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Abstract

The massive economic losses induced by earthquakes have long-term and serious impacts on the economic and social
development. For improving the overall earthquake prevention and mitigation capabilities, system seismic resilience has
become the research highlight in earthquake engineering which includes the damage assessment, government responses
and recovery process. However, few studies focused on the effect mainshock-aftershock (MSAS) sequences on the
seismic resilience of systems. Aftershocks usually follow the mainshock of an earthquake and have the potential to
induce additional damage in the mainshock-damaged structures. Besides, the occurring of aftershocks would
significantly affect the repair and recovery of a damaged structure, and thus further affect the resilience of a structure.
This paper intends to assess the seismic resilience of a building considering the effects of aftershocks. The recovery
time and pre-event functionality are introduced in the definition of the resilience loss factor which make it concentrate
more on the intrinsic characteristics of structures during the recovery process. A reinforced concrete (RC) frame
structure designed according to the current Chinese seismic code is demonstrated for the evaluation of resilience loss
incorporating MSAS sequences. The structure is modeled with the OpenSees where columns and beams are simulated
by the displacement-based beam-column elements with nonlinear fiber section. Then, increment dynamic analysis is
applied to obtain the seismic demand of structure and maximum inter-story drift ratio (MIDR) is utilized to quantify the
damage of this structure under MSAS sequences. The spectral acceleration (Sa) of mainshock ground motion is scaled
from 0.1 g to 1.2 g, and relative intensity of the corresponding aftershock ground motion (i.e., ratio of the aftershock Sa
to the mainshock Sa) is scaled to 0.5, 0.8 and 1.0 respectively. The cost of this building is computed based on the
construction project cost information provided by the department of housing and urban-rural development of China.
The economic losses induced by MSAS sequences are assessed by the damage extent and the loss ratios of various
damage states provided by the code of the earthquake field work. The numerical results of case study illustrate that
replacement threshold and aftershocks have a significant effect on resilience loss. The resilience loss of structure can
exceed 200% and 400% considering replacement threshold and aftershocks respectively. The proposed resilience loss
factor can be used to design a new structure by controlling the level of resilience loss and assess the seismic resilience
of a building considering the effect of replacement threshold and aftershocks.
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1. Introduction

The seismic resilience of a structure or community is a critical part in the field of earthquake engineering.
The recovery process and the earthquake-related consequences (e.g. damage stage, direct economic loss) in
the post-earthquake environment have an great influence on the economy and society.

Recent years, some researchers developed some conceptual frameworks for quantifying seismic resilience of
a community or a system. [1-9] These frameworks were proposed generally from the point of view of
community or system. Besides, many investigations studied the earthquake resilient structures by introducing
new type of structural systems or components, such as employing controlled rocking on steel braced-frame
system, installing energy dissipative elements at RC structural wall, to achieve the target of low damage or
no damage.[10-19]

Although some developments have been achieved on seismic resilience, few research results were related to
the design philosophy for earthquake resilient structures and now no consensus on definition of seismic
resilience of individual structures. So it is important to propose a consistent resilience target to evaluate the
seismic resilience of individual existing structures and to design a new structure. Meanwhile, numerious
aftershocks occur after the causative mainshock and the effects of aftershocks on the seismic resilience are
significant. [20, 21] It is necessary to incorporate the aftershocks into the evaluation and design of structures
from the point of view of resilience.

In this study, a resilience loss factor considering the recovery time and pre-event functionality is developed
to incorperate the effects of aftershocks on the resilience of structure. The seismic resilience of a case-study
reinforced concrete (RC) frame structure under mainshock-aftershock (MSAS) sequences is assessed by the
proposed resilience loss factor.

2. Resilience assessment method

Resilience is generally defined as the ability of system to maintain or recover to the pre-event functionality
after an earthquake. Resilience assessment considering the effects of aftershocks can be achieved by an
indicator which can reflect the ability of system to maintain or recover to the pre-event functionality after an
mainshock and aftershock sequence (MSAS).

According to Cimellaro et al. [23], the functionality for the MSAS case can be expressed as a function of
earthquake intensity, economic loss, recovery time and recovery path represented by recovery function, as
shown in Equation (1).

QMSAS (t) = Q(t < to) - L(Sa_MS'VSa ’TRE) ’ [H (t _to) -H (t _tl)]' frec (t’tO’TRE) (1)

where Sa wms IS the spectra acceleration of mainshock ground motion; VS, is the relative S, of aftershock
ground motion, and it is defined as the ratio of spectra acceleration of aftershock ground motion to that of
mainshock ground motion (i.e. V' Sa = Sa as / Sa ms) ; Tre is the recovery time and it equals to ti-to (as shown
in Figures 1 and 2); L is the loss function; H(t) is Heaviside step function; frwc(t, to,Tre) is the recovery
function, and three possible recovery functions [23-25] are shown in Equation (2) below.
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We developed a resilience loss factor, which is normalized by the product of recovery time and pre-event
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functionality Q(t<to), to quantify the community earthquake loss of resilience based on the resilience loss
factor proposed by Bruneau et al. [1], as shown in Equaiton (3). When considering the the effects of
aftershocks, Equaiton (3) is further expressed as Equaiton (4).

