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)e literature related to earthquakes and fibre reinforced polymer (FRP) retrofitting can be divided into two main categories: (1)
the applications of FRP to retrofit structures subjected to single traditional earthquakes and (2) the effects of mainshock-af-
tershock sequences on original structures (without FRP retrofitting). Research on using FRP to mitigate the risk of pulse-type
mainshock-aftershock sequences for reinforced concrete (RC) structures located in near-fault regions is hardly found in the
literature and is thus the aim of this study. To achieve this aim, a four-storey RC frame, near-fault mainshocks, and seismic
sequences were selected. )e frame was retrofitted using FRP wraps at plastic hinge locations. Nonlinear time history and damage
analyses of the original and FRP-retrofitted frames subjected to these near-fault mainshocks and seismic sequences were
conducted.)e results showed that aftershocks significantly increase the damage indices of the frames, shifting the damage state of
the original frame from severe damage to collapse and the damage state of the FRP-retrofitted frame from light damage to
moderate damage. FRP retrofitting successfully reduced the risk of seismic sequences by reducing the damage two levels, shifting
the damage state of the original frame from collapse to moderate damage.

1. Introduction

)e majority of strong earthquakes are commonly followed
by aftershocks [1] as evidenced in the past earthquake events
such as the 1999 Kocaeli earthquake in Turkey, the 2008
Wenchuan earthquake in China, the 2009 L’Aquila in Italy,
the March 11, 2011, Great East Japan earthquake, and the
February 22, 2011, Christchurch earthquake in New Zea-
land. However, worldwide, building structures have been
designed and built for a single traditional earthquake reg-
ulated in older or even inmodern seismic codes. In scenarios
of seismic sequences, the structures were damaged in the
mainshocks, and the mainshock-damaged structures be-
come increasingly vulnerable and easily collapse during the
aftershocks, which were not taken into account in the design.
Due to the seismology characteristics of strong earthquakes,
the time gap between mainshocks and aftershocks is too

short to conduct any repair, leading to high potential of
collapse for the mainshock-damaged structures during the
aftershocks. For example, USGS [2] reported that, in the
1999 Kocaeli earthquake in Turkey, the mainshock with
magnitude 7.4 on 17 August was followed by the aftershock
with magnitude 5.9 on 13 September. )e aftershock
resulted in the loss of seven lives and collapse of many
buildings, which were only slightly damaged in the main-
shock. Similar loss of lives and damage of buildings due to
aftershocks have been reported by [3, 4]. Mitigating the risk
of structures under seismic sequences is thus of great im-
portance and urgent demand because, worldwide, building
structures were designed based on seismic codes which
employed single design for earthquakes.

Fibre reinforced polymer (FRP) has been widely proven
to be a material of choice in seismic retrofitting because FRP
has a high tensile strength, lightweight, and flexible
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applications. Worldwide, a large portion of reinforced
concrete (RC) structures are identified to be highly vul-
nerable to earthquakes. To address this issue, extensive re-
search has been devoted to the FRP applications on
improving the seismic performance for deficient RC
structures. FRP can be used to improve the flexural strength
[5, 6], torsional strength [7], and ductility of concrete by
confinement [8–11]. )e absorption energy [12–14],
strength [13–15], and ductility [13, 15] of members confined
by FRP considerably increased. Numerous studies indicated
that FRP retrofitting of structures can significantly improve
the seismic capacity and performance of structures as
reviewed in the following. FRP confinement retrofitting
increased 1.5-fold the seismic capacity of a tested four-storey
RC frame as reported by Balsamo et al. [16]. A similar
conclusion was found for the full-scale three-storey gravity-
load designed RC frames [17, 18], in which columns were
wrapped by FRP while beams were bonded by FRP to in-
crease flexural capacity. In addition, the deformation ca-
pacity of FRP retrofitted structures increased [18], while the
damage of such structures reduced [18, 19]. In an experi-
mental study, Garcia et al. [20] confirmed that the seismic
performance and desirable beam-sway mechanism of their
tested frame were achieved by FRP wraps in combination
with web-bonded sheets. Wang et al. [21] experimentally
reported that, of the 3D four-storey FRP-retrofitted RC
frames, the seismic capacity significantly increased, while the
maximum inter-storey drifts decreased considerably. FRP
retrofitting respectively increased 1.5-fold and 2.3-fold the
shear force and energy dissipation capacity of RC frames as
reported by Mortezaei et al. [22]. FRP wraps significantly
increase the seismic performance and ductility of nonductile
RC frames [23]. It is worth emphasizing that the previously
mentioned studies were of single traditional earthquake
ground motions or the effects of aftershocks were ignored.

Seismic risk assessment of structures subjected to
earthquakes with aftershocks is an interesting and hot topic
which has increasingly attracted researchers. Several re-
searchers employed single-degree-of-freedom (SDOF) sys-
tems to investigate the effects of seismic sequences. Although
SDOF systems take into account only the first structural
period, they provide much better understanding on the
effect of aftershocks on structures. For example, aftershocks
affected the damage potential [24–26], inelastic displace-
ment demand [27–29], ductility demand [26, 30, 31], be-
haviour factor [32, 33], and reduction factor of strength
[32, 34]. Moving to multistorey frame structures subjected to
seismic sequences, Faisal et al. [35] indicated that earth-
quakes with one and two aftershocks, respectively, increased
1.4-fold and 1.3-fold the storey ductility demand of 3–18
storey RC frames compared with single earthquakes. Af-
tershocks increased the fragility [36] and additional loss [37]
of RC building structures. Hatzigeorgiou and Liolios [38]
studied the nonlinear responses of RC frames designed
based on older seismic codes subjected to seismic sequences
and confirmed that the aftershocks increased the displace-
ment demands and damage to structures. Ruiz-Garćıa et al.
[39] employed artificial sequences to investigate the non-
linear responses of RC structures with different number of

