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ABSTRACT

INFILLED REINFORCED CONCRETE FRAME PERFORMANCE
UNDER SEISMIC ACTIONS

Demirel Ks ma i | Oz an
Doctor of PhilosophyCivil Engineering
Supervisor : Prof. DiAhmet Yakut

May 2023 263 pages

A comprehensiveexperimental campaign wanducted aME T U UJ ur Er soy
Structural Mechanics Lalpatory to investigatethe seismic response of infilled
reinforced concrete frames. A total of 22 hsthled frame tests were conducted on
identical, singlestory, singlebay frame specimens infilled withollow clay bricks

and aerated concrete blocks. Retrofit techniques such as isolation joints, steel mesh
overlays, sliding joints and horizontal steel ties wevestigated Frame specimens
under constant vertical loaglere subjected to cyclic 4plane, monolithic oubf-

plane and simultaneous-ptaneand out-of-plane loading conditions using sefvo
controlled hydraulic jacks and airbags. Particular attention was devot#te to
definition of lateral driftbased performare limits for infill walls, identification of
in-plane wall damage on the eoitplane capacity anthe performance of retrofit

techniques applied to infill walls to enhance earthquake resistance.

Keywords: Infill Wall, Reinforced Concrete Frame, Experint& Study Seismic

Performance, Retrofit



¥Z

DOLGU DUVARLI BETONARME C¢ERCEVELERKN DEPREM ETKEF
ALTINDA PERFORMANSI

Demirel Ks ma i | Oz an
DoktoraKnkaat M¢hendi sl iji
Tez Y°%°net i AhnetiYakutPr of . Dr .

May é s, 263 6a2f3

Dolguduv @relt®@nar me -er-evelerin sismik davran:t
Uj ur Ersoy Yapésal Mekani ji Laboratuvareée'n
yeéeret el megktgr . Bokl uklu tujla ve gaz bet on
°l -ekli, tek katler-eek bUmmekil ebéet gzear made
-er-eve testi yapél méktlay¢z&Kyokaplyama,dekay
derzler ve yatay -elik bajlar gibi g¢é¢-l endi
yée¢k alteéndaki -er-elve hudcuokl Rrkri BEelrabo kent
kull anél arak d°ng¢sel d¢ezlem 0 -0 monol itik
dékeée ye¢kleme kokull aréena tabi tutul muktur.
bajl e performans | i mitlverri htasmamnaEammeédks, z | dan
kapasite ¢zerindeki et ki si araktereéel mék ve
duvarl ara uygul anan g¢ - Ileanrdéd rkmeer « éelkank tkd reé |i mé

Anahtar KelimelerDolgu Duvar, Betoar me ¢ er - e/le, ¢, Dbpaereya

Perfor mansé, Ge¢e-1l endi r me

Vi



the life was shattered and without love

| found you in the nobility of a belief

| loved you in a beauty of a fight

that fight hasn't finished yet

and it will continue

until the earth's surfacwill be the surface of love

all the masters of life have said love

to love a beauty with passion

and be able to fight for that beauty

and here are almond flowers on your face
smiling soil and spring in your hair

are you that fight in which | loved you?

or are you the beauty of that love?

| found you in the nobility of a belief

| loved you in a beauty of a fight

they trimmed our branches thousand times

they broke thousand times

we are blooming again, we are yielding fruit again
they choked the timeith fear thousand times

they killed it thousand times

we are at birth again we are in joy

that fight hasn't finished yet

and it will continue

until the earth's surface will be the surface of love

since the first rivers which we passed
our feetbecame the feet of waters

our hands are hands of rock and soil

we were growing in the mornings thirsty
on your towers with ceremonies

we sang songs with the same chord
same sound, same heart

we gave the purple color to the mountains
our youth hadn't beeso ravened yet
neither to the sorrow of deaths in sunset
nor to the joy of births in dawn

vii



our call is only to you, Oh nature!

you, creating gravediggers with a hand

and running with midwives in other hand
although we live the beauty of you

that fight hasn'finished yet

and it will continue

until the earth's surface will be the surface of love

palaces, thrones will collapse

and blood will keep silent someday
tyranny will finish

even violets will blossom on us

and lilacs will smile

from todays to théuture

only will remain those who go to tomorrow
and those who fight for tomorrows

again will rise the poems

again will rain the feelings

and heart

is on top of the images.

Oh those who say everything has finished
those who eat intimidation on the tablefear
neither flowers which resist on fields

nor the angers which grow huge in cities
haven't said farewell yet

that fight hasn't finished yet

and it will continue

until the earth's surface will be the surface of love
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For those who go to tomorrow
and those who fight for tomorrows
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CHAPTER 1

INTRODUCTION

Laying bricksto createa controlled internal environment is one of the oldest
constructiontechniquesin history. The primary loaebearing structural members
were masonry walls, vaults, and damentil the 20" century. Although masonry
structural systas were widely replaced by momemesisting frame$or multi-story
buildings providing a building envelope and partitioning the internal space is still
commonly achieved by masonry walls placed within framing members. Low to
mediumrise RC moment framesfilled with unreinforced masonry are typical
construction practices in many areas of high seismigityldwide including

T¢ r k.iSweae infill walls are constructed after casting the frame skeleton, their
structural role is practically limited toansferring lateral loads and their seight

back to the structural framework. However, it is no secret that infill walls develop
strong interaction with the bounding frames under seismic loadasglting in a

response significantly different fromatof the frame acting alone.

Due to the ndensionbearing interface between the wall and the frame, lateral in
plane deflection of the bounding frame concentrates compressive stresses along the
diagonal of the infill wall. As a result, infill walls caittute to lateral resistandsy

forming diagonal compression struts that respond similarly to bracings. Several
studies indicate that the infill wall interacting with the adjoining RC frame alters
structural and dynamical properties such ness, strength, energy dissipation
capacity, and damping agairsgtismicloadngs (Brokken and Bertero 1981)

Controversial arguments have been set forth on the role of infill walls in modifying
the seismic response of RC frames. Some rekees claim that infill walls are

unaccounted for in the design, so they serve as a reserve capacity in terms of



increasing the stiffness and strength of the RC frames and providing better
deformation control for thetructurgBennett et al. 1996; Dauca et al. 2014)0ther
researchers, on the other hand, claim théit walls may jeopardize the seismic
design philosophy for frame action due to the damage imposed on the boundary

elementsaand infill drivenirregularities(Arteta etal. 2019; Hermanns et al. 2014)

After infill wall contribution to lateral resistance was realized formulatedn
1960s many researchers aiméd includeinfill walls in structural design Yet,
accounting for infill wall contribution in seismic response comesprice due to

the involvement of many uncertainties and complexitash as:

1 nonstandardized construction practice of the infill walls

1 complexity of the interaction between the wall and the bounding frame

1 variability of the failure modes

i1 resistance of masry to analytical modeling due to its anisotropic,
heterogenous and brittle nature

interaction of inplane and oubf-plane damages

influence of openings

possible shear failure of frame members due to excessive shear induced by

the compression strut.

Thus ignoring the structural contribution of infill walls to avoid the complexities in
the structural analysis and design was favored by the structural engineering

community as a less painful solution.

However, disregarding infill walirame interaction in dggn, relying on the bare
frame for seismic resistancand perceiving infill wall contribution as a reserve
capacity in case of a major seismic event also did not prove to be a reliable approach
during past earthquakes. Improper arrangement of infillswaadlthe plan and in the
elevation resulted in structural deficiencies such as undesired torsiosiwspft
shortcolumn and outof-plane failurs as illustrated by many other pesarthquake

damage survey&Sezen et al. 2003; Vicente et al. 2042 experimental studies



(Dol gek an dFufarindreaignori@ifill walls in analytical models is
not always safe as infills increase the lateral stiffness of the buildimgh may

increase the earthquake demand of the structure by reducingttinel period.

All in all, the seismic response of infilled frames should be better identified,
positive and negative influence of infills should be accounted in structural design
and retrofit measures that can enhance the resilience of infilledinysl against
seismic actions should be developed.

This study presents an extensive experimental campaign conducted at the METU
Ujur Ersoy Structur al Mechanics Laborato
infilled RC frames. Particular attention wasvdted to the definition of lateral drift
based performance limits for infill walls, the investigation of the impact-pfane

wall damage on the owtf-plane capacity, and the retrofit techniques applied to infill
walls to enhance their earthquake resise. Halscaled, singlestory, singlebay
ductile RC frame specimens designed according to contemporary design
requirements were constructed and infilled with hollow clay bricks and aerated
concrete blocks. Retrofit techniques such as isolation joimessh overlays,
horizontal sliding joints, and horizontal steel ties were applied. After extensive
characterization of the involved materials, infilled frame specimens were subjected
to constant vertical, cyclic plane, monolithic oubf-plane and simultzeous iR
andout-of-plane loading conditions using sefgontrolled hydraulic jacks and
airbags. Experimental measurements were carefully investigated, reported, and
discussedo enhanceur understanding of the performance of infilled Ranfed

structures and the efficiency of retrofit techniques.

1.1  Background

Paulay and Priestlgit992)explained the interaction between the infill panel and the
bounding frame afllows: AAt | o wpldnelaterdl ferceptlie frame and

infill panel will act in a fully composite fashion, as a structural wall with boundary



elements. As lateral deformations increase, the behavior becomes more complex as
a result of the frame attempting to deform in a flexural nvatiée the panel attempts

to defom in a shear mode. The result is the separation between frame and panel that
may occur at 50 to 70% of the ideal lateral shear capacity of the infill for reinforced
concrete frames. 0 A mawserhighyatenalastiffreessarslt andi ng
low ductility, while a bare reinforced concrete frame is relatively ductile but has low
stiffness. Separated by a-tension bearing interface, individual responses of flexure
dominant moment frame and shear dominant masonry wall cansapbemposed

to calculate the ultimate lateral response dughéocomplex interaction between
them. Under lateral load, full contact is observed between the infill panel and the
bounding frame in the loaded diagonal cornetsereas gaps form in the boundaries

of the oppsite diagonal. Load transfer along contact surfaces leads to the
accumulation of compressive stresses along the loaded diagonal of the infill panel
and the combined structural action becomes similar to that of a frame braced by an

equivalent diagonal comgssion strytas illustrated irFigure1.1.

F

Figurel.1. Infill wall involvement to structural response under lateral loads

Different approaches were developed to approximate the width of the equivalent
strut in order to account fdhe infill panel contribution to the lateral response.
Malcolm Holmes(1961) Paulay & Prstley (1992) and Richard Ange{1994)
assumed constant values for the strut width as W/Band 1/8 of the diagonal



dimension of the infill, respectively. OthegfR. Mainstone 1971; Smith and Carter
1969) developed complex expressions for equivalent strut wedtisideringthe
relative stiffness of the infill to the fram@lthough the equivalent strut concept
beautifully simplifies the infill wallframe interaction after thmitial separatn,
earthquake driven lateral displacement reversals demandinginean cyclic
response and deterioration of the infill resistance bring more unknowns into the

equation.

The d/namic response of buildisginder ground shaking results in accelerations and
displacements at floor levels. The relative displacement of storiggr(iexstory
drift) activates infill wall contribution tahe in-plane (IP) resistance of the frames
In contrast,floor accelerations trigger inertial loads in the -otiplane (OOP)
direction of the infill walls. Various failure modes of infill and frame members are

possible when the infilled frame is loaded normal and parallel to its plane.

Failure modes of solid infill walls when loaded normal to their planes QGP
direction) are illustrated ifrigure 1.2. Outof-plane response of the infill panel is
characterized by plate bending in the elastic range. #feecracking of thanfill,

the nonlinear response and the capacity are dominated by arching action.
Slenderness, compressive strength, openexgd boundary conditions of the wall

are the main parameters influencing-otiplane behavior.

oneway arching two-way arching gap under beam
Figurel.2. Outof-plane failure modes of solid infill walls

The inplane failure mode of the infill wall depends on the aspect ratio and
compressive strength of the wall, maorstrength, location and size of window and

door openings and lateral strength of the frame. Failure modes associated with in



plane loading are illustrated iigurel.3. The strength associated with each possible
failure mode should be considered in determining the governing mechanism. The
damage pattern of frame members undeslame loads depends on the ductility of
the frame (i.e. detailing of the member ends piats), concrete strength, vertical

load on columnsand the strength of the infill wall.

{r
e rarssen- NI T

Infill Wall

diagonal crackini corner crushing bedjoint sliding  sliding shear

RC Rrame

tensile crack (hinging shear crack beamjoint crack
Figurel.3. IP failure modes of infikdframes( Gi pog et al , 2013)

The main parameter characterizing the ultimate failure of the infilled frame is the
relative strengths of thefill panel and the frames underlined by Mehral1994)

A nonductile and weak RC frame infilled with strong masonry would possibly
experience shear failure of frame members, whereas a ductile and strong RC frame
infilled with weak masonry would undergo plastic hinging at member ends
accompanied by one arsequential combination of sliding, diagonal crackiagd

corner crushing failure modes.

IP and OOP failure modes of infilled framase also influenced by the nature of
seismic excitationswhere both directionsof the infilled framesare loaded

simultaneouslyso thatlP damage affects OOP capacity and vice versa.