1 t
s = [ =0 J [Q(t <t;) ~ Qus (t)]et 3)
1 4
Rioss misas = [Qt<t)] & -t) _LO [Q(t <t;) — Qusas (D)]dt 4)

t; is the time at which the functionality of a structure is recovered t0 Qtarget ms; Qrarget ms IS the functionality
target for mainshock only case when the recovery process ends, and the value of Qurget ms Should be greater
than or equal to the value of Q(t<ty) (i.e. Qrrget=Q(t<to)). The lower value of Q(t<to) can attribute to the
functionality degradation induced by aging or other hazards previous earthquake. Q(t) is the functionality of
the structure after the mainshock, while Qwmsas(t) is the functionality of the structure after MSAS sequences;
The value of Qusas(t) is smaller than that of Qurger ms due to the effects of aftershocks.

Figure 1 illustrates the conceptual illustration for the resilience loss factor of mainshock (MS) and MSAS
sequence. As shown in Figure 1(a), the area AB:E minus the area EDD; is the resilience loss for the
mainshock only. The area EDDs can be seen as the increased resilience by the higher target of recovery. The
value of Rioss_ms in equation (3) is the ratio of the resilience loss (i.e. the result of the area AB:E minus the
area EDD;) to the area ABCD. The value of Qe is regarded to be 1.0 which is same with the value of
Q(t<to) for simplification, as demonstrated in Figure 1(b). Recovery path 2 make the structure recover more
rapidly, so it leads to smaller value of Riess than recovery paths 1 and 3.
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Figure 1. The conceptual illustration for the resilience loss factor of mainshock (MS) and MSAS sequence: (a) MS only,
comprehensive case; (b) MS only, simplified case; (c) MSAS sequence, comprehensive case; (d) MSAS sequence,
simplified case.

In Figure 1(c), the time t,is the time point of an aftershock occurrence. Qmsas(to)-Qmsas(ta) represents the
additional damage induced by the aftershock or effects of the aftershock on the usage of structure. The time
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period of ta-to is the time gap between the mainshock and aftershock, and it is assumed that there is no
increase on the functionality during this time gap. Due to the further reduction in functionality induced by
the aftershock, the structure cannot be recovered to its pre-event functionality level at t; (i.e. Qmsas(t) =
Q(t<to)) without additional repair work being performed. In order to quantify aftershock effects on the
resilience loss, Equation (4) and Equation (3) share the same denominator. [Q(t<to)]-(t<to) is deemed to the
nominal resilience capacity of a structure before an earthquake and used to normalize the resilience
funtionality for both cases of only mainshock (MS) and MSAS sequence. Similarly, the illustration in Figure
1(c) can be further simplified to that in Figure 1(d) when the values of Q(t<to) and Qarget ms are both 1.0.

Figure 1 illustrates the resilience loss factor with the repair action after earthquakes. If the damage of a
structure is beyond the threshold of repair, this structure would be demolished and a new one will be built.
For example, many owners prefer to replace structures when the projected repair costs exceed about 40% or
50% of the replacement cost according to FEMA P-58 [22]. Therefore, if the economic loss reaches the
threshold of replacement, the functionality Q(to) and Qwsas(ta) are reduced to be zero and the replacement
will be performed, as drawn in Figure 2. Then the values of Rioss ms and Rioss msas Will become 1.0 because
resilience is not meaningful any more for individual structures once the replacement is performed. The
resilience loss factor can be defined comprehensively by Equation (5) for various cases.

1 t .
t<t,)— t)]dt repair R
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Figure 2. The conceptual illustration for the resilience loss factor of MS and MSAS sequence after considering the

threshold of replacement: (a) MS only; (b) MSAS sequence.

3. Case Study Model

A 6-storey RC frame structure is used as the case study structure to apply the proposed resilience loss factor.
The reinforced concrete (RC) frame structure has 6 stories and 3 bays and is designed to be located at the site
I with intensity seven (i.e. the design peak ground acceleration is 0.1 g) according to the current Chinese
building codes [26, 27]. The plane view and elevation of this structure is demonstrated in Figure 3. The
reinforcement details and the section geometry of columns and beams are shown in Table 1. The dead and
live loads are 5.0 kN/m?and 2.5 kN/m?, respectively. The compressive strength of concrete for beam and
column are 30 MPa and 35 MPa, respectively. The yield strength of longitudinal reinforcement and stirrup
reinforcement are 400 MPa and 300 MPa, respectively.

The 2-Dimension frame structure in Figure 3 is modeled with the OpenSees [28] to assess the resilience loss
of this structure under the MSAS sequences. The fundamental vibration period is 0.91 s for the bare frame
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that analyzed in this study. The columns and beams are modelled by the displacement-based beam-column
element with nonlinear fiber section. The concrete and steel behavior are modeled with Concrete02 material
and Steel02 material. The bar-buckling and shear failure modes are not specially considered.

Table 1. The section geometry of columns and beams, as well as reinforcement details.

