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ABSTRACT
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Reinforced concrete frames with wunriei nfor ce
cant portion ofhitdegthawu.tl dinnfg lsoovdcaltl | s i n tF
areenerally cossictder &ld afseaqnacdeud drgdgn and

asses®menhe odlheer \hatsedoemrsalafe @rt hquakes 1 eve
wal l s may have detardijnmdcnetamanle enfEimbetr s bser vaei
brings out the requiremeantsfof fofish-br wakb:e
mi c performance Afddb ¢ iucowhran ¢ nytc op uanmesdur es f o
and assessment of suchmenhtatturéeessbdubddb:

wi t hdevlieé opment of accurtadcel snuimerstcial | si muh
purposes.

I n this study, seismic behavior of two test
and tested using the pseudo dynamicat+esting
tory of Mi ddIl e v En aiieneadtdiihgeaatbeedin i W e raene s
code conforming and seiNumnheraild gl dreddeli iemd
framasonducted using DI ANA (®#&D0Bguvaielnahlee el
consti deliTke e mmdel ihn ggvaarpad ri adtalt ee de xwpg e rhi me nt al
t hrough c onfphaer iasnocad syes i (5r & Heatitdesy fwnmrder st andi
shear forces transferred fr dSmiisangiscé 3 s meandtl s



of t he t woc ofnrdaumsd sa JWaASSCEH6 SBuUi d&l i nes and the ot
results were compared to the damage observed du

|l wakound that the presenecdehe fstimdnddl-h,wadtlisf fgnrees:
formation capacity, dtuhceteii Inif oy cdedst @ me s st e mode
Significant amountc aads dschaea a ra mfrdargaaen dtar ¢ n <fod ru mn s
and decheadectil ity

ASCE/ S86 pdhocedures for seismic assessment of r
infill waddrss atrieis ffif aeusntadir mat i ng tUse pdohsdriwed dama
hi nge strains i nst ¢ anke nobfe rapleapnaggtéheedstiad-ai nemal ong
tions for boamaage.yl ewvé lumn

KeywoRdesudo dynamirei hést it edgvatidisnoenrriyclarln fmadd e
i nfgi nite el ement method, seismic assessment
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Do n atdéod ga duvarl é bet onar me -er-eveler, d ¢
késméné ol Bwt ulrinraklt aardcea k i dol gu duvarlar g
el eman!| adrej @lrdrealdi ri | mepketref ovanahas aregrar | eadi
hesaba katléa¥mamaykatndmdaenr o kl tgdie pdruevima ¢ amr éwmner i Cci
et kil eri ol abkitlierce] Bni g92bkéemy midol gu duvar
czerindeki etkilerinin daha fazla araktéér él
ol ar ak, bu gi bi yapélarén tasarém ve perfo
vyventemiemabetniamsa-midmaasry®on gedeinketyisreill nmoelsar aikl
edi |l meli ve dojrulanmal edeér.

Bu -al exmada, Ort a Doju Teknb&r ajhndiavaerési t
tasarl anmeéecxk, inka edil mik ve dinamik benze
denewmunesinin sismik davranéekl|l aré incelenm
uyumlu, ©°teki sismik ol ar akDeredy rrsumun elier-ie
sayeéesal model | emesi DI ANA (2008) sonl u el
model | anél &krudd eyapMomek | eme yakl akéme dene
dojrulanAeakt ez sonu-1ar e, dol gu duvarl ardar
kuvvetlerinin daha 1iyi anl akél maséné sajl a

perfodena@misl endi r meldsG pArSeCrEd iSgEllerdilne g°re yap¢
sonu-1lar deneyde g°zlenen hasarla karkél akt



Dol gu duvarl arén varl éeéjéeénén betonarme -er-evel

kapasitesi, sgalekih il °Me ¢@®- mMee] i K Diot giuj i bul unnm
duvarl ardan kenardilkdklad rel adre§ near ankitkaraérldaan ke s me Kk
hasaréna neden olup, s¢nekl i Ji azal tmaktadér.

Dol gu duvarl & betonarme -er-evelerin sismik per
ASCE/ SBIb 42ntemleri, g°zl enen hasaré tahmin et
Mevcut y°ntem g¢vensi oz sonu-1ar ver mektedir.

Kekildejiktirme kull anmaktansa, pl astik maf s al
kul l anka@ak omns daaisyae | erdianhia bgeslviernll e metdaeh mi nl er v er me

Anaht ar Rehamekebenzeryrdiondhd gy ay dmpdl agyné sdaulv ar
model,$emku el eman y°ntemi,. performans dejerl end
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CHAPTER

| NTRODUCTI ON

1.1.Gener al

Rei nf or c gdRCEyoanme se eveintf hmawmerdr y ( URM) i nfill w
of t he most commonly wused st rSuuccthurstlr uscytsutre:
systems st hipioppud mseitsymigdadnshoupgphve hseuffered
from severe reasulmpejdokied i d ed a md nihendyipee t y | 0 ¢

nean and Latin American countries asn well e
such sYBMemsaifill newaal kyeac ensggieW@ct ur al el em
Theay e used mainly as interitogr ouvi ckextregd g s ¢
space and functionality. Al though URM infil
ment s, t hey tercea ealsedtitaategvtahl and sti ffness ¢
the building is subjetcli&ltd0;t oBremk k ehrgquarkd sBd rF
The | oad resiisnt iagbuelcthiamg sims al tered due t
wal |l Shor theenimagt vorfalt v i bsrualtti oonf ptelre oadt- iafsf nae sre
aldgsults in an increase in theighrdhgphaee
demands, it is observed that tadj amdretr afcrtd no
me nebrnsay riens ublrti tt |l et fbe aeichgoalblommisa,gotfher eby |
the deformability of thapotnrdat dmue.e Sdf tt het

at amayofpostbet RCefatamerbuil dingsTuRkeent e
and other earthquake prone countries drew &
and assessment of RC f mameqnlkReM tolin fUiRIMe i we li Il 4
usual l y inmegel ebcaieelsdd igm god r antatniyc.ec arhn tse smaakyt i n

unsdésofpmundary el ement batummam@bé e st hter aerf sf feecrtr ¢
the inflaidllatwiadn saf masonry infill walls ( Me
to accomadbgeate al frame defl ecoumechadr ¥ oc @Ir emre
and infill svadniéthodi® waleé g her economical no.l
t hcconstrucicendpeatco the heat transfer and f



