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Abstract

Structures in earthquake-prone areas are not subjected to a single seismic event, but also
to a seismic sequence consisting of mainshock and several aftershocks. However, the influ-
ence of seismic sequence on performance of structures has not been addressed in majority
of existing seismic codes. This paper investigates the effect of repeated earthquakes on per-
formance of steel buckling restrained braced frames. For this purpose, 4-story and 10-story
prototype buckling restrained braced frames, designed according to Iranian building codes,
are exposed to five seismic sequences. Nonlinear time history analyses are conducted and
the responses of frames are measured in terms of maximum inter-story and residual drifts.
Furthermore, Park—Ang damage indices and global ductility factors are obtained for braced
frames under examined mainshocks and mainshock—aftershock sequences. From the results
of this research, it is found that the seismic sequence has the potential to increase the inter-
story drift, residual drift, damage index and global ductility factor of buckling restrained
braced frames. It is also highlighted that the spectral acceleration of mainshock—aftershock
sequence, in comparison to that of single event mainshock, considerably affects the perfor-
mance of buckling restrained braced frame under repeated earthquakes.

Keywords Seismic sequence - Buckling restrained brace - Inter-story drift - Residual drift -
Seismic damage - Global ductility factor

1 Introduction

Buildings located in high-seismic regions are subjected to repeated earthquakes rather than
a single seismic event. Generally, contemporary seismic code regulations are based on
design earthquake and do not consider the repeated earthquake phenomena. However, past
studies have shown that the structural response and damage may be significantly increased
due to seismic sequence, since the rehabilitation procedure between seismic sequences
cannot be essentially possible due to lack of time. During an earthquake, aftershock events
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are triggered by the mainshock due to both static stress and dynamic stress variations (Aki
1984; Dalguer et al. 2002). Particularly, seismologists have stated that following the main-
shock, the aftershocks occurs due to rupture of asperities and barriers in a fault (Ruff and
Kanamori 2003). Historical earthquakes have revealed that the aftershocks are able to rise
the damage state at the end of the mainshock. The significant residual displacements after
the mainshock may result in technical difficulties in repairing of buildings, which can be
considered as an upcoming threat due to the aftershock.

Several past studies have paid attention to the influence of seismic sequence on perfor-
mance of structures. Seismic response of single-degree of freedom (SDOF) systems under
repeated earthquakes have been widely investigated (Mahin 1980; Amadio et al. 2003;
Luco et al. 2004; Hatzigeorgiou and Beskos 2009; Hatzigeorgiou 2010). Furthermore, the
seismic response of multi-degree of freedom systems was studied by several researchers
(Fragiacomo et al. 2004; Lee and Foutch 2004; Li and Ellingwood 2007). Hatzigeorgiou
and Liolios (2010) studied the seismic response of reinforced concrete frames under five
as-recorded and 40 artificial seismic sequences and it was found that the ductility demands
were increased due to repeated earthquakes. Garcia and Manriquez (2011) studied the
effect of seismic sequence on response of steel moment resisting frames in Mexico and it
was resulted that, in contrast to previous studies, as-recorded aftershocks do not consid-
erably increase residual and peak inter-story drift demands. Furthermore, Loulelis et al.
(2012) investigated the seismic response of steel moment resisting frames subjected to a set
of as-recorded and synthetic seismic sequences and they found that the peak inter-story and
residual drifts of steel frames were increased due to the recurrence of earthquakes. Moreo-
ver, Garcia (2012) observed that the response of structures under as-recorded real seis-
mic sequences is very different from that of artificial sequences. It was also found that the
post-mainshock response of structures is significantly influenced by predominate period of
aftershock.

A numerical approach for estimating the effects of repeated earthquakes on seismic
response of structures strengthened by cable-elements was proposed by Liolios et al.
(2013).

Martinez et al. (2014) assessed the response of two steel moment resisting frames sub-
jected to artificial seismic sequences, where it was observed that the inter-story drifts were
significantly increased due to seismic sequence.

