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AN INNOVATIVE LOW DA MAGE SEISMIC SOLUTIO N FOR
UNREINFORCED CLAY BR ICK INFILL WALLS

Ali Sahin TASLIGEDIK!'andStefano PAMPANIN

ABSTRACT

In the past design codes, infill panels/walls within frame buildimgse considered as nestructural
elements and tts have been typically neglected in thealysis stage of thdesign processThe
observations made after major earthquakesinrgeet (e . g . Duzce 1999, L6AQ!
2010) have shown that although infill walls ameglectedelements, theynteract with the structural
system during seismic actions and modify the behavior of the structure. More recent code design
provisions(CEN, 2004 FEMA, 1997 NzZS4230, 200¥ do now recognize the complexity of such
interactions and require either a) consider these effects of-frditheteraction during the design and
modeling phase or b) assure no or dioweraction of he two systems with proper detailing and
arrangements in the construction pha$e. consider the iteraction in the design stage can be
impractical and in most cases does not solve the actual problated to theibrittle behavior This

paper reports # development o&n innovative low damage solutiiechnologyfor nonstructural
unreinforced clay brick infill walldy which the interaction with the structural frame is minimized.

The seismic performances of an existing (as built) unreinforced cldy infitt wall system (Fully

infilled unreinforced clay brick infill wall FIB-UCBI) and the developed low damage solution (MIF

UCBI) are reported as a result of the experimental testing program.

INTRODUCTION

The nonstructural walls in a building can bertstructed oflifferent materials depending dime local
preferences. Drywald] walls made of light gage steel or timber inner framingevered with gpysum
plaster boardsare very common in Canada, US, Europe, Australia and New Ze&antpared to

clay bricks or concrete blocks, this is a comparably Hgbight alternativeOn the other hand,
unreinforced clay brick infill walls are still one of the most common-sionctural wall type in
Europe and south Americihese walls are usualpssumeds nonrstructural and are not taken into
accaunt in the analysis phase sefructural designwhich is partly due to their unsuitability as an
engineering materialNonetheless,hiese walls are stiff and strong enough to affect the structural
response by interaaiy with the structural system during an earthquake. The result of this interaction
is either significant damage to the infill wall itself or to the surrounding structural s{iSigunel).
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Figurel Infill wall damage photos:-b) 22 February 2011 Christchurch earthquake in New Zealand ) L O Aqui | &
earthquake in Italy in 2009 (Courtesy of Anna Brignola)

Because of the brittle nature of the clay bricks andrtbdar joints, the interdion isinevitably
brittle, which maychangethe ductile response of a reinforced concrete framresuls in brittle
global response. In some cases, this brittle interaction may cause soft storey mechanisms due to the
sudden drop in stiffness and stgém(Magenes and Pampanin, 200Fhe uncertainty regarding the
positive or negative effects of unreinforced clay brick infill walls on thecairal response is not
questiord or answered in the reported work. Thgssimply due to the unsuitabilitgf the asbuilt
unreinforced clay brick infill walls within a ductile seismic design philosophy where the structures are
expected to resist increag levels of deformation by maintaining their capacities. ductility (Park
and Paulay, 19795 The reported work experimentally investigated the behaviour of dils
unreinfaced clay brick infill wall and the behaviour of the proposed low damage unreinforced clay
brick infill wall solution.

EXPERIMENTAL PROGRAMM E

The tests were carried out using reverse cyclic egtasic testing protocol prepared in
accordance with ACI 376ACI374.1-05, 2009, shown inFigure2a. The utilized structural frame was
a moment resisting PRESSS fraffampanin et al., 20)0a low damage seismrocking structural
systemthat has theapalility for repeatible useThe structural system waonstructed by conneatj
two reinforced concrete (RC) beams and two RC columns by two D40 unbondédnsisting bars
with 80 kN posttensioning(Macalloy, 2007, connection detaibf whichis shown inFigure2b. The
utilized pin supportedstructural frame simulasghe innerstorey of a multstorey building where the
damage to the infill walls induced by increasingnaplitudes of interstorey drift.

