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Abstract. Seismic sequencésivein many casea great influence on the response of the structames lead to
increased demands in comparison with the single ground motiost of thepertinentstudiesare limited
either to singledegreeof-freedom systems or fwanar multi-degreeof freedomsystemsThe inelastic response
of threedimensional reiforced concrete (RC) buildings subjected to multiple earthquadesot yetexaminedn
depth. Inthis paper threestorey and fivestorey buildings, regular and irregular along theireight are
investigated herein undeeal strongrepeatedearthquakeswvhere all their hree componentare taken into
account.Parameters such amaximum displacements, maximum residual displacements, maximum interstorey
drift ratio, maximum residual interstorey drift ratio, damage indices and ductility demanelsnvestigted
Finally, the building structures under consideration aamalyzedfor different siting configurations to
investigate the effect of earthquake direction incidénis concluded that the multiplicity of earthquakes
strongly affect the inelastic respge of structuresand cause damage accumulatioh structural and non
structural damage as well as the increment of deformation demands.

1 INTRODUCTION

Generally,mainshocls of earthquakeare followed by series of aftershocks of medium or lamgensity,
When structures are subjected to multiple earthquakesany casethere is a small time peridzetween main
shock and aftershocks wigeany rehabilitatioraction appears to bmpractical and imossible As a resultthere
is a significant danage accumulatioduring the seismic sequenc®&espite that facthe modern seismic design
codes have noyet considered adequately this phenomenon and they typically focus on the single and rare
6design earthquakebd.

To evaluate the additional damagaused by the multiplicity of earthquakesamy reseachersfocused on
single-degree of freedom (SDOF) systems androulti-degree of freedom (MDOF) systenfsll thesestudies
havebeen limited to twealimensional/planar structuresd there is not research work that has examined the
effects of repeated earthquakes on titieeensional reinforced concrete (RC) structures.

This research study investigates the phenomenon of seismic sequences and their effectsliometisiemal
RC strictures. For the inelastic analystsiaumoko structural analysis program idused The aforementioned
seismic sequencdgve been recorded by the same station and in a short period of time, up to three days. The
study focuse on structural damageisplacements, permanent displacements and interstorey drift riatiosder
to examine the effect of earthquake direction incidém building structures under consideration have been
analyzedor different siting configurations

2 DESCRIPTION OF STRUCTURES AND MODELING ASSUMPTIONS

2.1 Description of structures

In this study, éur threedimensionalRC structuresare investigatedTwo of themhave 3 storeys, where the
first one is regular and the second one is irregular along its h&ightother twdiave 5 storeys and they are also
regular and irregular along their heighhe 3storey irregular building has a setback on the third floor and-the 5
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storey irregular building has setbacks on its fourth and fifth flbbe. examined -3and 5storey buildngs have 2
equal bays in each direction (x and y) with total length equal to 10.40 m. Typicatdiioor height is equal to
3.0 m. The columns have square sections and their sectimnahsionare 40x40cm, 50x50cm and 60x60cm.
The dimensions (sectionidth/height) of beams for the- &nd 5storey regular buildings are 25x50cm and of
beams for the -3and 5storey irregular buildings are 25x60cm, 25x55cm and 25x50¢m.3D models of the
structures are shown in Figs4l which also depict the numberin§nodes and elements.
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Figure 3. 5storeyregular building Figured4. 5-storey irregular building

Reinforced concrete with concrete grade C20d428 longitudinal and transverse reinforcements with grade
B500C are used The structures are analyzed and designed for earthquake loads (E) with peak ground
acceleration BA=0.24g and soil class B, with static analyStereoSTATIKA[2], according to Eurcodes EC2
[3] and EC8[4]. The structural analysis and design takes into account dead loads, G, live loads, Q, earthquake
loads, E, as well as any probable loading combination according to the aforementioned structural codes. The
combination coefficieny of live load Q is taken equal to 0.Bhe design of columns satisfies the following
conditionof EC8[4] at all joints of beams with columnise.,

a M. 21.334Mg, Q)
where § M. and § Mg, are the sum of the resistance moments of columns and beams at evergoheam
joint, respectively.

The behaviorfactor is equal to g=3.6 for buildings with regular elevations and g=0.8*3.6=2.88 for irregular
buildings, since according to E(8], for structures which are not regular in elevation, the value of behavior
factor should be reduced by 20%.