stories, and they indicated that the structural responses were
significantly affected by the relationship between the
mainshock-damaged structural period and the predominant
period of aftershock. Hosseinpour and Abdelnaby [36]
confirmed that the mainshock damage, number of storeys,
and earthquake regions were important parameters that
affected the fragility curves. Hatzivassiliou and Hatzi-
georgiou [40] studied the effects of seismic sequences on the
inelastic responses of 3D RC frames and indicated that the
aftershocks increased the displacement while the directions
of earthquake ground motions significantly affected the
structural ductility demand. Most recently, Yang et al. [41]
evaluated the damage demand of an eight-storey RC frame
subjected to near-fault seismic sequences and the results
showed that the aftershocks decreased the collapse capacity
of structures while the near-fault pulse-type aftershocks
increased the storey damage demand. Shin et al. [42] ana-
lysed the responses of three-storey frames with and without
FRP retrofitting subjected to mainshock-aftershock se-
quences. )ey concluded that FRP reduced the drift de-
mand, while the number of FRP plies had amarginal effect in
the drift demand.

Studies published in the literature related to earthquakes
and FRP retrofitting can be divided into two main groups:
(1) the use of FRP to retrofit structures subjected to single
earthquakes and (2) the effects of mainshock-aftershock
sequences on original structures (without FRP retrofitting).
However, to the best of the authors’ knowledge, studies on
using FRP to mitigate the seismic risk of RC structures
subjected to near-fault mainshock-aftershock sequences are
seldom found in the literature; this study is aiming at this
direction. Particularly, the effectiveness of FRP retrofitting to
reduce the seismic damage and collapse risk of building
structures located in near-fault regions with and without
aftershocks was investigated in this paper. To achieve this
aim, a four-storey RC frame representing low-rise building
structures was selected. )e frame was retrofitted using FRP
wraps at plastic hinges. )e original and FRP retrofitted
frames were subjected to near-fault earthquakes and
mainshock-aftershock sequences. Inelastic time history
analyses (ITHA) of these frames were carried out.)e results
of ITHA were used for damage analyses using a cumulative
damage model. )e conclusions were made based on the
comparisons of four cases: (1) original structure subjected to
single mainshocks, (2) original structure subjected to
mainshock-aftershock sequences, (3) FRP retrofitted
structure subjected to single mainshocks, and (4) FRP ret-
rofitted structure subjected to mainshock-aftershock se-
quences. It is worth mentioning that the mainshocks used in
this study are of near-fault earthquakes.

2. Near-Fault Earthquakes and Selection

Near-fault earthquake ground motions of the 1966 Parkfield
and 1971 San Fernando were a milestone [43] of recognition
on their greatly different characteristics to those of far-fault
ground motions [44, 45]. )is milestone has surged huge
studies on the effects of near-fault earthquakes on structures
[45]. Bertero et al. [46] were the pioneers in pointing out the
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special characteristics of near-fault ground motions. Near-
fault ground motions generally have high peak ground
acceleration (PGA) [47], high velocity [33, 47, 48], and large
displacements [49, 50]. More importantly, near-fault ground
motions are characterized by pulse-like [51] and long pulse-
like period (2–5 s) [48, 52, 53].

Due to the above critical characteristics, near-fault
earthquakes have been identified as damaging events to
structures. )e pulses of near-fault ground motions impose
high demand and energy to structures [45, 54]. Choi et al.
[55] experimentally studied the effects of near-fault
earthquakes on RC bridge columns and concluded that
moderate near-fault ground motions imposed large re-
sidual displacements. Tsai et al. [56] reported that a large
portion of damaged buildings in the September 21, 1999,
Chi-Chi earthquake was low-rise. Cao et al. [57] confirmed
that low-rise deficient RC structures are extremely vul-
nerable to near-fault ground motions. Near-fault earth-
quakes imposed a higher displacement demand on RC
frames [58, 59] than far-fault earthquakes. Mazza and
Vulcano [60] investigated the responses of three-to-twelve-
storey RC frames subjected to near-fault earthquakes and
pointed out the shortcomings of seismic codes for de-
signing structures in near-fault regions, especially with soft
soil. Recently, Cao [61] analysed the damage of an RC
bridge pier under 200 near-fault pulse-type motions and
200 far-fault motions. He found that near-fault earthquake
imposed high collapse potential to the pier, and the damage
of the pier was mainly caused by the pulses. In addition, the
damage index increased sharply at the pulse, leading to very
short durations to collapse (about 2.3–2.5 s). )e effect of
aftershocks on in-filled structures [62] or braced structures
[63] was also investigated by researchers.

Figure 1 shows the design response spectrum (the red
curve) which was established for structures located in near-
fault regions of zone four (Z � 0.4) based on UBC code [64].
)e regions with soil type D and seismic source type B were
assumed. )e closest distance to seismic source was 5 km.
)e near-source factors Na � 1.0 and Nv � 1.2. )e seismic
coefficients were Ca � 0.44Na and Cv � 0.64Nv. )e near-
fault ground motions were selected using PEER [65] and
scaled to match the design response spectrum. )e match
was in the range from 0.2T to 1.5T, in which T � 0.76438 s
was the fundamental period of the frame (see Section 4).
Records of near-fault earthquakes with magnitudes close to
7.5 were selected to use as mainshocks. )ese selected near-
fault motions were scaled to match the design response
spectrum. Table 1 shows the selected near-fault ground
motions in which RSN is the record series number. )e
scale factors are also included in the third column of this
table.