Connection Details
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In the test setugthe lower beantolumn connections had pivot points at rhieight of the beam
in order to éminate the effects of different rates of beam elongation occurring at the upper and lower
beams The deformations were applied by a 1000 kN hydraulic jack at the i@ & the left RC
column The displacement control was carried out B850 mm rotay pot at the top level of theght
RC column (the same height as the hydraulic jack). The structural frame was constraiaee iby
four rollers located at the top RC beam level. The details of the test sesypramarizedn Figure3.
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Figure3 Test setup

Three tests were carried out. In the first test, the reverse cyclic behaviour of the bare frame (BF)
was quantified, which was linear elastic. The second test specimen wasbtlikt asreinforcedclay
brick infill wall (FIF3-UCBI) and the last one was low damage unreinforcey leteck infill wall
(MIF5-UCBI), assummaizedin Tablel.

Tablel Test specimens

Specimen Description Connection Type
Test1 Bare frame -
BF
Test 2 . . - As-built monolithic connections: Fully connected t
FIF3-UCBI As-built unreinforced clay brick infill wall the structural frame
Test 3 Low damage unreinforced clay brick infill  Infill panel zone divided into iividual cantilever
MIF5 -UCBI wall infill panels by a light gauge steel séfaming

CONCEPTUAL DEVELOPMENT OF THE LOW DAMAGE UNREINFORCED
CLAY BRICK INFILL WALL

As it will be shown in the test results of FIF3CBI, an asbuilt unreinforced clay bricknfill
wall does nbhave much deformation capacity asdratherbrittle. Considering this fact,r@ of the
possible low damage solutions can be achieved by adding sliding capability to the infilFigaié (
4b), whichwas already investigad by Mohammadi and Akram{Mohammadi and Akrami, 2010
Mohammadi et al., 20)1However, this system may have significant-ofiplane issues, which may
not easilybeaddressed in practical applications. Moreover, at high drift levels, the systginduce
shear failure in the columnBased on thetudyof the performances of different infill wall systems
and the infill panel zone behavigurarried out by the auth®ra low damage infill wall consisting of
individual cantilever panelduilt within a light gauge steel stitame seemd more appropriate
(Figure 4c). Therefore, e solution developed ithis researchwas typically and fundamerita
inspired from the old construction practice of armature cross \{ladisgenbach, 2008nd recent
rocking structurabystemgPampanin et al., 201 @riestley et al., 1999



The objective of thelevelopedow damage solutiomas thereduction of interaction between
the infill wall and the structural systerihis was achieved by delaying the forroatiof the strut
actionby introducinggaps among the individual cantilever infill wall panels, which can be designed to
close at a selected intstorey drift level. Moreover, when the gaps do close and the strut action is
activated, the resulting behaviois rather ductile due to the flexure dominated individual cantilever
infill wall panels. On the other hand, thehlawiour of the aduilt option wa typically a shear
dominated squad wall resulting in brittle failure mechanisms.
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Figure 4 Conceptual development of the low damage solution for unreinforced clay brick infill walls:ka)ilAs

unreinforced clay brick infill wall; b) Infill wall with sliding capability at migeight(Mohammadi and Akrami,

2010 Mohammadi et al., 2031c) Low damage rocking infill wall (Developed solution); d) The objective of the
low damage solutiofOriginal graph is from Magenes and Pamijn, 2004)

TEST 1: BARE FRAME (BF)

The bare framespecimenFigure5a) was postensioned with a pogensioning force of 80kN,
which was roughly 10% of the yield strength of the gessioning bars. The drift history, which was
previously given inFigure2a, was applied on the specimen. During the test, the bare frame behaved as
expected, linear elastically with very minor flexural crackinghat cover concreteThe hysteresis
behaviourof the bare frme is shown irFigure 5b and the prevented beam elongation in the lower
beam can be seen in the ptmisioning force curve shown kigure5c.
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TEST 2: AS-BUILT UNREI NFORCED CLAY BRICK INFILL WALL ( FIF3-UCBI)

Unreinforced clay brick infill walls have been obsoléte New Zealandfor a long time.
Neverteless, it is still a very common practice around the world (i.e. Mediterranean countries, South
America, India etc.). Most of the buildings with unreinforced clay brick infill walls in New Zealand
are of pre 60s. St. EImo Courts was the oldest RC buildin@€hristchurch (1930s), but was
demolished due to the extensive damage suffered after 22 February 2011 earth@lakstahurch
The unreinforced clg brick infill wall type used in thisbuilding was cavity wall, which is a double
skinned walltype The same wall type was aldound in other structures around the Christchurch
Central Business District (CBD) during the building assessments. As a result of lack of current
practice, these old examples were used for the construction of the test speciniea.demstruction
of the specimen, the specifications contained in the unreinforced masonigonstiluction standard
AMasonry Construction i nwaMlbowed analcampliadNA64210 r k ma n ¢
2001).