2.2 Nonlinear structural behavior

To simulate the cyclibehaviorof RC members in plastic hinge under laadersals, the modifielakeda
hysteresis rule isdopted (see Figh), assuming the following parameters: unloading parameté).25 for
beams anda=0.50 for columns, reloading parameterO both for columns and for beams, and posid



Maria P. Hatzivassiliou, George D. Hatzigeorgiou

stiffness ratio r=0.01 for all structuralembersThe inelasticity is modeled with flexural plastic hinges located
at the member ends artide plastic hinge lengthl, , is assumed for each membequal to the half of its

sectionod6s height H ( cectionyiedy=H/Boril,n=Bp2gBlpendi cul ar dir
d,
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Figure 5. The modified Takeda hysteresis model

2.3 Other modeling assumptions

In order to perform nonlinear dynamic analysite structurés described by a three dimensional madel
Ruaumoko[1]. The soitstructure interaction phenomenon is not taken into account, considering fixed base
conditions The Rayleigh approach for damping is u$gd Beams are assumed not to be able to defoomgal

their axis, in order to simulate the diaphragm action of slabghermorereduced values of member moments
of inertia, 1 , were considered in the design to accounttferexpected cracking of a concrete section, i.e., for

beamsl 4 =0.35l;and for columnsl 4 =0.60l,[5], where I, is the moment of inertia of theass section. &
the section modelinghe XTRACT program [7] is used.

2.4 The effect of earthquake direction incident

For everyirregular building four different angles between the principal axes of the structures and the

components of the earthquake excitations are investigated? &) 90°, c) 180, d) 27¢°. The 4 different
configurations under consideration for thst8rey irregular buildingre shown in Fig. .6

(0°) (90°) (180°) (270°)
Figure 6. Different siting configurations for tBestorey irregular structure

The regular buildings, due to their symmetry in XY plane, are analyzed without the aforementioned siting
rotation.

3 SEISMIC INPUT

The corresponding recordssedin this researcthavebeen downloaded from the strong motion database of
the Pacific Earthquake Engineering Research (PEER) Center [8fcensibts of five real seismic sequences,
which are namely: Mammoth Lakes, Chalfant Valley, Coalinggperial Valley and Wittier Narrows The
complete list of these seismic events is shown in Table 1.

Each earthquake consists of the two horizontal records and the vertical one. The horizontal component with
the higher peak ground acceleration (PGA) is set as Component (1), the other ampasdht (2) and the
vertical axis corresponds to Component (3). Table 1 also provides with the code names of gtansl m
examined herein, e.g., CH1, CH2 andTCebrrespondo the first and second individual Chalfant Valkgismic
events as well as thieseismicsequence, respectively (i.e., CHT=CH1+Zitc.). The aforementioned seismic
events have been appropriately scaled [9] to give, for the fundamental period of each structure, identical spectral
acceleration (for Component (1)) with the designctpen of EC8 [4]. Thus, all these ground motions are
multiplied by appropriate factors ranged between 0.454 ~ 2.939 (i.e., about 0.5~3.0), which are shown in Table
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2.

These values can be characterized as rational and acceptable according to the bigdés fifEngineering
Seismology, [10]. Every sequential ground motion records from the PEER database [8] becomes a single ground
motion record (serial array) where between two consecutive seismic events a time gap is applied, which is equal
to 100s. Thiggap has zero acceleration ordinates and is absolutely enough to cease the moving of any structure
due to damping.

No Seismic sequence Station Date (time) Code name Recorded PGA(Q)
1980/05/2516:34) MAL 0.442
. 1980/05/2516:49) MA2 0.178
1 Mammoth Lakes 540%356?(”"'“ 1980/05/25(19:44) MA3 0.219
1980/05/2520:35) MA4 0.432
1980/05/27(14:51) MAS 0.316
54428 Zack _ 1986/07/20(14:29) CH1 0.285
2 ChalfantValley g\ ihers Ranch ~1986/07/21(14:42) CH2 0.447
. 1983/07/22(02:39) co1 0.605
3 Coalinga 46704 CHP  —983/07/25(22:31) CO2 0.733
4 Imoerial Valle 5055 Holtville  1979/10/1523:16) IM1 0.253
P y P.O. 1979/10/15(23:19) IM2 0.211
i 24401 San _1987/10/01(14:42) Wil 0.204
5  Whittier Narrows Marino 1987/10/0410:59) Wi2 0.212

Table 1: Seismic input daiaReal seismic sequences

Structure Mammoth Lakes Chalfant Valley Coalinga Imperial Valley Whittier Narrows

3-storey reg 1.369 0.521 0.592 1.590 2.939
3-storey irreg. 1.189 0.641 0.454 0.908 1.564
5-storey reg 1.816 0.744 1.051 1.262 1.230
5-storey irreg. 1.212 0.572 0.886 1.293 1.852

Table 2 Scaling factors

Every structure is analyzed both for single earthquakes and seismic sequences. Furthermore, every irregular
structure has been analyzed for all &xamined siting configurations that have been presented in Section 2.4.

