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SUMMARY:

The basic approach for design of infrastructure moments and systems utilizes a single loading steaad a
single performance criterion; usually life-safety. recent years, social and economic consideratiuase
necessitated that more than one performance oriteés used, and also more than one level of eaatteju
intensity. This multiple load-and-limit state seisrdesign is the current best practice. There dedocations
around the world that warrant an alternative apghmo@hese locations are affected by more than arteguake
within a relatively short period of time due to ithepecial seismo-tectonic setting. Currently, tegponse of
engineering structures to multiple earthquakes ittngiose strong ground shaking is at a very eadgestof
development. There are no parameterized solutibat gredict the effect of several strong earthgsaie
buildings and bridges. Indeed, all papers in thigliphed literature assume that the first earthquakeémpose
the maximum damage.

The present analytical work deals with assessmEstroctures subjected to seismic sequences. ldosa,
inelastic constant ductility acceleration, displaesit and force reduction factor spectra are derfged set of
natural multiple earthquakes. Advanced hysteretindets with stiffness and/or strength degradatioa ar
employed to simulate the seismic response of typioa-compliant reinforced concrete (RC) structunesler
earthquake loading. Normalized strength ratio speftir the selected set of records indicate that ftrce
demand on structures may be three times that ofghesevent. Such demand is significantly influethdxy the
ductility levels, especially for periods greateathl.0 second. Consistently higher inelastic dcspteents have
been observed for multiple earthquakes than the ochs single event, even when the latter was tituangest
record of the sequence.
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1. INTRODUCTION

Survey carried out in the aftermath of severalmsEisswarms world-wide have been showing that
moderate magnitude earthquakes may be followedfteyshocks with comparable or even higher
magnitude. Evidence may be found, for example, $sessing the strong motions recorded in
California (Northridge 1994), Italy (L’Aquila, 2009Japan (Tohoku, 2011), New Zealand (Darfield,
2010; Christchurch, 2011) and Turkey (Duzce, 1988;aeli, 1999). As a result, there is a great deal
of ongoing research aimed at investigating theceffef seismic sequences on the structural response
of new and existing buildings and bridges. Piomeestudies were carried out in the US by Mahin
(1980) and Aschheim and Black (1999). Such studvese primarily focused on the nonlinear
response analysis of single-degree-of-freedom (9B3@$tems subjected to the mainshock—aftershock
acceleration time histories. The results of thdyees showed that the displacement ductility demand
of elastic-perfectly plastic SDOF systems slightigreases at the end of the main aftershock with
respect to the mainshock. Elnasletial. (1998) observed that the ductility demand regliby
multiple earthquake ground motions can be remaykhlgher than that required by a single event.
This finding was confirmed lately by extensive atiahl work carried out by several researchers on
simplified SDOF systems and multi-storey framedidings, either in steel or reinforced concrete
(RC). For example, Amadiet al. (2003) and Fragiacore al. (2004) analyzed the effects of repeated
natural and artificial earthquakes on the respasfs@onlinear SDOF models and steel moment



resisting frames. The results of the parametrityaea demonstrated that the response of such system
is influenced chiefly by natural structural periaafsvibration of the system, type of ground motion
and level of displacement ductility.

More recently, comprehensive analytical studiesehbgen carried out on a large ensemble of as-
recorded main shock and aftershock acceleratioa lirstories to investigate the effects of repeated
earthquakes on inelastic displacement ratios amdehen the maximum inelastic displacements of
SDOF systems (Hatzigeorgiou and Beskos, 2009; gdrgiou, 2010-a, 2010-b). Nevertheless, the
hysteretic model used for the nonlinear dynamiclyses relies on an elasto-plastic (bilinear)
constitutive relationship in which the unloadingslaubsequent loadings are assumed to be paaallel t
the original loading curve; strain hardening orteoing takes place after yielding initiates. Furthe
studies have also been carried on multi-storeyl gfaez-Garcia and Negrete-Manriquez, 2011) and
reinforced concrete (Hatzigeorgiou and Liolios, @0plane framed structures subjected to sequence
of real and artificial multiple earthquakes. Sud¢hdfes are aimed at establishing whether or not
damage indices, expressed in terms of peak ardleslisplacements and the force reduction factors,
are affected by afore, main and after-shocks. Tuteomes of the above analyses on SDOF systems
and plane frames are two-fold and they influencéh biorce- and displacement-based schemes
currently employed in seismic design and assessm@mtone hand, multiple earthquakes enhance
remarkably the displacement demands in comparisith single seismic events. Thus, inelastic
displacement ratios may be increased by 100% ore math respect to that obtained for the
counterpart single earthquakes. On the other hae@dmic sequences lower the force reduction
factors. As a result, modern displacement-basedniesnd assessment procedures should be revised,
as they rely primarily on the reliable estimatetlodé inelastic displacement demand. Additionally,
force-based procedures, as implemented currentbgweral codes of practice world-wide, should be
reassessed to achieve safe seismic structuralndeSlge present analytical study discusses the
preliminary results of an ongoing research aimenhwstigating the effects of multiple earthquakes
on the inelastic response of structural systemshénfollowing sections, inelastic constant dutstili
spectra are examined, alongside force reductidnifapectra.