3. Mainshock-Aftershock Sequences

)ree approaches have been implemented by researchers to
obtain mainshock-aftershock sequences: (1) repeating the
selected records [29, 32, 33, 66, 67], (2) randomizing
[24, 29, 38, 66–68], and (3) using real seismic sequences [66].
)e repeating method is simple but less appropriate due to

the different characteristics, for example, duration and
frequency content between mainshocks and aftershocks
[27, 67, 69]. On the contrary, using real seismic sequences
seems to be the most appropriate as confirmed by re-
searchers [69]. However, the number of real mainshock-
aftershock records is quite limited in the literature database
to use for structural probabilistic analytical scenarios [70]. In
addition, the intensity of these real mainshocks and after-
shocks is quite diverse, leading to difficulty in obtaining
general conclusions. )erefore, the second approach is
widely used by researchers [24, 29, 38, 66–68] because it can
represent the stochastic relationships between mainshocks
and aftershocks; this approach is thus adopted in this paper.

Aftershocks are triggered by mainshocks due to stress
changes during the mainshocks [71]; there is therefore a
relationship between the magnitudes of mainshocks and
aftershocks. )is relationship can be expressed by Bath’s law
[72], which is one of the widely used scaling laws for
concerning aftershocks. )is law states that the difference
between a mainshock and its largest aftershock is 1.2, re-
gardless the magnitudes of the mainshocks. Bath’s law was
later modified by Shcherbakov [73] to describe the mag-
nitude–frequency distribution of aftershocks based on
Gutenberg-Richter [74] and Bath [72] laws. )e modified
form is expressed by (1), where Nas is the number of af-
tershocks whose magnitudes are larger than or equal to a
value Mas; Mas is the magnitude of inferred largest after-
shock; Mms is the magnitude of mainshocks; b is a constant
taken as 1 [75]; ΔM is the difference between Mms and the
inferred largest aftershock magnitude:

log10 Nas ≥Mas(   � b Mms − ΔM − Mas( . (1)

Seismic sequences with single aftershocks, which were
commonly used in previous studies [24, 67], are adopted in
this paper. When the number of aftershock is 1, the left side
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Figure 1: Design response spectrum for structures located in near-
fault regions.
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of the (1) is 0; thus, the relationship between the magnitudes
of mainshocks and aftershocks is described by

Mms − Mas � ΔM. (2)

Different values of ΔM have been proposed by re-
searchers. Based on worldwide earthquake sequences, Felzer
et al. [76] proposed ΔM= 1.0 –1.4, while Tahir et al. [77]
proposed the value 1.2 which is the average value of the
range 1.0–1.4. Based on 10 earthquake sequences in Cal-
ifornia, Shcherbakov [73] proposed ΔM= 1.16 which is also
close to the above average values. In another study, using
seismic sequences in Taiwan, Chen andWang [78] proposed
a lower value of 0.83. Except the value 0.83 for seismic
sequences in Taiwan, the value 1.2, which was originally
proposed by Båth [72] and used by Zhai et al. [24], is adopted
in this study. )us, records with magnitudes close to 6.3
were selected for aftershocks using PEER ground motion
database [65]. It is worth mentioning that no pulse-like
motions were selected for aftershocks because of the gentler
manner of aftershocks caused by stress changes from
mainshocks. )e information of the selected records is
shown in Table 2, including the directions and predominant
periods of the seismic records.

)e combinations of the eight mainshocks of Table 1 and
eight aftershocks of Table 2 were described as follows. One
record of mainshocks was connected with one record of
aftershocks to form a sequence. Each record appeared only
one time in the sequence combinations. )e random
combinations also reflected the unpredictability on the
characteristics of a seismic sequence. )e following condi-
tions were used for combining mainshock-aftershock
sequences:

(1) )e modified Bath’s law: the relationship between
the magnitudes of mainshocks and aftershocks is
shown in (2)

(2) )e characteristic of aftershocks pointed out by
Ruiz-Garćıa [69]: the predominant period of an
aftershock is shorter than its mainshock

(3) )e magnitude of the mainshocks was unchanged,
while themagnitude of aftershock was scaled to satisfy
the condition PGAms: PGAas � 1.0000: 0.8526 rec-
ommended by Hatzigeorgiou and Beskos [29]; this
agrees with the characteristic pointed out by Ruiz-
Garćıa [69] that the amplitude of an aftershock is
smaller than that of mainshock

Table 3 shows the results of sequence combinations.)e
penultimate column shows the difference between the
magnitudes of mainshocks and aftershocks, which varies
from 1.2 to 1.42. )e last column of Table 3 shows the
predominant periods of mainshocks and aftershocks. As
can be seen, the predominant periods of mainshocks are
longer than those of the corresponding aftershocks. )e
time gap between the mainshock and aftershock of a
seismic sequence has been differently selected by re-
searchers; however, it seems to be based on the same
criterion that the time is long enough for damping to cease
the movement of structures after the mainshock. In this

study, the time gap between the mainshock and aftershocks
is selected to be 10 s.