The response of tall RC buildings strengthened by cables and subjected to multi-
ple earthquakes was investigated by Liolios et al. (2015). Furthermore, behavior of steel
frames equipped with buckling restrained brace (BRB), subjected to seismic sequences,
was investigated by Guerrero et al. (2017). It was found that the effect of aftershocks on
response of dual buckling restrained braced frames is significant when the peak ground
velocity (PGV) of the aftershock is similar to that of mainshock. Moreover, three-dimen-
sional response of steel moment resisting buildings under seismic sequences were studied
by Garcia et al. (2018). This study revealed that the modelling method in 3-D models has
major influence in seismic response of steel framed-buildings under seismic sequences. It
was also demonstrated that 3-D building models experience different response than the 2-D
model. It was also shown that the seismic response is different, with differences depending
on the angle of incidence of the orthogonal components of the seismic sequences and the
number of stories.

The effect of earthquake recurrence on response modification factor of steel moment-
resisting frames was investigated by Abdollahzadeh and Sadeghi (2018). Another research
by Morfuni et al. (2019) on dual systems equipped with BRBs showed that BRB’s capacity
could be potentially affected by earthquake recurrence.

@ Springer



Bulletin of Earthquake Engineering (2021) 19:241-262 243

Buckling Restrained Braces exhibit a balanced hysteretic response by axial yielding under
tension and compression forces during severe earthquakes. Compared with other seismic
energy dissipation systems like conventional steel braces or cable (only-tension) bracing sys-
tem (Massumi and Absalan 2013), BRBs possess several advantages like relatively low-cost
construction, easy fabrication, inspection and replacement after severe damages.

BRBs are usually used for the seismic upgrading of existing framed systems, steel or rein-
forced concrete (RC) ones and so they constitute a dual system with the original frame. Fur-
thermore, a study by Hoveidae and Habibi (2019) indicated that BRBs significantly enhance
the progressive collapse capacity of steel moment resisting frames.

Several past studies have demonstrated that BRBs act like a ductile fuse member, produc-
ing significant ductility and energy dissipation capacity (Merrit et al. 2003; Black et al. 2000;
Tremblay et al. 2006). In a typical BRB, local buckling of the core member and global buck-
ling of the entire brace are inhibited by a restraining mechanism. During past decades, a num-
ber of experimental and theoretical studies have focused on seismic response of BRBs. Sabelli
et al. (2003) investigated the seismic demands on BRBs through nonlinear time history analy-
sis of braced frames. Hoveidae and Rafezy (2012) investigated the global buckling behavior
of all-steel BRBs through finite element analysis method. Guo et al. (2017) proposed a new
type of BRBs called core-separated buckling-restrained brace (CSBRB) and theoretically and
experimentally investigated the behavior of the brace. Fahnestock et al. (2007) performed non-
linear analyses on a 4-story BRB frame and determined the mean maximum residual story
drifts as 0.5 and 1.2% under DBE and MCE ground motion ensembles, respectively.

Component testing of steel-core buckling restrained braces with pinned end connections
was conducted by Celik et al. (2015). Avci-Karatas et al. (2018) experimentally examined
the seismic response of aluminum-alloy and steel core buckling restrained braces. Moreover,
Avci-Karatas et al. (2019) studied the modeling of BRBs using full-scale experimental data.

Majority of prior studies on BRBs concentrate on detailing and seismic response of buck-
ling restrained braced frames (BRBFs) under single earthquake phenomenon. However,
BRBFs in seismic-prone zones may be exposed to multiple earthquake events. Unlike steel
moment-resisting frames, only a handful of studies have focused on performance of BRBFs
under earthquake recurrence (Guerrero et al. 2017; Morfuni et al. 2019).

This paper aims to present the results of seismic analyses conducted on buckling restrained
braced frames subjected to repeated earthquakes. 4-story and 10-story steel buckling restrained
braced frames, representing the existing low to medium-rise BRBFs, were considered. The
finite element 2D models of prototype BRBFs were created in Opensees (2014) and were sub-
jected to five as-recorded seismic sequences. The seismic sequence ensemble was extracted
from pacific earthquake engineering research center (PEER) ground motion database. Non-
linear time history analyses were conducted on prototype models and structural responses in
terms of peak inter-story and residual drifts were acquired. Moreover, Park-Ang cumulative
damage indices and global ductility demands were obtained.