2. STRONG MOTION RECORDS

The earthquake records from the 2011 off Pacifiastdrohoku (Japan) seismic event have been
utilized in the present study to derive the inetastsponse spectra and to perform the nonlinear
dynamic analyses on the RC framed system usedbaschmark structure. The Tohoku earthquake
was a magnitude Mw=9.0 undersea mega-thrust earleqthat occurred on 11 March 2011 off the
coast of Japan, with epicenter approximately 70kawt of the Oshika Peninsula of Tohoku and the
hypocenter at an underwater depth of approxima&88kms (e.g. Takewalat al., 2011). Following
the main quake of March 11, there has been a langaber of moderate-to-high magnitude after-
shocks. By 10 August 2011, Japan experienced o@ér &tershocks, with about 60 of them
aftershocks being over magnitude Mw=6.0 and thuee magnitude Mw=7.0.

The accelerograms of the 2011 Tohoku earthquakedawloaded from the database of K-Net
available on the website_ (http://www.k-net.bosajmi@-net/quake/index_en.hthl Five seismic
stations are selected to represent a set of silgected to multiple earthquakes of varying magitesu
and source-to-site distances. The sample acceleri@tie histories were firstly corrected employang
linear baseline correction and a Butterworth baaskspfilter (Freql=0.1 Hz, Freq2=25 Hz, Order 4).
The properties of the suite of sample records amengarized in Table 1. The North-South components
of the ground strong motions were utilized. Frora tlns of records captured at five seismic sites,
three are selected for each site to represent sosmd leading and trailing strong-ground motioAs.
leading set is where the first earthquake has #ngest peak ground acceleration (PGA) in the
sequence of three (FKS016), while a trailing set tiee second (IBRO03 and MYGO004) or third
(FKS010) records as its highest PGA signal.

The frequency content of the afore-, main and aftercks is measured by the predominagy &hd

the mean () periods of the ground motions; the latter is Hest simplified frequency content
characterisation parameter (Ratbjeal., 1998). The values of,Tand T, are lower than 0.3 seconds;
Tn is generally higher than,Tlt is observed that no direct correlations eRistween the predominant




and mean period of the main shocks and the cowarterglues of the afore- and after-shocks.

Table 1. — Seismic stations and earthquake records.

STATION EARTHQUAKE
. Depth Dep M PGA To Tm

Site ID Record ID Lat. Long. (km) (km) ) (sec) | (sec)
FKS008-1 37.20N 141.66 E 27 118 6|1 0.229 0.12014D

Funehiki FKS008 FKS008-2 37.36 N 141.28 E 27 77 6)0 0.279 0.200 99
FKS008-3 37.42 N 141.32 E 27 110 6/10.288 | 0.080| 0.119

FKS010-1 37.50N | 141.33E 36 195 5.8 | 0.217 | 0.120| 0.260

Hirono FKS010 FKS010-2 37.36 N | 141.28E 27 114 6.0 | 0.206 | 0.160| 0.215
FKS010-3 3742N | 141.32E 27 147 6.1 | 0.756 | 0.120| 0.191

FKS016-1 38.10N 142.86 E 24 100 9/01.318 | 0.080| 0.192

Shirakawa | FKS016 FKS016-2 37.50 N 141.33 E 36 64 5/8 0.113 0.08018®
FKS016-3 37.36 N 141.28 E 27 66 6/0 0.097 0.120 30

IBR0O03-1 37.50N | 141.33E 36 41 5.8 | 0.278 | 0.100| 0.200

Hitachi IBRO03 IBR003-2 36.11N | 141.26 E 43 28 7.7 | 0532 | 0.100| 0.159
IBR0O03-3 37.42N | 141.32E 27 35 6.1 | 0.100 | 0.100| 0.144

MYGO004-1 39.84 N 142.70 E 32 259 7.4 0.113 0.160254.