Thefundamentactriterion of seismic desigrs to provide life safety under the design
level earthquake. Claiming that infill contribution diminishes and infillexinie
response converges to bare frame in an extreme seismic event, infill wall influence

on seismic demand and structural resistance has been neglected based on a single no



collapse performance target. Practicing engineers were also reluctant to comsider th
infill contribution due to a lack of knowledge of the composite behavior of infilled
frames and a lack @racticable methods for stiffness and strength predi¢iaran

1982) In this regard, infill contribution has long been regarded as a reseme@tyap

and notconsideredn seismic designOnthe other hand, in the displacemdaised

design approach, the damage state of members associated with different performance
levels is concernedvith varying levels of seismic action. The selection of
performance objectives sets the acceptance criteria for the design. Expected
performance levels should be linked to limiting values of measurable structural
response parameters such as drift, rotation, strain or floor accelé¢RatidbnBertero

and Berteo 2002) Knowing that infill walls contribute to seismic resistance, they
should be included in the structural analykimiting valuesof measurable response
parameters should be defined for them that comptls the performance targets
defined in seismic codes. Accurate modeling and seismic assessment strategies are
crucial for developing efficient mitigation measures against seismic damages,

casualties, and economic losgeartado and De Risi 2020)

In this way, recent experimental aadalytical studies on infilled frames have been
trying to figure out the different kinds of complexity that are part of infilled frame
systems so that we can better understand how they react to earth{fusteso and

De Risi 2020) Along with complex ad sophisticated humerical computer models,
reliable and simplanalysis methaglfor infilled frames are being develop@dteris

et al. 2013; Nicola et al. 2013y umerousstructural retrofitechniquesimed at infill

walls wereproposed and teste@yclic, pseudedynamic and shaking table tests of
scaled and fulbcale infilled frame specimens were conducted. The performance of
infill panels is being considered in conjunction with the frame members for
performance assessment studies. Seismic das@jassessment guidelines are being

updated to account for previously ignored infill panels



1.2 Motivation

Capitalism is a system of accumulation that organizes production, distribarnidn

social reproduction to extract surplus valueidasitified by Karl Marx(1867) Due

to the capitalist development of the Turkish economy, uncontrolled migration from

rural to urban regions started in the 1950s led kack of government controler

urbanization. As a result, more than thoggrters of the Turkish population lives in

metropoliin cities as of 202@ompared to orrquarter back in 1950. People rushing

to urban cities compensatefdr their accommodation requirementirough
unauthorizedandneen gi neer ed masonry buabuidingngs named
constructed overnight in Turkish. Following economic grovdhto 6story RC

framed buildings sufferingroper seismic design emerged to encourage compact

urban living and relpce norengineered masonry buildings

Despite Turkey's long history of earthquakes, which resulted in the creation of
various seismic zoning mas 1945, 1947, 1963, 1972, 1996¥ z me n a0 1 2 )
building designcodesin 1947, 1953, 1961, 19689175, 1997, 200{ Aydénoj | u
2007) the authorities were unable to implement an earthguedistant design
practice, as addressed ByglatG ¢, | K2800)

Populist andprofit-oriented policies resulted in unrestrained and uncontrolled
construction practice especially before the devastating earthquakes hit the highly
populated and industrialized Marmara regiod of r kin 1998.A large proportion

of residential and commercial buitdjs in T¢, r Kk is mnagle up of 3o 7-story cast
in-situ RC beantolumn frames with hollow brick infill wall§Bal et al. 2008)
Buildings constructed before the 1999 Kocaeli earthquakg={M) barely comply

with the earthquakeesistant design requirentsn
The @mmon deficiencies of these buildings are:

1 Poor concrete quality

1 Use of plain bars for longitudinal and transverse reinforcement



1 Lack of confinement (Widely spaced confinement steel without densification
at member ends, lack of stirrupsbaamcolumn joints, stirrups hooked 90

1 Improper detailing (in hooks, connectigesc.)
Beams stiffer and stronger than columns

1 Structural iregularities (soft story, plan irreguiges, discontinuity of
members, lack of framing)

1 Lapsplices above flooslab with insufficient length

Corrosion of reinforcement

The exterior cladding and interior partitions of the urban RC framed construction
stereotypaaremade of infill walls constructed in contact with the bounding frame.
Intemal partition walls areeommonly built with HCB or concrete masonry units of

10 to 13.5 cmwhereas thicker units of 16 to 20 ene used for exterior walls. Two
layerconstruction of exteral walls accommodatinmsulationbetween théayersis
popularin eastern rgions wherea colder climate dictates better heat isolation. Gaps

at infill boundaries are filled with mortar and no special connectors asmhed
transfering shear forces between the enclosures and the surrounding RC elements
are provided.

In the absence of adegtely designed and constructed RC frames, the contribution
of infill walls to the lateral resistance of deficient buildings becomes more
pronounced. If placed properly, infill walls influence the ultimate performance of
deficient buildings by acting as dhfirst line of defense against seismic loads,
providing increased base shear capacity, dissipating energy, limiting story drifts, and
reducing the ductility demand of structural members. Several researchers underlined
the favorable influence of infill wid on seismic resistanckhalid Mosalan(1996)

stae d t The perform@ance shown by infilled frames is advantageous especially
when the capacity and ductility of the frame itself is suspected to be inadequate. This

is the case of frames mainly designed for gravity loads without attention to lateral

|l oads when subjected to moderate or sever

and Brokken(1983)c | ai med t hat : AThe proper wuse

of



practical value in strengthening and stiffening the usually very flexible moment
res sti ng bar eBolbgniai and Benn@008)mdicatéd that the common
trend of neglecting infill on the response because of the fact that masonry panels
crack andseparatérom the frame early in the response is disproved and it is shown
that most of the energy dissipation takes place in the infills and damage in beams

and columns tends to be low.

On the other hand, the majority of the casualties after sizable earthquakes iR T y e
are due to the collapse of low to mediuise (i.e., 4 to 9tseries) RC framed buildings
which might be triggered by the collapse of infill walis pointed out by Gaudet

al. (2019) Another possibility, as mentioned by Farétsal. (1999) might bean
improper arrangement of infills in the plantbe devation leading to an unbalanced
torsion or the concentration of inelastic deformation demands in ground story

columns resulting in captive column and sstfiry mechanisms.

Duringthis studythe authomwas involved in several pesairthquake damage survey
studies after destructive earthquakes ip rTk iasy & member of the METU
Earthquake Engineering Research Center (EER®@)uding 2011 VarEr c i K
(Mw=7.2), 2011 VartEdremit (M\=5. 6) , 2 0 2086.5)E2020z3afos ( M
(Myw=6.9) and 2023 (M=7.7 and M=7 . 6) K a h rearthpuakesRurirg K
damage surveysf theseservice and design levearthquakeghe importance ahe

infill wall sto the final performance of framed RC buildingasobserved

Figure 1.4 illustrates three sikstory RC frame buildings infilled with hollow brick
masonry exposed to various levels of infill damage in Ercis city after the 2011 Van
Earthquake (M=7.2). Although thestructural components remained intact with
minor structural damage as expected for the experienced level of ground ghaking
0.1-0.2g), various losses occurred in the infill wallkhe severity of infill damage
influenced immediate usability, the time required fostgarthquake recovery, the
cost of repair, and the impact on human lives, which are decisive factors in the

ultimate seismic performance of buildings.
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a) Light infill damage  b) Moderate infill damage c) Heavy infill dama

Figurel.4. The decisive role of infill2011 Van Earthquake (\M7.2)

A clear example of the benefit of infill walls reducing sofistory failure risk after

2020 Samos Earthquake (W6.9) is illustrated irFigure 1.5 (Demirel, Yakut, and

Binici 2022) Eight story apartment compl ex <co
buildings resting on deep soil deposit and exposed to 0.1g peak ground acceleration
measuredh Bayr&kl € di strict of Kzmir cilbegpiteaft er t
the amplification of log-distance seismic waves caused by local soil conditions,
experienced spectral accelerations were at least 20% lower than the design values
specified in the 1975 Turkish Earthquake COABYBHY 1975) which wasutilized

for thar design.

One of the four identical grourftbor buildings had a lot of infill walls around the

outside and inside the plan so that the space could be used as meeting rooms and
storage(Figure 1.5a). In the other three buildings, the ground floors had no infill

walls due to architectural preferendggure 1.5c). Three of théuildings without

infill walls collapsed, resulting in nine fatalities. The one with the infill walls in the

first story, on the other hand, experienced moderate infill wall damage without any
significant structural damage€&igure1.5e). The presence of infill walls determined

theit o coll apse or not to coll apsedo choice

11
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Figurel.5. Bae gpartmenttomplexin K z pd020 Samo&Q (Mw=6.9)

Another very similar examplédustratingthedecisive role of infill vallsis fromthe
Ceyhan district of Adana city after the 1998 Ceyhan EarthquakegM). The
presence and absence of infill walls in the ground story caused different damages to
the sixstory RC apartment, which was made up of two identical and sepblatkd
(Figurel6).Bay ¢ | k estatedtitats8lidl infill walls located #ite ground story

of the intact block prevented total failure even aftershear failure of RC columns.

He alsonated that infill walls could carry the vertical load redistributed aftéhe
shearfailure of the columns.

12



Figurel.6. Different damagesn identical blocks1998 Ceyhan EQM=6.2)

Kahramanmaragathquakesequencen 2023 (Mw=7.7 and M=7.6) affected 14
million people in southern Turkiye armeated peak ground accelerati@amve
1.0g. More than 500.000 buildings were inspected as collapsed,ngeedgent
demolition orbeingheavly damagd by theTurkish authorities. Widespreadnfill

wall damage in various fensitieswas observed in hundreds of thousanafs

buildingsafter the earthque.

Failure of infill walls in the OOP direction can dictate the final performance of the
building as fallinghazard directly threatens life safeGapturedimages duringhe
damage surveyHgurel.?) illustratethat OOP failure does not necessaonibcurat
elevations where maximum floor accelerations are expectedugpper stories).
Instead the influence of prior IP damage is more effective and the failasailts

from IP and OOP interaction.

13



Figurel.7. OOP failureof infills, 2023KahramanmaraBQ (Mw=7.7)

T¢ r k is yre of the most seismically prone countries in the world. Millions of
people living and working in residential, public and commercial buildings in urban
cities such a daceesimia nmsk93% of then RIC frnze etructures

in T¢ r le usg brick as the infill wall materigAy, Azak, and Erberik 2016and

infill walls existing in Turkish deficient buildings pose assentialpotential for
feasible and efficient seismic upgradimeveloping and implementing viable and
innovatve improvement techniques for infill walls could preventt¢bapse of the
deficient building stock of & r k byyngroving and sustaining infill contribution

to seismic resistance under strong earthquakes and reducing economic losses by
mitigating damage to infills under moderate earthquakes.
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1.3  Objective and Scope

This study investigates the seismic performance of RC frames infilled with solid
masonry walls and proposes innovative retrofit technigoegnprove seismic

resistance. An exgimental campaign wasonducted at thtMETU UJ ur Er so)
Structural Mechanics Laboratory performin-plane (IP), oubf-plane (OOP) and
bidirectionaltesting of halscaled, onday, onestory RC frame specimens. The
testedramespecimerbelongs tdhefirst-story centrainternal bay of the fivestory

prototype RC building designed ftire first seismic zone and Z4 soil typecording

to the high ductility requirements of th@rkish Earthquake Cod2007)

Light masonry units typical tdurkish construction practicsuch as hollow clay

brick units and aerated concrete blqgaksre utilized as infill wall material. Easy
to-apply systems to enhance seismic response relying on accessible materials and
minimum expertisesuch as isolation joiat mesh overlays, horizontal sliding joints

and bed joint reinforcementere proposed and tested.

A total of 22 frame tests carried out on identitalf-scaledRC frame specimerae
presented imable1.1. The abbreviations of the testguesimers in the table were
based on the infill system being used. The first letter in the abbreviation indicates the
infill materid, where CB stands fo€lay Brick, AB standsfor Aerated concrete
Block and LB stands facocking Brick. The only exception is HCB infilled frame
specimens with infill tie systems where TieC and TieS repreSentinuous and
Stepped tie configurations. P symbolizes the inclusidPlaster on the ifill surface.
Finally, | and MR standor Isolated an#eshReinforced infill walls.Forspecimens
tested under combined loadingetnumbers (i.eQ.33 and 0.6)/represent the ratio

of the applied constant load to the load capacity in the OOP direction

The vertical loading on the beam and columns was simulated by weight blocks and
manually cotrolled hydraulic jacks. The axial load ratio of columns, corresponding
to the axial load divided by the concrete compression capa@tyN/Acfc), was

arranged to 0.175 using the hydraulic jacks for all tests.

15



In-plane cyclic testing of ten undaneyframe specimens, nimgilled with solid
masonry panels, was conducted using a seovidrolled horizontal hydraulic jack.

The nonlinear behavior of the specimens under increasing lateral displacement
reversals up to 4.0% drift was invigstted. Lateral and vertical forces, lateral
displacements, member end rotations, yielding of longitudinal reinforcement at
member ends, and damage propagation in the RC frames and the infill walls were

monitored.

Out-of-plane testing of six solid infillvalls was conducted under monolithically
increasing uniformly distributed pressure on the wall surface exerted by an airbag.
Infill walls bounded by the RC frame specimen were pushed in the OOP direction
up to failure by a controlled increase of air pregsaside the airbag. Lateral force,
displacement profileand crack propagation on the surface of the infill walls were

monitored.

Finally, combined testing of sirfilled framespecimens was conducted. Increasing
cyclic displacement reversals were apgliin the iaplane direction while the
predetermined constant pressure exerted by the airbag was sustained irofhe out
plane direction. Combined tests were executed until the failure of the infilloeéll t

place in the OOP direction.

16



Tablel.1 Tested frame specimens

Test Direction W‘f"" Plaster Retrofit Abbreviation Test Date
No Unit*
1 IP Bare NA No BF 16-07-2014
2 IP HCB No No CB 09-05-2014
3 IP HCB  Yes No CBP 01-06-2015
4 IP HCB Yes  Steel mesloverlay CBMR 29-08-2014
5 IP HCB No Infill -tie (cont.) TieC 10-09-2014
6 IP HCB No Infill -tie (staggered TieS 29-12-2014
7 IP LB Yes Dry slip joints LBP 29-12-2015
8 IP ACB No No AB 18-02-2015
9 IP ACB No Isolation joint ABI 28-11-2014
10 IP ACB  Yes  Fiber mesh overlay ABRP 02-04-2015
11 OOoP HCB Yes No CBP 29-04-2016
12 OOoP HCB No No CB 05-05-2016
13 OOoP LB Yes Dry slip joints LBP 16-05-2016
14 OOP HCB Yes  Steel meshoverlay CBMR 24-05-2016
15 OOP HCB No Infill -tie (cont.) TieC 2507-2016
16 OOP ACB Yes Fiber mesh overlay ABRP 12-01-2017
17 IP+OOP HCB Yes No CBP_0.33 08-06-2016
18 IP+OOP HCB Yes No CBP_0.67 20-06-2016
19 IP+OOP LB Yes Dry slip joints LBP_0.33 01-07-2016
20 IP+OOP HCB No Infill -tie (cont.) TieC_0.33 0812-2016
21 IP+OOP ACB Yes Fiber mesh overlay ABRP_0.33 03-02-2017
22 IP+OOP HCB Yes  Steel mesh overlay CBMR_0.33 16-10-2019

* HCB: Hollow clay brick, ACB: Aerated concrete block, LB: Clay brick with dry loc
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1.4  Organization of Thesis

Chapter 1 presents background information on the infilled frame response. The

motivation behind the selection of the research topic is revealed by referring to the
damage studies carried out after destructiyv
the metlods to achieve the targeted goals of the reseeedmentioned. The scope

and variables studied in the experimental stwdsre explained. Finally, the

organization of the thesis on a chapter basts explored.

Chapter 2 presents a review of the most wle\experimental testing campaigns
from the literature on the infilled frames subjected tglamne, outof-plane and
combined loading conditions. Selected influential doctoral studies conducted by
Mehrabi (1994) Richard Angel(1994) Khalid Mosalam(1996) and Andreas

Stavridis(2009)are summarized.

Also, a database of 214 carefully chosen publicationstainng important
information aboutthe experimental testing of infilled framewas developed
(Appendix A. The dcumented variables include the author, y&fapublication,

where the study was done, frame type, frame ductility, brick unit, concrete, and infill
compressive strength, scale, number of bays and stories, aspect ratio, direction, and
type of loading. A good perception of the scope and developmentilbfelated
research can be acquired by investigating the collected database. For a complete
understanding of the subject, recent studies related to seismic retrofit solutions
targeting masonry infill walls and current seismic code approaches orsthe drd
assessment of infilled framesere reviewed. Finally, simple analytical modeling of

infilled frameswas summarized

Chapter 3 presents the framework of the experimental wodetailed description
of the experimental programas provided including test setudpading protocd,
instrumentation, scaling, frame specingasign andconstruction details aested

infill wall systems
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Chapter 4llustrateghecharacterization of the materiats/olved in the construction
of frame specimerndmasonryprismspecimenswhich are representative of tested

infill wall systems

Chapter5 includes experimental results and discussions on the observed response of
infilled frames under iplane, outof-plane andcombined loadingests. Detailed
descriptions of therogressionof infill wall and RC frame damages, modes of
failure, degradation ddtrength and stiffness, characteristics of hysteretic response

and energy dissipation for tested framese illustrated.