4 SELECTED RESULTS

This section fauses on damage indicémrizontal displacements, interstorey drift ratios, residual horizontal
displacements, residual interstorey drift ratiowl a@uctility demands of the examined RC thiimensional
buildings under seismic sequenceseTtimehistory of horizontal displacements for the top storey of the
structures is alsmvestigated

4.1 Structural damage

The ParkAng model[11] is the best known and most widely usgaimage index (DI)This DI takes into
account both the maximum deformation and the hysteretic energy of structural members and can be defined as

DI =&m ﬂ 2)
g, M
wheree,  represet s t he maxi mum du gisiislultimate dustdity, b is @ moeldl eonseamt t | €

parameterset equal to 0.05 [Sfo control strength deterioratiork,, is the hysteretic energy absorbed by the
element during the earthquake, aktj, is the yield moment of thdement. Theductility is defined in terms of

curvature.Figure 7 depictsthe DI for single seismic events and seismic seqeeffar characteristic structural
members. It is obvious that seisngequencesead toan increment oDI in comparison with single seismic
events.

4.2 Maximum horizontal displacements

The maximum displacements for single and for sequential ground motimshown in Fig.8 for various
characteristic cases. Permanent displacements are accumulated during oncoming earthquakes and therefore the
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maximum displacements appear to be increased for the case of seismic sequences. These findings have been
observed dr all the examined structures, for any case of siting (for irregular structures) and almost for the entire
set of the examined real seismic sequences under consideration.
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Figure7. Local damage index accordingttee ParkAng model

Finally, it can be esily concluded examiningig. 8that every structure under consideration may be excited
differently for each individual earthquake, or equivalently, a single earthquake from a specific seismic sequence
can be the wst intense for a structure and less critical for another structure, but for the most of the cases, seismic
sequences generallpusemor e i nt ense response i n gooncdmpaioni son wit h

4.3 Maximum residual displacements

The time history of horizontal displacements occurring at the top of the stestis shown in Fig. 9.
Residual displacements are accumulated during the seismic sequence. The influence of seismic sequences on the
residual displacements is clearly shown in Figj.vthich presents selected results.

4.4 Interstorey drift ratio (IDR)

The interstorey drift ratio (IDR) is the maximum relative displacement between two successive stories
normalized to the storey height and it has been related to the structuralsirutaral damag [12]. Figure 11
depictscharacteristic examples for the IDR where it is evident that seismic sequences cause higher drifts in
comparison with the corresponding single ground motions.
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Mammoth Lakes earthquakes / 3-storey reg. bldg (000) Mammoth Lakes earthquakes / 5-storey reg. bldg (000) Mammoth Lakes earthquakes / 5-storey irreg. bldg (090)
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Figure 8. Maximum horizontal displacementsdersingle seismic eventnd sequential ground motions
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Figure 9Time history of horizontal top disatement for 3torey bldg undeMammothLakesearthquakes

4.5 Residual interstorey drift ratio

Residual interstorey drift ratio (Res.IDR) has to do with the permanent deformation of a structure that
remains after a strong ground motidtes.IDRevaluats the potential damage that the structure has sustained
[13, 14] after a stram ground motion. Figre 12 clearly showg that seismic sequenck=ad toincreased residual

IDR.
4.6 Ductility demands
To quantify the severity of inelastic response, curvature ductility dengpds used, which can be defined

the ratio of ultimate curvaturdj, , to yield curvaturefi, , as
s. = ﬂ

|
y

=1 @)

‘<C§'||:c \

where i, is the plastic curvature.

The inelastic response ofstorey irregular building undéhe Mammoth Lakes seismic sequence is examined in

the following. Fig. B depicts the ductility demands both for single earthquakes and for seismic sequence
examining member No. 1 (ground floor column, see Fig. 4) and for the whole set of incident amgles0P,

90°, 180 and 276, as mentioned in Section 2.4. It is evident that each incident angle has different effect in
comparison with the other cases under consideration. Furthermore, it is obvious that, in the most cases, the
multiplicity of earthayakes leads to increased ductility demands in comparison with the corresponding individual

seismic events.
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Mammoth Lakes earthquakes / 5-storey reg. bldg (000)

Figure 0. Maximum residual displacements under single and sequential ground motions.

Figure 1. Maximum IDR under single angequential ground motions.

Figure 12. ResidualDR for 5-storey irregular bldg under Mammoth Lakes earthquakes