In the construction of the infill wall, standard clay bricks of 70 mm width, 75 mm height and
220 mm length were used. This was the same clay brick type used in St. EImo Courts as well as for the
construction of the masonry veneers in mdsthe residential houses in New Zealaiithe binding
mortar was composed obpland cement and fine sand mixed 1 to 4giveratios accordinglyFigure
6). The water content was arranged according to the workability of the nthxebgontractor. In the
construction of the infill wall, no specification was given to the contractor with the intent to respect the
real life construction practice for brick work as much as possible

Figure6 Used clay brick tge (70x75x220 mm), Portland cement and fine sand

The bricks were laidour courses at a timigom the lower corners of the infill panel zone to
meet at the midpan of the RC beam. Steel ties were placed between the two skins of the wall at every
fourth caurse of clay bricks laid in vertical. The steel ties were placed 600 mm apart from each other
horizontally. The average thickness of the mortar layers was about 10 mm. Including the 10 mm cavity
in between the two skins, the total thickness of tlfi# imall was 150 mmKigure 7). The wall was
finished just ly the application of a thin coaf white paint to allow for crack visibility.

Figure7 The construction of thasbuilt double skinned unreinfoed clay brick infill wall(FIF3-UCBI)

In the first drift levelof 0.1%, boundary cracks foed between the infill wall and the RC
frame. In the negative cycle of 0.2% drift (pull cycle), a diagonal crack formed stretching from the
lower left corner to theipper right corner of the infill wall. The width of the diagonal crack at this
level of drift was 0.39.8 mm near the lower left corner and-2.5 mm at the middle of the infill
panel zone. In the positive 0.3% drift level (push cycle), another diagoaekt formed stretching
from lower right corner to upper left corner of the infill wall panehich also corresponded to a



sudden loss of strength and stiffneBgy(@re 10a-b). The width of this crack was G@l5 mm near the
corrers of the specimen and 1.5 mm at the middle of the infill panel zone. Then, in the negative cycle
of 0.3% drift, additional diagonal cracks formed in parallel to the previous one, stretching from lower
left to upper right corner of the infill wall. It wasainly from 0.3% drift level onwards that sliding
cracks started to form at different levels of the infill wall. In some cases, these sliding cracks were
forming in combination with additional diagonal cracks. However, the formation of the sliding cracks
only continued till 1.25% drift level. At 2.0% and 2.5% drift leyeghe corner crushingt the lower

and upper cornergccurred accordingly. At 2.5% drift level, the test was finaliZdda progress of the
cracks forming during the test is summarizedrigure 8. The test gaverainsight into the behaviour

of fully infilled unreinforced clay brick infill walls, which was used asbenchmark forthe
developnent of the low damage solution.
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Figure8 Progess of cracks during the test of thebadt unreinforced clay brick infill wall specimen FIF3
UCBI (F": Total lateral force, fLateral force exerted by the infill wall only)

An important observatiowas thatasbuilt unreinforced clay brick infill walshowed a number
of failure modes triggered by the neasing displacement demand®r example, astructure that
experiences only 0.3% drift may only exhibit diagonal cracking. However, another structure that
experiences 1.0% drift level, the cracking raaday seem like sliding cracks. Similarly, a structure
experiencing 2.0% drift may further develop corner crushing. In this particular case, these failures
were not exactly different and exclusive failure modes, but rather incremental members of a chain of
consecutive failures starting with the weakest one, i.e. diagonal cradkiegsummary of these
progressive crackings and their ingorey drift intervals are shown Figure10c. The damage at the
end of the test iphotograpically reportedn Figure9.

c) d)