Se
Tu

ismically deficient buindohgsheobhstl dubg 8t sd
rkey as wel/l as other earthquake ipmone countr

the Turkishableowdcogc rsdtoemkietquean gt hc,onf i nement 0
sl i cing, i nseurf f, 3 idZzoerssti omeaghu loarr igliaerrs iammrd having s
beams compared to col umns. Presence-0f such de
guirement of accurate seismic assessment procecd
property | oss in case toifngahas qaum kiensp o rEtxgretr i pnle a
derstanding the risk posed by eartmguakes on d:

mi
ra
t h
ac
t h

1.2.

Al
of
fr
t h
Nu

pe

Fo
t h
w a

cally deficiewrvtl udbatheswhil clo pamvbaeused to ve

cy of the avail abl entshedissemli d¢di mgs.eslsmesntc meb hiold
e risk of shear failure on the boundary <colu
tion of the infillcawwlbde eawdan trher & rarmet isaalucd
ose observed in new buildings.

Probl admm®tna

though vast amount of research has been done
URM infilmedhdmiaacnesand hmddacehaet voord tthe
ame el ement s naontd clbRM |wveatlellsy authedeeresdftebrord. The f ¢
e boundary frame member s nikewrast d utrteh edo merseays ic
meri cal model s which are capabl e xof simulatir
cted demaodmrpoavriadiee tvearlsuiab | ehi s foegat d on

hetdesign of new structures, there are no rec
e boundaryi hrame membhéesd Eart hquake Code (TEC
I' I's ar e cosntsriuwcetruerdalasconmmpnonents and they are

aalysis during the cour sTehiocf btrhiengssdalr tde gihgen rj

me
Fu
ru |
ry
S i
w h
cCo
ri

nt of evaluation of the current design codes
rthermor e, t hei nasGheapstnern t 7dnae ft nNhobtlA Gp r( 2W0i0d7e any
es to consider the presence of imf-ill wall s.
frame members are conducted accor-ding to the
ders formation of pl astithédidigestr ialkutnmnedmbfear c
ch wildl be transferred from the infildl wal | s
mpression strut width are not considered. TEC
sk of brittle shear failure offr@miumtdeary fr ame

action. For the infil!/ wall s which has been ret

t h
st

e design code, the effect i's clai med to be ac
rut models in the analyses. t@Genppiedénirmaniclee ¢

both code compliant and deficient RC frames sho

on
be

the topic, necessafRMguindellilnevaltlo i mdregiadcedrn ¢
adopted in TEC.



13.Li terature Revi ew

Over the pdaes, flew brerohapdane i niafactli ovml 06
wi tthh dioundi ng €& x menreismearnvteasitliygyat ed by nmany r e
pl ane monotodnitchet @ santbinrkd i tpwatheed st he maj ority
Literatlusieoopwbawmumasonry infilled frame tes
t ec hnoirqg usehsalklea r tee 4 tadnhTehmead p er i me mctsoanl d uscttuedd o n
URM infilled frames amdcsteherxdkrashvahieobse hat
i nfdad frames and the par abmeitefresd afbdlecw i ng t

Fiorato et al. (1970) conducted a @omprehel
sonry infilled RC-sftroanjeay naenklld dfefsdegema 8d ok e
t wot orey aayh-skc/a8 e RC frames which haldaynasonry
Brick masonry was used as tihce ayndliilcl | noaatdea rni

was applied on the specimens. They rel ated

t hei homt al forces causing diagonal <cracking
was found that the presence of infildl wal | ¢
and the strength of-itntié | flrramdgs acme@mman dch wtas

the presence of i nf il walls in RC-frames

column failures.

Kl iemgnand Becbedaoaculadssid®B8i ¢ cycl i-scalsetspeoea t
mens with clay brick and lcsonwlriedhe dridbdgorceks emms
| ower three ss$bboigpspiodt amypée eveinl di ng. Fram
for high ductility and infil!l reinforcement
a way that the bDbrittlwoudhearotf aiclcwnce dthet he
cuachigh displacement demands and the crus't

soft story formation caused the failure for
walls in RC frames wkirchgwéheéi déeéaimghed i andr
were extremely beneficial in terms aof sti ff

pacity andoft hteh ed ucwfairllel teyd sfor dme t er t han t ha

Mehr abi efcaal i eofnlodt@otiniim and cyclic -experi me
scale concrete block masonry infilled RC fr
streanngdt h ffness oifn trheloathiheedn r Wwabubhsging fr ame
ratio, amadndibsoifeornerti cal | oads, l ater al | o0c
adjacent infilled bays. RC frames coensisted
conforming and conforming accordinge-to the
sign. |t edas haboné€buoudthe weak frames with st
the col wonencsucweerxdé ng a brittle behavior for
the strong frames with relatively weak infi
wasebserved following the crushing of the in
Mosal am et al . S1DP98pawuegoeadr at enubt ock mas
steel framaywamhc péPadd experi mentani on t e



extessiudyg on thegsffiect hdfhewgp drilsewmrkelbdsthat the

filled frame acted as an isolated farame in | ow
tact between infill wal/l and the frame was achi
occurred at itnhfei Isle cwohnidc hs thoardy openi ngs, however
damage in the first story infill wall was much
Fardis et al. (1999) condustedydhgkddirerl e expe
di mensi onal RC frame andanstiuwdieegdu|ltalre te fefse cctasu se@

uni form distribution of t hedinmaescotniroynailn fliolaldiwagl |
the frame and observed that dedppiatne tflae | ulrender
of the infill ewaldt dhidghnodi sopclcaucre meevnt demands.
finding was the displacement demands in case of
of the bare frame regardless of the period shor

