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ABSTRACT

It has been shown ipreviousstudiesthat masonry infillswith rigid supports through boundary
frames display greater eof-plane strength thatheir flexural wall counterpartsThis increase in
strength is due to mechanism often referred to@sar ¢ hi n g aantnfilléscansideed h e r e
as a thredninged arch after initial cracking separates the infill into two rotating segments under
out-of-lane loading. Any further rotation is restrained by theundarysupports, resulting in in
plane compressive forcemd delaying further crackinThe failure mechanisns changedrom
tension controlled to the inherently strongempressiorcontrolledfailure. The literature review

on arching actionhowever yielded limitedavailable research results in termsegperimental
testing and numerad studies. For design, the curré@dnadian masonry design standard CSA
S30414 specifiesthat the first principle mechanidse usedfor calculating the oubf-plane
strength of infillswithout providing explicit equationsThe American masonry standardSWC

2013 on the other handydopts a serempirical equation for owuf-plane strength of regular
infills.

This studyis partof an on-going researchtudyto gain understandingn theout-of-planestrength
andbehaviourof masonry infillsin generalandin particular,on theeffectof several influential
design parameters dhe infill strength The previous phases (Phase | and Il) of the study focused
on thetesting of RC framed concrete masonry infikbereas this study dealt with the steel
boundirg frames and the design parameters considered were more representative of this frame
type. A total ofseven steel framed concrete masonry infiése subjected to owif-plane loading

to failure and design paramet@érsluded boundarframecondition prior damage, interfacial gap,
andpresence ofertical loading. The experimental resulisre obtained and discussed in terms

of loadvs. displacement curves, cracking pattern, failure mode, and the vertical and horizontal
displacement profiles. The experintal results wer¢henused toevaluate the design parameter
effects andletermine the adequacy of the existing analytical models.

The experimentalesultsshowed that a steel frachénfill sustainedh significanty lower out-of-

plane capacityhan a RGramed infill. This is attributed to lower friction at steel to infill interface

as evidenced btpp infill slip-outthat initiated a prenaturefailure that wasobservedn multiple

test specimesn The presence of top beaminfill gap resulted in a redion in strength as the
two-way arching was not fully developed as evidenced by different cracking pattern and failure
mode observed in the te§trior in-plane damage causedetuctionin the outof-plane strength

of infills and more severe the prior deage, the greater the reduction. Further, the reduction is
more pronounced when the loading causing the damage was maintained duringothelane
loading stageThe presence of a vertical loagpliedon the infillthrough the frame bearasulted

in areduced oubf-plane strength.

Theexistinganalyticalmethodsvereshown to providénconsistently strength estiméta

specimens with RC frames vs. steel frames as none of the models considered the difference in
interfacial friction between two materials. In genetta¢, analytical models underedicted the
strength of RC framed infillg/hile overestimating the stregth of the steel framed infills.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

Masonryhas been used in constructimirstructures dating back &mcient Egypt pyramids
and Roman coliseumMasonry materiaused in constructiohavedeveloped from early
times of natural stone, cut stone, mud brick, to later times of various clay briclcigodu
With the introduction of concrete in the 1900s, masonry was ushered into a nelneeza
concrete block masonmroductsbecame a popular choice for construction due to their
beingmore cosefficient than cut storeand less labontensivethan claybrick masonry.

In addition, lllow cells unique taconcrete blockunits haveallowed the introduction of
steel reinforcing in masonryvhich allowed masonry to remain competitive with other

building materials in both the residential and commercial coetgtru

The first document dealing with masonry design was introduced in 19 Bynerican

National Standardgnstitute, ANSI 41.1(1953) which formedthe basis for conventional

design or empirical design of masonry. With development of knowledge of masonry
behaviar enabled through more elaborate testing, in the next 30 years till 1980s, masonry
designevol ved from empirical fleshgaengbearinggel v b
designwhere forces, moments, and stresses were considered in design rules. From 1980
90s, the fAengineered masoné§&mpssDesigaNSO)esi gne
approach, also known as AllowalfiessDesign(ASD) in both Canadandthe US. In

the WSD approach, resistance of masonry structures was calculated based on an allowable
limit. In 2004, the Canadian masonry design standard S2Z004 was published with

significant technical changesdlimit states based design was a@dpivhere the concept

1



of load and resistance factor was introduced. In 2005, the American masonry design
standard MSJC also adopted limit states based dégigncurrent governing standard for
masonry design in Canada is CSA S3%#} whereas in the US tlgoverning standard is

MSJC 2013.

1.2 OUT-OF-PLANE BEHAVIO UR OF MASONRY INFILL S

A masonry infiled frame refers to a frame systaither made ofsteel orreinforced
concretewith a masonry wall built withinThese masonry walls are commonly referred to

as masory infills and they fulfill the functiorof eitherpartitions for dividing spacesr

exterior claddingor completinga building envelopePrevious esearchB. Gabrielsen,

Kaplan, & Wilton(1975; Hendry(1981)) has shown that when the masonry wall is built

tight against the bounding frame, the interaction between the frame and the infill wall will
change thébehavioual characteristics of the masonry infidut-of-plane strength of a

masonry wall without tigt confinement islependent othe masonrytensile strength. The
confinement around the masonry wall create
which the bending of the wall introduces anplane compressive force which delays

cracking and additionalrching of the wallOut-of-planecpaci ty t hrough #dAarc
relies on the compressive strength of masonry as opposksl temsile strengthThe

inherently higher compressive strength of masonry than its tensile strength results in much
greater outof-plane capacity of masonry infills than their flexural wall counterpértsle

existing studiegAnderson(1984; Angel (1994); Dawe & Seal(1989; R. Flanagan &
Bennett(1999; McDowell et al(1956) showedthe effectof aspect ratio and slenderness

ratio of the infill, and the bounding frame rigidion this arching actigrthe number of



studies andvariations in parameters each study were insufficient to establiany
definable correlation§everal analytical methodgereproposed for the calculation of eut
of-plane strength of infillsbut they werenainly developed based on a limited number of
data pointandtheir application in a wide range of infilled frareuationswas found to

beincomplete.