4. Four-Storey RC Frames and Inelastic Time
History Analyses

Figure 2 shows a nonductile four-storey frame with details of
reinforcement and cross-sections of beams and columns [79]
which is revisited in this paper.)e design gravity load included
dead load (DL) 30kN/m, live load (LL) 10kN/m on beams, and
self-weight of the structure. )e building was assumed to be
located in the seismic zone with soil type D in accordance with
FEMA 356 [80].)e design ground acceleration was 0.3g. UBC
code [64] was used to compute the lateral seismic load. )e
lowest ratio of the total bending moment capacity of columns
 Mc to that of beams  Mb was 1.226 and thus satisfies the
condition  Mc ≥ 1.2 Mb regulated in ACI [81]. )e com-
pressive concrete strength was 25MPa and yield steel stress was
420MPa. Diameter of stirrups was 10mm.

Due to the large spacing of transverse reinforcement,
the structure is nonductile and becomes vulnerable to
earthquakes. In addition, near-fault earthquakes and af-
tershocks were not included in the design.)us, retrofitting
is required to mitigate the seismic risk for such structures.
Retrofitting using FRP wraps is identified an appropriate
approach because it well provides the external confinement
conditions to supplement the deficiency of internal con-
finement. Amongst many types of FRP, GFRP has been the
most technically and economically suitable FRP type for
confinement of RC structures [19, 23, 79]. )e tensile
strength, elastic modulus, and thickness of unidirectional
GFRP sheets, respectively, are 3241MPa, 72397MPa, and
0.589mm [82]. )e aim of this paper is to evaluate the
damage potential reduction of FRP retrofitting on RC
frames subjected to seismic sequences; thus, two GFRP
layers were applied to columns. )e length of GFRP
wrapped columns is assumed to be twice the plastic hinge
length lp. To avoid early failure of FRP and improve the
effectiveness of the GFRP confinement [83], rounding
50mm radius at corners of all columns was applied. It is
highlighted that GFRP wraps result in enhancement of
compressive strength and ductility of concrete; thus, it has a
negligible effect on the plastic hinge length as indicated by
Sheikh and Yau [13]. )e locations of plastic hinges
therefore unchanged.

)e lump technique employed formodelling RC structures
under earthquake excitations [19] is used in this study. )e
details of the modelling can be found in [19], while only brief
information of the modelling is described herein for conve-
nience to readers. )e moment-curvature analyses were firstly
conducted for plastic sections using fibre model conducted in
Matlab. )e simple stress-strain model of steel and the model
of confined concrete proposed by Park et al. [84] were
employed in the analyses. Moment is obtained by increasing
the curvature up to its ultimate. )e ultimate corresponds to
the ultimate strain of concrete εcm � 0.004 + 1.4ρsfyhεsuh/fcc

′
[85] or longitudinal steel εsm � 0.6εsu [85], whichever occurs
first. )ese analyses were conducted for all plastic hinge
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sections of the frame. )en, these moment-curvature curves
were converted tomoment-rotation curves bymultiplyingwith
the plastic hinge length. Simple plastic hinge length lp � h
proposed by Sheikh and Khoury [86] was adopted in this
paper. )ese moment-rotation curves were used for the
properties of the plastic hinges in SAP2000 [87]. Figure 3(a)
shows the four-storey frame model using 56 nonlinear Link
elements.)e locations of these elements are at the middles of
the plastic hinges. )ese Link elements behave nonlinearly
and hysterically and include the degradations of strength and
stiffness of plastic hinges under earthquake loading. )e
Takeda hysteretic model [88] appropriately includes not only
those characteristics but also the concrete crack which is
considered as the onset of damage. )is Takeda [88] model is

thus used in this paper. )e Takeda [88] model is shown in
Figure 3(b), while its details can be found in [88].

)e mechanical properties of concrete confined by FRP
significantly improved [8, 9, 89–92]. )ere are two trends for
developing stress-strain models for FRP confined concrete: with
and without including the confinement effect of internal
transverse reinforcement. Stress-strain models with the inclusion
of internal transverse reinforcement exhibit the complexity due to
the different confinement applied to the concrete core and the
concrete cover. )e concrete core is confined by both FRP and
transverse reinforcement, while the concrete cover is confined
only by FRP. In addition, the interaction between the internal
confinement of transverse reinforcement and the external con-
finement of FRP is complicated. Importantly, FRP wrap

Table 1: Selected near-fault mainshock records.

No. RSN Scale factor (g) Event Year Station Magnitude Predominant period (sec) Direction
1 1176 1.868 Kocaeli, Turkey 1999 Yarimca 7.51 0.520 H-1
2 1176 1.868 Kocaeli, Turkey 1999 Yarimca 7.51 0.420 H-2
3 1493 2.610 Chi Chi, Taiwan 1999 TCU053 7.62 0.360 H-1
4 1493 2.610 Chi Chi, Taiwan 1999 TCU053 7.62 0.680 H-2
5 1515 2.238 Chi Chi, Taiwan 1999 TCU082 7.62 0.380 H-1
6 1515 2.238 Chi Chi, Taiwan 1999 TCU082 7.62 0.640 H-2
7 4458 2.014 Montenegro, Yugoslavia 1981 Hotel Olympic, Ulcinj 7.10 0.260 H-1
8 4458 2.014 Montenegro, Yugoslavia 1981 Hotel Olympic, Ulcinj 7.10 0.340 H-2

Table 2: Selected records for aftershocks.

No. RSN Event Year Station Magnitude Predominant period (sec) Direction
1 3468 Chi-Chi, Taiwan-06 1999 TCU067 6.30 0.360 H-1
2 3268 Chi-Chi, Taiwan-06 1999 CHY028 6.30 0.400 H-2
3 3467 Chi-Chi, Taiwan-06 1999 TCU065 6.30 0.340 H-2
4 2605 Chi-Chi, Taiwan-03 1999 TCU049 6.20 0.660 H-1
5 2709 Chi-Chi, Taiwan-04 1999 CHY035 6.20 0.360 H-1
6 3274 Chi-Chi, Taiwan-06 1999 CHY142 6.30 0.620 H-2
7 3560 Taiwan SMART1 (5) 1979 SMART1 I09 5.90 0.240 H-2
8 3570 Taiwan SMART1 (5) 1979 SMART1 M12 5.90 0.300 H-2

Table 3: Combinations of seismic sequences.