Mar j ani and &€ssbgai(edolhei hbghavior of brick inf

frames under reversed cyclic loadiong a@amé& conduc
bay frames. The resear chplrasstuesreedd biontfhi | gl awsatlelrse
i nvestigatfe tthree pdfafseaetr on stiffness and streng
panels to determine the infildl characteristics.
and bare frame experiments, they concluded that

bobh strength and stiffness significantly. The s
noml astered speci mens oaaed 300% for the plastere

Ha s h e mi and Moosmd uacn e(d2 O0o/t)h s hake table and Psl
one story one ulWaywgR/t@efrsdmd iodnclt he first fl oor
oudfdpl ane behaviorl tofwashef aunnfd Itlh astaltlhse presence

significantly increased strength and stiffness
nat urcad ared ii ncreased the damping coefficient.

ences on the force and displacement demands oc
experi ment al and analytical studies showed tha
wall s ranWourhckiing frames were significant and ne
|l ead to both unsafe seismic risk eva-luation and
bl e el ements in RC frames with URM infill walls
Kurt et al. (2011) aseids isda Imeyt hdeaf if mire nte sit i nga
threeCbhbhhyame and evaluatet@hettsestei cmame pleadorir m
walls only at the middle bay and they found t

strength about 65 %. agheys mdmnsto prooucnedd utrteatp rtotve
ASCESEHEOW G20pP6gave considerably conservative resu
on the frame members.

Behavior and seismic strengthening of RC frames
the focus of dmanyVd sdtiduthdei eBsasctconTe Shmiucalur &hi ver s
Mechanics Laboratory over the past decade. ¥zce
study about CFRPeiss meagl hewmmdddmaogfeedh t r eaindf or ced
concrete fr amesndaamwy, -stitewgotye dl / 3e vsechdilemn -R© f r ame s .



cluded that CFRP strengthening increases | a

ductility. Barteen taendd t Sherveidl ol(A238 gsicganide 50 nle/ 3 s
twotorpagnC wiindmeg i ck i nfiakli awal losadbyncltal
| asppl i cing and mortar strength. They conclu

order of 6 times and th80stifmeEses® mpacriaegs
bar e fréaame(s2.01Ak conducted testssboboaryighe¢e 1

bay infilled RC frames with differefmt aspec
ness and strength of the frames increased
sguaframes was | arger compared to other fra

Okuyucu (2011) investi gt ¢ dheit i epedkdcdast odnc
panel strengthA etnoitnagl toefc hfniidgyeestiwod Ar3aREcsdl e o
were tested in the course of the stady. She
tion increased the | ateral strength of the

Many researchers have Vvioocousefl massesnmul anf nl
bui |lfdriaagesal i zing the i mportance of t heir C
Various degrees of sophistication were empl
based on strut models which represent the
el emenconnected to the frame el ements to mi
continuum finite el ement model s based on s
Al t hough macro modeling approach stiil pres
cat inan ianpl ementati on i n pr aacrtei creefc ®msesraer yc o m
search purposes and rhordemlialcucruer amoed eess-td mma t fi a
ferred to boundary el ement s.

KIl'ingner and Beemptleoryoe d( 1d9i7a8g o n aplr estemuti ngl ¢ in
URM infill wall in their finite el edment met
eling provided good agreemehgd otwat hseheeexpe

EIDakhakhni et al . (2003) al so adept eedhetyhe
stated that the real strut mechanism is cor
stressed regions at the two | oaded rcorners

ners of the bounding frame. Thayaldredpsdadtsea
each direction.

Ha s h e mi and Mmesdéhbed (2BO7URM infildl wal |

smeared crack finite elements and used nonl
frame. They used internffaelelf @idmetsnenTise froe s ulhte
from the analyses were in almost pemrfect ag
i ment s. They adisme rpsgiogpmale ds tar uuthraemed ti e mo
compression struts andha-ptl amsi @i Htaipes ttbo s |
havior of the infill wal/

More recently, Stavridis and Stheé lgmif@Wel 0) ¢
combined the smeared and discrete crack app



boundar yTheyruemeasb.l e t o «c apdeufroer mahtei ognl orbeasl p ol nosaed a
the inclined cracking in the boundary columns w

14Gui delines on the nbe 2ifgnRCankr aAmsesse swineh U
Infill Walls

Eurocode 8 (2004) whidelsiig®s thedectorermrtarsthgquatker
for European countries provides regulations f ol

Eurocode 8, the beneficial ef fects kof the infil
en into account. |l msihhead agheastdesihegnardyease wif
walls such as possible soft story formations,
boundary col umns. For preventing sbobhe story fai
i nfildl wal |l s arhe roevdkkuded nmgelsdtoirwe tshhowl d be de
its elastic range until the infill malls in the
come the torsional response arising from the &
Eurocode 8 nmtoalbl escartcriideity to be used in the
forces which wild.l be transferred from the infi
taken into account and the bousnndalolyercloé umns s hc
two shearchowcékeb Wwh computed fr om:
T The horizont al component of the-infild]l str
zontal shear strength of the panel
T The shear force calculated comsidering the
ing corner crushisng uaf wihdg hi nfi |l along it
The illustration of the expected shear force t
FigtEurocode 8 also has taken measures for th
softory mechanism ihothbegpaunhdctl aorsutdoerabil
walls. The entire |l ength of the first story <co

and confined.