For design practicehé Canadian masonry design standa®® S30414 does not contain

any design provisions for the eat-plane strength of a masonry infill wall, it does however
suggest using first principle mechanics for analysis. The American masonry design
standardMSJC 2013 on the other handgemploys a semempirical strength equation
calibraed with limited rest resultéor the outof-plane strength of masonry infills.
However, the efficacy of the equation in application of various situations of infills and

bounding frames has not been thoroughly examined.

More research is in need to providdiable experimental results that could be used to
further understandrching action otthe behaviour andtrength of masonry infills under

out-of-plane loading.

1.3 RESEARCH OBJECTIVES

A multi-phased research program is being conducted at Dalhousie Ugit@isitestigate
the outof-plane behaviour and strength of masonry mfillhis research is a continuation
of the work conductetly Sepasda(2017)andWang(2017)on reinforced concreteRC)
framesto further the investigation to include steel boanydramesThis research involved

an experimental investigatian masonry infillsbounded by steel framegth a focus on



the effect oprior in-plane damageoncurrent loadingand boundary supporbndition on

the behaviour of infillsThe objectives to baccomplished by this study are as follows:

1. To perform @periment on masonry infilled steiehme specimens subjected to the
out-of-plane pressure along with auxiliary tests needed to evaluate the required material

properties othe specimen.

2. To analyze the effectof prior in-plane damageconcurrentioading interfacial gaps
boundary supportand vertical loadingon the outof-plane strength of the masonry
infills .

3. To evaluate the difference in behaviour and strength betweehastd RC frames by
compaing the testresultsto theprevious studiesonducted bySepasda2017)and
Wang(2017)

4. To assesthe adequacy of current analytical models

1.4 SCOPE

This thesis is comprised sfx chapters. Chapter 1 contains the introduction along with
research objectives. Chapter 2 presents the literature review on-thiepdarnebehaviour

of masonry infil walls including experimental analysis, analytical models, and the research
conducted thusly at Dalhousie University. Chaptele8cribes the experimental program

in detail, including the auxiliary tests, the constructibthe masonry infilled streeldmes,

and the irplane and oubf-plane test setips.Chapter 4 presents the results from both the
auxiliary tests performed and the sevetgel framed masonry infilled test specimens.

Chapter 5 discusses both the effects of the different infill parasnatel comparison of



test results to existing analytical models. ChapwmBmarizeshefindings of the research

and recommendations for future work.



CHAPTER 2 LITERATURE REVIEW

2.1 GENERAL

This chapterpreserg an overview of oubf-plane behaviar, current code practice for
design of infills, and previous reseam@mhboth experimental testing and analytical model
development on masonry infills. While this research is focused on steel bounding frames,

theliterature reviewncludedresearcton bothRC and steeboundingframes.

2.2 OUT-OF-PLANE BEHAVIO UR OF MASONRY INFILLS

2.2.1 Arching action

A conventional areinforced masonryflexural walls (without confinement) when
subjected to oudf-plane loading, derives its resistance through the tensile strehgth
masonry As the masonry is weak in tension, the flexural strength of such walls is small.
In the case of masonry walls bounded by relatively rigid frambensubjected t@ut-of-
planeloading theinitial crack usually occursaround the miecheight where moment is
maximumas it deflets. The crack separagehe wall into two rigid segments, with each
segment rotating about its end while the other end is rotated to butt @gaibstundary
support, forming a threkinge archFigure 2.1 illustrates the behaviop of an infill wall
supported on two boundaries, creating-aray arching (or also known as adhihinged
arch).If the boundingframeis stiff enough taestrain outward movemeof the wall in its

plane,in-plane compressive forces are indu¢Byas the wall bends owtf-plane.The



external load is then resisted by the internal couple formdlaebgthrust forceschangng

the tensiorcontrolled mechanism for flexural walls to a compressiontrolled
mechanism for masonry infill§his mechanism, relying on thrust forces generated at two
boundaries with the frame, can then be considered awayarching actionThe arching

action has shown to lead to an ultimate capacity, several times greater than that predicted
by flexural analysis for masonry infillseeAppendix A for detailedflexural strength

calculations

Load

R 28 2 2R 2R 28 2R 2 2R AR

_——»Crack Crack «—_

[ateral
Restraint

Lateral
Restraint

Figure 2.1 Arching action illustration: Three-hinged arch

2.2.2 Analytical modelsfor arching action

While there are severahalytical methods developed by various researchers to compute
the outof-plane strength of masonry infi/la close examination indicated that they were
more or less derived from two main methodologies. Ormaged orthe first principle
mechanicsas decribed previously and mainly for omeay arching. The other methods

are empirical or serempirical in nature, developed mainly using cufitttng on either

experimental data or numerical simulation rescitssideing two-way arching



An example bsed orfirst principle mechanics of arching is the methptbposed by
McDowell et al.(1956) Based on simple equilibrium of thrnged arch, e proposed
that the momentesistanceNlr) comes fromthe moment arm between theternalthrust

forcesandis asfollows:
0 01 [2.1]

In which 0 is the compressivéorce and r is the moment arm between thefie thrust
force,C, can be calculated assummatiorof constant stresdc) in the compression zone
over a contact area op [ O wh e r is theo percentage of block thickness not in

compression antis the block thickngsasshown inFigure 2.2.

T A A A A AR A

Figure 2.2 Mechanics of rigid arching

5 Qp [ 0 [2.2]



British Design StandardBS 5628"Code practice for use of masonry: Stural use of
unreinforced masonty(2005) suggested of a value of 0.9, indicating that 0.1t width is
in compression. Thushe ultimate out-of-plane pressura vertically spanning infilcan
resist can be calculated as follols/sdale(2005)

0 % ros 2.3]
Wherez isthe walldeflection thatmayaccount foigaps between the infill and the frame,
axial shorteningf the infill, and any movement of supportéie deflectiors- due to axial

shortening and gaps can be calculated using the following:

Qo
I 0 [2.4]

Where"Q is the axial shortening of the masonry infill in addition to any gaps between the
infill and the surrounding fram&eometrystates that the maximum allowable gap between
the infill and the surrounding frame for arching to close the gap and undergo arching is as

follows:

Iro [2.5]

In the case of twavay arching,the outof-plane capacitys simply considered as the
addition of archingn each direction. This can be achieved by using Eq@s22] to find
the capacity irboth directiors assuminghe deflection at the midpanremains constant

A sample calculation is shown in Appendix A.