Sequence RSN Scale factor (g) Event Year Station Magnitude ΔM Predominant period (sec)

1 1176 1.868 Kocaeli, Turkey 1999 Yarimca 7.51 1.21 0.520
3468 0.8526PGAms Chi-Chi, Taiwan-06 1999 TCU067 6.30 0.360

2 1176 1.868 Kocaeli, Turkey 1999 Yarimca 7.51 1.21 0.420
3268 0.8526PGAms Chi-Chi, Taiwan-06 1999 CHY028 6.30 0.400

3 1493 2.610 Chi Chi, Taiwan 1999 TCU053 7.62 1.32 0.360
3467 0.8526PGAms Chi-Chi, Taiwan-06 1999 TCU065 6.30 0.340

4 1493 2.610 Chi Chi, Taiwan 1999 TCU053 7.62 1.42 0.680
2605 0.8526PGAms Chi-Chi, Taiwan-03 1999 TCU049 6.20 0.660

5 1515 2.238 Chi Chi, Taiwan 1999 TCU082 7.62 1.42 0.380
2709 0.8526PGAms Chi-Chi, Taiwan-04 1999 CHY035 6.20 0.360

6 1515 2.238 Chi Chi, Taiwan 1999 TCU082 7.62 1.32 0.640
3274 0.8526PGAms Chi-Chi, Taiwan-06 1999 CHY142 6.30 0.620

7 4458 2.014 Montenegro, Yugoslavia 1979 Hotel Olympic, Ulcinj 7.10 1.20 0.260
3560 0.8526PGAms Taiwan SMART1 (5) 1981 SMART1 I09 5.90 0.240

8 4458 2.014 Montenegro, Yugoslavia 1979 Hotel Olympic, Ulcinj 7.10 1.20 0.340
3570 0.8526PGAms Taiwan SMART1 (5) 1981 SMART1 M12 5.90 0.300
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retrofitting is often applied for structures with poor internal
confinement. )us, this poor internal confinement of transverse
reinforcement is ignored in this study. Lam and Teng [8, 89]
model of FRP confined concrete ignored the effect of internal
transverse reinforcement, which has been used by researchers
[23, 93]. In addition, this model is the most suitable for circular
and rectangular columns [93] and is thus used in this paper.)e
rupture strain of GFRP is taken as εh,rup � kεεfrp, in which εfrp is
the ultimate tensile strain of GFRP; kε is the FRP strain efficiency
factor.)e value kε � 0.624 proposed by [8], which is close to the
value 0.62 statistically found by Baji [94], is adopted in this paper.

5. Verification of the Inelastic Time
History Analyses

)e modelling technique expressed in Section 4 was verified
using the test results of [20, 95]. A brief description of the
tested two-storey RC frame is described here for conve-
nience to readers, while its details can be found in [20, 95].
Figure 4(a) displays the general view of the tested two-storey
RC frame and Figure 4(b) shows the cross-sections and
reinforcement details of columns and beams. )e gravity
load was the self-weight of the frame and 45 kN steel plates
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attached to floors as can be seen in Figure 4(a). )e unit
weight of concrete was 24 kN/m3. )e compressive strength,
tensile strength, and elastic modulus of concrete were
20MPa, 2MPa, and 25545MPa, respectively. )e yield
strength, ultimate strength, and elastic modulus of steel were
551MPa, 656MPa, and 200GPa, respectively.)e transverse
steel of columns was ϕ6mm and that of beams was ϕ8mm.

)emodelling technique expressed in Section 4 was used to
model tested two-storey RC frame in SAP2000 [87].)efirst and
second analytical periods yielded from the SAP2000 frame
model are compared with those obtained from experiments
[20, 95], and a good agreementwas achieved as shown inTable 4.

)e SAP2000 [87] frame model was then subjected to the
ground excitation PGA of 0.05 g, which was used in the ex-
periments [20, 95]. Time history nonlinear analysis was carried
out, and time history displacements were obtained. )ese ob-
tained time history displacements of the first and second storeys

were compared with those obtained from the experiment with
good agreement as shown in Figures 5 and 6, respectively.

6. Response/Damage Results and Discussion

Inelastic time history analyses of the original and FRP-
retrofitted frames were performed. )e hysteretic be-
haviours of all nonlinear Link elements under every
seismic sequence were captured to be later used for
damage analyses. Figure 7 shows examples of hysteretic
behaviors of the plastic hinge at the bottom ends of inner
columns. )e effect of near-fault earthquakes can be
observed in this figure. When the pulses of near-fault
ground motions arrive, the frames responded by one or a
few large plastic cycles. )ese large plastic cycles had high
deformations; consequently, a high amount of hysteretic
energy was absorbed by the structures.