Tsukidate | MYG004 | MYG004-2 39.03 N 142.28 E 36 109 6.6 0.230 | 0.280| 0.242
MYGO004-3 38.73 N 141.02 E 24 100 6.7 0.110 0.120200D.

Key: Dg= epicentral distance; V= moment magnitude ¥ predominant period; J= mean period.
The values of the peak ground acceleration for saimic station are in bold.

The seismic sequence combinations considered ferntimlinear dynamic analyses carried out
hereafter ¢ee also Table 1) do not comply either with the engairirelation formulated by Omori
(1984) or with the Gutenberg—Richter relationstip54). The ratios of the PGAs for the sequence of
three events suggested by Hatzigeorgiou (2010fa)atahus be used for the sample time histories of
the 2011 Tohoku earthquake considered herein. iadily, the records outlined in Table 1 were
generated by different seismo-genetic faults. Hiecsed accelerograms are, however, of high irtteres
from the engineering seismology standpoint as #reyrepresentative of real earthquake records.

3. INELASTIC SPECTRA

Three piecewise hysteretic models were considavedvaluate the inelastic response spectra: the
elastic-perfectly plastic, the elastic plastic withear hardening and the modified Clough model
(Clough and Johnston, 1966). The elastic plastidehes the simplest hysteretic model and can be
employed to simulate the response of framed systemsich the plastic collapse is caused by the
simultaneous onset (elastic-perfectly plastic) be tprogressive formation (elastic plastic with
hardening) of plastic hinges. However, the bilineadel does not account for cyclic degradation. The
modified Clough model is thus utilized becausendorporates stiffness deterioration under reversal
loading. In such a model, a bilinear curve serngetha primary envelope. To simulate degradation of
stiffness, the reloading branches are aimed apit&ious maximum response point. The slope of the
reloading branch decreases as the maximum respioicseases. Three values of (post-yield)
hardening were considered, namely 5%, 10% and ¥as%increase of the hardening value in the
modified Clough model delays the amount of stiffndegradation.

Three values of constant ductility, namely 2, 4, and 6 were utilized. These ductilgyels are
commonly related to specific seismic damage statesther designing a new structural system or
assessing an existing one in earthquake-pronenggeg. CEN, 2006-a; CEN, 2006-b; ASCE 41-6,
2007; ASCE 7-10, 2010; among others). The resulésgmted hereafter focus primarily on the
stiffness degradation model; the latter model danulate the response of not-compliant reinforced
concrete (RC) structures under earthquake loadnigh structures may experience severe damage
under moderate-to-high magnitude seismic sequeduesto the significant stiffness and strength
degradation under reversal loads.



3.1 Acceleration response

The inelastic acceleration response spectra deforatie sequence of earthquake records with simila
values of PGAs, i.e. the triad of time historiekatige to Funehiki Station (FKS008), are provided i
Figure 1. The computed results are for the stifngsgrading hysteretic model with 5% post-yield
hardening. The response spectra for the singleteeder to the first record in the sequence. The
results are expressed in terms of spectral actielesaand spectral amplification factors. Figure 1
shows that the inelastic spectral demand for thiipteievents is higher than that of the singleorelc
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Figure 1. — Inelastic response spectra for ductilitytdo), ductility 4 (middle) and 6 bottom); Funehiki Station
for the stiffness degrading hysteretic model withh Hardening: spectral acceleratioeftj and
spectral amplification factorsight).