Section Longitudinal Stirrup
Width (mm) Height (mm)  reinforcement (mm?) reinforcement
Edge beam 250 500 Top 1140 (3022) D8@100/150
bottom 760 (2d22)
Middle beam 250 400 Top 1140 (3022) O8@100/150
bottom 760 (2022)
Column 500 500 2513 (8020) D8@100/150

274 MSAS ground motions, in which only one aftershock is contained, are used. Structual seismic demand is
obtained by the increment dynamic analysis of MSAS sequences. For each MSAS sequence in the dataset,
the S, of mainshock ground motion S, wms is firstly scaled from 0.1 g to 1.2 g with an interval of 0.1 g. For
each scaled mainshock ground motion, the relative intensity VS, of the corresponding aftershock ground

motion is scaled to 0.5, 0.8 and 1.0 respectively.

The fragility curves are computed for various cases based on the framework developed in [29]. The structual
damage is quatified by the maximum inter-storey drift ratio (MIDR). The structual damage state is
determined by four threthold of MIDR. The value ranges of MIDR for different damage status of structure
are summarized in Table 2, and corresponding information on the direct economic loss ratio is also provided
based on the Chinese code for the post-earthquake field works [30, 31]. The construction cost of the case
study building is 371 million Chinese Yuan (CNY) according to the construction project cost information
provided by the department of housing and urban-rural development of China.

Table 2. The values of maximum inter-storey drift ratio (MIDR) and direct economic loss ratio for various damage
states of structure [31].

MIDR (%) Damage state Direct economic loss ratio (%)
IDR<1.0 DSi: Minor damage 10

1.0<IDR <2.0 DS»: Moderate damage 40

2.0<IDR <4.0 DS3: Severe damage 70
4.0<IDR DS4: Collapsed 100

4. Resilience Results and Discussion

The fragility curves of the structure for three limit states and different relative intensities of aftershock
ground motions based on the framework in [29] is shown in Figure 4. Aftershock increases the seismic
demand of structure compared with mainshock only. The probability of exceeding a give limit state is higher
for MSAS sequence than for mainshock only, and the fragility curves are simply shifted up for the MSAS
sequence cases.
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Figure 4. The fragility curves of the RC frame structure under the MSAS sequences.

The direct economic loss can be obtained by Equation (6), which considers the losses for various discrete
damage states and for a given MSAS sequence intensity.

Ly, =iv ‘Rug -P(DS,[IM) (6)

V is the cost of building and it is 371 million CNY for this case-study building; Rosi is direct economic loss
ratio corresponding to the ith damage state (as shown in Table 2); P(DS, |IM) is the probability of building

experiencing the ith damage state for the given intensity measure, and it can be computed as:

F(DS,[IM)-F(DS,,[IM) i<4

F(DS,[IM) i=4 "

P(DSi|IM):{

where F (DS, |IM) is the probability of exceeding ith damage state for the given intensity measure.

The direct economic loss results for mainshock only and MSAS sequences are shown in Figure 5. It is clear
that aftershocks increase the direct economic loss. Larger intensity aftershock tends to incur greater loss. The
direct economic loss is used to compute the loss function of Equation (1), and the functionality of this
building is reflected by the direct economic loss. The loss function is the ratio of direct economic loss to the
building replacement cost as defined in reference [2]. Building replacement cost used in this study is 1.25
times of the initial construction cost. The replacement will be performed when the repair cost exceeds the
45% of building replacement cost where the direct economic loss is used as repair cost. The linear recovery
function is used for the average prepared community.

Figure 6(a) illustrates the variation of Riess ms With the increase of Si ms for the cases with and without
consideration of replacement threshold and Figure 6(b) shows the variation of Riess msas With the increase of
Sams for the case with consideration of replacement threshold. In Figure 6(a), the difference turing point is at
Sams=0.64g with and without consideration of replacement threshold. Considering the replacement threshold
increases the resilience loss of structure by the minimum level of 200% when the replacement threshold is
reached. This phenomenon also highlights that the recovery path has significant effects on the values of
resilience loss factor. In Figure 6(b), aftershocks with larger intensities make the S, ms corresponds to
replacement threshold minimized, and the S, ms decreases from 0.64 g to 0.59 g for VS;=1.0 ¢ and
mainshock only. The effects of aftershocks on the resilience loss exceed 400% when the replacement
threshold is reached.
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5. Conclusion

A resilience loss factor by introducing the normalization by the product of the recovery time and pre-event
functionality is developed. The resilience loss factor is extended to incorporate the effects of aftershocks by
including the further reduction in functionality induced by aftershock. The replacement threshold based on
the repair cost is also incorporated to reflect the engineering application.

A case-study reinforced concrete (RC) frame structure under mainshock-aftershock (MSAS) sequences is
used for resilience loss factor applicaiton. Considering the replacement threshold increases the resilience loss
of structure by the minimum level of 200% when the replacement threshold is reached. Aftershock can
increase the resilience loss with respect to the mainshock alone, and the proposed resilience loss factor can
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reflect the effects of aftershocks. The effects of aftershocks on the resilience loss exceed 400% when the
replacement threshold is reached.
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