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ABSTRACT: The paper investigates the seismic performance of an existisigrgystructure built in the

7006 s. Not complying with ¢ apprene to gofstdreyollapsecaling fom
retrofit through addition of shear wall¥wo alternatives are considered with respect to the foundation ¢
latter. (a) conventional desigmand (b) rocking isolation. In the latter case, the foundation is intentiginaly
derdesignedt o ful ly mobilize its c apele mbdg ofahe sdstructure:
system is tested in the shaking table of the Laboratory of Soil Méchakt reduceescale, it is practically
impossible tanaintaining similariy in terms ofstiffness and achieve the de@edbending moment capacity ¢
structural members at the same tini@erefore each beairtolumn connection isnodeledwith artificial

plastic hinges.t is shown thathe rockingjisolatedstructure outperform$ié conventionalwhen subjected tc
very strong seismishaking

1 INTRODUCTION & Kutter, 2008; 2009; Shirato et al. 2008; Vassiliou
& Makris, 2011].Guiding theii p | a s td ca th i ti

Modern seismic design principlesn at contrtling  foundation can effectivelybound the seismic ed
seismic damageather than to avoid.iDuctility de- mandand act asan energy dissipatio mechanism
signaims at ensuring that critical sttural menbers leading to an appreciable increasesafety margins
can sustainaccidentalloads (such as from edrt [e.g., Anastasopoulos et al., 2010; Gelagoti et al.,
guake)without collapsingwhile capacity design is 2012].
targeted aguiding failureto nonbrittle mechanisms
and to less important structural members [Park &2 DESCRIPTION OFTHE PROTOTYPE
Paulay, 1976].Unfortunately, most exsting strc-
tures do not comply with current seismic designAn idealizedstructureis consideredas conceptual
codes Their vulnerability has been manifested-du prototype inspired from theealscale buildingthat
ing devastatingseismic eventsMost importantly, wastesedduring the SPEAR project [Fardis & éN
the lack of adequate ductility and capaciggign is  gro, 2006; Di Ludovico, 2007]As schematicallyl+
bound to lead to brittle types of failure. lustrated inFig. 1, the under study structure is aityp

This paperpresents aexperimentaktudy ofthe cal 3 storey building of Southern Europe, designed
seismic performance of an exististyucture, re;- and constructed during t
fitted through the addition of shear walcusing
on the performance of th®undation of the shear . —
walls, two design alternatives are considered i 3m
(a) conventional designas entrenched in current % **' fu
seismic codesand (b) rocking isolationAccording B ,‘&
to the latter,the foundation is intentionally under 020
designed to fully mobilize its moment capacityt-ac columns
ing asa fifused e.§.,Mergos & Kawashmna, 2005]. o8k o hoss
Recentresearch efforthave shown thatuchstrorg- |
ly nonlinear foundation response may be beneficial, o
limiting the inertiaforcestransmitted onto the supe — ' ' —
structure [Paolucci, 1997; Pecker, 1998; 2003; > 1om
Gazetas et al., 2003; Gajan et al., 208080stolou et 6m am
al., 2007; Pender, 2007; Paolucci et al., 2008; Gajafigure 1. Prototype structure, inspired by the SPEAR project.
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A r epr e ssdntceetoi edesorréapotd e
ing to one third of the entire structure. Therein-
forced concrete (RGQjolumns of the prototype acé
square crossection, having a witd of 25 cm The
RC beams have a 25 cm x 50 cm (width x height)
cross sectionwhile the floor slabs have a thickness;
of15cm.Desi gned and constré ; t he
structure does not comply with capacity desigmpri ; AT
ciples and is prone to sedtoreycollapse. The foor ,
dation consists of surface foundations of witx Eg'
1.5m, considered realistic for competent soil. ¥

The structure is retrofitted through additionRE
shear walls, placed at the middle of the buildifige
latter were designed according EAK [2000] and
the provisions for rehabilitatioand strengtheningf
existing structuresAs shown inFig. 2,having set as |
the retrofit target a design acceleration a = 0.24 Qe
the RC shear walls have a length1.5 m and a
thickness of 0.3 m. Theteel reinforcement is Figure 3. Photo of the reducedale N =10) physical model.
arranged foll owing t he l ogi ¢ of t wo Ahi ddeno
columns. The longitudinal reinforcement of each one For this purpose, each beammlumn connection
of the two @hi dIBewhile the ois umodelied with cestorbuilt artificial plagic
transverse reinforcemeit 0 10/10 cm. Additional  hinges (Fig. 4). The ultimate bending moméfhi
reinforcement is required for the macore of the of each plasc hinge wascalibrated through adjts
shear wall, as shown in the figure. ment of the applied torque. The calibration of each
assembly was performed through static and slow
cyclic pushover testing, utilizing a scrgack pu$-
over apparatus. Multiple tests were conducted for