Chapter6 evaluates the performance assessment of infilled frama@$y focusng
on thedefinition of infill wall performancdevels andcomparison oftest results

against performance limits defined in previous studiegtaskeismic codes.

In Chapter 7, the results and most important findings of the experimental campaign

were summarized, and suggestions for future resemesth made.
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CHAPTER 2

LITERATURE REVIEW

The seismic response of infilled frames has been investigated since the 1950s. Over
the course of seven decades, numerous efforts were made to better understand,
formulate, characterize, analyze, amhance the infilled frame response. A wide
range of parameters complicating the interaction between the infill panel and the
bounding frame were revealed. Topics deemed appropriate to have a good overall
perception of the infilled frame respongere summazed in this chapter. The
literature review is divided into five parts. First, the chronological progress of
previous research on infilled frame responseas summarized. Second, a
comprehensive database was created based on experimental studies refédted to
frames. Third, strengthening techniques proposed to enhance the seismic response
of infilled frameswere reviewed. Fourth, seismic guidelines for the design and
assessment of infilled R.C. framesere investigated. Fifth, analytical strut modeling

was reviewed.

2.1  Chronological Summary of Previous Research

The structural engineering communityods
lateral resistance of moment frames dates back to the 1950s. The earliest studies
relied on experimental evidemcBefore the Old Dental Hospital in Johannesburg
was demolished in 1952, Ocklest®55)applied horizontal load at the roof level

of a threestory high and onbay wice identical RC frame buildinglhe brick walls

were left intact in one of thieames and removed from the other. The load capacity

of the infilled frame was measured as five times that of the bare ,fieamdethe

infilled frame behaved considerably stiffer than the bare
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Polyakov (1960) was the first researcher to identify thatngwessive stresses
transmitted within contact surfaces between the frame and the infill initiate diagonal
strut formation in the panel. Following studies belonging to Hol¢(h861) Smith

and Carter(1969) and Mainstone(1971) were primarily concerree with the
formulation of equivalent diagonal strut concepts to predict added strength and
stiffness to the surrounding frame. The majority of the experimental studies in this
era were based on monolithic testing of-st@y, onebay steel frames infilledith
masonry panels. A summary of the pioneering experimental research for infilled
frame response was given by Abdkaldir (1974) Initial studies concerned withe
experiment al testing of RC fram@é¥8were cond
(1968)and Fioratd1971)from the University of lllinoisThe formeran10 and the
latterran 26 monolithic tests on 1/8caled RC frames infilledith masonry walls.
Controlled variables include number of stories, number of bays, reinforcement ratio
of frame members, axial load on columns and presence of openings. In the later
years, improved testing methods such as cyclic egtaic testing(Brokken and
Bertero 1981, Klingner and Bertero 1976; Mander et al. 1993; Zarnic and Tomazevic
1985) dynamic testing via shaking tabl¢Dawe and Seah 1989; Liauw and Kwan
1992; Moghaddam 1988)seudedynamic testingKhalid Mahmoud Aly Mosalam
1996; Nego and Verzeletti 1996)and outof-plane testing using airbagddham

1985; Dawe and Seah 1988¢re employed for better simulation of seismic action.
Angel (1994) summarized the ongoing and planned research on infill behavior in
American universiis and institutions in the early 1990s. Parameters of interest in
these studies include frame type, infill type, the interaction betwegaie and out

of-plane responses, and the development of repair methods.

Mallick and Severr{1967) made the earlg attempt to analyze infilled frames by
finite element methqdaccounting for separation at the structural interface. It was
not untilthe1980s that efforts on ndimear modeling of the infilled frames emerged
(Dhanasekar and Page 1986; Kwan 1982 rapid increase in computing power
duringthe 1990s and the first decade of the new century led to the development of

analytical tools that shifted the focus of research on infilled frames from
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experimental to analytical. Numerous approactvese developed, from simple
compression strut models to sophisticated nonlinear finite element models
Parametric analyses on calibrated computer models were utilized to identify the
influence of different factors on the seismic response of infilled fradesin
Mehrabi's (1994) and Khalid Mosal&{1996) worksare valuable in this context.

After the introduction ofthe performancebased seismic engineering conegpt
researchhas concentrated on the performance assessment and seismic retrofit of
existing buildings infilled with masonry pane{furtado and De Risi 2020; M.
Griffith 2008). Several methods were proposed and supported by experimental
research to enhance the seispapacity of infilled frameg¢F. Da Porto et al. 2016;
Furtado et al. 2020bMore recently,

1 The database of previous experiments was utikaedharacterizéhelateral
load-displacement responéglwashali et al. 2018; Blasi et al. 2022¢ Risi
et al. 2018; Huang and Simonen 2018; Turgay et al. 2014).

1 Drift based acceptable damage limits corresponding to different performance
levels were define@elice Colangelo 2013; De Risi et al. 2018; X. Lu and
Zha 2021; Morandi, Hak, and Magendk.8b; Sassun et al. 2016)

1 Fragility curves to estimate infill performance under different intensities of
seismic action wre derived (Cardone and Perrone 2015; Chiozzi and
Miranda 2017; Gaudio et al. 2019)

1 Probabilistic seismic loss estimation franwels and functions were
proposed Gaudi o et al . 2019; O6Reilly and
Sousa and Monteiro 2018)

In order to avoid infill wall induced irregularities, damages and losses experienced
after sizable seismic actioiBaggio et al2007; Bennett et al. 1996analysis and
design provisions for infilled frames were introduced in seismic design codes of
different countries(Kaushik, Rai, and Jain 2006Recent dvelopments in

understanding the seismic response of infilled framddlaneed for their inclusion
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in seismic performance assessment were reflected in recent seismic guidelines such
as NZSEE201-C7 (2017)and ASC4117 (2018)

From thevastamount of research on the infilled frame response, four important
doctoral studies that tested infilled frames in the lab were chosen and summed up.
Armin Mehrabifrom the University of Colorad8oulder did inplane cyclic tests in

1994, Richard Angel from the University of lllineidrbana did oubf-plane
monolithic tess with an airbag in 1994, Khalid Mosalam from Cornell University
did pseudedynamic tests in 1996, and Andreas Stavridis from the University of

CaliforniaSan Diego did shake table tests on infilled frames in 2009

Mehrabi(1994)identified possible fiture mechanisms of infilled frames asatl the
plastic analysis method to approximate thiémate capacities. He specifically
investigated the influence of the relative strengths of the infill and the bounding
frame, panel aspect rafiand column axial load on the infilled frame response by
conducting iaplane cyclic and monotonic testing of ductile and-dantile 14 hak
scaled RC specimens infilled either with weak hollow concrete blocks or strong solid
concrete bricks. Four mainiliare mechanisms were identified in lisctoralstudy
(Figure2.1).

A frame infilled with a weak panel tends to exhibit a relatively ductile response
governed by the sliding along the masonry bed joints over the height of the wall.
Flexural yielding and shear cracking in the frame members are expectkcttile

and nonductile detailing of frame members, respectively. Flexural hinging could
also be observed at beam eiidse strong column/weak beam principle is followed

in design(Figure2.1c). Alternatively, cracking could be concentrated at the infill's
mid-height, enforcing a short column behavior and potentially resulting in shear
failure of nonductile columng(Figure 2.1a). Another possible mechanism is the
diagonal cracking of the infill from the top windward column to the bottom leeward
column. In case a strong infill is bound by a weak-daatile frame, diagonal
cracking is accompanied by shear failure of frame members leadinglesfailure

Otherwise, flexural hinging of frame members and corner crushing of infill might be
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observedFigure2.1b). In the case of a strong frame and a strong infill, where the
diagonal compression strut mechanism is fully developed and the infill's contribution
to lateral resistance is maximizgéigure 2.1d), a final mechanisms likely
characterized by corner crushing of infill

a) Midheight crackin b) Diagonal crackin c¢) Horizontal slip  d) Corner crushing

@ Plastic hinge \ Shear crack Aav Infill cracking Infill crushing B Infill bed joint

Figure2.1. Failure mechanisms of infilled frames (Mehrabi, 1994)

Interpreting testresultd)e hr ab i ¢ o mndhle cadeefth weak iafill, sliding
shear was the dominant failure mode, where the frame and the wall actions were
more or less independent and their strengths were additive. In the case of a strong
infill, the lateralresistance was governed by the shear strength of the columns and
the diagonal compression mechanism in the infill. In the case of a strong frame, the
higher frame stiffness resulted in a more efficient compression strut mechanism and
a higher Mebrabi adso dlustated tbat cyclic loads resulted in faster

degradation of the pogteak resistangavhich is more evident for strong infills.

Richard Angel (1994) investigated the OOP response of infill panels bounded by RC
frames in his doctoral researdihe experimental program consisted of testing eight
full-scale infill panels constructed with unreinforced clay bricks or concrete masonry
units placed within a singlstory, singlebay ductile reinforced concrete franiis
research focused dhe loss of OOP strength due to previous IP cracking. Frame
specimens were initially loaded up to twice the cracking drift under IP cyclic load
reversals by a hydraulic actuator and then pushed monotonically with an airbag in
the OOP directionThe nfluence & frame to infill relative strengths, previous-in
plane damage, strengthening techniques, slendethegghtto-thickness) of the

infill, mortar type and wall unit type on th@OPcapacity was revealed. Slenderness
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ratio and infill wall compressive strgth were identified as the most effective

parameters influencin@OPstiffness and strength.

The observed outf-plane failure modes of the infills varied between two distinct
mechanismssnapthrough and crushing of the arch. The former was obsenv
slender members (i.e. h/t>3D, depending onhe crushing strain of masonry).
Excessive lateral deflection causes the arch to vanishth#iettainment ofthe
ultimate strength of the infilfollowed by a rapid reduction in capacity. The latter
occus in infills with low slenderness ratios (i.e. h/t<20, depending orhe
crushing strain of masonry). After the peak load is reached, the strength reduces
slowly until the crushing strain is reached. Previtudamage due to twice tHE
cracking drift reduced th®@OPstrength of the slender infills by a factor as high as

two, as illustratedelow (Figure2.2).
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Figure2.2. OOPcapacity loss due to pritiP damage (Angel,1994)

The outof-plane strength waacreased by 2.5 and 5 times for slenderness ratios of

17 and 34, respectively, when wire meshes (12.7 mm apart and 1 mm in diameter)
were attached to the panel faces on both sides with steel bolts spaced 400 mm apart.
Finally, the outof-plane strength dhe infill panels was predicted with an analytical
model based on the arching action of a strip of infill that spans between two fully

restrained supports.
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In his PhD study, Khalid Mosalarfil996) conducted quasistatic and pseudo
dynamic testing of six /B-scale steel frames infilled with ungrouted concrete
masonry unitsKey parameters investigated within the test progré&igufe 2.3)
include panel strength, openings the panel, and the number of bays. Strain gages
and LVDTs were utilized to identifthe straining of the bounding steel frame, the
directions of principal strains in infill walls, deformation of the infills along the

diagonalsand interface movements (i.epening and closing of gaps, sliding).

[ Adaptiviy |

FEA(1): Discrete
FEA(2): Smeared

Simple models
Calibrations and Design & Eval.
verifications

Parametric studics &

Fragility analyses

Computational
strategies

(Part III)

-

|
W Shake table model

Figure2.3. Study program of infilled frames (Mosalam, 1996)

Experimental results revealed that infills significantly alter the bending moment
distribution in the frame members. The variation of bending moment is highly
nonlinear and cracking dependent because of the continuous change of the contact
length betweenhie frame members and the infill. It was also pointed outtteat
observed damage the infills correlates wellith the dissipated hysteretic energy.
After experimental testing, appropriate computational strategies such as micro
modeling, mesanodelirg, and macro modeling were investigated for the analytical
prediction ofthe infilled frame response. The latter was deemed appropriate for
analysis and design purposes. The final part of the dissertation was devoted to the

derivation of structural fragily curves for infilled frames. The inclusion of infill
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walls to bare frames was deemed a feasible retrofit mefmuimiting the lateral
drifts.

Andreas Stavridis'doctoralresearchStavridis 2009)ncluded a lot of analytical

and experimental work tdeterminehow RC frames filled with masonry respond to
earthquakesHe conducted quasistatic tests on four-&tdle norductile, single
frames infilled with solid clay bricks investigating three different configurations of
openings. Additionally, hean shake table testing of a 2¢é8ale, threestory, two

bay nonductile frame under increasing intensities of scaled ground motions. Cyclic
tests revealed that the strength contribution of the perforated walls not only depends
on the size but also thedation of the opening. Utilizing the experimental data for
validation of the proposed analytical finite element model, parametric analyses were
conducted to identifyheinfluence ofthe selected variables (i.e¢he aspect ratio of

infill panel, vertical load orcolumns, longitudinal reinforcement ratio, spacing and
thetransverse reinforcemerdh the structural response. Stavridis revealed counter
intuitive results that two compressive struts tend to develbpth loading directions

at angles close to 450 iestd of a single diagonal strut. For singtery, singlebay
infilled frames, formed struts act against the top of the windward column and the
bottom of the leeward column forcing columns into shear failure. Regarding the
inspected parameters, the vertitm@d on columns is influential as it increases the
shear capacity of the columrsut the mossignificantparameter is the aspect ratio

of the infill, which characteriesthe failure mechanism and contribution to lateral
resistance. Based on the findingstlee parametric study, a simplified method is
proposed to derive the backbone curve of infilled frarfégue2.4).
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force Viax = cAst OPis sliding
capacity of mortar bed join
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Figure2.4. Simplified forcedrift curve for infilled RC frames (Stavridis, 2009)

2.2 Database orPreviousInfilled Frame Tests

A thorough literature reviewas done on thereviousresearchon experimental
testing of infilled frames. The major parameters of the tests and the tested specimens
were documented214 publicationsincluding dissertations, test reports, journal
papers, and conference proceedings, were investig&telist of publications
illustrating essential information and major parameters of the investigated testing
campaigns is provided in Appendix A. The publications are listed in chronological
order, beginning with Ocklestorpsoneeringwork in 1952 and continuing through
January 2022.