While the equation is simple to usksparities observed between its analytical value and
existing experimental resultsuggested that its inadequacies are attributed to several
assumptions used in the method in terms of compression area, wall defl@ctiawe

way action.

The semiempirical methods developed mainly in 1980s and 1990s apghiedrching
action concept to yield line analysis of panels with boundary sippbdase methods were
developed based on more complex failure modes observedtingtédsan just a three
hinged arch and thusare considered more advancé&he representative method was
developedy Dawe & Seal{1989) They tested ime largescaleunreinforced infill walls
bounded by a steel framResults from the testand followed numerical studiésd to the
development oftwo semiempirical relationshipsThe first relationship is for infills
supported on three sisland free at the tqeqgn. [2.§), while the second relationship is for
infill s supported on all four sidésqn. [2.7).

r n 8 1 ‘2 8
N R 1 &2 o| 70 [2.6]

| I
J4 n 8 ) s -
n P T ike 0 g8 08 [2.7]
Where Qe is the masonry compressive strengPg@), / and /7 are the lengthnim) and
height (nm) of the infill respectively. The gross cressctionthicknessof the infill is
represented by, and andf account for the relative stiffness of the boundary columns

and beams.
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P

5,000 e e um [2.8]
I % oo "@o o um [2.9

WhereE andG are the elastic and shear modulus of masa¥iig&); | is the moment of

inertia @ a , andJis the torsional constanét & of the column or beam denoted by

andb respectively.

This model was later modified dylanagan & Benneit1999)through calibration with
additional test results fromf\ngel et al. (1994, Flanagan & Bennet(1999, and

Frederikser(1992)as follows:

| I
J4 ”n 8 !
- XC® "0 55 e [2.10

a

In which the parameters and/ aresimplifiedas follows

| - 00Q &8 um [2.11]

'lol'O

ooy 8 Tt [2.17]

-l

Flanagan & Benne{tl999)recommended that férame members commongncountered

in practice, their torsional property values are much smaller than their flexural rigidity
values and thus simplifigan of Uandb terms is acceptable. Further, fwalls with low
slenderness ratios, (i.e. less than 8), the thickness of the infill shoulcebheatalt/8 of the

infill height. The test results also led to empirical relationship fordégection of the

11



center of the ifill wall at peak loadfor different slenderness rati@sd isexpresseds

follows:

3 gt t &p o
Q p p WMo

[2.13

Based on the yield line analydidinger et al.(1996)expanded model proposed liyohen
& Laing (1956) on oneway arching toinclude the effects of tweway arching. The

proposed expression foutof-plane pressure is &sllows:

a [2.14

In which0 is the moment resistance for vertical arching and is calculated as:

Re
iy 5

T

[2.15

Wherew is the displacement of the infill corresponding to vertical arching at failure and

is calculated as:

0Qe

Q [2.16]
¢ Q¢ o}

p T iOTP
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The moment resistance for horizontal arching and the displacement of the infill

corresponding to horizontal arching are denotediliystead ofv. These values came

calculated by using Eqgn. [2.15] and Eqgn. [2.4 replacingh with I.

Moghaddam & Goudar4010)proposed tweequations forcalculatingthe outof-plane
strength of infills as théesserof masonrycrushingat boundariegqgcr) and transverse
instability (may. It was proposed that the strengils was a function of thanfill
slenderness rationasonrycompressive strengémdelastic modulus, and the ratio of the
frame stiffness to thamasonrystiffness denoted as)( The transverse instdity is the

resulting failure from large transverse deflection

N U TP G |
y
n  aQg ; o @
TSIT U

[2.17]

where U i s ]suddhe supporhfrafeffnesssk) is shown in [2.1R The

remainirg terms are as defined before.

0
T o 1248
o ya@o
o 2% 219
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2.2.3 Experimental studies

The following sections focus on reviewing experimental studies in the available literature

that investigated parameters either similar or relevant to this research.

2.2.3.1 Masonry infilled frames with gaps

Frederikser{1992)tested sixteen clay brick infillsounded bya steel framender outof-
plane loadingThe purpose of the experimental program was to study the effect ofilire i
to-frame interfacial conditions. Instead of using mortar at the -inéithe interface,
multiple different materials were used. The test reshitsvedthat the boundary interface
filling with different materialsdoes not influence the cof-plane strength and cracking

patternas long ashe infill is in tight contact with the surrounding frame.

Gabrielsen et a(1975)investigated the effect of top bedwminfill gap onthe outof-plane
strength of masonry infills by testirtg/o infills with a top gapTwo gap sizes 0.1in
(2.54mm), and 0.2n (5.08mmn) were consideredVhencompaed withspecimens without
gaps, it was found that gapped infills were still strongantlexural wallsor cantilevered
walls. However, he presence of the gap caused the infills to resist 17% and 12.5% of the

pressure resisted by an infill without gaps.

Dafniset al.(2002)studied the effect of gaps on arching behawend stability using an
experimental program consisting of six specimens loaded through a shake table. It was
reported that the relative displacement of thepgdpspecimens was greater than-non

gapped specimens, biat top gaps 3mmor smaller archingction was still achieved.
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Wang (2017) conducted two teston masonry infills bounded by a RC frame with
interfacial gapsOnespecimen had a Xfimtop gap between the infill and the top boundary
beamwhereas the other had ram gaps on both the left and right column to infill
boundariesThe pesence of the top gap on the RC framed specimen resulted in a 72%
reduction in ultimate capacity as well as a severe reduction in initial stiffiiess.
deformation of the infill did not close the gap, therefore no vertical arching occtlihed.
reductionin ultimate capacityfor the side gapped specimen was 4a&ftl there was a
reduction in initial stiffness but not to the same extent as the topTd@@pspecimen
demonstrated oreay arching in the vertical directiofheseresults suggesteithat the
presece of gap can alter the failure mechanisime;vertical arching provides more strength
and stiffness than the horizontal archiagd thus top gap is more detrimental to infill

strength than side gap.