Figure9 Damagephotos ofthe asbuilt unreinforced clay brick infill wall specimen FIR3CBI at the end of the
test: a) Top left corner; b) Tafght corner; c) Bottom left corner; d) Bottom right corner
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Figure10 As-built unreinforced clay brick infill wall specimen FIR3CBI: a) Total lateral force vs. intestorey

drift; b) Diagonal force resistely the infill wall vs. interstorey drift(Used for numerical modelling purposgs)
c) Interstorey drift intervals corresponding to the observed damag®(892: Diagonal cracks; 0-B.5%:

Sliding cracks 1.5-2.5%: Corner crushing)

TEST 3: LOW DAMAGE UNRE INFORCED CLAY BRICK INFILL WALL (MIF5
UCBI)

In order to achieva low damage solutignas explainedin the conceptual development, the
infill panel zone was divided into three individual cantilever panels. These individual panels were
constructed within #ight gauge steel sultame constructed in the infill panel zone. The-fialming

was attached to the surrounding structural frame such that the-plaine weight of the inlfi wall

could be carried by the suframing. The number of divisions was decidsetording to the aspect
ratio of each individual panel and ttréutory out-of-plane weight that canebcarried by the vertical
studs. These panels were separated by vertical igtpseen adjacent steel studs, which widhed

with elastic polyurethangoint sealantafterwards The sealantintegratel the three panelsvhile
allowing ddormation at the vertical gap¥he width of the gaps were calculated by Eq. {3ing
D=1.%% and h=2550 mmgg; was calculated as 20 mm, whichsixtae gap required on one side of the

infill wall. Therefore, tte total gap required per floor w@x 20 = 40 mmwhichcan bedivided into 4
vertical jointsas 10 mm gaps. The resulting overview of the specimen andethdsscare shown in

Figurell.
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Figurella) Overview of the low damage unreinforced clay brick infill wall specimen MUEBI; b) The
details adopted in the low damage solution
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2 100
Where g : Calculated gap on one side of the infill wall
D: Design interstorey drift limit in % after which damage is acceptable
h. : Infill wall clear height (2550 mm for the test specimen)

In general, the constructiaf the specimeigonsisted of only twateps. Firdy, the light gauge
steel sudframe was constructeatccording tahe develope details. Then, the clay brickgerelayed
inside the sulframe inthe same way as FIR3CBI, with wall ties at every fourth course in vertical
and 600 mm apart indnizontal. However, no mortar was used at the bottom antdogersof the
infill panel zone to allow slidindpetween the infill wall and the steel sirame Instead of a single
infill panel, the wall was constructed as three separate camtjpewels a shown inFigure12. Seven
days after the infill wall was finished, the gaps were filled with polyethylene foam and polyurethane
joint sealantThe finalized elevation of the specimen is showRigure12d.

Figure12 Construction of the low damage unreinforced clay brick infill wall specimen NUEBI: a) Light
gauge steel subframing:d) The clay bricks layed within the steel subframe; d) The specimen after the
polyurethangoint sealant application into the gaps

Under the displacement protocdhetspecimen did not show any significant damage until the
end of the test at 2.5% drift. At 0.75% drift, one minor horizontal mortar crack at the top right corner
of the Panel C wagbserved. Then at 1.5% drift, two other minor mortar cracks were observed at the
bottom left and top right corners of the Panel A. 1.5% drift was the drift limit until which the
interaction with the structural system was minimized. After this, the individhfill wall panels
engaged with the structural systefs a result,another horizontal crack and minor toe crushing
occurred at the top right corner of the Panel C, which was caused by the rocking of the panels and the
interaction with the structural sgem. Similar horizontal cracks formed at the top left corner of the
Panel A at 2.5% drift level. The damage progshe specimen isummarizedn Figurel3.

Figure13 Damage progress of the low dage unreinforced clay brick infill wall specimen MHEECBI

The adopted details worked effectively and prevented the formationpthrie damage. As a
result, the solutions preserved the-ofiplane capacity, which was dependent on thglame strength
of the infill wall and the condition of the stflame. The system worked as it was intended; the infill
wall panel had degree of freedom to slide, and the polyurethane joint sealant acted as a bumper for