A similar methodology utilized by Furtadet al. (2020)is followed to perform a
systematic reviewkirstly, references from journal papers focusinga@ompilation

of relevant studiesvere extracted consideririgje works of (Akin 2006; Turgay et

al. 2014, Sassun et al. 2016; De Risi et al. 2018; Alwashali et al. 2018; Liberatore et
al. 2018; Anil et al. 2020; Dorandbeet al
Risi 2020; H. Huang and Burton 2020; Blasi et al. 2021; X. Lu and Yan 2021;
Pradhan et al. 2021)

A reference listfor each included publicatiowas checked for other potentially
relevant studies. A alditional search was conducted using elettralatabases
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including Web of Knowledge, ASCE, Science Direct and Google Schsiag

keywords related to subject

Publications based on experimental testing of infilled frames and providing adequate
information on the test campaign, material charazaéion, testing methodology,

and test results were deemed eligible. Excluded are numesiadlies and
experimental studies on confined masonry walls. The gathered publications were
organized with the Mendeley reference editor and read thoroughly totest@c
record specific paramete(Bigure2.5). If a publication contains a series of frame
tests, parameters pertaining to reference specimens (i.e., an undamaged fra
infilled with a solid masonry wall without retrofit measures) were recorded. The

following assumptions were made during data extraction:

1 Iftest resultgor a reference specimamepublished in different publications,
only the one providing more detnd information is accountéat. On the
other hand, if a publication involves testing more than one reference
specimen (i.e. not retrofitted and fully infilled frame specimens with
different geometry, bay/story, wall material, etc.) and isggdetails for each
specimenthat areavailable, all the reference specimens involved in the
publication are included in the database.

1 If scaling is not indicated but the specimen geometry is provitiea|ear
height of a fullscale solid wall is asswedto bearound 2.5m to calculatbe
scaling of the specimen.

1 If the bounding RC frame is said to be designed to a contemporary seismic
design codgor although such a statement is alb&en theprovided detailing
complies with seismic design rules suhstirrup densification at member
ends, 135degree bent hooks, etc. then the frame is accepted as ductile. If
gravity design is implemented or seismic deficiencies are pronouiesd
the frame is accepted as rouctile.

1 The material strengths corresmling to frame test daywere relied upon

whenever data is present. Unfortunately, there is always a time lag between
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frame tests and corresponding material fesgpecially for infill walls and
mortar.

For concrete compressive strengtf), (ff cube stength is providedit is
translated to cylinder strength by multiplyirfgy 0.83. If characteristic
concrete strength is given instead of material test results, mean compressive
strength is calculated by multiplyingcfwith 1.3 as per ASCE417. If the
conpressive strength of structural members is given separatelymn
compressive strength is relied upon.

The ompressive strength of brick unitstivevertical direction ) is based

on the gross area of the unit. A conversion is made in cases where
compressive strength ftme net area and perforation ratio are given.

The @mpressive strength dieinfill wall (f w,v) is based othegross area of

the wall crosssection inthevertical direction.

If two different loading types were implemented on the reference specimen,
more advanced testimgethodis documented (i.eShkT > PsD > C > M).

The origin of the study is based on the country where the experimental
campaign took placéf there is no metion of the testing lab, the country of
the institution where the corresponding author works is used.

Various loading devices and protocols were used for loading infillkan
OOP direction. Some researchers utilized airbags (AirB) for uniform loading
whereas others make use of loading frames attached to hydraulic jacks
capable of applying point loading (Pt) at various locations on the wall
surface.

There is no consensus threloading protocofor coupled testsThe najority

of the coupledesting campaigns involve OOP loading after testing the frame
up to a prescribed IP drift level. Simultaneous application of IP and OOP
loading is limited to dynamic shake table tests (ShkT) and a few studies
(including this one) involving constant OOP di@g plus cyclic IP loading.
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Figure2.5. Documented parameters from selected previous experimental studies

Some variables such as publication year, origin of publication, loading direction and

loading methd of the collected databagsare illustrated in Figure 2.6. The

distribution of publication years graph reveals that 70% of the publications on

experimental testing of infilled frames were conducted in the last 11 years. Nearly

half of the researchag conducted iMediterranean countries such as ltaly, T k,i y e

Portugal, Greece, Croatia, gtwhere infilled frame constructioand earthquakes

are popularMost of the tests (i.e.72%) were executed unddP-only loading

conditions ad using static testing methodologies such as mdiwland cyclic

loading. Although seismic excitation is dynagrdae tats high cost and requirement

of advanced technology, dynamic tests ,(sbake table, pseuditynamic loading)

were utilizdin only 13% of all tests.
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Figure2.6. Some variables of the created database (all publications)

Figure2.7 summarizeshe distribution of selected parameters amdRgnly tests.
It is understood that 79% of all-plane tests were conducted @ingle bay, single

story framesand 77% of all irplane tests were conducted under cyclic loading.

The dstribution between deficiemindcodecompliant RC frames is even. Only ene
fifth of tests were conducted on fidtaled test specimens. Tdmmpressive strength
of tested RC frames and infill walls were 28.43MPa (standard deviationMB a3
and 8.12MPa (standard deviation=7.8@Pa). A high standard deviation of infill
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compressive strengthdicateghehigh variability of masory units and construction
practices. Variation ofhe aspect ratio of tested infill walls varies evenly between
0.5 to 1.0. However, tests involviragn aspect ratio less than 0.5 or higher than 1.0
compiseonly 12% of all tests. Other variables investeghtinder irplane loading
includevarious retrofit techniques (isolation of infill, mesh overlays, FRP wrapping,
creating horizontal slip surfaces, vertical segmentation, tie beams, etc.), openings,
infill to frame strength, infill to frame connection dégdainfill pattern (soft story),

frame ductility, tapered beanolumn joints, presence of plaster and brick type.

Figure2.8 summaizeshow certain parametge are spread out among tests that use
out-of-plane loading, such as O@mRly tests and coupled tests that use both IP and
OOP loads. From the loading graph, it can be seen that there is no agreement on the
loading devices and loading protocols for OORsteBhe total number of tests
involving multi-point loading, airbag loading and dynamic loading is close. RC
bounding frames were utilized in 92% of all OOP tests. Again, the vast majority
(92%) of the tests were carried out on sirgjlary, singlebay franes.

Compared to IP tests, the ratio of fatlaled testing is more common in OOP tests.
Only 23% of IP tests were fuficaled, compared to 60% in OOP tests. The aspect
ratio of the infill walls tested in the OOP direction is typically between 0.5 and 1.0

similar to the IP direction.

The standard deviation of the slenderness ratio, aspect ratio, and infill compressive
strength is high. Other variables investigated underobptane loading include

prior in-plane damage, various retrofit techniques, loauy conditions (gaps under
beam and colummfill interfaces), openings, workmanship, pgrempression on

beam, number of leaves and connection between them, presence of plaster, and brick

type.
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2.3  Retrofit Techniquesfor Infill Walls

Improving the seismic performance of interacting infill walls or isolating them from
the bounding frames to prevent unfavorable interastwan effectively reduce
seismic loss and enhance the resilience of buildings. Numerous studies have been
published in the last decades focusing on retrofitting and strengthening infill walls
(Furtado et al. 2020b)/arious approaches and techniques suidn the literature

can be divided into two major grougadure2.9). Nortrinteracting methods propose
isolation joints and/or gaps between the infill wall and thenblang frame aiming at
canceling or delayingnobilization of infills so thattheir unfavorable effects are
avoided and frames can be designed without accounting for infill participation.
Interacting methods on the other hammotethe involvement of infis in the
seismic response. Strengthening infills for a superior response or forcing them
towards preferable failure modes are the techniques used to take advantage of infill

contribution in terms of strength, stiffnessid increased energy dissipation.

,—»[ Noninteracting]—» Isolation joint ]
Seismic Retrofit [ 1 Mesh reinforcement )
of Infilled Frames
1 Surface overlays (steel
) meshes, textile strips
[ Interacting ]—’ reinforced plasters, etc)
1 Horizontal sliding joints
1 Bed joint reinforcement
1 Vertical partitioning
| 1 Energy dissipating devices

Figure2.9. Seismic retrofit of infilled frames

Norrinteracting techniques rely on disconnecting the infills from columns and the
top beam allowing relative displacementdetween without interactionshe main
structural challenge in nenteracting retrofit systems is to provide aitplane

stability of the isolated wall while sustainingeather tightness, fire protecticemd
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acoustic insulatiomequirements. Different fill materiglsonstruction practicesnd
connection details are proposed for these purp@dsgsre 2.10). Pallares(2016)
proposed a seismic isolation brick, whose elastic modulus is much smaller than that
of anordinary masonry brickBy replacing ordinary bricks at the perimeter of the
infill panel with the isolation bricks, the interaction between the infill wall and the
bounding frame is reduced. Bini@019)proposed sliding connectors placed inside
the aerated concrete blocks attached to assenfilzlaiso theinner faces of columns
and beamsMarinkovic and Butenwe@2019) proposed a decoupling system with
plastic profiles attached to frame members and opposing elastorpgridfildsthat
provide flexibility in thelP direction as well as support for OOP lsdrdemet al.
(2021)used Ushapedsteelplatesattached to aerated concrete blocks and created a
gap between the accompanying brick unit within the plate.

a) Pallares (2016) b) Binici (2019)

top view -
44,
1 v
.I+

cMar i nkov d) Erdem (2021)

Figure2.10. Norrinteracting retrofit solutions

Mesh reinforcement is the oldestteracting retrofit €chnique which involves
reinforcement of infillsand integratiorwith the bounding frameThis technique
simply transfocmer al dnionf il | wal | into a de
G ¢ n @§09)proposed conventional mesh reinforcement via steelatrshed to
columnsandbeamswith dowels andcovered withpoured or shot concretBertero
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and Brokken(1983) put forward tke idea of strengthening the infill panel with
welded wire fabric reinforcement by attaching it firmly on both sides of the infill

panel using dowels anchored to the confined regions of the bounding fegaee(
2.11).

£1 Beam |

>

8 }7 Infill
/] _ [l _» wall
(| Infill Wall Mesh 'y |

Reinforcement

Concrete < | Dowel
\ % % "
(S|de V|ew)

(top viev (side view)

(top view)
I S
,,,,, |
a) Bertero & Brokken (1983) b)G¢ nay et a

Figure2.11. Mesh reinforcement of infill wadl

Compared to the bare frame, the base shear cagatitinreinforced HCB infilled

frame, external wire mesh reinforced frame wat.15% reinforcement ratio and
external wire mesh reinforced frame wéh.6% reinforcement rativereincreased

by 182%, 274% and 564%, respectively. Considering the charsggsimic demand

and the increase in base shear capacity, they concluded that infilling moment
resisting frames with properly reinforced panels is advantageous in the elastic range
in reducing displacement demands and base shear demand/capacity ratios. When
large inelastic deformations are concerned, infilled frames with external
reinforcement outperform bare frames in developing large-gtbey displacement
ductility ratios with much lower drift demands.
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Horizontal sliding planes created along seledied joint layers are implemented to
divide the infill wall in the vertical direction. Brittle failure modes associated with
the formation ofa typical diagonal compression strut are prevented! sliding
failure along slip planes is promoted. Forcing ftnfill wall into sliding failure
increases energy dissipation capacity under increasing drift levels and avoids

localization of strut forcethat resulin shear failure of frame members.

Morandi, Milanesi and Magene®@018) proposed plastic sliding joints laid in the

mortar bed joints to partition the masonry \
(2015)used hollow clay bricks with a dry locking mechanism. PhMigliorati and

Giuriani (2015)laid wooden planks alm selected mortar joint&igure2.12).

a) Plastic plates b) Dry joints ¢) Wooden planks
Morandi et al. (2018) Misir (2015) Preti et al. (2015)

Figure2.12. Horizontal partition of infill walls with sliding joints

The surface overlay is the most widespreggplicationamong interacting retrofit
techniquesThe overlays can be applied in bands or strips of various oriergation
over the full surface of the wallFigure 2.13). Steel meshes and plates, fiber
reinforcedpolymer ERP) fabricstextile reinforced mortar§TRM) and engineered
cementitious composites (ECC) are attached tavddesurface by spraying, using
adhesive agentandbr anchors. Surface overlays not only improve the seismic
behavioragainst iaplaneloads but alseedue the vulnerability of the paneln the
out-of-plane direction.
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a) FRP strips(Binici et al. 2007)
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Concrete foundation

Figure2.13. Surface overlayf infill walls

Another seismic retrofit technique is to partition infill véah the vertical direction.

The main advantage of vertical splitting of the masonry paneinsitease the aspect
ratio of the subpanelsvhich would preventhe formation ofa singlecompression
diagonal and altethe shear dominated deformation mode of the panel to bending,
thereby improvingits ductility. The lateral stiffness of the wall panelas also
decreasedreducing the lateral force demand and dam#gehe infill wall.
Tasligedikand Pampanir{2017) divided the infill wall with channel steels and
vertical gaps into several rockimgall pieces reducing the damage to the wall and
the frame. Preti and Bolis (2017) proposes wooden planks equipped with steel
connection plates dhe ends. Yueret al.(2018)suggest usingpolyurethane foam
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to fill isolation gaps between the infill subpanels anglinglon oneway arching in

the vertical direction against earthquakduced oubf-plane inertial forcesliang

Liu and Mao(2015)utilizes internal RC tie columns and horizontal steel tie members
to partition the infill and provide owdf-stability (Figure2.14).

a) Light steel channel3asligedik (2017 b) Wooden prank®reti (2017)

T.l..i.x ..[...l..-lquzq:-l_
|Illlllll[|IllII|
| 1 1 | | 1 1 |
Illlllllllllllllll
11 1 1 | 1 1
I Sl R | 1 | | 1 | | I
I 1 | 1 | | | 1 |
=== e sueus |
C ] | |
c¢) Polyurethane foanY,uenet al(2018’ d) Tie columnsyiang et al. (201

Figure2.14. Vertical partitionof infill walls

Bed joint reinforcement is a common practice for nemstruction in some countries

such as China and Iran. Silva Vas conc el o(@028imrddudedtugse n - o
like light reinforcement connected tioe frame with angle connectors placed along

the bed joints of infill walls with dry vertical jointsSu and Cai(2017) used
connection steel rebars as requiredthyChinese Seismic Cod&B500112010

2010) thatare fixed insidgheinner faces of columns using high strength adhesive
(Figure2.15).
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b) Connection steel rebaSu & Cai (2017

a) Steel trussSilva et al. (2021

Figure2.15. Bed joint reinforcemerdf infill walls

Integration of energy dissipating devices within infill walls or at contact surfaces is
another retrofit slution. Lu and Zha(2021) proposea vertical gapand energy
dissipating metal connectais improve the energy dissipation capacity of ordinary
infills. The vertical gap in the middle divides the infill panel into two p&©P
stability is sustained with retainer clip8liaari and Memari(2007) proposed a
replacable structural fuse element called seismic infill wall isolator subframe
(SIWIS) in betweertheinfill wall and the bounding frame where nonlinear damages
are concatrated(Figure2.16).

a) Steel connectorky & Zha (2021 b) Fuse elementsJiaari & Memari (2007

Figure2.16. Energy dssipating infill systems
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2.4  Code Approaches on Design and Assessmaitinfill Walls

This chapter reviews seismic code and guideline considerations on the design and
evaluation of infill walls under iplane and oubf-plane seismic actiondVhilst

infill walls are not specified as structural members and not typically included in
structural design, existing building codes address the influence of the panel on
structural performance by introducing design recommendations, exclusfve dri

limits and simplified formulationBlasi, De Luca, and Aiello 2018)

Dorji (2020b)examined the approach of eleven national codes to the analysis and
design of masonrinfilled frames and concluded thatgulatiors culd be classified

into two groupsThefirst approach isolates infill from bounding frame members via
gaps and avoids the complexities involved in analyzing infilled frames. However,
there is no consensus on the width of the gaps recommended by different codes. The
second group takes advantadéhe high stiffness and strength of the masonry infill.