Beam

Beam

Steel plates

Slabs 12mm thick

Steel plates

Steel box to fix the frame

3300

3300

4260 × 4260

(a)

ϕ6mm/200

ϕ6
m

m
/2

00

ϕ6
m

m
/2

00

40
0

40
0

260 260

ϕ6
m

m
/2

00

ϕ8mm/300

ϕ8mm/300 ϕ8mm/300

1st floor, 8ϕ14mm 2nd floor, 4ϕ14mm

ϕ6mm/200

260

400

260

260

260

260

Reinforcement of columns

8ϕ14mm 8ϕ14mm

8ϕ14mm 8ϕ14mm

4ϕ14mm

380

4ϕ14mm
Reinforcement of beams

(Dimensions in mm)

(b)

Figure 4: )e tested two-storey RC frame [20, 95]. (a) General view. (b) Cross-sections and reinforcement details of columns and beams.
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)e hysteretic moment-rotation behaviors of all plastic
hinges in the frames were exported to Excel files which were
then imported to Matlab to compute the damage indices
using a damage model. Cumulative damage models are more
appropriate than the noncumulative damage models in as-
sessment of structures subjected to earthquakes. )e damage
index should have the magnitude varying between 0 and 1
inclusively.)e damage index should be 0 when the structures
work in their elastic range or no damage, and the damage
index should be 1 when the structures totally collapse. In
addition, the damage index should increase with the increase
of force, displacement, or number of loading cycles. )e
damage model proposed by Cao et al. [96] shown in (3),
followed by (4) and (5), satisfies the just-mentioned char-
acteristics and is thus selected to use in this paper. In this
model, Eh,1collapse and Eh,1y are, respectively, the hysteretic
energy of one complete ultimate and yielding cycle; N is the
equivalent number of yielding cycles to collapse; i is the
equivalent number of yielding cycles at the current time of
loading (i≤N); α=0.06 is amodification factor. Table 5 shows
the description and classification of damage levels based on
the ID magnitude. )e legends for the damage levels are also

included in Table 5, and these legends are used to plot the
damage states of frames in Section 6:

DI �
Eh

Eh + Erec
 

α(N−i)

, (3)

N �
Eh,1collapse

Eh,1y

, (4)

i �
Eh

Eh,1y

. (5)

Figure 8 shows the variations of damage indices of the
original and retrofitted frames subjected to seismic se-
quences. On the left in Figure 8 are the variations of DI of the
original frame, while on the right column are those of the
FRP retrofitted frames. )ree aspects can be obtained from
Figure 8. Firstly, the effects of near-fault pulses on the
original FRP retrofitted frames are significant as can be seen
in Figure 8. At the arrival of near-fault pulses, the response
structures are characterized by one or few large plastic
cycles, forcing the structures to absorb a large amount of
energy; consequently, the damage indices sharply increased.
Secondly, Figure 8 shows the effects of aftershocks on the
final damage indices of the frames under seismic sequences.
)e damage indices significantly increase when the after-
shocks arrived. )e increase of damage indices at the latter
time of seismic sequences played an important role on the
final damage state of the frame. )irdly, Figure 8 shows that
the FRP retrofitting exhibited its effectiveness in both
mainshocks and sequences. )e damage index caused by the
mainshock for the FRP retrofitted frame is small and the
frame has light damage. Because the strong mainshock
caused only light damage to the FRP-retrofitted frame, the
aftershock, which is normally weaker than the mainshock,
can increase very limited amount of damage indices for the
frame.)is light damaged FRP-retrofitted frame thus has the
low possibility to increase the damage index when the af-
tershocks occurred.

)e average damage states of four cases of earthquakes
are shown in Figure 9 for comparison. Figure 9 shows the
damage states of the frames with and without FRP retro-
fitting under mainshocks with and without aftershocks. It is
worth mentioning that the legends presented in Table 5 are
used to read the damage levels in the frames. Figure 9(a)
shows the severe damage state of the original frame sub-
jected to mainshocks. )is mainshock-damaged frame then
collapsed when the aftershock occurs as shown in
Figure 9(b). )us, the effect of aftershock increases the
damage one level from severe damage to collapse. )e
collapse initiated from the two middle columns of the first
storey.

With the FRP retrofitting, the damage of the frame is
significantly improved. Figure 9(c) shows the damage
state of the FRP retrofitted frame subjected to mainshocks.
)e damage indices reduce from collapse to light damage,
showing the effectiveness of the FRP retrofitting under
mainshocks. )e light damage occurred only at the

Table 4: )e first and second analytical periods (s) obtained from
analysis and experiment.

Period Analysis Experiment [20, 95]
First mode 0.54 0.53
Second mode 0.18 0.18
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Figure 5: History lateral displacements of the first storey obtained
from analysis and experiment [20, 95].
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bottom ends of the first storey columns, while other
plastic hinges experienced minor damage. )e effect of
aftershocks on FRP retrofitted frame is significant as can
be seen in Figure 9(d). With light damage in the

mainshocks shown in Figure 9(c), the damage indices of
FRP retrofitted frame increase the damage one level from
light damage (Figure 9(c)) to moderate damage
(Figure 9(d)).
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Figure 7: Examples of hysteretic behaviours of a plastic hinge under seismic sequences. (a) Original plastic hinge undermainshock (left) and
seismic sequence 1 (right). (b) Original plastic hinge under mainshock (left) and seismic sequence 2 (right). (c) FRP retrofitted plastic hinge
under mainshock (left) and seismic sequence 1 (right). (d) FRP retrofitted plastic hinge under mainshock (left) and seismic sequence 2
(right).
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Table 5: Cao et al. [96] damage levels and the legends.

Legend DI Description
. 0–0.05 No or minor
+ 0.05–0.25 Light
× 0.25–0.50 Moderate
▲ 0.50–0.75 Severe
● 0.75–1.00 Collapse
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Figure 8: Continued.