The maximum difference between single and multglents is found at very low periods, i.e. less
than 0.1 seconds. Fpe2, the inelastic spectral response for multiple rds@an be twice that relative

to a single event (0.58g vs. 0.29g at 0.1 secordsihep-value increases, the maximum difference is
found for shorter periods: 0.6 seconds (fe#4 and p=6) vs. 0.1 seconds fu=2. Moreover, the effects

of sequence of earthquakes tend to become neglifpiblhigh ductile systems. Acceleration spectra
estimated for high ductility and single event tetod match the response spectra for multiple
earthquake records. It is also noted that multiptmrds spectra tend to be smoother than the single
event counterparts. As a result, structures sudgleict a main event and several aftershocks seém to



less sensitive to the frequency content of the tiggound motion. The accumulation of local and

global structural damage depends on the charaaterid the seismic motions. Few differences arise
between the results derived for FKS008 and thosenat®d for the remaining sample stations

considered for the present analytical work. Simigsults were also computed for stiffness degrading
hysteretic model with 10% post-yield hardeningdaplayed in Figure 2 for seconds the case with
p=2 andu=6.
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Figure 2. — Inelastic response spectra for ductilityt@) and 6 bottom); Funehiki Station for the stiffness
degrading hysteretic model with 10% hardening: Bpeaccelerationl éft) and spectral amplification
factors ¢ight).

The inelastic response spectra computed for thachHiitStation (IBR0O03), which includes a set of
records with the second having the highest PGA daglayed in Figure 3 for the hysteretic model
with 5% hardening and ductiligy=2 and p=6. It is found that for IBRO03 the inelastic demahek to
the multiple earthquakes is still higher than thfaa single event. However, the variations betwen
spectral acceleration amplifications are higherntitaose computed for the Funehiki Station
(FKSO008). Such variations may be attributed tosilgeificant ratio of the PGA of the first and sedon
record in the seismic sequence, i.e. 1.91 = 0.88278. The above ratio is 1.22 = 0.279/0.22%Her
multiple records used for FKS008.

It is also observed that the spectral amplificai@omputed for IBRO03 are higher than FKS008
counterparts. At 0.12 seconds and low ductilite, implification for the seismic sequence of IBR0O03
is about 2.2; the value for the single event isual2®% lower. For FKS008 the amplifications are on
average 10%.

For Hitachi Station, the presence of the secondrde the sequence with the highest PGA has
caused a significant period elongation as also shiowFigure 3, where the plots relative to the
multiple earthquakes exhibit higher amplificaticatslonger periods. For periods of vibration lower
than 0.20 seconds, the above elongation is ab&at Mbreover, the ductility level has a minor effect
on such period elongation.



Spectral Acceleration (g)

Spectral Acceleration (g)

w
S

o g = N I
« 2 <) o
T T T T

o
S)

N
«
T

o [y = N
o o o
T T

o
S

o
T

o
—

= = Single = Multiple
Ductility = 2
Kh/K=5%
0.8 1.0
Period (seconds)
= = Single = Multiple
Ductility = 6
Kh /K =5%
k
0.0 0.2 0.4 0.6 0.8 1.0

Period (seconds)

Spectral Amplification Factor (Sa/PGA)

Spectral Amplification Factor (Sa/PGA)

3.0

25 = = Single = Multiple
L Ductility = 2
20 Kh/K = 5%
150 )
10
05 r
0Q — v . O TTrTee- F = T
0.0 0.2 0.4 0.6 0.8 1.0
Period (seconds)
3.0
25 r = = Single = Multiple
L Ductility = 6
2.0 Kh/K=5%
0.6 0.8 1.0

Period (seconds)

Figure 3. — Inelastic response spectra for ductilityt@) and 6 bottom) and Hitachi Station for the stiffness
degrading hysteretic model with 5% hardening: gpéchcceleration spectrdeff) and spectral

amplification factorsright).

From a structural design standpoint, it is insikgctto compare the normalized strength Fy /
MePGA, where Fy is the yield force and M the makthe SDOF, for the sample single and multiple
earthquakes. Figure 4 provides the normalized gtiheratiosn , defined as NU=1N murtiple / N single » fOr
Hitachi Station, i.e. the station with the secoadord having the highest value of PGA in the sasmi
sequence. The results are for the stiffness deggdudisteretic model with 5% and 10% hardening.
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Figure 4. — Normalized strength ratio spectra for the Hitdstation: stiffness degrading hysteretic modehwi
5% (eft) and 10% (ight) hardening.