ASCE/ SBb #&% the seismic assessment code provi d:i
Civil Engimepmlrasc ewh i EHBMAa Bdbdr d( Pared Comment ary f
Seismic Rehabilitation of Buil dings, 2000) i n
ASCE/ SEI 41-1Swapl eemkbabsed based on the research
since the relcaarseentaf AtSHGE /dSiEdiwsitddledso gsi del i nes f o

me nt and rehabilitation of RC frames with URM
members, the assessment is made based on plasti
wher eas it i sunbnasaevderoang et csttarlaionoli Pl easecof Dboun
rotation | imits provided for the isolated colum
Tablle | n thies ttalbd eaxi al lotoad Dhetdgfeosneenheea

col umn s ézxitsi othh eanacdoncr e'tset amtdrse nfgotrh tnhee rter ansver



forcement ratiosbandsdefsesecthenshedr demand
wi || be calculated from plastmberms ng8edtoiran
di mensi oessenaredamn@ypmThe frame members adjacer
considered-casrgkngl| meembedrad i zredd di spl acemen
as axi al deformation of mémhbhge raghemn 1§ mama
of those members. Jabhen AS CEIOGE | ad 4sko  gpirvoevni d
met hods t o esti matierea nt shfee rf roa dwveafstrlosmhti bcehea d n & ¢ &

beams @amumSicmill ar to Eurocode 8, the esti mat
based on the horizont al component of t he s
strength devel opment in the infildl wal | an
cornerngrubbwever it i s not Il i mitedd-to col u
ary col bemamsastdoul d be checked against thos
the columns and beams are found as insuffi
accondi MSCEDNDBEI FdL the assessment of the i
cedure is recommended by the document. Per
insemry drift ratio of the story and depen
i nifivwall strength ratio. The drift | imits a

Tabl3e H¥&y and Ve arelateral frame and infill wall strengths respectively
where Lq./hi is the length to height aspect ratio of the infill panel

\Vi M

Fi gahExpected Shear Force Transferred fro
Eurocode 8 (2004)



TablleNumer i cal AccerptRath cCo lQurnntse FDiGa ASOICE/ SEI 41
Acceptance Criteria
Condition i. Plastic Rotations Angle, radians
Performance Level
o B
50 oI 10 LS CP
O 0. 0O 0.0 0.005 0.026 0.035
O 0. 0O 0.0 0.003 0.008 0.009
O 0. =0.002 0.005 0.02 0.027
0 o0. =0.002 0.002 0.003 0.004
Acceptance Criteria
Condition ii. Plastic Rotations Angle, radians
Performance Level
0 , 0 @
50 o1 500 10 LS CP
O 0 0O 0.0 O 3 0.005 0.024 0.032
O o 0O 0.0 O 6 0.005 0.019 0.025
0 o 0O 0.0 O 3 0.003 0.008 0.009
0 o 0O 0.0 O 6 0.003 0.006 0.007
O 0 O 0.0¢( O 3 0.005 0.009 0.01
O o O 0.0¢( O 6 0.004 0.005 0.005
o o O 0.0¢( O 3 0.002 0.003 0.003
o o O 0.0(¢( O 6 0 0 0
O: |l mmedi ate Occupancy, LS: Life Safety, CP: Collapse
Tabl2eNumer i cal AccepnéiR€Cé €@ iutmnrsi a fF6AAISCE/ SEI 41
Acceptance Criteria
Total Strain
Performance Level
Conditions 10 LS CP
i. Columns modeled as compression chords
Columns confined along entire length 0.003 0.015 0.02
All other cases 0.002 0.002 0.003
ii. Columns modeled as tension chords
Columns with wellconfined splices, or no splices 0.01 0.03 0.04
All other cases See the document
O: |l mmedi ate Occupancy, LS: Life Safety, CP: Coll apse



Tabl3&Numerical AccepMbsasopoaeyCtinnf eASGBEUAEIs 41

Acceptance Criteria

b = e Wine Lint/Nint LS (%)
b<0.7 0.5 0.4
1 0.3
2 0.2
0. D<0D3 0.5 0.8
1 0.6
2 0.4
bO 1. 0.5 1.1
1 0.9
2 0.7

LS: Life Safety

15.0bjective and Scope

The uncertainties concerning thgupdef onman
predicting the risk of shear f aiimfuirlels wdl Ib
interaction renders the need of furbt-her ex|
jectiseéapedt , t het hpewo f b e 1 nisipecelo f wnesr scavn st r u
and tested at METU Structur al Mechanics Lal
were among many sppeonpmehbhetesmpdehansihee r ¢
nameldnviestigati on and Devel opment amd Per f
Strengthening Techniques dofuNdwdGkbneThei Ba
and Technol ogi cal Resear cAMAQ Nnkcdd 7 ,0f1l 0T8UG Kk
202M13 The PsD experiments were comaducted
sear cpr cajnedct as siTshtea nttesstats pMETiUne nspeursed i n
pared by | aboratory techPRowiamg, bMeE&me #&rhe
Engin Ayat ar anTde sftacnugl twa smecnobnedrusc t efda-under t
ulty metmiblee sheli p from Salim Azak amdeaforen
experiemnt al data produced from testing wa:
results with simulations amnmbdercal nboamatifomi
tests a@aocaphei ons with o tsheenrt esdp ebcyi nieonusr ewigl |
i n his Phwo stpheecsiimens among thirteen specin
course of the project was studied here. The
and Spenimbae progectedi b I’Bpeci men cl- and 2
ti veheg.first of the test frames which wil!/
was designed according to the Turkish Earth
t he ipprliensc of modern eaekbbudkegreéebestdhtcde



wal | Speci men 2 was a seismically deficient fra
i nadequately according to the current seismic ¢
i mhe existing buildings in Turkey. Pseudo dynart
|l evel s of ground motion on both test speci mens.