In this technique, an equivalestirut modeling strategy is mostly recommended. It

is shown that the strut model suggested in each of the codes is different.

Turkish Practice:

The Turkish Building Earthquake Codé2018)is utilized for the design of new
construction, assessment of existing build
According to TBEC2018, infill walls do not need to be included in the structural

model during the design stage ifenstory drift limits based on the infill wall to

bounding frame connection detail are not exceeded. A flexible (Bigtire 2.17)

isolating the infill wall from bounding columns and the upper beam is suggested for
non-participating infills. In case such flexible joints are present, isitery drift

calculated for RC buildings under an unfactored (R=1) earthquake load is limited by

(0. O.1fthéwen)l I t o frame connection is rigid, st
where & is the r at ithefunddmergapperod of thelbuildigc el er at i
corresponding to design levelf3475 years) and serviceability leverE72years)
earthquakes. & geographice@oordinat@ esoildctass amu the
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fundamental period of the building and its value is usually between 0.3 and 0.7
(Mur at Bi k- e .dfwthdprokided lamits a2 0at afjsfied, earthquake
load calalations should be repeated by increasing the rigidity of the structural
system taking infill walls into accountHowever, neither complete constructive
guidelinesare provided for the isolation gap and théshapedsteel pate nor
modeling detailareprovided for infilled walls unless the wall is strengthened with

steel mesh ofFRPjacketing.

Column'Sheamall
Infill Wall

-

2

_tc

h./2

C

Anchorage | | Flexible joint (rock wool, etc)
Steel plate

Figure2.17. A sample detailing for flexible joint3BEC (2018)

ChinesePractice:

The Chinese Seismic Co@@&B500112010 2010Yequires infill walls to be in full
contact with the bounding frame to achieve composite acliang Liu and Mao
(2015)states that in Chinese engineering practiueinteraction between infill walls
and the main structure is ignored in seismic analysisoahda period reduction
factor is applied for rigidly connead infill walls. Constructional measures were
taken bythe Chinese seismicode againsthe unfavorable effects of infill walls on
theseismic performance tfiemain structure. Irrational arrgaments were avoided
by stating thatthe plan and vertical layout of infill walls should be uniformly
symmetrical and should avoid wesatory and shortolumndamagesLight wall

materials are primarily recommended for wall construction.
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Constructional masures recommended in GB50&210 for enhancing seismic

responsaresummarized below:

1. Infill walls should be connected to columns at every other 500mm with steel

tie bars embedded into concrete and extended into thatwadsb00mm.
2. Horizontal tiebeams should be used when the wall height exceeds 4m.

3. Constructional columns should be placed in ¢hsevall length is over 8m

or twice the wall height

4. Infill walls between staircases and pedestrian passajmuld be

strengthened with steel mesh maat layer.
5. Gable walls atheroof level should be supported with ring beams.

Alternatively, disconnection of the infill wall with the frame is allowed via flexible
joints if out-of-plane stability is ensured.

European Practice:

In the design of newbuildings according to EGBartl (EN19981 2004) the
contribution of infills tothe strength and stiffness characteristics of theJoaakring
structure is neglectetructural models based on bare frames are used for analysis
(Figure 2.18) where infill walls are considered as additional masses and vertical
loads only. Damage control of infill walls under service earthquake is exclusively
accountedor an interstory  dr i ft | iprH0.6%, t0.i7586nand(1i0% éor. U
brittle, ductile and notinteracting norstructural elements, respectively) imposed on
the bare frame whereas safety verification in theadytlane direction is required
under design level edwquake Cracked stiffness values are recommended for drift

calculations based on linear elastic analysis.

Additionally, precautions against possible shear failure of columns under
compression strut induced localized forces and irregularity in plaglemation
produced by the infills are addressed @ &Part3(EN19983 2005) However no
definitions are provided on the modeling details and the capacity of infill walls.
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Seismic Action

}

Linear Elastic Bare Frame Model

} }

Damage Limitation Limit State Ultimate Limit State
In-plane drift verification RC member OORP infill wall
verification verification

Figure2.18. Design procedure for infill walls for new constructiorttwe EU

American Practice:

ACI 530 - Building Code Requirements and Specification for Masonry Structures
(2013)supplements the legally adopted International Building G2d&8)for new
constrution and covers the structural design of structural as well astnoctural
masonry elements such as infill walkppendix B is devoted to the design of
masonry infills. ACI 530 differentiates between participating andpeoticipating

infills. Participating infill walls should be designed and detailed in order to actively
resist inplane and oubf-plane seismic forces, whereas fmarticipating infill is

only checked for oubf-plane stability(Figure2.19). Non-participating infills need

to be isolated from the lateral foroesisting system with isolation joints placed at

the sides and the top of the bounding frame. Isolation joints need to be filled with
materals not able to transfer loads but capable of accommodating inelastic frame
displacements of not less than 9.5mm. In order to sustain OOP stability, connectors
spaced at most 1.22m apart should be attached to the frame and designed with respect
to ASCE 716 (2016) ASCE 716 defines simple and comprehensive methods for
out-of-plane seismic load calculation acting on infill walls. In the design load

calculation, dynamic and structural properties of the infill walls such as energy
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dissipation capacity (Rp), dynamianalification with the structure (ap), and

horizontal floor acceleration are taken into account.

ACI 530 (TMS 402) Infill Wall Design

} }

Participating Nanqrticipqting

(no openings, no gap under the bea (isolation joint)
In-plane Out-of-plane Out-of-plane

Strut modeling Design load Connector desigr|
suggested. calculated from is required.
Stiffness and ASCE7 should
strength of the be lower than
strut is provided. arching strength.

Figure2.19. Design procedure for infill walls for new constructiorthie USA

Participating infills are infills without any openings and/or gaps under bounding
beams and columns. The maximum ratio of wall height to wall thickness of
participating infills is limited to 30. They are considered a part of the lateralforce
resisting system. Compression only single equivalent strut model is suggested for
participating infills. Inplane design forces in equivalent struts are determined from
elastic analysis of braced frames and a simple equation to calculatiepbaihe total

seismic design force gFwhich acts uniformly distributed on the infill wall surface

is provided. Additional shear created by equivalent compression strut is also
accounted in the shear design of column and beam ends by increasing design shear

and design moment by %10.
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For seismic evaluation and retrofit ekisting buildings, ASCE4{2017)classifies

the infilled frames based on the relative strength and stiffness of the infill and
bounding frame andprovides detailed guidelines to model and assess the
performance of infill wallsn the IP directionMasonry infill panels are considered
primary elements of a seismiorceresisting system. The use of simplified
numerical models with diagonal struts to simulate the effect of the infill is permitted.
The procedures for the determination of stiffness, strength,-deBmmation
characteristicand displacement capacitie§infilled frames are provided.

ASCE41 also address acceptance criteria for infills exposed to OOP demands
Permissible slenderness ratios for ranges of spectral response accelerations are
provided.Finally, a failure envelopbased on uncoupled foreersusdemand ratios

in the IP and OOP directions is provided for the consideration oélitectional

loading.

New Zealand Practice:

Similar to American codes, NZSHE017)provides options for interacting or nen
interacting infills. Chapter 7 of Part C (detailed seismic assessment) is devoted to
moment resisting frames with infill walls. Equations for the calculation of OOP
demands and capacities are given. In the IP directionjneanl finite element
analysis accounting for openings, pgild cracking, and cyclic degradation of
masonry is permitted unless validated with experimental data. Alternataely,
generalizedtrength deformation relationship for infillsgiven to be usd for simple

strut models. Calculati@of additional shear demands on beams and columns of

bounding frames adjacent to solid infills are illustrated.

2.5  Analytical Strut Modeling of Infill Walls

Infilled frames resist analytical modelingsteris (2011) states that: fithe highly
variable nature of the material, the large number of parameters involved, and in

particular the presence of openings in infill walls make the modeling of this structural
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element very difficult; in mostf the cases it is therefooensidered a nonstructural
one. 0 Simil ar | y (2003 statehtitat despitel mokédharr 60 lyaar

long effot, there are neither wetleveloped design recommendations nor well
accepted analytical procedures for infilled frames.

In addition tocomplexitiesoriginaing from nonlinear RC frameresponse(i.e.
cracking oftheconcrete, yielding of steel, local bond skgbc), nonlinearities arising

from cracking and crushing of infill material and loss of contact between the frame
and the infill make the modeling of infédd frameschallenging. Although refined
finite element micro models have been proposed to account for all these

nonlinearities, simple approaches are requioedarge models.

The weltknown simplest analytical iddization of infill is diagonal strut modeb.
The idea behind the strut model is simple.aAbw lateral load level, infill panels
and RC frames remain in contact and act as a htleicosystem enhancing the
global stiffness of the building. As the thancreases, contact betwetbie masonry
panel andhe surrounding frame is lostue tothe sefration ofthe infill from the
frame as a result @flack of tension resistance in between. At this steéd frame
interaction is restricted to compression cornetsich areclassically idealized as
frame withanequivalent compression stii@. Michele Calvi, Bolognini, and Penna
2004)

Strut models present a simple way to simulate the comglgpase of infilled
frames under lateral loads. In this model, a diagonal strut connehtrigaded
corner with the opposite diagonal is added to the systieralizing the resistance of
infills. The material and the thickness of the equivalent streiassimed to behe
same as the infill and the main parameter determithiegstrength and stiffness

contribution oftheinfill remains the width.

Various strut width formulas proposedby different researcherare illustrated in
Table2.1 below.
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Table2.1 Equivalent strut models proposed by various researchers

Author Strut Width Remark

Holmes (1961) T 0 0Q The first model being proposed

The ron-dimensional relativstiffness
parameter is the main parameter defini

From design strut width:
charts " A ABT
Smith & Carter - 0 M_
(1969) usually 10
™ A x Ew, tw, WA Elastic modulus, thickness
] v A and height of infill

EIA bending stiffness of column
dA angle of diagonal strut to horizonte

Mainstone This equation was also utilized by

8 &

(1971) T X T A FEMA-274 (1997)

Hendr _— - — ¢

(19813/ w1 !

Also used by CSA S304 (2004)

Liauw & Kwan @0 W Egif validforc v — v

(1983) c

Paulay and ” , . .
Priestley (1992) T v A Conservative value for practical desig
Flanagan and AO Area of strut changes with empirical

Bennett (2001) ~ #AT[O constant (C) depending on the IP drifi

Bending moments and additional shear imposedmember ends are often
underestimateth single strut modelbecause the lateral forces are resistethby

compression diagonal. As a result, multiple strut mogfetpure2.20) are proposed
for a better estimation of force distribution and better handlinfpeinfluence of

openings on the respon@steris et al. 2011)
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a) Chrysostomou (199 b) El-Dakhakhni (2003 c) Crisafulli (2007) d) Rodrigues (2008)

Figure2.20. Multiple strut models

Infilled frame structureslo not exhibitan elasticperfectly plasticesponsealue to
stiffness and strength degation under cyclic load&xperiments have shown that

the strength and stiffness of infil degradeapidly under reversed cyclic loadings
(Paulay and Priestley 1992Moreover, opening and closing of cracks on the wall
surface and changing of contact length under increasing displacement reversals result
in a unique hysteresis shape known as pinchiihgs, different hysteresis models

have been proposed for the idediiza of the infill response under cyclic loadings

(Figure2.21).
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a) Klingner and Bertero (197(b) Doudoumis and Mitsopoulou (198( c) Andreaus et al. (198E

Axial force

Figure2.21. Hysteresis models for equivalent strut models

More recently, strut models accounting for coupled loading have been proposed.
Mosalam and Gunay2015) proposed a single strut model wighprogressive
collapse algorithm vian element removal mechanism where a yield interaction
curve between IP and OOP displacemegdefined through a convex downwei(®

power curve adopted fronthe strength interaction suggested by Kadysiewski and

Mosalam(2009)
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On the other hand;urtadoet al. (2016) proposed an equivalent-tliagonal strut
macro model wherthefailure of the infill, which is adopted by an element removal

algorithm, is determined by a linear interaction curve between IP and OOP

displacement capacitieBigure2.22).

1.0

IP Load Ratio

1.0

»
»

OOP Load Rati
ayjMosal am and G¢gnay

Tio

IP Drift Rario

1.0

OOP Drift Ratic
b) Furtado et al. (2016)

Figure2.22. Infill strut models accounting for ®OP interaction
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CHAPTER 3

EXPERIMENTAL PROGRAM

A total of 22 halfscaled RC frame tests conducted within the contettiadiesting
campaignareillustrated inTable 1.1. This chapter concerns constructional dstai
and material characterization of the tested infilled frame specimens, test setup,

instrumentation and loading protocols.

3.1 RC Frame Specimen

All frame tests were conducted on identical RC frame specimbegksign, scaling

andconstruction details of frame specimens are illustrated below.

3.1.1 Design

The design of the RC frame specimen was carried®peithe Turkish Earthquake
Code(2007)considering a story prototype buildingFigure3.1) located inthefirst
seismic zonéPGA=0.44g). The building was designed to high ductility requirements
of TEC2007 where seismic design rules such as capacity design, strong-column
weak beam ductile deailing of ties and confinement of critical sections were
followed. The esponse reduction factor, R was considecelde8.0 to match the

high ductility level. To decide the seismic weight of the buildidgad loadG) plus

30% of the live loas (Q)wereconsideredvhich resulted in amaverageaxial load

ratio of 0.175(i.e. N/Afc) on the ground story columnghe contribution of infills

to structural response undateral loadsandthe contribution oflanges to the beam
capacity vasignored as a standard design practidee grade of concrete used for
the building is C25, which corresponds to ad&§ characteristiccompressive
strength of 25 MPa. The reinforcement bars used are of grade S420, which
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corresponds teharateristicyield strength of 420 MR&olumn dimensions, beam

dimensions and slab thickness are taken as 40x40cm, 30x40cm and 14cm

respectively.
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Figure3.1. PrototypeBuilding

A single frame located at the inner baytloé ground story is selected and scaled to
half to representhe frame specimenlhe haltscaled test specimen dimensions and
reinforcement detaslare shown irFigure 3.2. The height of the specimen is 1500

mm (1435 mm fromthetop of the foundation beam to the geometric centethef

flanged beam), and the span is 2500 mm. The
mm,thebeam section is 150 mm I 200 mm, and the
mm 1 4 0rBe o;mT .mm of the beam is flanged dughteslab.The $ab width

is 1000 mmThe thickness of the concrete cover friitaend to the bar center is 20
mm for all membes. The spacing of the hoops within 300 mm of the beam or column
ends is 50 mm, and the spacing of the hoops in the middle of RC members is 100

mm. Deformed bars with 8mm nominal diametare utilized for longitudinal
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reinforcement and plain bars with 6mm nominal diamateutilized for transverse
reinforcementThe gross reinforcement ratio in the colunamsl the bears 1.0%.