2.2.3.2 Masonry infilled frames with prior damage

Angel (1994)studied the effect of prran-plane damagen the ouof-plane strength of
masonry infills The experimental program consisted of seven masonry infilled RC frames.
The specimen was loaded to a designated damage level usalanénloading first and
loading was removed. The eat-plane loading was then applied to failure of the specimen.
He proposed using a reduction fadimraccount for the prior #plane damage. Based on
analysis of the test results through cufittng, the final model including effect of prior

damage andenderness ratio is expressesifollows:

N =g Y Y= [2.20



Where_ is a dimensionless empirical parameter that ishatfon of the wall slenderness,
'Y is the prior inplane damage reduction factandY is a reduction factor for the

bounding frame stiffness obtained from:

: Q Q Q [2.21]
Y pat Y r[8rp06 T[8TT[T[T7000 n&nnn%o '
Y ™LX wpTtm OO0 pdt [2.22]
Inwhichd i s the maxi mum dr idudtaindddmd is thé drift | has

corresponding to the occurrence of the first crack in the infill undplaine loadingThe

parameter & for infills witcanbacalsulatediad er nes s

§O)
™ LVRWN T8 W L|:!6U [2.23]

This method fordetermining the oubf-plane strength of an infill with prior iplane

damage was adopted by Federal Emergency Management Agé&idA 273 as shown:

N —g - [2.24]

This formulation removes the two reduction factors by presenting a-looverd strength
equation since FEMA 273 is for seismic rehabilitation trede would be no data for story

drifts.

Flanagan & Benne(tL999)tested a singtstory clay tile infilled steel frame for a multitude

of parameters includingnderin-planeloading outof-planeloading andthe combination
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of both The resultsshowel that prior inplane loadingdamageresulted in strength
reduction and greater deflections for -@ftplane loading. Howeveit was noted that
arching action was still achieved which allowed the infill to maintain a higher capacity than
a flexural wall.On the other handhe outof-plane loading increadehe inplane stiffness

of the infill while leaving the strength relatively unaltered.

Morandiet al.(2014)studied the response of RC frashmeasonry clay brick infills to cyclic
out-of-plane loading using six hydraulics jacks spread out over the wall. kavdismed
that the oubf-plane strength of an infilvas affected byn-plane damage although no

relationship was provided.

Furtadoet al.(2016)investigated the effect of prior{olane damage to the eat-plane
strength of RC frant masonry infills. The experimental program consisted of three
specimens and wasfound that an undamaged infill had four times greater strength than
the damaged specimens. The priepiane damageesulted insignificantly lowe initial

stiffness and affected the cracking pattern and failure nmosigecimens

Sepasdaf2017)testedtiwo RC framed concrete masonry infillgth prior damages the
phase one of this research framewdrke units and mortar were of similar properties to
this study.One specimen was an enftplane test conducted with prior-plane damage.
The specimen was loadedphaneto the occurrence of first major diagonal crack which
was atthe 75% ofits ultimate inplane capacityThe load was theremovedand he out
of-plane load was applied. Results showed ti@ptior inplane damage resulted in a 33%
reduction in the oubf-plane capacityl'he second specimevas an irplane test conducted

with outof-plane damage. Thprior outof-plane damagevas causedy loadingthe
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specimen to 40% affs out-of-plane capacitgenerating horizontal crack at the infill mid
height Results showed thdhe out-of-plane damageoccurred at 40%ts out-of-plane

capacity had little effecton the inplanestrength

As the phase two of this research framew@/kng(2017)conducted a test on a RC framed
concrete masonnnfill with prior in-plane loading up tats ultimate inplane capacity
before being tested for it®utof-plane strengthin this case, e speemen which has
reached its ultimate iplane capacity still showed about 57% strength remaining when

subjected to oubf-plane loading

2.2.3.3 Masonry infilled frames subjected to vertical loading

Therehavenot been studies on vertical loading effect in the ec@aatext of masonry infills
subjected to oudf-plane loading. One relevant literature found was on work conducted by
Griffith et al.(2007)who studied eight clay brick masonry wall specimens subjected to an
out-of-plane pressur® study thehorizontal archingThe specimemvasfix-supporedon

the sides and simply supported at the top and botkamur of the test specimens had
different levels of axial load applied to a timber beam resting on the masonripuraig

the loading, the specimen was intended to develop arching in the horizontal difEogion.

resultsshowedhatthe axial loadsresulted in amncreasen theout-of-plane strength.

2.2.3.4 Slendernesgatio
Anderson(1984)ran an experimental program in which he tested masonry wall panels
subjected to oubf-plane loading to a variety of slenderness ratios. It was determined that

the outof-plane strength decreased with migislenderness ratios. Masonry panels with
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slenderness ratios in the range of48bfailed due to panel instability, whereas lower

slenderness ratios had a failure mode of boundary crushing due to arching action.

Angel (1994)tested multiple masonry infilled RC frames with both clay brick and concrete
masonry blocks. Two of his specimens were design test the influence of slenderness
ratios. He concluded that when the slenderness Ht)oa@as reduced from 34 to 14 (50%
reduction) the oudbf-plane strength increased by more than a factor of seven. He also
determined that when the slenderness ratio was greater than 30, archindidctairhave

a strong influence on the strength of the infill.

2.2.3.5 Frame rigidity
Qualitative experiments by bo@abrielsen & Wilton(1974 and Monk (1958)concluded
that a flexible boundary frame resulted in a reduceebbptane strength as compared to

infills with a rigid boundary frame.

Dawe & Seah(1989)investigated the effect of frame stiffness in steel framed masonry
infills and, in particular, different column stiffnesses as they appliedfeplane pressure

using an airbag system. They determined that both the flexural stiffness and the torsional
stiffness of the columns had an effect on thedftglane strength of the infills. They used

this alongside with other experimental results to propose an equatiomchates the

effects of flexural and torsional stiffness.

Flanagan & Benne(tl999)did an analysis on the analytical model proposed by Dawe and

Seah (1989) using test results arededmined that the flexural rigidity of the boundary
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framehas a much greater impact on the-ofiplane strength than the almost negligible

torsional rigidity.

Angel (1994)investigated the influence of boundary frame stifi;m on the owdf-plane
strength of infills using numerical simulations. What he determined was that a stiffer
boundary frame will benefit the strength of the infill but that when a boundary frame
stiffness (El) exceeds 2.6xN-mn? the added benefit inegligent. Angel (1994) used

these simulationt develop a flexural stiffness reduction factor.

2.2.4 Designstandards

As mentioned previouslyhe currentCanadian masonry design standard CSA SBD4
does not contain any design provisions for theaftglane strength of a masonry infill

wall, it does howevepermits use offirst principle mechanics for analysis.