The main objective of this study was to invest:i
posed by-inhel Frawmbh int&Cadrames with URM infi
respeecptr,ocessti ng of the experiment al data from
siemens weAr enochdcroen.é @8 nuu m fnondiwtée deelveenrheonpted and
the ability of t hcecalmoard dloo beaslt iemagien eehrei nngo de m
wad invedfitgawadds, the results of the nonlines
deduce the force distributcontdenwtboha@ai hedndary
from the &xmpaldilimentthet aecH4BBEYSEE]I i nes for the
assessment of infill walls and boundary col umns
critically evaluated.

I n Chapter 2, the experi ment al and analytical s
(Speci medr elgseds. aHler e, the test seteup, i nstr ume
dure is explained briefly and experiment al resu
cal model ing approach is given and validated. A
givenwat bnghe experi ment al results and forces o
are further studied. The experi menta- and analy
i men 2) are presented in Chapter 3. Seismic ass
nNi xepeer i ments conducted by Mehrabi ©¥5994) was me
gui delinesrandt ati ogi wédntalomgswiltls Wwae assessm

10
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CHAPTER

CODEOMPILNT FRAME

his chapter,carpel ibaenhta vfiroameo fa nddndiatdse i nt
s areléegami médd biomh experi ment al and nu
erties of the codperesoempllieien ntte stteisntg snpeet chi
st hienps t aaudneomt are explained briefly. Re
r three |l evels of ground motion are pr e
ued oirryt edrri fts and force deformation r e:
fort mebtiad emntnigf i cati on of dynamic paran
ral vibration period and damping ratio

rical modeling approach i s explraoimed br
abi. (Dynh%Rayisé¢ samalsults under three | evel
ed and the accuracy of the moded- to sir
is investigated. Her e, results of t he
ri ment alr eseuslutlst si. nclTlhuedtsee f orce def or mat.i

ory drift ratios at each story, strain an

T T cCc o w0 022
- S JC O T X oo 0 C

mn me mb e r-csu ravnadt umoemernetl ati onshi ps of e xt
her dlhebaornateer acrt i on behavior amd force
, shear diagrams of the first sst-ory col
uted | oading on the boundary columns a
entegtiem thiomgc wadtihe e bemhSECEASEON S .
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21.Properties of Specimen 1

The i scal adrteler daaystreriynf orced clbhcwat s fr ame
at its waestsalebnbgd from a typicalldnngrior fra
(Figale) . The building was designhed according
Gravity | oads were applied on the beams with f|

l i ve blyoad = gAi godroeAb.p | greaVv ioaywed ek N for the first
two stories and 8C |kuNnnfso rh atdh ed itnheinrsd osntso royf. 150
with aihahgirteadfor ce @80t mma s oFs gl gb. B n

Beams had flanged sections with a kottom width
tion including the flange was 175 mm. FI ange t
was 500 mm. Details of the beam sefgt-i on and t he
urzlb.4 mm di ameter stirrups were used as trans
i ntermedi ate ties and end zones at the end of

conf Fngdall @)nfill owandtsr wetred accordicng to the coc¢
tion practice by wusing hollow c¢clay bricks which
190 mMmgk &). The holes of the holl ow clay brick
t he verretcitciaoon.diThi ckness of the applied plaster
sides was approximately 10 mm. Uni aix4 al compres

mens revealed an average coanparaageaxieabktcength o
pressgsiengtst of mortar and plaster were 4.2 MPa a

a anri al compr es.s5 vMPa&a.t r& ngrm hd effor8med- bars wer e
di nal reinforcement with a yield strength of 4
MP a . 1dOe fromm med bar s, which were used as |l ongit ut

strength of 480 MPa and an wultimate strength of
bars with a yield suttnte matt @4Ra.2h@tMPafan

Sm

L35m

Sm
e Ly
i

b e m—n

M Column 104

a) Prototgper Stamd Test Fr ame
Figarpetails of the Specimen 1 (contdd)
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Col urm
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Regi o
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i I
175mm 2010 240 175mm
115mm 308 Beam 115mm s Beam
04/80
g / Span Iy ‘ Support
< 150mm > Regi o < 150mm-——»> Regi o

b) Section Properties

FigurbPetaill s of (tchoentSdpde)ci men 1

22l nstrumentation and Testing

l ns ument ati on consisted of Linear Vari abl e
were placed at each storVyobhdvekl|l asdiasdt stbey

cal di al gages placed at the infitlolm vdl | d
the exterior columns. LVDTs were mlfadende at
firsgt drwo col unnos neepadstub e a mé o rnye nubeef ro aenmadt i roonts
ti amg curFwat urhees cal cul ati on of esmbmeaend
urements taken from two LVDTs placed- on the
i ng diBesd imooments, shear and axialoforces
nent force transducers attached at I[the Dbot
200B)) al gages were used to measure the stra

Story shears were obtained by Dtehai ise od6f tlh
instrumentation and LVDTs used uidny tahree cparl c U
sentkidgadzne