2 Description of prototype buildings

Diagonally braced steel frames with pinned connections were considered for seismic analy-
sis. A rectangular-shaped plan including four bays of 5 m in each direction and typical
story height of 3.2 m were supposed for prototype buildings. The work-point to work-point
length of braces was specified as 5940 mm, according to geometric specification of the
braced frames. First, the prototypes were modeled and designed in Etabs (2016). 4-story
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and 10-story diagonally braced residential buildings located on type III soil and in a very
high seismicity zone with a PGA of 0.35 g, were considered. Composite steel deck floor
system with dead and live loads of 3.5 and 3.8 KN/m, respectively, was assumed. More-
over, dead and live loads of 3 and 1.5 KN/m were specified for the roof. The external
and the internal partition walls were supposed to impose dead loads of 1.5 KN/m and 1
KN/m, respectively. The grade 50 (ASTM A572) steel material with the yielding stress of
353 MPa and Poisson ratio of 0.3 was assumed for beams and columns. In addition, the
yielding capacity and Young modulus of the core steel in BRBs were assumed as 370 MPa
and 200 GPa, respectively. At the first step, the prototype buildings were designed per Ira-
nian standard codes (2014). As a result, BRB core areas were determined considering pre-
scribed loading combinations. Figure 1 illustrates the plan view and elevation of prototype
buildings. In addition, Table 1 summarizes the seismic data of prototype building models.
Moreover, Table 2 determines member sizes in buckling restrained braced frames. Tabu-
lated values of R and C in Table 1 symbolize the response modification factor and base
shear coefficient, respectively. Additionally, 7,,,icq @0d Ty ap0icq COTrESpondingly repre-
sent empirical and analytical period of BRBFs. According to Iranian seismic code (2014),
the fundamental period of structure shall be taken as the minimum of 1.257,,,,.,, and

Tanalytical .

3 Modelling assumptions

Two-dimensional numerical models of 4-story and 10-story BRBFs were developed
in Opensees software. As shown in Fig. la, the middle frame "C" was selected for the
analysis. The geometric specifications of structural elements were specified per Table 2.
Nonlinear-beam-column elements were identified for beams and columns. In addi-
tion, corotational truss elements were specified for BRBs. A pinned connection utilizing
zerolength element was also specified at beams and columns ends. Dummy columns as

10-story
X " .
& &
i " i
I " . a a a \ £ a a a N
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Fig.1 a Plan view, b Elevation view of buckling restrained braced frames
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Table 1 Seismic parameters of

prototype buildings Seismic parameters 4-Story 10-Story
PGA(g) 0.35 0.35
R 7.0 7.0
c 0.14 0.12
T ppiricat (5) 0.34 0.67
1257 pivicar (5) 0.42 0.83
T patyiical (5) 0.82 1.50
Table 2 Member sizes of BRBFs Model Story Column Beam BRB core
area (cm?)
4-Story 1 W12x53 WI12x19 16
2 W12x53 W12x19 14
3 W12x35 WI12x19 12
4 W12x35 WI12x19 7
10-Story 1 W12x230 W12x19 36
2 W12x230 W12x19 36
3 W12x230 WI12x19 36
4 W12x136 W12x19 34
5 W12x136 W12x19 32
6 W12x136 WI12x19 28
7 W12x136 WI12x19 24
8 W12x50 Wi12x19 20
9 W12x50 Wi12x19 14
10 W12x50 W12x19 8