- : T » : each artificial plastic hinge, in order to verify that
| ulo0/ 20 | 0.3m their moment capacity is not altered after multiple
| ; ) . 401 2| ) ‘ loading cycles.

| | _|
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Figure 2.Plan view of the RC shear walls of the ptgpe

3 PHYSICAL MODEL

A reducedscale model of the sofoundation
structure systemvas testedat the shaking table of
the NTUA Laboratory of Soil Mechnics. Initially,
the seismic performance of the original structues
investigated taconfirming its seismicvulnerability.
Then, themodel of theretrofitted structure wasub-
jected toa variety ofseismic shaking scenarioss-u
ing real seismic reordsas base excitation.

Given the capacity of the shaking tableseale
factor N = 10 was selected. As illustrated in Fig. 3,4 SETUP AND INSTRUMENRTION
the physical model consists of two identical frames,l.h
connected together through evenly distributed steg(LJl
plates, representing the madseach floor. Columns
and beams are made of commercially availahle al
minium plates of ppropriate thickness and width, so
as to maintainimilarity in terms of stiffnessAt re-
ducedscale, it is practically impossible toaintain

similarity in terms of stiffness, and achieve the . . . .
: ' ranging from10 to 93% Three differentsoil dens-
scaled bending moment capacity of the structuralties weretested, ranging fronD, = 93 % (dense

members at the same time. sand) taD, = 45 % (looseand.

Figure 4. Close up of beaoolumn (left) and foundtion-
columnconnection iight), showing the artificial plastic hges.

e model was installed ina transparent soil oe
iner, filled with dryLongstone sand. The latter is
an industrially-producedvery fine quartz sangdhav-
ing mean grain sizdsp = 0.15 nm [Anastasopoulos
et al.,, 2010b]. Thesand waspluviated using an
automated sand raining $§m, capable adichieving
controllable (and repeatablaglative densyt D,



The model was installed otop of the soilusing (a) Moderate seismicmotions
four mechanical jacks. Substantial effort was made

to achieveaccurate positioningusing digital spirit "] MNSA:Athens1999 7 Aegion1995

levels) without disturbing the soilAs depicted in 05 00519 0389

Fig. 5, floor accelerations were measured by three a(g)oﬂwil%w»— ﬂ\ﬁ;‘vﬁ*‘

accelerometersyhile additional sesors were placed 3

inside the soil to measure ground accelerations.

SpaceAge e displacement transducers wert- . Kalamataloss Lefkada2003

lized to measurdloor displacements and intstorey 05 | 043¢

drifts, & well asrotations and sfiing displacements 0-249 A*JLAMWWW
: . . g)o «ﬁw«—

of the footings.With the exception ofthe acce-

erometerghat wereplaced inside the soil mass, the — *°

instrumentation was stalled nstalling the building Y ; o 15 200 ; o 1 =

on top of the soil spemen t(sec) t(sec)

(b) Strong seismic motions
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60 cm 40cm Figure 6 Seismic excitatios usedin the tests: (a) moderate

Figure 5 Instrumentation of the physical model and(b) strong to very strong seismsbaking

Initially, the original building was tested to rco
firm its vulnerability. At a second stefhe equia- 5 VULNERABILITY OF ORIGINAL BUILDING
lent of a RC shear wall was added to simulate the . . .-
retrofitted structure. The shear wall was modeled by "€ seismic vulnerability of the original structure
a stiff alumnum p|ate’ r|g|d|y conected on each Wwas confirmed through seismic Shak|ng with nmrede
floor. An artificial plastic hingewas installedat its ~ ate intensity seismic excitations (Fig. 6a). Theksha
base Aluminum plateswvere addedat the two sides ing sequence started with the MNSA record from the
of the central footing tancreasats width, modeling  Athens 1999 earthquake, followed bgdion 1995,
the foundation of the shear wall. With respect to th&kalamata 1986, and Lefkada 2003. The original
latter, its width was varied froB = 6 m(in prob-  pyilding survived the first three excitations, coliap
type scale)corresponding to conventional desitm,  jng when sbjected to the Lefkada 2003 record.
B = 2 m,representingocking isolation Fig. 7 summarizes the performance of the duil