For the testingdyrfamihce (fRsaDie ,t essteiurdgp t ec hni

simulation and testing method, was used. P
met hod t o sihnagk eb yt aTbal kea ntaesshti et al. g-1975) a
geous in many aspects. I't all ows | ax-ge scal
agation due to the slow applictangomeohothe
part of thelgtthet dmenphnam and mass propert
and the rest of the structure is physicall\
the equation of motion at each stepi.- The r ¢

13



me nt and megsedcalt o ynsol ve the equatien of motion

pl acement s. Obtained displacements are then i mp
Use of explicit methods for numeri cal i ntegrati
was prbeed at 0 ddy ma mpisceuaxperi mentation (Mahin ai
An il lustration of tHké gRZEB test | oop is present

Reacti ol

ActuaTransd

Fig@2€€est Setup and Instrumentatio

14



Data Acquisition

Restoring Forces

R(t)

Earthquake
Record —>{  Computer Test Specimen
Numerical integration Displacements
Mii(t) + Cu(t) + R(¢) = P(t) Servo-hydraulic u(t)

control svstem

Figa3kPsewdgmami ¢c Testing Loop

The threfreéegmene system was tested wsing t hi

l'ina et al. 1999) . Using the grotimd adbdeel e
structure was solved numerically wibt-h an e
tained di splacement demands were applied to
actuator s. Mass matrix used wasordyi angaosnsaels a

(m= 11426= kL4 2n6= kH925n kg) and zero damping
systTeam.ee synthetic ground acceleration recc
t hseite speciDf¢gizcespegtima.ofDl and DBR%grmodnd m
10% probhbéi hgt gixnoé50d eydear s for Z1 type of s
D4 ground motion repbheiseqt daxnd&ebddd gyde@ly asb if loirt v

of soil. Original ground moti ony twee ef &aotmprr
0 pic, compati bl e wiitThet e osiinmhi Imott u dber-s| aig.e d
sponding earthquakegBdgpectra are shown in

Earthquake Spectra

—D1 .

B ™ --D2 Ground Acceleration (g)

4 i 0.6|
@1 D4
S 0.4 §
ot
s 0.2 |
2" A
g o ronwy s - )
O g v W l
< 02
(_E . t ! | & [r
E 0.4 |
Q 4 .,
DN e, T 0.6

s - 0 5 0 _ 15 20
T ] Time (s)
— ]
0 —

15 2
Period (s)

Fi g@a46r ound Moed oin,s BHxperi ments
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23.Experi ment al Resul ts

The -shbey drift ratios of the threet-stories ar e
t erwhsi ch were observed during the peak defor mat
gi vemi gt Fordef or mati on rel ationships of each st
shear vesrtsouwrsy idmtiedrt FiagtRiGoe Rr em gd itveepnlf aecneme nt

envel opes, it is observed afhatthd hdeie dotvnedrtrad rhe | o ad
dereasgnificantly even at the end of the exper
strewmagltwhese obseiwngd D2 and D4 earthquakes which
cracking of the first and second story infill w

Wi de f1l ex

05 cracks, diushing of
) t he infilll
0 LMAA a e s YR iy " = >
b B VVCqumn dla m
Di agonal crlacks | - fisabte
Di agonal 2mdadkiwn |

Ve i

Inter-story Drift Ratio (%)

—Story 1
-==-Story 2
=+=Story 3

20 25

10 15
Time (Seconds)

Fi e@% 1 ntSemry Drift Rati o Respofnsre al ong with
Speci menl

For the D1 earthquake, the test frame did not S
very small dasps acOhertartddquake resulted in in
framefil!]| wal | boundari es. Hori zontd-l sliding ¢c
ary columns-iddel towhrhmenteraction -were also o

story dri fitr srtatsitooroyf atthet hfe end of D2 earthgqguak

di spl acement of 28 mm. D4 earthquake caused si
resulting in wideagaoamadks tihre telxw@asliwihingh st ory in
resul tefdr darhee tteeseaxperience | arge first story dr

16



story infillamdals heaankds fdte xaualaumns were al so
ond story, interdiacdel tr avaks doOundar yr amd a
URM infill wal!/ were observed.sForytdiisfgroi
of the first floor was about 2.0% resul tincg
shear demand measured during experisment wa
pl acemeeasponses for the D1, D2 &nag2®4 groun

Di agonal wal l strains measuredi veRitiper ¢ i r st
27.Resul ts concekemdmd padireameotcaadnda o otmsaanmhe m
curvatures are presented and discussed in t
Story1l Story2
150 <\
150
100
AIOO —
g Z
5 3
2 2 o
%] [&]
2 50 2
Q O -50|
@ @
-100]
pe -100|
4 —D1]
200 = _____Bi 150
15 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Inter-story Drift Ratio (%)
Story3
ol 200
10¢ / 150
100
z z
= S
= 5
2 & o
n n
n m-wc
10 -150)|
i —D1| H i —D1
B I ‘ =5
-0.6 -0.4 0.6 -40 30 30 40

-0.2 0 0.2 -20 -10 0 10 20
Inter-story Drift Ratio (%) Roof Displacement (mm)

FigaeeEor-Def or mati on Response for Spec

S S —

o
e
10 15 20 25
Time(s)
Figarpbi agonal Wall Strain Response for th
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241 denti fication of Dynamic Parameters

l dentification of the time dependent vi brati on

frame ed oabitagnthe procedure proposed by Mol i n:
sults of the PsD method for the identification
model , t he mefaosrueceesdp prileise o rd ihgpa ndddheeenle @ ¢ s

tieésare considered to be related as:

0t ot OF »i (21

whekangdare the secant stiffness=iasndcovnisstcaonuts dam
force ofltsesthotuérdm.be nnotiesd otnhlayt ptohsesnisbolleu twiot h us
ber of t©Obmai st eags a Ieasutansphua'rgensbteq'uencifes a
mode shapes for the problem can be obtained by
problem given b9®P®¥Maia and Silva (