10 Advances in Civil Engineering



D
am

ag
e i

nd
ex

Ro
ta

tio
n 

(1
0–3

ra
d)

0.00
0.25
0.50
0.75
1.00

–10.0

–5.0

0.0

5.0

10.0

0 20 40 60 80 100 120
Time (s)

0 20 40 60 80 100 120
Time (s)

(g)

D
am

ag
e i

nd
ex

Ro
ta

tio
n 

(1
0–3

ra
d)

0.00
0.25
0.50
0.75
1.00

–10.0

–5.0

0.0

5.0

10.0

0 20 40 60 80 100 120
Time (s)

0 20 40 60 80 100 120
Time (s)

(h)

D
am

ag
e i

nd
ex

Ro
ta

tio
n 

(1
0–3

ra
d)

0 20 40 60 80 100 120 140
Time (s)

0 20 40 60 80 100 120 140
Time (s)

0.00
0.25
0.50
0.75
1.00

–10.0

–5.0

0.0

5.0

10.0

(i)

D
am

ag
e i

nd
ex

Ro
ta

tio
n 

(1
0–3

ra
d)

0 20 40 60 80 100 120 140
Time (s)

0 20 40 60 80 100 120 140
Time (s)

0.00
0.25
0.50
0.75
1.00

–10.0

–5.0

0.0

5.0

10.0

(j)

D
am

ag
e i

nd
ex

Ro
ta

tio
n 

(1
0–3

ra
d)

0 20 40 60 80 100 120 140
Time (s)

0 20 40 60 80 100 120 140
Time (s)

0.00
0.25
0.50
0.75
1.00

–10.0

–5.0

0.0

5.0

10.0

(k)

D
am

ag
e i

nd
ex

Ro
ta

tio
n 

(1
0–3

ra
d)

0 20 40 60 80 100 120 140
Time (s)

0 20 40 60 80 100 120 140
Time (s)

0.00
0.25
0.50
0.75
1.00

–10.0

–5.0

0.0

5.0

10.0

(l)

Figure 8: Continued.
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Figure 8: Variations of damage indices during seismic sequences. (a) Original frame under sequence 1. (b) FRP-retrofitted frame under
sequence 1. (c) Original frame under sequence 2. (d) FRP-retrofitted frame under sequence 2. (e) Original frame under sequence 3. (f ) FRP-
retrofitted frame under sequence 3. (g) Original frame under sequence 4. (h) FRP-retrofitted frame under sequence 4. (i) Original frame
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sequence 6. (m) Original frame under sequence 7. (n) FRP-retrofitted frame under sequence 7. (o) Original frame under sequence 8. (p)
FRP-retrofitted frame under sequence 8.
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Figure 10 shows the distribution of storey damage
indices, while Figure 11 shows the maximum damage in-
dices of the original and FRP-retrofitted frames with and
without aftershocks. )e top storey experienced the least
damage, while the most severe damage occurred in the
bottom ends of the first storey. )e first storey suffered the
most severe damage. Of the original frame, the aftershock
increased the damage index from 0.577 to 0.841, shifting
the damage state from severe damage to collapse. On the
contrary, the damage index of the FRP retrofitted frame
was only 0.153 (light damage) in the mainshock and the
damage index increased to 0.276 which is moderate
damage.

Figures 10 and 11 also show an important aftershock
effect. )e aftershock increases the damage of the original
frame one level from severe damage to collapse. After-
shocks have a similar effect on the FRP-retrofitted frame,
increasing the damage one level from light damage to
moderate damage. )us, the collapse potential of after-
shocks is high because the damage was cumulated during
the mainshocks.

7. Conclusions

In this paper, a four-storey RC frame representing low-rise
building structures was selected. )e frame was designed with
large spacing of stirrups, leading to low ductility. Also, the
effects of near-fault earthquakes and aftershocks were not taken
into account in the design.)e frame was retrofitted using FRP
wraps at the plastic hinge locations. Mainshock records were
selected and scaled to match the design response spectrum
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Figure 9: Damage states of the original and FRP-retrofitted frames. (a) Damage of original frame subjected to mainshocks. (b) Damage of
original frame subjected tomainshock-aftershock sequences. (c) Damage of GFRP-retrofitted frame subjected tomainshocks. (d) Damage of
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established for structures located in near-fault regions. After-
shock records were also selected based on the modified Bath’s
law, predominant periods, and PGAs of the mainshocks and
aftershocks. Inelastic time history analyses of the original and
FRP-retrofitted frames subjected to only near-fault mainshocks
(traditional earthquakes) and near-fault mainshock-aftershock
sequences were conducted.)e hysteretic behaviours of plastic
hinges resulting from inelastic time history analyses were then
exported to compute the cumulative damage indices. )e
obtained results lead to the following conclusions.

(1) )e effects of near-fault earthquakes to RC frames with
or without FRP retrofitting are significant. )e re-
sponses and damage indices of RC frames can be
characterized by those at the arrival of the near-fault
pulses. )e damage indices of the frames subjected to
near-fault mainshocks increase sharply in a very short
time when the pulses of near-fault earthquakes arrived.

(2) Although the aftershocks are generally weaker than the
mainshocks, the aftershocks significantly increase the
damage indices of the frames, shifting the damage state
of the frame from severe damage to collapse for the
original frame and from light damage to moderate
damage for the FRP retrofitted frame.)is is attributed
to the damage in the near-fault mainshocks which
already weakens the frames; thus, the aftershocks easily
increase a significant amount of damage indices. Im-
portantly, the damage caused by aftershocks is critical
in deciding the final damage states of the frames.
)erefore, the traditional design using single earth-
quakes has shown its shortcomings, and it is strongly
recommended to take the effects of aftershocks into
account in the seismic design of RC structures.