Key: The spectra corresponding to single earthquateeased as benchmark.

It is observed that the normalized strength fortiplel seismic events can be thrice that relativa to
single event and can be significantly influencedthy ductility levels, especially for periods gezat
than 1.0 second. The ratigis greater than 2 for low period systems, i.e. aighiods lower than 1.0
second, and tends to the unity for long periodcstmes for high ductility levels. The maximum value
of ncomputed for Hitachi Station is 3.29 at 0.60 sespitdefers to ductility 4 and 5% hardening. For
higher hardening, e.g. 10%, the valuendfias a minor reduction (from 3.29 to 3.08, see BRigore



2); nevertheless, the maximamfre found for shorter periods, e.g. 0.48 versuB 8deonds relative
to 5% and 10% hardening, respectively.

3.2 Displacement Response

Comprehensive analytical studies have been caotedo estimate maximum inelastic displacement
demands (Miranda and Ruiz-Garcia, 2002) and inelaisplacement ratios for the evaluation of
existing structures (Ruiz-Garcia and Miranda, 20&8jch studies do not consider, however, multiple
earthquake effects. More recently, steel (Ruiz-@arand Negrete-Manriquez, 2011) and RC
(Hatzigeorgiou and Liolios, 2010) multi-storey lalilg structures under as-recorded and/or artificial
seismic main and after-shocks have been investigdtee outcomes of the analyses performed on
above steel and RC structures appear, howevertadictory. On one hand, it was found that as-
recorded aftershocks do not significantly increpsek and permanent drift demands of existing. It
was stated that the above response is due todheency content of the aftershock, which is shorter
and in some cases smaller, than the frequencyeo$dimple structures at the end of the main-shock.
On the other hand, Hatzigeorgiou and Liolios (20dtdied the response of 4 regular and 4 irregular
RC frames under 5 as-recorded and 40 artificialilseges and concluded that the frames consistently
increased their displacement ductility demands whdrjected to the 5 real seismic sequences. It is
believed that the above studies focusing on théuatian of the displacement response for multiple
earthquakes have been misleading because they adiccansider adequately that displacement
demands depend significantly on the type of hysteresponse of the sample structures, whether
degrading or not degrading, and source-to-sitehgaake parameters, especially magnitude and
distance. To shed light on the matter, the ineladisplacement response spectra for the strong
motions recorded at the 5 sample stations durie@@11 Tohoku (Japan) earthquake were computed
for different levels of ductility and type of hysttic model for the SDOF systems. Degrading and
non-degrading models were also quantify adequatieéy reduction of energy absorption and
dissipation due to the effects of multiple earthagsa The application of seismic sequences lead
consistently to higher inelastic deformation densatithn single events. The results show that the
above response is not significantly affected by slystem ductility and the period of vibration,
especially in the range 0.5 to 2.5 seconds, wharnesponds to the periods for most of new and
existing structures in practical applications. Fey illustrates, for example, the inelastic drétios,

i.e. the ratio of the inelastic displacement sgedior the Funehiki and Hitachi Stations for duistil
2(low) and 6 (high). Hysteretic stiffness degradimgpdels with 5% and 10% hardening were
considered in the analyses.

The maximum value of inelastic drift ratio is foufa Hitachi Station: about 4 for a SDOF system
with a period of vibration of about 2.5 secondse Tittad of ground motions recorded in Funehiki have
similar values of PGAssée also Table 1): they range between 0.229g (FKSO088:Grd) and 0.288g
(FKS008-3 record). The maximum inelastic drift eatomputed for Funehiki is 1.9 at about 0.3
seconds. The values of PGAs used for Hitachi Statamge between 0.1g (IBR003-3 record) and
0.532g (IBR0O03-2 record), i.e. the maximum PGAhe sequence is twice that used for Funehiki. The
IBR0OO3-2 record corresponds to a®M7.7 seismic event; the FKS008-3 was registered fd = 6.1
earthquake. It can thus argued that the inelasift mtios are significantly affected also by the
magnitude. The effect of the source-to-site distastwould be further investigated.