The ratio of tensile reinforcement in the beam 55%.
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Figure3.2. The specimen dimension and reinforcement (All units in mm)

To better represent actual loading conditions of the selected subframe, weight blocks
were placed on top d flanged beam representiragdistributed slab loading of
10.25kN/m Vertical axial loadgpplied concentrically on top of both columns were
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arranged considerintipe compressive strength of each test specimen suchhinat
resulting axial load ratio of columns (i.e.d/NA¢) was equded to 0175
corresponding to the axial load ratio thie ground story columns of the 5 story
prototype structurelhe applied compressive load increased the cracking moment as
well as the moment capacity of the columns and prevented the columns from
developing tasion under lateral excitations.

In order to calculatéhe moment capacities of the column and beam sections of the
scaled specimens, XTRAQChadwell and Imbsen 2004gction analysis software
was utilized. The nfluence ofthe flange as well as confinement of transverse
reinforcement on the section capacity is accounted in section modeling. Material
definitions of concrete and reinforcing steel were made accordii®3&EC2018
consideringmaterial test result$-{gure3.3).
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Figure3.3. Member sectionand materials fobare framespecimen
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Moment curvatureand interaction diagrarfor columnsandthe flanged beam are
illustrated inFigure3.4. Although strong colummveak beam principles GEC2007
ensuring a minimum 20% increased capacity for the column was followed, when
flanged section dimensions and additional reinforcement of the slab were accounted
for, beam capacity was calculated close to the column capaldity. xial
compressive lad corresponding to 0.1%Bf is taken as 193 kN in the moment
curvature analysis of columnBhe dtimate moment capaags of the columns and

thebeam were calculated a8.2kN.m and 1% kN.m (-27.2 kN.m), respectively.

Moment- Curvature Interaction Diagram

1500
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Figure3.4. Column and beamestion capacities of bare frame specimen

3.1.2 Scaling

Due to the limitation of available facilities, a scaling factotvad was adopted for
frame specimen$ectionandframe dimensiongere scaled by halSame axial load
ratio (i.e axial load divided by the compressive strength of concrete) of the prototype
structure was sustained by arranging the vertical load on the columnsschtbd

test specimenLongitudinal and shear reinforcement ratios of #Huded RC
memberswere arranged to be the sanas the prototypecounterparts Material
properties were sustained th® same.The maximum aggregate size was selected
11.2mm in order to consider the scale effects in the fracture proces$Samema
etal. 191). The scaling for the frame specimen followed the similitude requirements
for static irelastic modeling of reinforced concrete structuggrris and Sabnis
1999)aspresented iTable3.1.
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The drawbacks of scaling for the laboratory tests of reinforced concrete specimens

are identified by Brokken and Bertgf981)a s

such:

A Many

par ameters

influenced by model scale. For example, aggregate interlock plays an important role

in the behavior of cracked regions, having a potentially large effect on energy

dissipation characteristics. Also, the bond properties of reinforcement vary with the

bar size. Furthermorahe effects of fabrication errors increase as the scale is

decreased. ehce geometric scaling introduces modeling errors, some of which

cannot be avoided.hus,the subassemblageshould be modeled to the largest scale

whi ch

can

be

a c c o mmda the athdr,hand,uwee ah (1999)

full si z

stated that half scalgas adequate to predict the ledeformation response of full

scale companion provided that the member sizes and material properties were

detailed to be compatible with the similitude law. As a matter of &sciljustrated

in Figure2.7, among 154 irplane only tests which are also listed in Appendix A,

only 23%areconducted in full scale.

Table3.1 Summary ofscalefactors for RGnodels (HarrisandSabnis, 1999)

Quantity Dimension Scale Factor

*GE; Concrete stress FL2 1
& Concrete strain - 1
&  Modulus of concrete FL?2 1
©® Poissonés r - 1
% Specific weight FL3 1/S
X  Steel stress FL? 1
-% Steel strain - 1
% Modulus of steel FL? 1
=  Bond stress FL? 1
2 Linear dimension L S
2  Displacement L S
8 Angular displacement - 1
O Area of reinforcement L2 S.?
o Concentrated load F S 2
S Line load FL? S
Lc? Pressure FL? 1

Moment FL S8
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3.1.3 Construction

Reusablel mm thick nodular steel formworkallowing vertical castingvere used
to construct frame specimensdesired geometrfFigure3.5). Formwork parts were
laser cut and machine bent from steel plates. Connection details allow the attachment

of parts to each other using bolts and nute#my fabrication.

Detail A

Detail A

Detail B Detail B

Figure3.5. Details of modular formwork designed to cast frame specimens
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Specimens were cast in a tphasedouring operation. Initially, the reinforcement
cage for the foundation beam and columms hwilt. All transverse bars were bent
into 135 hooks to simulate codempliant detailing. Strain ggeswereattached to
desired locations on the longitudinal bar® steel tubes through which anchor bars
used to fix frame specimen to the transfer slab will penetrate were carefully placed
in their appropriate locations and secured to the reinforcement by weldngg
3.6.a). The prepared reinforcement cage was placed inside the foundation beam
formwork. In the first phase, foundation concrete was Eagti(e3.6.b). Remaining
reinforcements were place&igure 3.6.c), formworks for the columns, beam and
slab wereassembled anthe remainingmembers were cast monolithically in the
second phas@-igure3.6.d). During casting the second phase and while the concrete
is wet, columrongitudinal bars were welded to 200 x 200 x 10%steel platein

order to prevent bar slip and create a itietaurface for the attachment of vertical

hydraulic jacls placed above the columisdure3.6.€). The surface of the slatwvas

finished(Figure3.6.f) andthe specimerwas cured.

Figure3.6. Constructiorstageof frame specimens

Self-compactingready mixed C25grade concrete (i.e. targeted characteristic
compressive strength of 2BPa)from a local distributor issedin both phases. The
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aggregate size of the concrete was below 11.2 mm and the water to cement ratio was
around 0.65Concrete mixers pour concrete into a concrete bucket and aweane
usedto transfer concrete. Poured concrete was vibrated using both internal and
external formwork vibratorLCylinder samples were taken and labeled to evaluate
the compressive strength,lisgensile strength and modulus of elasticity of the

concretgFigure3.7).

The gacement of frame specimens over the transfer slab is illustrakegure3.8.

Eye nuts atiched to threaded anchor rods edided inside the foundation beam

wereused to transfer frame specimens witacrane.

Figure3.7. Concrete castingnd sampling

Before placing the specimen on the transfab, acreamy plaster of paris pastes

laid on the surface. Nuts of anchor rods are tightedeeicking the agjnment of
columns inthe vertical direction and the beam tihe horizontal direction using

water qauge.Weight blocks representing dead plus 30 percent of the live load were
placed on the slab. In order to sustain distributed loading conditions and not
prevent bending of the flanged beam under increased lateral deformations, instead
of a continuoussteel beam, weight blocks of 500 x 500 fripearing area were
utilized and roller supports were placed between the slab and the weight blocks
(Figure3.8).
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Figure3.8. Placement of frame specimens on the transfer slab

3.2 Masonry Infill Walls

Two experiencedmasons constructed all the masonry walls. Master Nihat
constructed infills with clay masonry units and mastarat constructed infills with
aerated concrete blocks. All masonry walls were lai@ minning bond pattern
without openingsln order to simulate actual construction practice, infill walls were
constructed after weight blocks simulating distributed $teading were placed on

top of frame specimens. This way, possible contact forces between the upper beam

and the wall due to beam deflectiareeliminated.

Aerated concrete blocks were cuttbalf scale using a bandsaw. Due to difficulties
in the production or manufacture of clay brick units with high void ratios in desired
dimensions, available clay bricks closesthe dimensions of a scaled brick unit
were ordered. Althoughhelength and width otandardull-sizebricks are equal,
ordered bricks have twicthe length compared toheir width which ended ira
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reduction ofthetotal number ofequiredbed joints to half and verticatackingof

brick units.

All clay brick units weresoaked intdhewater before beig laid. A generapurpose
mortar witha 6/1/1 volumetric ratio of sand/cement/limeas utilized formortar
joints and plastering aflay bricks A readymix joint mortar is utilized for aerated
concrete blocksHorizontal (vertical) mortar joint dimensisnvere roughly 10 (6)
mm and plaster thicknesgere10 mm on each side of the infill wallSonstructed
infill walls were secured tightly inside thRC frame specimenby filling the
remaining gaps on the two sides of the infill and under the beam witamercept

for the isolated frame specinmen

After testing of bare control specimen (BF), a total of 9 infill configurations
constructed with different materials and retrofit techniques were tested. The first six
infilled frame specimens were constructed¢hwhollow clay bricks (HCB) and
aerated concrete blocks were used for the last three. The first infilled test specimen
(CB) was built withHCB and generapurpose cement mortar. The second specimen
(CBP) was constructed in the same way as the first except 1 cm thick plaster was
applied on both sides of the wall. The third specimenM&Bwas reinforced with

light steel meshes on both sides. Ttwrth (TieC) and fifth specimens (TieS) were
constructed without plaster astiengthened with horizontal steel ties, the former
using continuous ties mounted to steel profiles anchored to the column inner faces at
both sides and the latter using stagdesenfiguration attached at one side only. A
specialHCB with a dry locking mechanism in the bed jointasmsed for the
construction ofhesixth specimen (LB). The seventh specimen (M&$ buik with
aerated concrete blocks without plaster arztm gapunder the beamThe eighth
specimen (AB) was constructegimilarly to the seventh but witla 1cm gap at
contact surfacewith columns and the upper beam. Gaps were filled with flexible
polyurethane foam. The ninth specimen (ABRP) wasthwuith a fiber nmesh

reinforced mortar applietb both sides of the wall.
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321  HCBInfil (CB)

CB frame specimen represents typical infill wall construction practice in Turkiye.
A single leaf masonry wall was constructed indilde RC frame specimen using
hollow clay briks (HCB) of 185 x 95 x 100 mm(length x width x thickness) size
anda 65% void ratio.The compressive strength of the HCB was 10 MPa (3 MPa)

when loaded parallel (perpendicular) to openings.

Because othe high void ratio, bricks were laid with their openings parallel to the

horizontal direction which is in line with the usual practicee Bathelack of scaling

in brick wunitsé | ength and the necessity
direction, scaled brick units wemgacked vertically which is different from the

general horizontal block laying styl@igure 3.9). General purpose mortavas

utilized for the mortar joints. All the gaps left between the wall frame inteviame

filled with mortar.

Figure3.9. Construction oHCB infilled frame

3.2.2 HCB Infill with Plaster (CBP)

The very same construction practice is followedi@CBP frame specimen except
for theapplication of 1cm thick plaster on both sides of the wall anddilihe2 cm

gap under the top beam with polyunae foam Figure3.10).
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Figure3.10. Construction oHCB infilled frame with plaster

3.2.3 HCB Infill with Steel Mesh Reinforcemen{CBMRP)

CBMR frame specimeradopts exterior reinforcing of infill wallr strengthening
unreinforcedclay brick masonrynfill s. Light mesh reinforcemerilacedat both

sides of thenfill was connectedwith tie wires passing through holes drilled at

various locations on the pan@ligure3.11). Light steel meshes of 25 mm nominal
pitch and 2 mm wire diameter at#0.3% hed t o
total reinforcement ratio in planvere connected usingriim tie wires at 12 wires

per meter square density. Tie wires connecting meshbsth sides of the wall were

tightened with nippers to enswsbeartransfer betweethe masonrywall and added

steel meshesA 10 mm thick plaster was applied over steel meshes to prevent

corrosion.

Added exteriomeshreinforcementwas not attachetb the bounding frameThe
bilateral connection is achieved by tie wires passing through drilled Rae¥osite
action of the wall with steel meshes enhahicdill wall performance under IP and
OOP loadingConstruction stepthatare compatiblevith Figure3.11 are illustrated

below:
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a. Holesweredrilled on mortar joints.
b. Mesh reinforcemerdvailable in 1.2m widtholls is cutto therequired length.
c. Mesh reinforcement ieaned against the walh both sides.

d. Tie wires passing through the drilled holes are usedasten mesh

reinforcemenbn both sides of the watb each other

e. Regulampurposeplaster is applied over the steel mesh.

(b) (©)

@ ©

Figure3.11. Construction sequence of GHR specimen

68



3.24 HCB Infill with Continuous Horizontal Steel Ties(TieC)

In order to integrate infill walls with the bounding frames and achieve a continuous
load path between the two, a structural connection is nePded. at (239 k a n
proposed a tie systewhereflat slotted steel plates laid along bed joints are locked
to closed Ushaped steel profiles which are anchored to columns. The connection
betweenthe steebprofile and the plate is simply satisfied by inserting and rotating
which enables free movement of the platthewvertical direction whereas horizontal
moveament is restricted so steel plates act like horizontal reinforcenidre
connection only works in the horizontal direction and enables free movement in the
vertical direction, which allows flexibility durinthe construction of the wallThe

main goal ofthe proposed system is to develop a feasible, effective and affordable
technology that will permit structural designers to design infill walls in RC frames
that will (1) ensure a good degree of composite action between the infill walls and
the parent reimdrced concrete frame through mechanical coupling, and (2) ensure
that inplane and oubf-plane capacity of walls are explicitly taken into account
during designFigure 3.12 shows the conceptual illustration of the proposed tie

system.
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Figure3.12. Horizontal steel ties spanning full length between the columns
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TieC frame specimen composed of horizontal slogted! ties, placed at bed joints
in every 3 courses of masonry unit and connected at both ends to the clkisaoed

profiles attached to columns. Construction steps of TieC compatibl&ngithe3.13
are illustrated below

a. Drill 5 holes on the inner faces of columns for screw anchors.
b. Anchorclosed Ushape stegirofiles to columnst both sides

c. Lay the frstlayers of the walandfit aflat plate as illustrated iRigure3.12.

d. Place fat plates at every other bed jaint

Figure3.13. Continuous horizontal steel tie (TieC) application

3.25 HCB Infill with StaggeredHorizontal Steel Ties(TieS)

Anotherpossible arrangement of the mentioned tie system simplifying integration to

the frame is TieSwhich involves staggering the horizontal ties in elevation and
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attaching only one end to closed U profi[@sgure 3.14). Althougha continuous
connection between the columasot satisfied the proposedystem is still capable

of creating slip planes that would favor a sliding wall failure and prevent falling out
of the masonry under cuof-plane accelerations that would enhance OOP response.