elastic-beam-column elements, having moments of inertia and cross sectional areas consid-
erably larger than frame columns, were employed to account for P-delta effects. Zerolength
rotational spring elements with small stiffness were used to connect dummy columns to
beam-column joints. Rigid links using truss elements were responsible for connection of
dummy columns and the main frame, thus transferring the P-delta effects. The beam ele-
ments were supposed to sustain gravity loads tributary to the frame members while the
remaining gravity loads were applied to the leaning columns. Inherent damping was mod-
eled by Rayleigh damping via setting the critical damping ratio to 2% at the fundamental
and third modes of the structure. Grade 50 steel with steel02 material model was speci-
fied for all beams and columns. Furthermore, SteelBRB elastoplastic material model (Zona
and Dall’Asta 2012) was identified for BRBs. Comparison between model prediction and
experimental measurements conducted by Tremblay et al. (2006) is represented in Fig. 2.
Table 3 summarizes the SteelBRB material parameters. In Table 3, E and F, denote the
Young modulus and yielding stress of the core, respectively. Furthermore, F;max, FJ o
characterize the maximum tension yield force of fully saturated isotropic hardening condi-
tion in tension and compression, respectively. K, K, K| and K correspondingly specify
the initial stiffness in tension, initial stiffness in compression, post-yield stiffness in ten-
sion and post-yield stiffness in compression. Additionally, parameters 6+ and 6 account for
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Fig.2 Calibration of SteelBRB 2.0
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hardening constants in tension and compression, respectively. The constants of plastic flow
in tension and compression are specified by a* and a~, respectively (Zona and Dall’Asta
2012).
The cross section of a BRB core is naturally variable over its length. An exact model of
a BRB should reflect all parts of the core member serially connected together. However,
for simplicity, the analytical model may be assumed as a single element, representative for
core yielding portion, provided that an effective modulus of elasticity, E,, is proposed for
the core steel material, as follows (Prinz and Richards 2012):
By =B (1)
‘yield

where L,, and L, represent the work-point to work-point length of the BRB and the
yielding length of the core, respectively. In this paper, a yielding length ratio of 0.7 was
assumed for BRBs.

The rigid diaphragm at story levels was modeled using the constraint of equal degree
of freedom of story nodes. A lumped mass system was considered in dynamic time history
analysis. In addition, P-delta geometric transformation was assigned for beams and col-
umns. Figure 3 represents the Opensees model of 4-story BRBF.

4 Mainshock-aftershock sequence

The strong ground motion database used in this paper consists of five real seismic sequences,
which have been recorded in a short time period at the same site and station. The seismic
sequences, extracted from PEER ground motion database, are summarized in Table 4. The
records are compatible with soil type D, which was assumed for the design of prototype
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Fig.3 The sketch of 2D BRBF model in Opensees

BRBFs. The seismic record ensemble includes Mammoth lakes (May 1980-2 events), Chal-
fant valley (July 1986, 2 events), Coalinga (July 1983, 2 events), Northwest China (April 1997,
2 events) and Whittier Narrows (October 1987, 2 events) earthquakes. Single ground motion
records were combined to characterize sequential records. A time gap of 20 s with zero accel-
eration between single earthquake events was specified to assure the rest of structure at the
end of mainshock and before the aftershock. Figure 4 illustrates the time histories of examined
sequential records. The elastic spectra of the scaled ground motions for 4-story and 10-story
BRBFs, considering 2% damping ratio, are also represented in Figs. 5 and 6, respectively.
The phase 1 and phase 2 spectral accelerations in Figs. 5 and 6 correspond to mainshock and
aftershock, respectively. For compatibility reasons with design procedure, seismic sequences
were scaled to Design Basis Earthquake (DBE) target spectrum, according to Iranian seis-
mic code of practice (2014). Similar scale factors were used for mainshock and consequent
aftershocks, as shown in Table 4. As appears in Table 4, in all examined seismic sequences,
the Peak Ground Acceleration (PGA) of the aftershock is greater than that of correspond-
ing mainshock. By comparing the elastic spectra of seismic sequences in Fig. 4, it is evident
that the spectral accelerations of Coalinga, Chalfant valley and Northwest China mainshock-
aftershock sequences are similar to those of corresponding aftershocks, which demonstrates
that the aftershock can control the response of structure. In contrast, in Witter Narrows and
Mammoth lakes seismic events, the spectral accelerations of mainshock-aftershock sequences
overlap the corresponding mainshocks. By knowing the fundamental period of 4-story BRBFs
from modal analysis, which is determined as 0.8 s, it is evident that the spectral accelerations
of seismic sequences of Coalinga, Chalfant valley and Northwest China events are greater
compared with corresponding mainshocks, which implies that the earthquake recurrence
tends to increase the seismic response of structure. However, as shown in Fig. 5, the spec-
tral accelerations of Whittier Narrows and Mammoth lakes sequences, corresponding to fun-
damental period of 4-story BRBF, are smaller in comparison to corresponding mainshocks,
which demonstrates that the mainshock controls the response and seismic demand on the
structure would not be increased due to earthquake recurrence. Similar comparison can be
made for 10-story BRBFs, by substituting the fundamental period of 1.5 s in spectral accelera-
tions of earthquake scenarios illustrated in Fig. 6. It is worth mentioning that a non-degrading
material behavior was assumed for BRBs in this research. Past studies have clarified that a
BRB generally exhibits non-degrading response with positive post-yield stiffness under seis-
mic events (Merrit et al. 2003; Tremblay et al. 2006; Ma et al. 2008). Typically, the governing
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Fig.4 Time histories of examined real seismic sequences