The American masonry design standard, MSOC32 adopts the out of plane capacity of
masonry infills proposed blylanagan & Benne{tl999)which was originally developed

by Dawe & Seal{1989) as follows:

A p T (e 8(‘)‘|— [2.29

f
as Q8

WhereU ch nb defineceby Eqn. [2.11] and Eqn. [2]18ut now both have an upper limit
of 35 instead of 50The thickness of the infill is limited th/8. It must be noted that in

these equations, imperial units are ugest (b andin).
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CHAPTER 3 EXPERIMENT AL PROGRAM

3.1 GENERAL

As mentioned earlierhts study ighe continuation ofanongoing researcprojecton the
behaviarr and strength of masonry infilled frames subjected teobyiane loading. The
overall objectiveof this research is to quantifiie effect ofarching actioron the strength

of masonrywalls in the context of steel/RC frachmasonry infillsthat haveawide range

of geometric and materiptopertiesUnder this framework, two phases of study have been
completed. Rase one of this resefirconducted bySepasdar (2017yas focused othe
behaviar of RC framed masonry infills witbarameters oinfill openings and prior in
plane damage. The second phaseductedy Wang (2017xontinued to focus on the RC
framed masonry infillput extendd the range and variation of parametergfif openings
andprior in-plane damage, aralso addednterfacial gapss a paramete®©ne specimen
with a steel framed masonry infills was also tested. Built upon the information and results
obtained thus farthis studyis focused orsteelframed masonry infilland expanding
parametersto include interfacial gap, prior iplandout-of-plane damage, concurrent
lateral and oubf-planeloading,combinedverticaland outof-planeloadng, and boundry

conditionof bounding frams.

In addition to the masonry infdd frame specimenghe experimental program also
included auxiliary tests to determine the material properties of concrete masonry units

(CMU), masonrymortar, masonry prisms, and steel sections dsedhe frame. Th
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following sectiors present aletaileddescription of the infillspecimenstest seup, test

procedureas well asauxiliary tess conducted on the materials

3.2 INFILLED FRAME SPECI MENS

Table 3.1 presents a summary of the test specinveitis description of their parameters
A total ofsevennfilled framespecimensvere testeth this program (labelled 2 to.Mlote
thatSpecimen 1 was tested by Wang (2045 a control specimemdwas included in the

table for comparison purpose in later sections.

Table 3.1 Summary of steelframe concretemasonryinfill specimens

Number  Spe. D ParameteDescription
1 IF-S-C* Control specimen
2 IF-S-FS Bounding frame bottom beam fully supported
3 IF-S-SW Boundingbeamswith stiffenas
4 IF-STG 10 mmtop cap (to the frame top beam)
5 IF-S-D1 Out-of-plane test with por in-planedamage
6 IF-S-D2 In-plane test with prioout-of-planedamage
7 IF-S-CC Concurrenin-plane and oubf-planeloading
8 IF-S-VL Concurrenterticaland outof-planeloading

Specimens 1 to 3 were used to investigate the effect of boundary condftiomsnding
frames.It was thought that for steel bounding frames made up of W sections, the stiffness
of bounding framemay be more easilgffected by boundary conditioria comparison to

a concrete solid sectiomhich in turnwill affect the infill stength. Specimen 1 had the
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frame bottom beam supported only at the two collmoations whereaSpecimen tad

the frame bottom beam fully supported along its length. Specimen 3 added web stiffeners
to frame beams base ®&pedmen ApRTEG) hakanldingap s et up
employed at the infilto-frametop-beam interfacelhis specimen was used to 1) evaluate

the interfacial gap effect on the infill strength and 2) compare with age€men with a

10 mmtop gap tested by Wang (2013%pecimens and 6 were used to study the effect of
prior in-plane/outof-plane damage on the eoft-plane/inplane capacity of infilled frames.

In this caseanin-plane/outof-plane load wafirst applied toa prescribedevelto generate

the desired damagde the irfill andthenthe load was removethe out-of-plane/inplane
loading was subsequently applied to thiéure of the infilled specimens. Specimens 7 and

8 were used to investigate the effect of loading application on the infill strength. For
Specimen 7anin-plane load was applied first to a lewalme as for Specimen 5 but was
then held constant while the eoft-plane loading was applied to tfzélure of the specimen.

This specimen can be compared with Specimen 5 to gain insights cehwageas well
asadditional stressefsom the inplane loadingaffect the infillout-of-planestrength For
Specimen 8, a vertical loading was applied first to the infill through the bounding frame
top beam to a designated level and was held constant while toémgabe loading was
applied till thefailure of the specimen. This specimen was used to study the effect of

presence of verticgravity loading on the infill ouof-plane strength.

3.2.1 Specimengeometry

The steel frame foall infill specimens consied of four weld-connectedW150x30
(G40.21 350W)sectiors. The physical dimensions of W150x30 (width and height) are
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similar to the concrete members used in the case of RC frames and thus was selected to
construct steel frames. As welb, tompare with previous ressilbbtained for RC framed
infills, the geometry of infills was kept the same and the resutlimgnsionf the steel

framead specimens is shown Figure 3.1.

The concrete masonry infills wecenstructedisingcustom made halcale standard 200
mmCMUs laid inarunning bond. All the concrete masonry infills wereramforced and
un-grouted The infill geometry yielded a slenderness ratio (h/t) of Hh@a height to

length aspect ratio of 0.726. Theeasured averagimensions of the half sca@Us in

the form of a stretcher and end block are shiovifigure 3.2. All of CMUs were fabricated

at a custom concrete block manufacturing plant in Ontario and they have also been used in

the first two phases of the research.