, A I _
tf e 1 °=0 22
iR 0 - Qp -
)
wher e 0 p
andis the theoretical mass matri x which i s usec

quemcaynd the equivalreattiaotiithedes dampi mgn be o
tained usPkdg Edemnmti foined first mode period and d

Fig& elt is observed that the fitr DOt. lmModecperi oc
at thegbefi mmehdme&tt change significantly until
motion. The period elongated to about 0.3 secon
At the end of the experiment, ohmhedsfuidbdament al
el ongation in the period can easily be attribut
and flexural cracking of frame mesntceun s whi ch r
tuté. is observedattih@atwd $ ea ld@nnitpn ¢ @Yo fait+t hdeeomarn n
ment wasda&Wo wWdtur i ng the rest of t hlet eixypealianent,
noted that the | ocations of significant osci ||l

wi t hl otshse of numeri cal stmbi il nt éhri gbhll yh e fnrmd tahod d
tic actions.

18
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25.Numer i cal Model i ng

The test frame was impldene dytamesdased efmemibu e m
met reanp | oyi ng DI ANA (2008). The reinforced ¢

node quadrilateral el ements which were base
numerically by a 2 I 2 Gauss inteealrawdason me
used to model t heorrdrn Inif oeg ara ddechheawidbart gorfi a |

mo d e | describes both the coMmprreaisnveelaatdi o mr
in the principle directionsali Camsriragtta | re ha
mat eirn attensi on and el astic Fper fthet llgatplradt ic
ment , mo d e | proposed by SelShynwcand h¥e dahime
model emll aarse ast r,esshepreddfleech of i hhe damnfidnidn
menscé¢amnot be incorporated directly. Theref
uni axi atratnesnodel was preferred owing to

observati onFoirn tthiee rtee saitf ©.r ci n gmesntte ed p p r eonabcehd
(DI ANA 2008) wa % guweardes nRoed enlfeod cat taeir exa
ti onshei i nimee hel ePearftect bond was assumed b
For Vo-Rlieses yield criterion-swana cuusresde wint hu nai
i al tensiamfiThe wlandme nt erf-aode waeer made |
ments with a Coulomb Friction criterion. L
interfaces were assumed to beoagqhaltdeoi agc!
gi owesr e iagnado o-@<sls o dil aotwelvdes s ed awigtalp cr i teri on ¢
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with verystmeavndtem.saisTsritste ailho dae Igtatpe ftvecmsi |i &

tionr einegxtche ed e d . Smeared craek dppr odeh moae!l alng
of the URM infaoadd ogvad d-pautsa met -88k cfiei prbidatnee

ments. Materi al behavior was considered as |ine
in compressioovewtt bnahteHtenrt mu | asttircan pefr ot ati ng ¢
proach. For the | ateral cracking, mo d e | propos
used. The gravity |l oading whi chd vasstdapplriiebdu by
ed |omdlsevaamse.r i al pr oper tdi ecso nrca ggd red ianrge sttaekeeln adni

from matRtraray messtes were definedssedsiatent wi:
the PsD system andhleumped!| athethe enemfiesnedt of
4917 plane stress el emehNoansl iannedar3 4t2 men theirsftaocrey eal
of the finite element mesh took about 8 hours
All the materi al proper enedlamAlaads tanmarhye si mul at
of the modepiseqgtEBidg&hdIneg

Compres |
Behavi o

fe
Tensi
Beha,

o0
'S

2 3
Pl anter ess EI

[/

| nteea fERAl e me

Behavior!”

Tensifl
2 3 Behavfor
Pl aster ¢
El e me

e~

1

Figaoa®odel ing Strategy
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Tab2leMat er i al Properties UsecdciimenNumeri ca

Wall Medium Mortar (Interfaces)
Elastic Modulus E(MPa)| 850 Normal Stiffness K, (N/m°) 8.5 x 14*
Compreia\llaea)s rength f) g Tangential Stiffness K(N/m?) 8.5 x 14*
Tensile Strength.f(MPa) | 0.25 Cohesion ¢ (MPa) 0.5
Fracture EnergyN.m) | 196777 Friction Ang 0.5
Reinforcing Steel
Concrete Reinforcing Bar | Yi€ld Strength | Ultimate Strength
9 (MPa) (MPa)
Elastic Modulus E(MPa) | 21029 | 4 mm plain bars 240 340
Compressive Strength f 19.6 8 mm deformed 450 640
(MPa) bars
Tensile Strength.f(MPa)| 1.55 10 mrgaclire;formec 450 720

26.Val i dation of the Proposed Model

26.lMonotAmalcyses

The capability of the proposed FE model to
the 4 néamel wal | i nteractieosn wenrde tihnev ersetsiuglatti
experiments conducted by-sMehybdblaiynLCedlr ames
with different infill wal/l and frame-charac

l'y at University of Coltbereadapaeti Blbend-der st ad
rial properTaeSacei ghveetianl s of both weak
gi velhi g2r@ he model ing strategy descdh-i bed ea
out any alterations to validate the model

were obtained from joint direct shear test s
Results of the cyclic jFaigfrledi Teetpshfear mare
the model of sd earfud rammd tnigo nt hree If atriceen srh-i ps ( pu
age propagation in the structure is evaluat
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Tabd2eChar acteMatsed ical