Figure3.14. Staggered horizontal steel tie (TieS) application

3.2.6 LB Infill with Plaster (LBP)

Locking bricks [B) are hollow clay bricksalso known as isolation bricks on the
local market,with a dry shear key lockgnmechanism. They are normally laid their
holes perpendicular to the ground leaving head joints free of mortar. Our suggestion
is to rotatelocking bricks 90 degrees so that they are lockdzkajoints. This way,

dry horizontal slip layers were formedtwout jeopadlizing the arching mechanism

against OOP force€onstruction steps compatible wkigure3.15is given below:
a. Theirst layer of locking brickss laid (startingbricks).
b. Generalpurposamortar is appliedo head joints.
c. Bed joints are left dry thanks tbeinterlockingmechanism
d. The gap under théop beam is filled with mortar
e. 1.cm thick paster made of generpurpose mortais appliedon both faces.

f. The srface oftheplaster is washed with lime for betteacking of cracks.
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Figure3.15. Construction sequence of LEBipecimen

3.2.7  ACB Infill (AB)

AB frame specimen was constructed with aerated concrete block (ACB) units of 350

kgm*dry density and 300 1T 125 1T 100 mm3 (1l en
39 and &' layers of ACB, a perforated-thaped steel profile was mounted to

enhance wall to frame interaction and a 2 cm thick gap is left under the top beam to

protect thenfill wall from service level induced deflections of the beam in \uité

t he usual const r uc(kigure 3116).pBefare ¢constuetingithe T ¢ r ki y e
wall, a 2cm thick layer ofgeneralpurposemortar was used to level the bottom

surface and fill gaps at the sides of the wall with the columns. 2 cm gap under the

upper beam was filled with flexible polyethylene foakreadymixed,2 mm thick

interface mortar having 8.4 MPa compressive strength was applied to the head and

bed joints.
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i . foam

‘— mortar

Figure3.16. Construction detailfor AB specimen

3.2.8 ACB Infill with Isolation Joint (ABI)

The ABI frame specimen was constructed using materials similar to the AB frame
specimen mentioned above. This tim&,anthick gapwas left between the contact
surfaces of the infill wall with the columns and the upper beam and no additional
shapedsteel profiles were mounted promoting integration. All the gaps were filled
with flexible polyethylene foam. Construction steps compatible Fighre3.17 are
illustrated below:

a. The upper surfaces of ACB units are roughened for better joint mortar

adhesion.
b. Readymix ACB adhesive was applied to the head and bed joints.

c. Wall is constructedby leaving a 10 mm diameter plain bar next to columns
in order to create an isdian gap of desired thickness.

d. Bars were removed and the gap next to columns was filled with polyurethane

foam.
e. The gap under the beam is similarly filled with polyurethane foam.

f. No plaster or paint is applied to the wall surfaces.
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Figure3.17. Construction stagdsr ABI specimen

3.29 ACB Infill with Fiber Mesh Reinforced Plaster(ABRP)

The ABRP frame specimen was constructed similath®oAB frame specimen
mentioned above. Usa general purpose mortar over the foundation beam and at
contact surfaces with columns, use of steel L profilesiairl &" course of ACB
anda2 cm gap under the upper beam were repeated in wall constriéaiitmwing

the construction of the AAC infill wall, a 5 mm thick first layer of plaster having 1.0
MPa compressive strength was applied to the wall. Then, the fiber mesh grid having
4 mm nomnal pitch and 160gr/tndensity was placed on still fresh plaster. The
second layer of 5 mm thick plaster was applied on top of the fiber mesh.eEhesn

were neither attached to the bounding frame nor the masonry panel via connectors,

nails, or anchors.

The construction stages thfe ABRP frame specimen compatible wiigure3.18

is summarizedelow:

a. General purpose leveling mortar application on tofhefoundaton beam
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b. Application of an Lshaped steel profile
c. Application of polyurethane foam to fill the gap untlez uppebeam
d. Application of the first layer of plaster

e. Placement of fiber net

f. Application of the second layer of plaster

Figure3.18. Constructiorsequencef ABRP specimen

3.3  Experimental Study

A tesing setup capable of exertirgydirectional loading (i.e. vertical gravity loads

and horizontal ldirectionalearthquake loads) on the frame specimeasdesigned

and constructed in METU Ujur Ersoy Struct
loadswere simulated by steel weight blocks placed over the beam and manually
controlled hydrauligacks placedon top ofcolumns. Earthquake induced enit

plane (OOP) loading was applied by subjecting infill walls to a monotonically

increasing pressure using an airbiagplane (IP) seismic demands were simulated

by incremental reverse cyclic displacement excursions applgng a servo
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controlled hydrauligack. The structural response was recorded carefully during tests
including the development of damage on frame members and infills, the yielding of

reinforcement, hysteretic behaviortbeframe, etc.

3.3.1 Test Setup

A ted setupwas buiti n METU Ujur Ersoy Structur al Me c
and measure structural response parametensfidéd frame specimens under

simulated gravity andeismidoads.Several assemblies were construdtedrderto

fix the frame specimentightly onto the strong flogrsupport and arrange the

positiors of horizontal and vertical actuators, and mountnstruments for

measurement

3.3.1.1 In-plane Tests:

The overview othein-plane testing setup is illustratedrigure3.19 below.
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Figure3.19. In-plane testing setup

Loading Mechanism

IP only tests involve placement of weights blocks over the upper beam simulating
uniformly distributed slab loading, application of uniaxial compressive loading on
top of columns simulating gravity loading from upper stories and implementation of
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reversd displacement cycles imitating seismic loading. Loading devices, namely
weight blocks and hWgraulicjacks in vertical and horizontal directions are illustrated

in Figure3.20 below.

Olrs

<& . We’gbtb

Figure3.20. The vertical and horizontal loading assembly

Steel weight block&iaving500 mm x 500 mmbearing areavere placed over the
flanged bean{ Figure 3.8 ) to idealize slab loading equal to 10.25 kN/Rullers

were placed under the weight blocks in order not to restrict bending of the beam
under lateral loadTwo 300 kN capacitynanually contolled, twoway hydraulic

jacks wereinstalledvertically on top of columns to idealize gravity loadsrigid

steel frame fixed to the strong floor was used to accommodateettieal jacls.

Uniaxial loading was ensured by pegmds and measured by Cas-3& model
loadcells. Before imposing lateral loadintpe axial load ratio (i.e. N/Hc) of
columns was arranged to 0.175 depending on the measured concrete compressive

strength of the testddame and maintained by small adjustments during testing.

The lateral load was transferred to the frame by two 40 mm thick steel loading plates
placedatthe ends otheflanged upper beam. One end of the 250 kN capacity servo

controlled hydraulicjack imposing IP displacement cycles was attachedthe
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pushing plate witha hinged connectionandthe other end was connected to the
actuator support guide attached to ribaction wall. Four 45mm diameter steel bars
were used to connect loading plates in otdéransmit pulling force. No prestressing

is appliedto the connection bars.

Transfer slab

The spacing of 50 mm diameter holes located on the 600 mm thick strong floor of
the lab is 500 mm in both directions. For an effective fixation of the fep@emens

to the rigid floor, a transfer slab is constructed between the strong floor and the frame
specimen. Before casting the concrete of the transfer slab, steel tubes and hexagonal
steel rods with internal threads were placed at desired locationseanded by
welding to the reinforcement cagEidure 3.21). After hardening of concrete, the
transfer slab was transferred and permanently fixed to the strong floor with 16 post
tensioned 45 mm diameter anchor rods passing through the steel adszsiptside

the transfer slab and the existing holes on the strong floor. Similarly, the foundation
beam of each frame specimen was fixed to the transfer slab using 12 threaded anchor
rods of 35 mm diametemhe ttom ends of the anchor rods were screvweethe

internal threads left on the surface of the transfer slab and nuts were attached to the
upper ends. Later, nuts were tightened for{@ssioning of the anchor rods against

sliding and rocking of the frame specimen under IP and OOP loading.

Figure 3.21. Construction of transfer slab
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3.3.1.2 Out-of-plane Tests:

An overview of theesting assemblgnd instrumentation setigillustrated inFigure

3.22. Similar tolP tests, prior tdOPloading, the frame specimen was loadetha
vertical direction using weight blocks and manually controlledrduylic jacks
placed on top of columns. 8 pdsnsioned anchor rods were used to fix the
foundation beam to the transfer slab preventimgframe speimen from tilting
under ouof-plane (OOP) loads. In order to support the frame specimen in the OOP
direction, 4 ball transfer bearings placed on side of the upper beam were used.
A loading assembly based tre application of airbag induced constant pressure in
the OOP direction was constructddhe OOPdisplacemenprofile of the infill was
capturedby 15 linear variable dispcementtransduces (LVDT) attached tahe
LVDT support cagePiano wires were used to connect LVDTs to the 6mm diameter

anchor bolts embedded intoe wall with epoxy.

Figure3.22. Outof-plane testing setup

Loading Mechanism

Due to bidirectional nature of earthquakegrtial forces created on the wall surface
due to earthquake induced acceleratiorthe outof-plane directiorwere idealized
as uniformly distributed loadingAn airbagattached mechanisis used for the
application of uniform pressure on thall surface.The airbag was mounted on a

stiffened backing wooden franmmesting on a linear guide which was approached to
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the infill wall by means of a load cell attached aqn-ended hydraulifack The

linear guides ensure frictieinee translational motion of the assembdy.5 kN

counterweight \wesplaced over théall transfer units sitting on tHanear guides to
ensure stability against tiltindrigure3.23).

The attached 100 kN capacity load cell is used to measure the total force applied in
theOOPdirection.After approachng to the frame specimen withehydraulicjack,

the airbag pushes the infill wall in tH@OP direction to the desired pressure by
pumping air into the airbag. A pressure transmitter was utilized to determine the
pressure inside the airbag. The pressure inside the airbagrémsedmanually

throughout e tests untithefailure.

pin-end
H20 stiffening

wooden bear
jack

wooden platc «—
i loadcel

pin-end

L3R —

ball joint rod end bearirg

transfer
unit

Figure3.23. Outof-plane loading assembdletails

3.3.1.3 Bidirectional Tests:

A unique loading strategy fothe simultaneous application of directional
earthquake loadsagimplemented for the investigation of OOP strength reduction
under increasing IRlemands After the OOP capacity of the infill wall was
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determined, 1/3 and 2/3 of the capacitgreapplied withanairbag, kept constant
and increasing IP displacement rewsswere applied up to failuré? and OOP
testing setups were combined with minor modifications for this purpose. In order to
eliminate friction forcesa2 mm thickteflon sheefcoefficient of friction=0.10) wa

nailed totheinfill wall at four cornerdefore implementing pressure with the airbag.

A scaled 3D drawing of the experimental settqy bidirectional testsreated using
Sketchup (2016)is illustrated inFigure3.24 below.
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Figure3.24. Experimental setufor multi directional tests

3.3.2 Instrumentation

The IP response ofhe frame specimen and tH@OP response of infill walls were
monitored through 63 channels of transducer oyalile3.2). IP load, deformation
and strain measurements were taken at locations shawgure3.25.a. OOP load

and deformations measurement locations are illustratedyine3.25.b.
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Loadsimplemenedby actuators were tracked by 4 loadceNdditionally, for OOP
tests, a pressure transmitter was utilized to meadisepgessure inside the airbad
strain gages attached to longitudinal reinforcements at the ends of columns and
beams were utilizetb identify the yielding of frame members.5linear variable
displacement transducer L V D wgré issedor OOPdeformationmonitoring In
order to better captutheelastic stiffness of the infill wall in the early stages of OOP
loading, an additionahnd more sensitive LVDT with 10 mm stroke capacity is
temporarily placed on a stick to recaha@center deflection of the wall. It is removed
during testing when the center deflection approaches stroke cagdangity, 30
LVDTs were employed to measutateral displacementend rotation of frame
membersslidinganduplifting of foundation beanshear distortion of beacolumn
joints andthe infill wall (Figure3.25).

All of the measurement instrumaemwere connected tthe Vishay Scanner 5100B
model data acquisition system aggunodating up to 20 channels of inputs. 4
scanners were chained together to createB@channel system. Strain Smart
software vasutilized for calibration of transducers and recording experimental data.

2 recordings were takeat each second throughout testing.

One end of the utilized pancake loadcellaswigidly attached to actuators with
threaded transfer bolts produced from hexagonalroular solid steel rods usiray
lathe. The other end of the loadcell is also rigidly attached to adateeprating
plate using bolts and nuts. Uniaxial response of the combined aciedoell
assembly is ensured by attaching hinges at both ends

Support and arrangement of 15 LVDTs used to monitor the OOP movement of the

wall wereachieved by designing a steel c#gatis fixed toastrong floor via anchor

boltsLVDTdés with | arger s thecerkeeothewal. Siocet y wer e c
OOP loading was wnotonically increased until the collapse, a 1.5m distance is

provided between the wall and the cage to prevent damdge/t® T duisngthe

collapse. Piano wires were used to connect LVDTSs to the threaded rodddechbe

into the wall with epxy and rubber bands were used to tighten wires.
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Table3.2 Instrumentation of frame specimen tests

Ch. Test Dir. Device Exp. Ch. Test Dir. Device Exp.
1 IP < Loadcell 50t 41 IP — StrainGaige 10mm
2 P —» LVDT 200mm 42 P | StrainGage 10mm
3 P —» LVDT 200mm 43 P | StrainGage 10mm
4 P ™a LVDT 20mm 44 P | StrainGaige 10mm
5 IP ad LVDT 20mm 45 IP | StrainGage 10mm
6 P ™ LVDT 20mm 46 IP — StrainGaige 10mm
7 P X LVDT 20mm 47 IP — StrainGaige 10mm
8 P A LVDT 30mm 48
9 IP A LVDT 30mm 49
10 P4 LVDT 30mm 50
11 IP A LVDT 30mm 51
12 P < LVDT 30mm 52
13 P < LVDT 30mm 53
14 P — LVDT 30mm 54
15 P —» LVDT 30mm 55
16 P ™a LVDT 50mm 56
17 P X LVDT 50mm 57
18 IP LVDT 30mm 58
19 IP + LVDT 30mm 59
20 IP v LVDT 30mm 60(1)* OOP PressureT. 1lbar
21 IP v LVDT 30mm 61(2) OOP <«— Loadcell 10t
22 Py LVDT 30mm 62(3) OOP —  LVDT  200mm
23 1P + LVDT 30mm 63(4) OOP —» LVDT 100mm
24 Py LVDT 30mm 64(5) OOP —» LVDT 100mm
25 Py LVDT 30mm 65(6) OOP —» LVDT 100mm
26 Py LVDT 20mm 66(7) OOP —» LVDT 100mm
27 P —» LVDT 20mm 67(8) OOP —» LVDT 50mm
28 Py LVDT 20mm 68(9) OOP —»  LVDT 50mm
29 P — LVDT 20mm 69(10) OOP —» LVDT 50mm
30(19) IP ; Loadcell 30t 70(11) OOP —» LVDT 50mm
31(20) IP ‘ Loadcell 30t 71(12) OOP —» LVDT 50mm
32 P ™a LVDT 50mm 72(13) OOP —» LVDT 50mm
33 P X LVDT 50mm 73(14) OOP —  LVDT 50mm
34 P 74(15) OOP —» LVDT 50mm
35 P 75(16) OOP —» LVDT 30mm
36 IP | StrainGage 10mm 76(17) OOP —» LVDT 30mm
37 IP | StrainGage 10mm 77(18) OOP —» LVDT 10mm
38 IP | StrainGage 10mm
39 IP | StrainGaige 10mm
40 IP — StrainGage 10mm

*Channel number in parenthesis is valid for OOP only tests.
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Figure3.25. Instrumentation labelling a) 4plane, b)Out-of-plane

12 strain gages were attached to the longitudinal Bareembeends(3-4 cm from
the face of joird) of eachframe specimen testeshderIP only loading(Tablel.1).
Kyowa Type KFG10mm1200hm strain gages were attached to the machined,

84



sanded and cleaned surface of the bars with Kyowa&XCgage cement such that
the longitudinal direction of the gage in good alignment with the longitudinal
direction of the reinforcement. Kyowa AK22 coating clay agent has been applied
around the strain gge attached reinforcement against wet and vibrations during

casting and placement of concrete. After installatstrain gages were checked with

an ohmmeterlThe drain gaige attachmergteps ardlustrated inFigure 3.26.