‘ _— 1350 —
A | ’_ W 150 X 30
% % 31,5
_._t%__._

|~
157

b |- 1664 — | 153 |

Figure 3.1 Out-of-plane test pecimendimensions
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Figure 3.2 Measuredaveragedimensionsof half-scale CMU (dimensions irmm)

3.2.2 Construction of the steel frame andmasonry infill

The infilled specimenavere constructedn the Heavy Structures Laboratory in the
Department of Civil and Resource Engineering. The steel frames were constructed first.
As seen irFigure 3.3(a) and Figure 3.3(b), the columns were placeshd securebdetween

the top and bottom beams and welded in plesteg a 6Gnmfillet weld on both side of the
columnweb.Figure 3.3(c) showsbolt holesthatwere cutn thetop and bottonbeam web

with a plasma cutteand these holesereused to enable connection with the reaction frame
which housed the alvag. The bottombeamalsohad holesut on the bottom flange on

each side of the web below each coluifimese holegereneeded for connecting the frame

to the supporting base beam whwésin turn secured through the strong testing floor.
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Figure 3.3 a) Steelboundary frame used for test specimenb) Fillet weld used for
connecing the column to beam, ¢ Plasma cut holes in steel boundary frame for
connections
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Following the constiction of steel frameshé concrete masonry infill walls were built by
a certified mason to the standards of construction pradtiee construction was divided
into two phasesPhase Wwascompletedon March 31, 201, 7consising of specimens ¥+

S TG, IF-S-FSand IFS-D1 and Phase @ascompleted orOctober 4, 201, consistingof

the remainder of the test specimmeNote that &#er thetesting of Phase 1 specimens, the
steel frames showed no signs of yielding, the stress (confirmed by computemngoaab
well below the yielding stresS.herefore,these steel frames were-used for Phase 2

specimens.

During the infill wall construction, dayer of mortamwas first laid on the steel begisee
Figure 3.4 (a)) as the initial bed jointo enablea smooth surface and bottween the
frame and the firstourseof masonryForeachmasonry coursehe mortar was applied on

the face shells of theMUs to form the bed joints and to tihevebs to form the head joint

as shown irFigure 3.4 (b). The thickness of the mortar betwdd#ackswasmaintainedat

10 mmusing al0 mmflat bar as a gauge. Each course was checked to be level and plumb
after the constructiorAt every three courses, theeadjoints were troweledor a smooth

finish (seeFigure 3.4 (c)). The finalcourse (underneath the top beamasappliedwith
generous amounts of mortand delicately placedn position (seeFigure 3.4 (d)). For
specimen IFS-TG which had a 10nm top gap, each layer of mortar was reduced
accordingly to achieve the gap and there was no mortar placed between the top course and
the boundary fime When the infill wasonstructedit was wrapped in wet burlap to aid

in the curing procesg-igure 3.4 (e)), and then a protective plastic wrap was used to seal

in the moisturgFigure 3.4 (f)). Alongside theiest specimes) masonry prisms and mortar
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cubes were built to determirthe material propertiesn the later auxiliary tests All

specimens were moisture cuffed 28 daysand followed with air curing till the day of test.

Figure 3.4 Construction of concrete masonry infils
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3.3 TEST SET-UP

Two test setups for owtof-plane loading were used and the differenchn@mlied in the
steel bottom beam suppofhe outof-plare test setipused bywang (2017Jor specimen
IF-S-C isshownin Figure 3.5 wherethe steel frame was supportea two Fshapedsteel
membersrunning in the perpendicular directiohese suppdrtg members were m
boltedthroughthestrongfloor. As can be seen, this sap will leave the steel bottom beam
unsupported along its lengthwas felt that unlike RC frames with solid concrete sections,

steel frames with W sections are more prone to bending and torsional deformations.

Threaded Steel Bar Bolt
-] -4 -2

Steel Plate Rigid Floor Bolt

Figure 3.5 Initial out-of-plane testset-up

Therefore, in the secortdst setup asseen inFigure 3.6, the steel frame was supported

along its length om basebeamwhich was in turrboltedthroughthe strongfloor. Also
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notethat theconcrete framem first two phases of experimental waras secured directly

through the strong floor (séggure 3.7).

__—Nut
L] o
I I T T T T 1
P 1 1 I 1 |
| I I I A A
L 1 |
| I I
I .
| I I I I
| | | | | | Infill Frame bolted
Clamped Support Beam, I I I I I I I to support beam

Ne®s 1SOS0S050505050.
E\Steﬂ Plate Rigid Floor E\Nut

Threaded Rod

Figure 3.6 Secondout-of-planeinfill frame set-up

= _ . — /Th:cadcd Steel Bar Bolt
S ad ‘4 " - 4
L 1 [ 1 1 |
4 | I I I
-3 I I I I I
| I I

» | [ | [ | | | ' RC Frame
- Crrrrrr /
Crrr T 71717 -

Rigid Floor

Figure 3.7 Out-of-plane RC infill frame set-up
30



For Specimens IFS-SW (Stiffened Web)and IFS-VL (Vertical Load), web stiffeners
were employed on the top and bottom beams. The stiffeners, made from rectei&§lar
25x12x3.2sections, were welded to the top and bottom flargesthe welof the steel

beam as shown iRigure 3.8. For specimen HS-SW, the stiffeners were used to study the
effect ofstiffening beams orhe arching actionThe middle stiffeneonthe top beam was
offset slightly to accommodate theaction frame bolted connection. For specimes-F

VL, the stiffeners were needed at the two points of vertical load application along the top

beam to avoid web buckling.

—r4——v14——14—F—1a—]
® )

[ [ T [ [ |

Figure 3.8 Stiffener and stiffener locations for IF-S-SW

3.3.1 Out-of-planeloading

An air bagwas used to apply the eat-plane pressure to the infilthis method of loading
wasalso usedn Phase 1 and 2 of this researthe air bag was housed imeaction frame

which was built fromplywood board stiffened witHSS 114x114x4.8 steel membeais
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shown inFigure 3.9 (a). The vertical HSS membespaced at 366hm were welded to
horizontal HSS members at the top and bottorform a rigid stiffening systenThe top
horizontal HSS member has holes drillethrough to enable connection between the
reaction frame and the steel bounding frar@emilarly, the connection between the
reaction frame and the steel frame was also provided through two bdite ahannel

stubmemberavhich wereweldedon the bottom brizontalHSSmember

‘ —DFP Plywood
Holes for threaded rods /HSS 114x114x4.8 Nut : E“-:Washer
| v o o
/Reac[ion Frame
Clamped Beam
/FE— D nghl'eaded Steel Bar
Weld =
|
//
© | Channel Section Welded to bottom\ °

(a) (b)
Figure 3.9 a) Steelreactionframe b) Air bag attachment system

As can be seen iRigure 3.9 (b), this loading setip resulted in a seBquilibrating system.

