6. The seismic resilience grade of the teaching build-
ing is Grade I, indicating a low grade of resilience, and
it is more affected by postearthquake loss.

References

[1] XULH, XIE X S, ZHANG G. Review of research on
self-centering structural components for seismic resil-
ience improvement [J]. Journal of Southeast University
(Natural Science Edition) , 2023, 53(6) : 1177-1188.
(in Chinese)

[2] LUL, YANHT, YEY L. Seismic performance analy-
sis on energy dissipating self-centering hinge joint frame
based on Pushover method[J]. Journal of Southeast Uni-
versity (Natural Science Edition) , 2024, 54 (3) :
608-615. (in Chinese)

[3] LIS, HU B B, HOU Z X, et al. A novel method for
post-earthquake functional evaluation of city building
portfolios [J]. Journal of Building Engineering, 2024,
89: 109269.

[4] HUBB, LIS, HOU Z X, et al. A practical method for
functional recovery analysis based on seismic resilience
assessment of city building portfolios [J]. Journal of
Building Engineering, 2024, 95: 110304.

[5] LIJC, SHANG Q X, WANG T. Seismic redundancy
quantification method of substation systems [T]. Journal
of Southeast University (Natural Science Edition) ,
2024, 54(1): 72-79. (in Chinese)

[6] XIONG W, ZHANG D N, MA X L, et al. Review of
resilience assessment in urban floods on transportation
road network infrastructures [J]. Journal of Southeast
University (Natural Science Edition) , 2024, 54 (2) :
329-345. (in Chinese)

[7] BRUNEAU M, CHANG S E, EGUCHIR T, et al. A
framework to quantitatively assess and enhance the seis-
mic resilience of communities [J]. Earthquake Spectra,
2003, 19(4): 733-752.

[8] CIMELLARO G P, REINHORN A M, BRUNEAU M.
Framework for analytical quantification of disaster resil-
ience [J]. Engineering Structures, 2010, 32 (11) :

[9] JIA' S, ZHAN D I. Resilience and sustainability assess-
ment of individual buildings under hazards: A review
[J]. Structures, 2023, 53: 924-936.

[10] ZHAIC H, ZHAO Y G, WEN W P, et al. A novel ur-
ban seismic resilience assessment method considering the
weighting of post-earthquake loss and recovery time[J].
International Journal of Disaster Risk Reduction, 2023,
84: 103453.

[11] Research Institute of Standards and Norms Ministry of
Housing and Urban-Rural Development. Guideline for
evaluating of seismic resilience assessment of urban engi-
neering systems: RISN-TG041—2022 [S]. Beijing:
China Architecture & Building Press, 2022. (in Chi-
nese)

[12] SALADO CASTILLO J G, BRUNEAU M,
ELHAMI-KHORASANI N. Functionality measures for
quantification of building seismic resilience index [J].
Engineering Structures, 2022, 253: 113800.

[13] HASSAN E M, MAHMOUD H. A framework for esti-
mating immediate interdependent functionality reduction
of a steel hospital following a seismic event [J]. Engi-
neering Structures, 2018, 168: 669-683.

[14] SHANG Q X, WANG T, LIJ C. Seismic resilience as-
sessment of emergency departments based on the state
tree method[J]. Structural Safety, 2020, 85: 101944,

[15] TERZIC V, VILLANUEVA P K. Method for probabilis-
tic evaluation of post-earthquake functionality of building
systems [J]. Engineering Structures, 2021, 241:
112370.

[16] QU Z, HE S W, FU H R. Computational evaluation of
the functional loss and recovery of individual buildings
[J]. Journal of Performance of Constructed Facilities,
2020, 34(3): 04020042.

[17] LU X. Seismic resilience evaluation of reinforced con-
crete frame core tube structure [J]. Journal of Building
Structures, 2021, 42(5): 55-63. (in Chinese)

[18] LU X, CHEN A. Quantitative evaluation and improve-
ment of seismic resilience of a tall frame shear wall struc-
ture[ J]. The Structural Design of Tall and Special Build-
ings, 2022, 31(1): e1899.

[19] ALMUFTI I, WILLFORD M. REDi ™ rating system:
Resilience-based earthquake design initiative for the next
generation of buildings[R]. London: Arup, 2013.

[20] COOK D T, LIEL A B, HASELTON C B, et al. A
framework for operationalizing the
post-earthquake functional recovery of buildings [J].
Earthquake Spectra, 2022, 38(3): 1972-2007.

[21] State Administration for Market Regulation Standardiza-
tion Administration, National Standardization Adminis-
tration.

assessment  of

Standard for seismic resilience assessment of



A dual-parameter method for seismic resilience assessment of buildings 11

buildings: GB/T 38591—2020 [S]. Beijing: Standards functional loss and seismic toughness of urban complex

Press of China, 2020. (in Chinese) [D]. Dalian: Dalian University of Technology, 2022.
[22] SHANG Q X, WANG T, LITC. A quantitative frame- (in Chinese)

work to evaluate the seismic resilience of hospital systems ~ [25] Federal Emergency Management Agency. Seismic per-

[J]. Journal of Earthquake Engineering, 2022, 26(7) : formance assessment of buildings: Volume 2-Implemen-

3364-3388. tation guide, Second edition: FEMA P-58-2[S]. Wash-
[23] LIJTC, WANG T, SHANG Q X. Probability-based seis- ington, DC, USA: FEMA, 2018.

mic resilience assessment method for substation systems  [26] NING X Q. Research on evaluation methodology of seis-

[J]. Structure and Infrastructure Engineering, 2022, 18 mic safety and resilience for significant buildings [D].

(1):71-83. Harbin: Institute of Engineering Mechanics, China
[24] CONG Y. Study on evaluation method of multi-level Earthquake Administration, 2018. (in Chinese)

ETNSHHNERAMEREITFM A E
R, MM, X, BKE

CAEREILRFPEMIBRESEHNRKFTIREZLEZRE, b mﬁwm% AREILRF LRI
By R R LAk 542 B4R E 8 LT, o RIE 150090)

. AN T, B T — N8 @R BIR A BE -0 ik, P A T EEMA
Follk B AT AR EMBEIFN FERAT TR, BT TAL BR LA EARMES M ED S
TAH) Z R e ATAR R . AR Mt BT M 4, 210 T R A e TH AR K F Fo T ABARKF A LAAHE 50t 18] 69 %
oy R TAMS A EERBT AT EAS KA Eh&E s k. yx——%&%éfi%é#%‘%ﬁwﬂ,ﬁiﬁ??iy’il‘if&ﬂa%i
Fo ZBUE T HFHRGREMEI AR, EREAV  BERAREMBEFRESFIN A ZR, BAMBEF R
EREMANHmEARE. TR BT ETAR TN EATEANIEE, RAER P EBaa, AR
AR AN E R T,

AR HE AR ,5(7\7#‘*5;7]‘&‘ o Ae A & gﬁﬁ"ﬂ N et A M 25

FE 425 :TU318;TU375