A variety of real seismicrecords were used as . . -
seismic excitationRecords from GreecéFig. 69 "9 for the Aegion 1995 and Lefkada 2003 séesm

wereused to simlate moderate seismic shaking, andexcitations. Despite being ofmoderate intensity,
were mainly used to confirm the vulnerability of the POth seismic excitationsxceed the capacity of the
original structure.The same records were used toStructure. The latter has a psetsatic capacity of
verify the effectiveness of the retrofit for seismicthe order of 0.13 g, in accord with tetucture that
motions not exceeding the design assumptidms. was tested in SPEARSubjected tdhe Aegon 1995
addition, strong (Sakarya, Kocaeli 19990 very seismic excitation, the maximum intstorey drift

strong seismic mains (Northridge 1994Rinaldi;  ratio G reaches 1.5% in the first floor, while the-r
Kobe 199%5JMA and Takato)i were also used t0 sjdual is roughly 1%. The drift ratios apperfloors

comparatively assess the performance of the o re; e mychlower, revealing that plastic defoation is
rofit alternatives(Fig. 6b) The lattersubstantially localized in the first floor

exceed the design, drwere investigated to explore The building collapses when subjected to the

the margins of safetyffach sykem was shjected to .
various sequences of seismiotions. Lefkada 2003 recordlhe meclanism is clearly that



of soft-storey collapse, as revealed by the timeokist 6 PERFORMANCE OFHE RETROFITTED
ries of drift. The abrupt increase of the first story STRUCTURE

drift att & 5 issdeecto the initiatiorof the cd- _ _ .
lapse mechaism. The structure accumutzt exce- | he design of the retrofit was conducted following

sive amounts ofdrift at the firstfloor, and att & 6 the provisions of the relevant Greek Regulation
secli surpasses 20% (see snapshoFigf 8). Just a [KAN.EPE, 2009]. As previously mentioned, the RC
little later, the first storey chtles onthe stopper Wall is positioned in front of the midellcolumn of
andthe drift ratio of the first floor cannot increase the frame. A design coefficie#t = 0.24 g is set as
further. The two overlyingfloors keep moing, until ~ the retrofit target, yielding design acceleration =
finally colliding on the stopper as well. In all cases0-20 g assuming behiar factorq = 3. Besides from
examinedthe settlement and rotation of all footings increasing strength anaifgancing ductility, the shear
was practically negligiblein accord with conve walls will homogenize the dts, leading to more

tional capacity deign uniform damage distribution and prohibiting soft
, storey ctlapse.
. /\/\/\/\/\/\N:f:::: 6.1 Effectiveness of the Retrofit
0 fdeseny f | 3floor The conventionallyretrofitted structure(with B = 6
V Aegion1995 m foundatiol was subjected to the sequence of
* 5 4 5 8 10 moderate intensity seismic motioosFig. 6ain or-
P — S der to verifythe effectivenesof the retrofit As il-
35 | stoeper oo lustratedin Fig. 9, the structure is forced to follow
N soto0r the deformation othe shear wadl In contrast to the
W | sE.1)° original building, the drift is evenly distributed and
5 | :?*@f almost no difference cabe observedetween the
. ~ _ Lefkada2003 | three floors
0 5 10 15 20 25 30
t(SeC) 2 — Istfloor
Figure 7.Time histriesof drift ratio ofthe original building. — ondtioor
1 A 3dfloor
Based o the experimental results, it is cordal that (%) /|
the unretrofitted structure isinsufficient in terms of o TN WV VAV —
strength and ductilitynot being able to surviveeven ov Aegion1995
moderateseismicshaking Such aconclusion is not iy -1 . ; i . . 10

consistent with theesults of theSPEAR project, but also
serves as aonfirmation of theequivalence of theeve-
opedreducedscale modelln order toreduce its seismic

vulnerability, etrofitting is considered nessary. (%)
u(”

Lefkada2003

t(sec)

Figure 9 Performance of theonventionallyretrofitted struc-

ture subjected to moderate seisnsigaking. Tme histories of
inter-storey driftratio U for the Aegion 1995 andhe Lefkada
2003 seismic excitations

In the case of thAegion 1995 seismic excitation,
the maximumt merelyexceeds 1%while the red-
ual is dmost 0%. Observe that due to the kinematic
constraint that is provide by the shear walls, the drift
is evenly dstributed on all thre storeysThe damage
of the structure can only be characterizetheglig-

Figure 8. Snapshot of the original building subjected to the e . -
Lefkada 2003 recordt 6 sec). ble, confirming the effectiveness of the retrofit.