limit state in steel members that are expected to resist large seismic forces by sustaining large
inelastic deformations is the ultra-low cycle fatigue (ULCF) fracture (Kanvinde and Deier-
lein 2007). In ULCF regime, fracture triggers due to a few (less than 20 cycles) large plastic
strains. The void growth and coalescence-type mechanisms govern the physical processes of
ULCF (Kanvinde and Deierlein 2007). Unfortunately, despite the ability to capture low cycle
fatigue response, Opensees cannot predict ultra-low cycle fatigue fracture and thus other FEM
programs like ABAQUS may be utilized to estimate ultra-low cycle fatigue life of BRBs via a
micromechanics-based fatigue rules. Future studies may concentrate on seismic response of
BRBs subjected to repeated earthquakes, considering ultra-low cycle fatigue response of the
core member.
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Fig.5 Elastic response spectra of scaled seismic events for 4-story BRBF

5 Response of BRBFs under seismic sequence

In this section, inelastic responses of prototype 4-story and 10-story BRBFs subjected to
examined mainshocks and mainshock-aftershock sequences are presented. For this purpose,
first, the models were subjected to prescribed gravity loads and then the lateral loads were
applied. Nonlinear time history analysis is a powerful tool to acquire dynamic structural
responses under time-varying loading protocols, considering structural geometry and materi-
als nonlinearity. To this end, the dynamic equilibrium equations are numerically solved by
several methods like direct integration or modal techniques. The size of step time may notice-
ably affect the structural responses in direct-integration methods. Therefore, the step time
should be reduced until results are not affected. Nonlinear time history analyses using New-
mark’s integration method were conducted in Opensees and structural responses in terms of
Inter-Story Drift Ratio (ISDR) and Residual Drifts Ratio (RDR) were acquired. Figures 7 and
8 illustrate the height-wise distribution of ISDR and RDR demands in prototype models. As
shown on Figs. 7 and 8, in both 4-story and 10-story BRBFs, the ISDR and RDR demands
due to mainshock-aftershock sequences of Chalfant valley, Coalinga and Northwest China
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Fig.6 Elastic response spectra of scaled seismic events for 10-story BRBF

earthquakes are relatively larger, in comparison to those of corresponding mainshocks. How-
ever, the mainshock-aftershock sequences of Whittier Narrows and Mammoth lakes do not
significantly affect the response, since the spectral accelerations of their aftershocks remain
below the spectral accelerations of corresponding mainshock-aftershock sequences, as shown
in Figs. 5 and 6. The average ISDR and RDR demands are represented in Figs. 9 and 10.
According to FEMA356 (2000), the drift limit states for steel braced frame corresponding to
collapse prevention (CP) and life safety (LS) limit states are 2% and 1.5%, respectively, while
the corresponding residual drift ratios are 2% and 0.5%. The average ISDR demand of 4-story
BRBF under examined mainshocks is 1.68%, which is below the CP limit state. The corre-
sponding value for mainshock-aftershock sequence is around 2.6%, which indicates that the
seismic sequences lead to larger drift response, in comparison with single events. The aver-
age ISDR under examined seismic sequences is around 1.46 times of the average ISDR under
corresponding mainshocks, as shown in Fig. 9. Moreover, the comparison of average RDR
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Fig. 8 Height-wise distribution of ISDR and RDR demands in 10-story BRBF