The air bagvas sandwiched between the infill and fhigwood board supported by the
reaction frame The reaction frame anithe infilled specimen were connectading 5
threaded rods. The airbages connected to an air compressimough a hose. The air
compressor was fitted with a pressure transducer to record pressure data as well as a

pressure gauge.
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For each oubf-plane tst, a total ofsix linear variable differential transformers (LVDTS)

were used to record the eoft-plane displacement of the inélil frame specimer\s seen

in Figure 3.10, five LVDTs were mounted in the vicinity of infill center to measure the

infill displacementwhereas thesixth LVDT was used to measure either the deflection of

the steel flangéseeFigure 3.10(b)) or the outof-plane displacement of the infill at the

top center
@ @ LVDT®6
T 1 [ T 1
| || | | | H /MLVDM‘ | |
[ [ T T T 1
N LVDT1 _1vDT3
) ® | IJ |
| LvDT5 | L JJDT 4‘ |
H |l o | |
L 7 7
@ © | LN/ ‘
@) “ ()

Figure 3.10a) Location of LVDTSs b) Picture of test setup

3.3.2 In-planeloading

For Specimen 5-D1 and IFS-D2, in-plane loading waslsorequired The lateral in

plane loading setip is shown irFigure 3.11. The infilled frame specimen was supported

on a steel base beam which was clamped to the strong floor. The base beam was further
braced against any lateral movement using hydraulic jackshwirce attached to the
columns of an independent reaction frame. Thplame loading was applied using a 250

kN hydraulic jack which was reacted against the same independent reaction frame. At the
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head of the hydraulic jack, a load cell was used to medbkarinplane forceFor eachin-
plane testtwo LVDTs were used to record tlee-plane displacement, as showrFigure
3.11. The difference in the two LVDT readings was calculated and used as the lateral

displacement of the infilled frame.

/Heavy Reaction Frame

ydraulic Jack for In-Plane Loading

oad Cell

Hydraulic Jack to kee
base of specimen secur

Clamped Support Beam
W 3 L

Steel Plate Rigid Floor Nut
Threaded Rod

Figure 3.11In-planeloadingtest et-up

3.3.3 Vertical loading

For Specimen S-VL, vertical loading was applied in combination with -of{plane
loading. As shown ifrigure 3.12, the vertical loading was applied using a hydraulic jack

through a spreader beam to form a 4p@nt loading scheme onto the specimen. The
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spreader beam was made from a steel H83<76x6.4member which rested on two
circular steel bars located at the third point of the infill. Underneath the two point loads,
web stiffeners were provided to prevent the web of the steel frame from premature
buckling. A vertical load of 10(kN was used for thisestand it represents fifth of the

axial capacity of the infill calculated as the crgsstional compressive capacity.

| —-Steel Spacer

/H cavy Reaction Frame ack Applying Vertical Load

-
Load Cell\ /Spreader Bar
10mm steel plate use f
as flange stiff x
@ I =

Clamped Support Beam,

Figure 3.12 Vertical loadingtestset-up

3.4 TESTING PROCEEDURES

3.4.1 Out-of-planetesting

The infilled frame specimen was carefully placedandthen bolted tdhe support base

beam. Following this, the air bag assembly (air bag and reaction frame) was attached to the
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infill and connected to the infilled frame using the nuts and tieeatkel rods. The LVDTs

were mounted at designed locations and checked to ensure they worked properly before
being zeroedtthe beginning of data recording. The air bag pressure was applied at a rate
of 1.5kPaper minute untithe failure of the specinre Both the displacement ahahad

were recorded at a 0.1 second interval using an electronic data acquisition system. During
each test, the cracking patterecracking load failure mode, and ultimate load were

monitored and recorded throughout the loadhrsgory.

3.4.2 In-planetesting

During the inplane loading,lte test specimens were loaded at a rag ki per minute
until the desired damage level was achiev@aecimen IFS-D1 was loaded kplane until

a major diagonal crack was formetthen the load was removed, and the infill was
subsequently subjected ¢oit-of-plane loadingo failure Specimen IFS-D2 wasloaded
out-of-plane until a mieheight crack was formed, after which poirtie but-of-plane
loading was removed, anbe inplane loadwvas appliedill the failure ofthe specimen.

For specimen IFS-CC, the inplane load was applied to the same cracking load as
SpecimenF-S-D1 and held constant while the wall was testedafiglane until failure.

In all cases, the iplane displacemérand the loading were recorded at a 0.1 second

interval using an electronic data acquisition system.
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3.4.3 Vertical testing

Referring toFigure 3.12 after the specimen was positioned in plabe, vertical load
assembly were carefullgligned with and cented to the specimen. 200 kN hydraulic
jack, placed between the steel spacer and the spreaderwasmsed to apply the vertical
load The rate of load application was ab@G0tkN per minutetill the load of 10kN was
reachedThis load waseld constat as thenfill wasthen subjected to owtf-plane loading

to failure

3.5 AUKXILLIARY TESTS

Auxiliary tests were performed teterminethe properties of matermlsed inthe test
specimensand these included masonry components (concrete masonry unit and mortar)

and masonry assemblage (masonry prism), as well as steel coupons for the steel frames.

3.5.1 Concretemasonry units (CMUSs)

Three CMUs were randomly selectaddtested in accordance wik6TM C140/C140M
(2017) Standard Test Methods for Sampling and Testing Concrete Masonry Units and
Related UnitsBoth physical properties and compressive strength of masonry blocks were
determined. The physical properties tested included tHeo@# percentage adsorption,
density, and moisture contenfThe compressive strength was obtaimeda standard
compression tedising an Instron universal machine and the tesuges illustrated in

Figure 3.13. Note that thenasonry blockvas cappewvith fiberboard on two end surfaces.
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Figure 3.13 CompFession test for CMUs

3.5.2 Mortar

Themortar used for the infill wadlwasType S whichwas comprised of Portland cement,
Type N mortar, and sand in volumetric proportions of 1:2:4 respectii@hp. batches of
mortar were usetb buildtest specimen®through4 whichwere built on March @, 2017.
Three batches of mortar were usedSpecimens through8 which were built on October
4, 2017. For eackest specimenthree 50 mm cubes were poured and cureda lime
solutionin accordance with ASTM C27(014)and later used to determine the mortar
strength Compression tests on the masonupes were performed using the Instron
universal testing machine in accordance to ASTM C109/1(@M6)and the test setp

is shown inFigure 3.14.
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Figure 3.14 Compression test for mortar cube