(3) )e damage indices of the FRP retrofitted frame
were significantly lower than those of the original
frame. )e FRP wraps successfully reduced the
damage of the frame two levels from severe damage
(original frame) to light damage (FRP-retrofitted
frame) when subjected to mainshocks and two
levels from collapse to moderate damage when
subjected to seismic sequences, showing the effec-
tiveness of FRP retrofitting. FRP can thus be a
material for strengthening RC structures located in
near-fault regions which have strong mainshocks
with or without aftershocks.
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[39] J. Ruiz-Garćıa, M. V. Maŕın, and A. Terán-Gilmore, “Effect of
seismic sequences in reinforced concrete frame buildings
located in soft-soil sites,” Soil Dynamics and Earthquake
Engineering, vol. 63, pp. 56–68, 2014.

[40] M. Hatzivassiliou and G. D. Hatzigeorgiou, “Seismic sequence
effects on three-dimensional reinforced concrete buildings,”
Soil Dynamics and Earthquake Engineering, vol. 72, pp. 77–88,
2015.

[41] F. Yang, G. Wang, and Y. Ding, “Damage demands evaluation
of reinforced concrete frame structure subjected to near-fault
seismic sequences,” Natural Hazards, vol. 97, no. 2,
pp. 841–860, 2019.

[42] J. Shin, J.-S. Jeon, and J. Kim, “Mainshock-aftershock re-
sponse analyses of FRP-jacketed columns in existing RC
building frames,” Engineering Structures, vol. 165, pp. 315–
330, 2018.

[43] G. P. Mavroeidis and A. Papageorgiou, “A mathematical
representation of near-fault ground motions,” Bulletin of the
Seismological Society of America, vol. 93, no. 3, pp. 1099–1131,
2003.

[44] A. Moustafa and I. Takewaki, “Characterization and modeling
of near-fault pulse-like strong ground motion via damage-
based critical excitation method,” Structural Engineering and
Mechanics, vol. 34, no. 6, pp. 755–778, 2010.

[45] E. Kalkan and S. K. Kunnath, “Effects of fling step and forward
directivity on seismic response of buildings,” Earthquake
Spectra, vol. 22, no. 2, pp. 367–390, 2006.

[46] V. V. Bertero, S. A. Mahin, and R. A. Herrera, “Aseismic
design implications of near-fault san fernando earthquake
records,” Earthquake Engineering & Structural Dynamics,
vol. 6, no. 1, pp. 31–42, 1978.

[47] L.-Y. Lu and G.-L. Lin, “Improvement of near-fault seismic
isolation using a resettable variable stiffness damper,” Engi-
neering Structures, vol. 31, no. 9, pp. 2097–2114, 2009.

[48] K. Galal and M. Naimi, “Effect of soil conditions on the
response of reinforced concrete tall structures to near-fault
earthquakes,” "e Structural Design of Tall and Special
Buildings, vol. 17, no. 3, pp. 541–562, 2008.

[49] S. W. Park, H. Ghasemi, J. Shen, P. G. Somerville, W. P. Yen,
and M. Yashinsky, “Simulation of the seismic performance of
the bolu viaduct subjected to near-fault ground motions,”

Advances in Civil Engineering 15



Earthquake Engineering & Structural Dynamics, vol. 33,
no. 13, pp. 1249–1270, 2004.

[50] K. Galal and A. Ghobarah, “Effect of near-fault earthquakes
on North American nuclear design spectra,” Nuclear Engi-
neering and Design, vol. 236, no. 18, pp. 1928–1936, 2006.

[51] J. W. Baker, “Quantitative classification of near-fault ground
motions using wavelet analysis,” Bulletin of the Seismological
Society of America, vol. 97, no. 5, pp. 1486–1501, 2007.

[52] F. Mollaioli, S. Bruno, L. D. Decanini, and G. F. Panza,
“Characterization of the dynamic response of structures to
damaging pulse-type near-fault ground motions,” Meccanica,
vol. 41, no. 1, pp. 23–46, 2006.

[53] S. Krishnan, “Case studies of damage to 19-storey irregular
steel moment-frame buildings under near-source ground
motion,” Earthquake Engineering & Structural Dynamics,
vol. 36, no. 7, pp. 861–885, 2007.

[54] G. Manfredi, M. Polese, and E. Cosenza, “Cumulative demand
of the earthquake ground motions in the near source,”
Earthquake Engineering & Structural Dynamics, vol. 32,
no. 12, pp. 1853–1865, 2003.

[55] H. Choi, M. S. Saiidi, P. Somerville, and S. El-Azazy, “Ex-
perimental study of reinforced concrete bridge columns
subjected to near-fault ground motions,” ACI Structural
Journal, vol. 107, no. 1, pp. 3–12, 2010.

[56] K. C. Tsai, C. P. Hsiao, andM. Bruneau, “Overview of building
damages in 921 Chi-Chi earthquake,” Earthquake Engineering
and Engineering Seismology, vol. 2, no. 1, pp. 93–108, 2000.

[57] V. V. Cao, H. R. Ronagh, and H. Baji, “Seismic risk assessment
of deficient reinforced concrete frames in near-fault regions,”
Advances in Concrete Construction, vol. 2, no. 4, pp. 261–280,
2014.

[58] W.-I. Liao, C.-H. Loh, and S. Wan, “Earthquake responses of
RC moment frames subjected to near-fault ground motions,”
"e Structural Design of Tall Buildings, vol. 10, no. 3,
pp. 219–229, 2001.
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