demands under mainshocks and mainshock-aftershock scenarios demonstrates that the seismic
sequences considerably increase the permanent drift of structure. The average RDR demand
of 4-story BRBF under examined mainshock-aftershock sequences is around 3.5 times of cor-
responding value under mainshock. Furthermore, the average RDR under seismic sequences
exceeds the LS limit state, as shown in Fig. 9. Similar results are obtained for 10-story BRBFs
subjected to as-recorded seismic events. As represented in Fig. 10, the average ISDR and RDR
demands of 10-story BRBFs are significantly increased. The average ISDR of 10-story BRBF
subjected to mainshock-aftershock sequences is 1.26 times of that of mainshocks. In addi-
tion, the ISDR demands under mainshock-aftershock sequence exceed the CP limit state. The
peak average RDR demand of 10-story model under mainshock-aftershock sequence is around
three times of that of mainshock. Additionally, the average RDR demand under seismic
sequence exceeds the LS limit state, as appears in Fig. 10. In summary, the ISDR demands of
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Fig. 10 Comparison of average ISDR and RDR demands in 10-story BRBF

4-story and 10-story prototype BRBFs under Coalinga, Chalfant valley and Northwest China
sequences are significantly increased. However, since the spectral accelerations of Mammoth
lakes and Whittier Narrows sequences, corresponding to fundamental period of examined
BRBFs, are similar to those of corresponding mainshocks, they do not lead to increase of
ISDR. Furthermore, it is found that the seismic sequence does not necessarily increase the
RDR demands. In 4-story BRBF, the RDR demands are increased under all sequences, except
the Mammoth lake earthquake. However, in 10-story BRBF, the RDR demands are kept con-
stant under Mammoth lakes and Coalinga seismic sequences, compared with their correspond-
ing mainshocks. The spectral acceleration of mainshock-aftershock sequence corresponding
to fundamental period of structure, in comparison to that of mainshock, is found to be the
most influential parameter that controls the peak drift response under seismic sequence. It is
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evident that, due to the earthquake recurrence, increased average ISDR and RDR demands are
required, in comparison with drifts for any of single event mainshocks.

6 Time histories of roof displacement

Time histories of roof displacements in 4-story and 10-story BRBFs under examined main-
shocks, aftershocks and mainshock-aftershock sequences are correspondingly provided in
Figs. 11 and 12. The peak roof displacement (PRD) under Coalinga, Chalfant valley and
Northwest China mainshock-aftershock sequences are considerably greater compared with
those of corresponding mainshocks, as represented in Table 5. However, the PRD demands
are kept constant under seismic sequences of Northwest China and Mammoth lakes, since the
response is controlled by the mainshock rather than the mainshock-aftershock sequence, as
discussed earlier. The spectral accelerations of Coalinga mainshock and mainshock-aftershock
sequence, corresponding to the fundamental period of 10-story BRBF, are very close together,
as shown in Fig. 6, which can lead to similar peak roof displacements under mainshock and
mainshock-aftershock sequence. However, the roof residual displacement at the end of Coal-
inga mainshock leads to larger displacement value under mainshock-aftershock sequence. In
other words, the roof displacement of 10-story BRBF under Coalinga mainshock-aftershock
is potentially increased due to the permanent displacement resulted from the mainshock,
despite the spectral accelerations of mainshock and mainshock-aftershock sequence overlap at
the fundamental period of examined structure. This phenomenon is only evident in Coalinga
earthquake, while the spectral accelerations of other seismic sequences corresponding to the
fundamental period of structure (i.e. 0.8 s for 4-story and 1.5 s for 10-story BRBF) are larger
compared with those of corresponding mainshocks, as shown in Fig. 5. The residual roof dis-
placement (RRD) demands of 4-story and 10-story BRBFs are summarized in Table 5. As
appears in Table 5, in all examined BRBFs, except the 4-story BRBF under Mammoth lake
earthquake and 10-story BRBF under Coalinga seismic sequences, the RRD demands under
mainshock-aftershock sequences are significantly larger compared with those of correspond-
ing mainshocks. Consequently, the earthquake recurrence does not necessarily increase the
residual displacement of roof. It may depend on the frequency content of earthquake sequence.
It is evident that, due to the recurrence of seismic events, amplified displacement demands are
required. The maximum roof displacement for the case of Northwest China seismic sequence
is increased by 300%, in comparison with the maximum displacement under single event
earthquake, as shown in Table 5. The spectral acceleration of mainshock-aftershock sequence,
compared with the spectral acceleration of single event mainshock, appears to control the peak
roof displacement. From the results of this section, the amplified peak and permanent roof
displacements under earthquake recurrence, which have not yet been addressed in existing
building code of practice, should be taken into consideration for seismic design of buckling
restrained braced frames.