Figure3.26. Strain gage attachment to longitudinal bars

Kyowa DTHA LVDTs with 10 mm, 20mm, 30mm and 50nm stroke capacities

were utilized for displacement measuremantvarious locations fothe frame
specimenFor specimens tested undeérdemands, column end deformations within

the potential plastic hinge were measured by using LVDTSs attached to 6mm diameter
threaded rods embedd&dto the frame specimen with epoxyigure 3.27). The
transducers to measure column and beam end curvatures were placed with a gauge

length equal to thmemberdepth following the proposal of Bayr&k998)
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Figure3.27. LVDT attachment to frame specimen

3.3.3 Loading Protocol

Three different protocols were utilized for-phane, owof-plane and bidirectional
loading cases. In all cases, the same vertical loading approach simthatisvgal

load levels of the prototype structurgas utilized before applying lateral
displacement excursions or OOP loads bidirectional loading. Weight blocks
corresponding to 10.25 kN/m distributed loadingreplaced on top ofhe flanged

upper beam and colurarwere loaded to an axial load ratio of 17.5% (i.e. NJA
using manually controlled hydrauliacks installed on their top.

3.3.3.1 In-plane Tests

The loading protocol for the IP only test&m@composed of vertical actions plus
guaststatic incremental displament cycles. A 250 kN capacity semontrolled
actuator moving in displacement control was utilized. The loading history features
two displacement cycles at designed target drift levels of 0.35%, 0.5%, 1.0%, 1.5%,
2.0%, 2.5%, 3.0%, 3.5% and 4.0%idure 3.28). Lateral displacements were
calculated by averaging Ch2 and Clk3g(re 3.25.a) placed at two cornerof the

slab and at the same elevatasthe centroid of the flanged beam which is 1435 mm
from thetop of foundation beanAt every second cycle of the target driftse test

is paused, infill damage is photographed and cracks on frame members wire. pai
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Figure3.28. In-plane loading protocol

Weight blocks were lifted and loads on vertical actuators were released before
activating the data acquisition system and put back on the specimen after activation
to capture beam end rotations and rebar strains due to gravity loadengertical

load wa controlled manually during the tests and corrected by pausing the

experiment at zero loawf the hysteresis curve.

3.3.3.2 Out-of-plane Tests

The OOP only tests were conductdtker application of gravity loads on columns
and the bearthrough implementation afut-of-plane pressure¥he pressure of the

airbag was increased monotonically until thidure of the wall

3.3.3.3 Bidirectional Tests

After determining the OOP capacity tife infill wall from the previoustest, the
bidirectional testsvereconductedunder he effect of constant OOP pressure (equal
to 33%or 66%o0f the OOP capacity), the vertical actions guoésistatic incremental

displacement cycles until failure of the infill wall
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CHAPTER 4

MATERIAL CHARACTERIZATION

A completeinvestigationof the strength and deformatiarharacteristicsof all
materialsinvolved in infilled RC frame specimenconstruction includingnaterials
utilized for retrofit measures was carried o@oncrete and mortaspecimens
sampled during casting and construction of the frames and infill walls were tested
prior to the corresponding frame test. Longitudinal and transverse bars, fiber and
steel mesh reinforcement and brick units were also tested for characterization.
Additionally, masonry prisms constructed with hollow clay brick (HCB) and aerated
concrete block (ACB) units wergested under uniaxial compression, diagonal
tension, slidingand bending actiorts identifyload-displacementharacteristics

A wide scatér of test results is expected for masonry specimens due to insufficiently
controlled laboratory environmental conditions, manufacturing and testing
procedures and workmanship. Thus, a sufficient number of repsigioequired to
provide a satisfactorgtatistical characterization of mechanical propeiti&alvi et

al., 1996) Accordingly, three samples were constructed for each prism test and the

test results were averaged to determine mechanical properties.

Material and masonry prism tests wer@enducted at METU Materials Lab and

METU Ujur Ersoy Structur al Mechanics Lab
testing specifications. Foramntrolled hyraulic pressand Utest testing machine
servecontrolled MTS testing machine and screw jaatkacheé electric motor

controlled testing setups were employed for force and displacdrasat testing.
Innovativetest setups were designaald constructetbr 4-point bending and sliding

shear testing of masonry prisms.
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4.1 Material Tests

Material test results for concrete, reinforcing steel, brick units, motiar,dnd steel

mesles, tie wires and horizontal steel ties are illustrated irstgson

41.1 Concrete

C25 grade sugr liquid ready mixed concrete withtargeted 28lay characteristic
compressive strength of 25 MPa (i.e=25 MPa)was ordered from the same
concrete plant for all frame specimens. alggregate sizef the concrete waselow
11.2 mm andhewatercemer ratiowas0.65.

For each batch of concrete, standB@ mm diameter cylindrical concresamples
were taken Concrete samples wersulfur-graphite capped and tested for
compressive streng(ASTM C3921)on 7", 14" and 2§ days to monitor strength
gain. At least 3 samples were tested for compressive stramgitlsplit tension
strength (ASTM C49617) on the day ofthe frame experiment(Figure 4.1).
Depending on the compressive strentgtbaxial load ratio of columnsasarranged

to 0.175 using vertical jacks over columns.

Figure4.1. Concrete sampling and testing

Compressive strgith (o), split tension strengthsff, test date and age of concrete at
the test dayor concrete specimens are illustratedeach frame specimen Table
4.1 below.
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Table4.1 Concrete specimen test results

Frame BF CB
CastTest Date 16-04-2014 /17-07-14 16-04-2014 /09-05-14
Specimen N1 | N2 [ N3 | N4 | N5 | mean| st.dev| N1 | N2 | N3 | N4 | N5 | mean| st.dev
f.(MPa) 25.7|26.4/28.7|30.6 27.9| 2.3 |25.5/19.4/22.0/21.9/22.9| 23.3| 2.2
fs (MPa) 2512929 2.8 03 |24]28]|29 2.7 0.3
Age of Concretg 91 Days 23 Days
Frame CBP CBMR
Cast/Test Date 22-01-2015 /29-05-15 01-08-2014 /29-08-14
Specimen N1 | N2 [ N3 | N4 | N5 | mean| st.dev| N1 [ N2 | N3 | N4 | N5 | mean| st.dev
f.(MPa) 27.0/27.7/23.9|25.9/27.3| 26.4| 1.5 |33.8/32.6/35.3/33.6/32.8| 33.6| 1.1
fs (MPa) 20|28|21|2.67 2.4 0.4
Age of Concretd 127 Days 28 Days
Frame TieC TieS
Cast/Test Date 01-08-2014 /10-09-14 10-10-2014 /29-12-14
Specimen N1 | N2 [ N3 | N4 | N5 | mean| st.dev| N1 | N2 | N3 | N4 | N5 | mean| st.dev
fc(MPa) 35.6|33.1{36.2|33.8|34.3| 34.6| 1.3 |32.3/31.6/32.8/34.6/34.9] 33.3| 15
fs (MPa) 2925|2729 2.8 0.2 |32]29]|25|2.95 2.9 0.3
Age of Concretg 40 Days 80 Days
Frame LBP AB
Cast/Test Date 12-03-2015 /25-12-15 22-01-2015 /18-02-15
Specimen N1 | N2 [ N3 | N4 | N5 | mean| st.dev| N1 [ N2 | N3 | N4 | N5 | mean| st.dev
f.(MPa) 28.7/29.0|27.1 28.2| 1.0 |25.5/24.5/24.6 249| 05
fs (MPa) 22|20 2.1 0.1 ]22|20 2.1 0.1
Age of Concretg 288 Days 27 Days
Frame ABI ABRP
Cast/Test Date 10-10-2014 /28-11-14 12-03-2015 / 3103-15
Specimen N1 | N2 | N3 | N4 | N5 | mean| st.dev| N1 [ N2 | N3 | N4 | N5 | mean| st.dev
fo(MPa) 32.5|31.8/32.8 32.3| 0.5 |18.8/18.8/19.1 189 | 0.2
fs (MPa) 3.2(29|3.0|29 3.0 01 |17]|20]|16 1.7 0.2
Age of Concretg 49 Days 19 Days
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41.2 Reinforcing Steel Bars

Two different types of steddars wereused forreinforcing RC framespecimens
Longitudinal reinforcementwaere S420 grade (i.ey#=420 MPa),8 mm diameter
deformed bars whereas transverse reinforcenvesrtsscold drawné mm diameter
plain barsproduced specifically for the half scaled frame specimens due to
unavailability of deformed bars in 6 mm diamet€he frst two frame specimen
experimets (i.e. BF andCB) were conducted with existing reinforcements in the lab
which are labeled as T1 to T6 Wable4.2. A new batch of reinforcement was
orderedfor the remaining testghich are labeled as NN2 to N14Table4.2.

Uniaxial tensile testg was carried out forall reinforcement specimensin
accordance withASTM A370 (2021)standad using MTS 647 Testing Machine
(Figure4.2). All of the rebar samples were cut to 250 nmhength. Deformed bars
were weighted fothe determination ohominal diameter andhreedeformed bar
samples wereoundedon the lathan orde to attach strain gaugeBisplacement
readings were recordedith a 50 mm capacity Epsilon brand extensometer.
Additionally, 5 mm long high strain capacitand 10 mmlong standat capacity
Kyowa brand strain gages were attached to pdaid machined bars foa more

accurate determination of young6s modul us.

Figure4.2. Uniaxial tensile testing of reinforcing bars
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The stressstrain curves of e reinforcing bargi.e. N2 to N14)tested under

displacemenbased uniaxial loading are illustratedrigure4.3.

700
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500 - x
o 400
3
- 300 -

200 -

100 -

—— Deformed (8mm) Plain (6mm) Machined (8mm)
O L] L] L] L] L]
0 0.05 0.1 0.15 0.2 0.25 0.3
5 (mm/mm)

Figure4.3. Stressstrain graph for reinforcing bars

The nominal diameter of a deformed bar is equivalent to the diameter of a plain bar
having the same weight per length as the deformed Tiee. average nominal
diameter of 8 mm deformed barsasvcalculated as 8.38 mniThe measured
mechanical propertiesf the reinforcing bars are summarizashsidering nominal
diameters and 8mm diameter for deformed bafsable4.2.

For deformed bars, the yieldes$s (§) and maximum stress,ffvaluesare provided
based on the nomindiametersand assumingra8mm diameter whicls used in
section analysis of frame specimens whiediameter of longitudinal bars ag
taken as 8mm. Modulus of elasticity is calted from linear curve fitting on the
measured data prior to yielding. Strairuga measurements which provide more

reliable data were relied upon where available.
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Table4.2 Mechanicabproperties ofeinforcingbars

Specimen D fy fu fy* fu* E Gy o
(MPa) (MPa) (MPa) (MPa) (GPa) (mm/mm) (mm/mm)

Plain Bars (6mm) fo T 326 465 0.390
BF and QB frame T2 330 468 0.407
Specimens T3 | 330 465 0.377
Average 329 466 0.391
Plain Bars (6mm) N4 457 513 207 0.119 0.204
N6 439 494 199 0.108 0.202
Average 448 504 203 0.114 0.203
8| N7 413 562 453 617 200 0.160 0.251
§ N8 403 549 442 602 199 0.150 0.232
= | N9 400 564 439 619 190 0.140 0.204
N2 449 575 493 631 197 0.164 0.221
Deformed Bard N3 416 544 457 597 183 0.182 0.277
(8mm) N10 | 450 598 494 656 200 0.167 0.387
o | N11 | 411 544 451 597 196 0.162 0.368
E N12 | 424 550 465 604 185 0.177 0.335
“§ N13 | 449 599 493 657 214 0.166 0.362
N14 | 429 588 471 645 191 0.008 0.388
Deformed Barg T4 427 543 468 595 0.300
(B for BF T5 | 445 569 488 625 0.325
specimens T6 445 578 488 625 0.320

Average 428 566 466 621 195 0.148 0.305

* Based on 8mnadiameter for deformed bars

4.1.3 Brick Units

Aerated concrete blocks (ACB), hollow clay bricks (HCB) and isolation bricks with
dry locking key mechanism (LB) werdilized in the construction of infill walls.
Wall sections on a vertical cut and masonry unitatisions are illustrated Figure

4.4. All brick units were haHlscaled representatives of fgitaled originals except
lacking scaling irthevertical direction of H8 and LB units. Clay brickesere laid
with their holes parallel to the horizontal direction resulting in vertical stacking

whereas ACB units were laid by horizontal stacking.
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Figure4.4. Tested infill walls and utilized brick units

Half-scaled G2/350 type ACB unitghichare 300 1251 100 mn? (length x height

x thickness) in size and 350 kgfin dry densitywere ordered from AKG company.
Theproduct catalogAKG Gazbeton 20173pecifiesthe characteristic compressive
strength and density of the units as 2.2 MPa and 450°kBinici (2019)conducted
uniaxial compression tests agight 100 mm cubesand measured the mean
compressive strengths 2.45 MPa. HCB units ordered frothe Ar t uj cl ay
factory located inthec i t y of vieeeKX®%x 100 miin size. The
average wid ratio and unit weight of the HCB units were measase®% and 1120

gr respectively. All the voids of the HCB wrefilled with loose fine sand and the
volume of the sand is measured vatheaker for void ratio measuremeiihe nean
compressive strength @he HCB units was measured as 10 MPa when loaded
parallel to the holes and 3.5 MPa when loaded perpendicuthe tholes Figure

4.5). The unit weight and void ratio of clay locking bricks which are 225 x 115 x 155
mm? in size were measured as 2300 gr and 53%, respectively.
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Tested

Specimen
Wall unit HCB HCB HCB ACB
Loadingdir. horizontal vertical transverse vertical

Ave.strength  fp=9.7 MPa  fp\=3.7 MPa f,=3.4 MPa f,\,=2.5 MPa

Figure4.5. Compressive strength of the masonry units

4.1.4 Mortar

General purpose mortar wistvolumetric sand/cement/lime ratio of 6/1/1, corapt
with ASTM Type N, was sedas joint mortar and plaster for walls constructed with
clay bricks. The cement and lime meehe requirements of TS EN 197 CEM
IV/B(P) 32.5N and TS EN 459 CL 70S standards, respectiveljjhe maximum
particle diameter of the sand was limited to 3nDry componentgonforming to
mentionedmix ratio was placedinside a wheelbarrovand stirredwith a shovel
(Figure4.6). Water was gradually added to the dry mixtunél desired consistency
is achieved and samples were takem each batch for material characterization.

Figure4.6. Production and sampling of mortar

The water content ofeach batchis arranged according tdlow diameter
measurementd he nortar sample is placed anflow table and dropped 25 times
within 15 secondas defined ilASTM C1437 (2013)Figure4.7). A flow diameter
between 205 and 215 misiachieved for all samples.
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