3.3 Force Reduction Factors

The force reduction factor ‘demand’ representsniirdmum reduction coefficient corresponding to a
specific level of ductility obtained from inelasteonstant ductility spectra and elastic spectra at
given period,; it is computed as follows:

Saelastic (T)
Sainelastic (T)

Force ReductionFactor=

(1)



where Saasic and Saensic are the elastic and inelastic response spectdahaies corresponding to a
specific period T, respectively. The ratio of thkastic-to-inelastic spectra changes with period,
ductility factor and earthquake record. The relahip between displacement ductility and ductility-
dependent behaviour factor has been extensivetiiestin the past decades (e.g. Newmark and Hall,
1982; Krawinkler and Nassar, 1992; Miranda andéert1994; Vidic et al., 1994; Borzi and Elnashai,
2000). However, the previous studies focused pilynan a single seismic event. More recently,
Hatzigeorgious (2010-a; 2010-b) has investigatedeffects of multiple earthquakes on force reductio
factors; however, the study did not account fortéretic models with stiffness and/or strength
degradation.
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Figure 5. — Inelastic drift ratio spectra for ductility 2é 6: Funehikilgft) and Hitachi {ight) Stations for 5%t¢p) and 10%
(bottom) hardening in the hysteretic model.
Key: The inelastic spectra corresponding to singléhgamke are used as benchmark.

Elastic-plastic non-degrading SDOF systems tenektobit higher energy absorption and dissipation
than degrading systems. Use of R-factors basedasticeplastic response should therefore be treated
with caution, especially for high levels of ineiagy.

Force reduction factors were estimated for theesait multiple earthquake records presented in
Section 2 and for different hysteretic models adcawy to egn.(1). Stiffness degradation models were
also consider to simulate the response of RC armbmng structures as well as slender steel strugture
The results show that the reduction factors fortiplel events can be significantly lower than those
computed for a single record. For example, undenasons of 50 to 60% were computed for
Funehiki and Hitachi stations, for periods of ab@. seconds and about 2.0 seconds, respectigely, a
shown in Figure 6 for low ductility level and hystgc model with stiffness degradation. The values
of force reduction factors corresponding to therfalkation by Newmark and Hall (1982) have also
been included in the figure as a benchmark; thgpr@imation is acceptable for medium-to-long
period systems. However, in the short-period raegg, for periods lower than 0.5 seconds, the force
reduction factors for single event are systemdgidagher than the multiple event counterparts.
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Force reduction factor ratios, i.e. the ratio af factors relative to the seismic sequence anditigge
event, were also computed for further investightedonservatism, if any, of the existing force-loase
methods. The results in Figure 7 show the redud#otor ratios for Funehiki and Hitachi stations; f
low-to-high value of ductility.
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Figure 7. — Force reduction factor ratios: for Funehlkft) and Hitachi {ight) Stations.
Key: The values corresponding to single earthquakesed as benchmark.

It is noted that the effect of ductility levels @& on the earthquake and on the period of vibratio
The force reduction ratios vary significantly whtdre ductility increases from 2 to 6 for periods
ranging between 0.5 and 1.2 seconds for Funehikifan periods between 0.4 and 1.8 seconds for
Hitachi. For the multiple earthquakes with the intediate records having the highest PGA the force
reduction factor ratios are the highese(also Figure 7)

4. CONCLUSIONS

This paper assesses of the effects of multiplengastkes on structures. Inelastic constant ductility
acceleration, displacement and force reductiorofesppectra were derived for a set of strong motions
registered at five stations during the 2011 TohdBapan) earthquake and embracing different
magnitudes and source-to-site distances. Comprigleeparametric spectrum analyses were carried
out with degrading (stiffness and/or strength) and-degrading hysteretic models to account reliably
for the response of reinforced concrete (RC) stinectvhen subjected to high inelastic demand as in
the case of multiple large earthquakes. Normalsgteshgth spectra for seismic sequence have shown
that the force demand on structures can be thhae relative to a single event. Such demand is,
however, significantly influenced by the ductillgrvels, especially for periods greater than 1.@sdc
Consistently higher inelastic displacements hage dleen computed for multiple earthquakes. The
outcomes of the present study not only confirm thaltiple earthquakes warrant extensive and urgent
studies, but also give indications of the levelsagk of conservatism in the safety of conventibnal
designed structures when subjected to multiplehgagtkes alongside guidelines for the reliable
hysteretic models to employ for adequate inelasstiectural performance evaluation
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