7 Global ductility demand

The former section designated that while the spectral acceleration of mainshock—after-
shock sequence, corresponding to fundamental period of structure, is greater compared
with single event mainshock, the earthquake recurrence requires increased displacement
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Fig. 11 Roof displacement time histories of prototype 4-story BRBFs

and ductility demands. The global ductility factor, i, can be defined as the ratio of maxi-
mum roof displacement u,,,, and corresponding yielding displacement u, (Chopra 2006),
as follows:

max

K== ()]

The global ductility demands of 4-story and 10-story BRBFs are evaluated and illustrated
in Table 6. As appears in Table 6, the global ductility demands are significantly increased
under mainshock-aftershock sequences of Chalfant valley, Northwest China and Coalinga.
This implies that the BRBs are expected to experience larger ductility demands while sub-
jected to repeated earthquakes. The increased ductility demands of BRBs under earthquake
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Fig. 12 Roof displacement time histories of 10-story BRBFs

recurrence affects the core strain demands, which may significantly reduce the ultra-low cycle
fatigue fracture life of the core. As shown in Table 6, the global ductility demand remains
approximately constant under Mammoth lakes and Whittier Narrows sequences, while it is
increased by more than 300% under sequence of Northwest China. This outcome may be jus-
tified by the comparison of spectral accelerations of examined mainshocks and mainshock-
aftershock sequences, similar to the discussions represented for inter-story and residual drift
responses of BRBFs in previous sections of this paper.
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Table 6 Global ductility
demands under examined

earthquake scenarios 4-story BRBF 10-story BRBF

Events Global ductility factor (u)

Chalfant valley

Mainshock 4.1 1.8

Sequence 7.1 3.8
Northwest China

Mainshock 1.5 0.9

Sequence 5.0 2.7
Coalinga

Mainshock 1.9 12

Sequence 34 2.0
Mammoth lakes

Mainshock 2.9 2.0

Sequence 2.9 2.0
Whittier narrows

Mainshock 6.1 2.5

Sequence 6.1 2.5

8 Determination of cumulative damage

The well-known Park-Ang damage index (DI) for structural elements is calculated per seis-
mic event. The damage index proposed by Park and Ang (1985) is a combination of hyster-
etic energy and maximum displacement demand, as in the following:

6 B

DI =2+
8, O,P,

dE, 3)

where §,, and 6, correspondingly designate the maximum and the ultimate deformation
of the element. Furthermore, f is a constant to control strength deterioration, which is
assumed as 0.15 in this study (Kaveh et al. 2014). The term [ dE), denotes hysteretic energy
dissipated by the element during the seismic event and P, represents the yield strength of
the element. In this study, it is assumed that the damage is localized only in BRB elements.
The global damage index, which is a combination of local damage indices, can be esti-
mated as follows (Vasilopoulos and Beskos 2006):