aRdoperties of the Fr ame

Pang Pang | I nf
. . as eBrl - Ec fc Em fcrﬁ
SpeC|Fra|H(er|n)g raaiTyP It:n'mC(MPz(MP(MP (MP Load
(hi/]|
Sp wea|l 1.3 0.6 - - 2197 30. - - mo n
Sg weal 1. 3 0.6| hol 45 2197 30. ({315 9.7 mon
SB weal| 1.3 0.6|sol 90 2191 30.{952( 15.| mon
Spg wea| 1.3| 0.6| hol 45 | 1721 26./459¢ 10.| cyc
Sp weal| 1.3 0.6|sol 90 180¢(20./{894¢ 13. cyc
Sp str 1.3 0.6| hol 45 | 1984 25.|1419¢ 10. cyc
S| sbn| 1.3| 0.6|sol 90 |186] 33./907] 13.|] cyc
Sp weal| 1.3| 0.6| hol 45 | 1721 26./5107 9.5 mon
SP weal| 1.3 0.6|sol 90 1721 26.{823¢ 14.| mon
Sp0 |weal 1.3| 0.4| hol 45 |2013 26.{394] 10.| cyc
*fcm was obtaithedordrmansanmniyl a&®ssdamlsl ages
hol .: holl ow, mon. : monotonic, cyc.:cyclic
fs—— 1 52—
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Mortar Cyclic Joint Direct Shear Test : Shear Stress vs. Shear Slip Mortar Cyclic Joint Direct Shear Test : Shear Stress vs. Shear Slip
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Load - Displacement Curve for Specimens 1,2,3 Load - Displacement Curve for Specimens 4,5
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Load - Displacement Curve for Specimen 10
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The ability of the numerical model to si mul
concrete frame and the URM fiindfall | momad | o fmefmd
was also Speesmegatdednd 9 were selected fo
of the two frames was that Speci men 4 had

bl ocks, where Specimen 9 hasdola dr ecloantcirveetley bs
For the 4 points cisodlaecch osmpFeitcdi 2in@gmu svheocvt eorr sc L
of plmne principal compressive stresses, <cra

shear forcel adngstlrdbudaroyn c ol undnnsd a2r.@ grievsepne
tivelTyhe ptrrienscs pwd ptsoirnsi suathh&yhgad path wit
URM i nfill walahd Tdafe | thipee mad inmmessi on strut
observed laal$ eddihs pl ac emeQ@rtacikn cyterassierd pl ot s pr
representation of crack paRCtérmsnei member BRN

crack directions indicahbhei plhe themsnalle dstrreai
whi ch wad tewseame as the principle tensile s
model .dakFrnamgeel pattern obseralesdo fEdiry2infee( speci
There is a reasonabl e agreementhebpe wiemeantt he

antdhsei mul aoi o@mach speci men

[ | 1
EN - r T e tei ks X 74 e
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R e
4™ ot mh
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Specim i |

Fi gt #bserved Damage in Specimens 4 and

262Behavior of Boundary Col umns

Simulation results ofhé&peicismenpdi neveal eldet
mm roof di spl aaceme natt) ,t hien oltReM Fir refdi. ImMDi vaaloln a |
pression strut mechanism was formed and she
(Tab2A3r. Whmm ri®&of di spl acement was reached,
URM wal | (Toacb2l3)er rTeldi s r e s wdlitaegdo niant os tarnuto fffor ma
forces transferred to columns wee@& cmnaclss:e
in RC columns. At point 3 (15 mm r oof displ
ver curve, increased damage was oObserved at
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of the compression strut watomny adinnioetwemahnhd i ncr

al so caused flexural cracking on the col umns.
mm) , crushing of the infildl wal | abeng with th
served. Shear transfer to boundapyacemamhs wer
demand. Further flexural crhekfagl wae obserwved
the URMI I | edwiRG firncrhd ned shear cracks forming
in both experiment aHowende rsi muhlea tfirmminindrryees unhotdse. w
fl exhulreadur al crack pattemwerad stoi mant igoonosd aafg rteleanea
with the observed damage. Shear force diagr ams

by post processing the @FabXpsdRersatl tsheshiowt ¢ dhraa
because of the compressive strut action of the
shear force was transferrtelieetak tURM ¢ olf u hn eviad 3 .S
and relatively ste osnda ghdocuintdyi nvga eff recaxdeasstyls etend u | |
shear capacity of the columns was reached. This
for the considered frame.

Specimen 9 had a relatively strong infildl wal |
t hfei r st point (2.9 mm roof di spl acement) mar ke
structure exhibited a stiff behavior, all owing
URM infill wall. Significant amount of shear fo
cncentric diagonal compressi olhabfe. utAtf drhmat i on
roof displacement demand of 6.23 mm, first maj
demand induced by the URM whiihl waal li namcdnt aet
with the infill wall were increased. Il nclined s
column ends, were observed. The column ends we
point on the pushover curvecr(@®dhilngnmofr oohe di sl
wal | and significant strength degrahdati on was o
ing of the URM infildl at the two otplpeomsite corn
short column at the Dboundary ncdalhumnsc.asHo weavse rf, o
be | ess critical compared to the pihlevious <case
umns revealed that forces transferred from URM
overalll behavior was not 4pumenl y oblf exdurspll .acAtimen|
inclined cracking were observed at the entire

capacity was further decreased.
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27.Dynamic Analysis of the Code Conforming Te

Results of the simulations presendendf in the pre¢
dence on the accuracy of the modeling approach
anal yses of the test fr ameg@#)erwetrhee ctohnrdeuec t gerdo un
using pr evieaodusHE ndoedsecFriig 89).s cAh edveemp(i ng rati o of
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was used in the analysistoThkesoebyecitheealifl
mating dynamic response of the tesritbb-frame a
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Story3 Shear Force vs. Inter-Story Drift Ratio Base Shear vs Roof Displacement
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