5 i

DI =
¢ " DI,

“4)

in which DI represents the global damage index and DI signifies the local damage index
of member “i”. The global damages in terms of Park-Ang damage index under examined
seismic events are summarized in Table 7. As shown in Table 7, the damage indices of
4-story and 10-story BRBFs under Northwest China, Chalfant valley and particularly
Coalinga sequences are increased, compared with single event mainshocks. However, the
damage indices remains constant for BRBFs subjected to Mammoth Lakes and Whittier
Narrows sequences. The Park-Ang damage index for different levels of performance is rep-
resented in Table 8. Considering the data provided in Table 8, the damage indices under
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Table 7 Park-Ang global damage

indices Nos. Event Global damage index
4-story 10-story
1 Chalfant valley (MS') 0.10 0.10
2 Chalfant valley (Seq?) 0.28 0.25
3 Northwest China (MS) 0.04 0.11
4 Northwest China (Seq) 0.11 0.17
5 Coalinga (MS) 0.04 0.04
6 Coalinga (Seq) 0.07 0.07
7 Mammoth lakes (MS) 0.07 0.09
8 Mammoth lakes (Seq) 0.08 0.10
9 Whittier narrows (MS) 0.13 0.10
10 Whittier narrows (Seq) 0.14 0.11

1-Mainshock; 2-Sequence

Table 8 Park-Ang damage index

Park-A i Perfor-
for different performance levels ark-Ang damage index erlor
mance
level
0-0.2 (0]
0.2-0.5 LS
0.5-0.8 Cp

Chalfant valley sequence exceeds the immediate occupancy (IO) limit state, while the
damage states remain below the IO limit state in other cases. The increased damage index
of prototypes under Northwest China, Chalfant valley and especially Coalinga sequences
can be related to higher energy dissipation capacity and ductility of structure under men-
tioned seismic sequence. As a result, the earthquake recurrence has the potential to signifi-
cantly increase the cumulative damage index and change the performance level of struc-
tures. Nevertheless, the global damage index is only surveyed for idealized single event
earthquakes in most of existing seismic codes.

9 Summary and conclusion

Repeated earthquakes can significantly affect the structural response. Unlike steel moment-
resisting frames, performance of buckling restrained braced frames under real seismic
sequences has not been addressed sufficiently in the literature. This paper examines the
seismic response of steel buckling restrained braced frames under earthquake recurrence.
For this purpose, five real seismic events downloaded from PEER ground motion data-
base were considered. 4-story and 10-story buckling restrained braced frames were sub-
jected to mainshock and mainshock-aftershock earthquake scenarios. Nonlinear time his-
tory analyses were conducted and structural responses in terms of peak and residual drifts
were acquired. Furthermore, global ductility demands and cumulative damage indices were
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calculated per seismic event. According to the analyses results, following conclusions can
be drawn:

1. The seismic sequence does not necessarily require increased peak inter-story drift,
cumulative damage index and global ductility demands in BRBFs. It appears to be asso-
ciated with spectral acceleration of seismic events. In the case of larger spectral accel-
eration of mainshock-aftershock sequence corresponding to the fundamental period of
examined structure, compared with that of single event mainshock, the seismic sequence
can considerably increase the peak inter-story, global ductility demand and cumulative
damage index of buckling restrained braced frame.

2. The residual displacement demands under seismic sequence are not certainly increased,
compared with single event mainshock. In other words, the seismic sequence may
increase or decrease the permanent displacements, which can be attributed to the fre-
quency content of the seismic record.

3. The average peak inter-story drifts of 4-story and 10-story BRBFs under examined
seismic sequences are increased by 46 and 25%, respectively. The average residual drifts
appears to be increased by more than 300% under sequential ground motions.

4. The cumulative damage index and the performance level of BRBFs can be potentially
altered due to earthquake recurrence. The park-Ang damage index can be significantly
increased due to amplified cumulative hysteretic energy and displacement demands
under earthquake recurrence.

5. The large permanent drift of structure at the end of mainshock can significantly increase
the peak inter-story drift demand under aftershock. The spectral acceleration of seismic
sequence compared with single event mainshock and permeant drift at the end of main-
shock are specified as two essential parameters that control the response under sequential
ground motions.
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