3.5.3 Masonry prisms

Five-course high rmasonry prisms were bu#ind latetestedto determine the compressive
strengt h e fForeehinill rspegimentlirddprismswerebuilt using the same
mortar used for the infillThe prismsncorporaédboth head and bed joirasdhad mortar
placed on the face shellad the head jointsgentical to the infill constructioms well,
theywere cured under the same conditions as the.ifficonstructioncuring and testing

of the masonry prisms were in accordance with ASTM C12046) As illustrated in
Figure 3.15, the compressive testing was performed using the Instron universal testing

machine and the specimens were capped with fiberbeanilar to the CMUs.
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Figure 3.15 Copression test fr masony prisns

3.5.4 Steeltensilecoupon

The yield strength, tensile strength, and modulus of elasticity of the steelrframber
weredetermined usinghe steel coupon tesEive steel coupons were cinbm the frame
membes includingtwo from the flange and three from the web. The coupons were milled
to the shape and dimension specifiadaccordance with ASTM Standard A37Dhe
universal Instron testing machine was used to test the steel canpacsodance with
ASTM E8 (2008) Standard Test Methods for Tension Testing of Metallic Matéigise

3.16 shows the dimensions of the cut coupon.
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Figure 3.16 Coupondimensions cut from steel frameunits in mm)
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CHAPTER 4 EXPERIMENTAL RESULTS

4.1 INTRODUCTION

This chapter presents results and discussions from the auxiliary tests and tests of infilled
frame specimens. The auxiliary test results provide both the physical and mechanical
properties of the CMUs, mortar and masonry prisms of the irditld the steel section of

the boundary frames. The infilled frame test results demonstrate the strengéhawnidur

of the infilled specimens as affected by the tested parameters.

4.2 AUXILIARY TEST RESUL TS

42.1 CMUs

The procedure in accordance with ASTM C140/C140M was followed for obtaining the
physical properties for the concrete masonry units (CMUSs). Six randomly selected units
were used to determine the CMUOGs di mensi ol
absoption, and density. The average measured dimensions for a CMUsexigs can

be found inFigure 4.1, resulting in a net area 8448mn?. Each CMU was first weighed

in its original state and then completely immersed in water for 24 hours and was measured

for its immersed weight. The CMUs were then removed from the water and were surface

dried before being weighed for the saturated welgath CMU was then dried in an oven

at 100°C for 24 hours and then weighed again to produce the oven dried weight. Using

these values along with the formulas specified in ASTM C140/C140M, the following
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physical and material properties for the CMU were mheileed. The average density of
CMUs was 2120.4g/n¥ with a COV of 1.4%the average moisture content of CMUs was
12.6% with a COV of 10.1%; the average absorption rate of CMUs was 6.5% with a COV
of 7.9%; the average absorption of CMUs was 18@/4+ with a COV of 7.1%. Detailed

results from each of the six CMUs can be found beloWwaible 4.1.

185

Figure 4.1 Physical dimensions for CMUSunits in mm)

Table 4.1 Physical properties of CMUs
Received Saturated Ovendry  Apsorption

ID  weight \I,vrr;gﬁis(g)d weight weight I\ggir?tt(l;;? [()kegr)rs;:%/
© ) (9 kgin? (%)

Cl 1662.2 969.5 1749.5 1648.4 1296 6.1 13.6 2113.3

C2 16625 968.3 1746.9 1648.5 126.4 6.0 14.2 2117.3

C3 1583.9 931.1 1680.3 1571.8 1448 6.9 11.2 2098.0

C4 1589.1 936.2 1688.9 1575.4 1508 7.2 121 2093.0
C5 15934 943.8 1687.1 1581.5 1421 6.7 11.3 2127.7
C6 1660.5 988.7 1746.9 16476 131.0 6.0 13.0 2173.0

Avg. 1374 65 126 21204
CovV(®%) 7.1 7.9 101 1.4
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In accordance with ASTM C140/C140K2017) the selected CMUs were tested in
compression in an Instron Universal Testing Machine. The typical observed failure mode
in the CMUs was by conical shear as sedfiguire 4.2. The average compressive strength

for the CMUs based on the net area, Wa$MPawith a COV of 7.2%. The results from

each compression test can be foundiable 4.2 below.

) et

Figure 4.2 Typical failure mode - shear failure in CMUs

Table 4.2 Compressive test results of CMUs

D Ultimate load Compressive strength
(kN) (MPa)
1 111.2 13.2
2 114.0 13.5
3 118.6 14.0
4 105.7 12.5
5 126.8 15.0
6 105.6 12.5
Avg. (MPQ) 13.5

COV (%) 7.2
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4.2.2 Mortar Cubes

The mortar used to construct the masonry infill walls was mixed in five separate batches.

Table 4.3 outlines the mortar batch used for each test specimen.

Table 4.3 Mortar batches

Batch Test specimen
A IF-STG
B IF-S-C, IFFS-D1, IFSFS
C IF-S-VL
D IF-S-CC
E IF-S-D2, IFFS-SW

For each batch of mortar, a minimum of 3 mortar cubes were cast and tested in accordance
with ASTM C109/109M using the Instron Universal Testing Machine. Additional cubes
were cast for mortar batches large enough to be used for multiple specimens. The results
from the compression tests and the corresponding compressive strengths can be found in
Table 4.4. The average compressive strength for the mortar cubes ranged from 8.4 to 16.6
MPa. A typical conical failure mode exhibited by the mortar cubes is illustratejime

4.3.
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Figure 4.3 Mortar cube conical failure mode

Table 4.4 Mortar cube test results

sach Number % AL AL A0S conpressie
of cubes (kN) (mm (mm (mn?) strength
(MPQ)
A 6 26.4 50.0 50.6 2530.8 104 4.1
B 12 21.4 50.4 50.7 2557.6 8.4 4.2
C 3 37.6 49.9 50.0 2497.0 13.9 8.2
D 3 42.5 50.8 50.5 2565.5 16.6 3.0
E 6 32.6 50.1 50.2 2510.0 13.0 7.0
4.2.3 Prisms

For each batch of mortar, a minimum of three masonry prisms were built along with the
construction of the infilled frame specimens. The prisms were tested in compression
following the procedure specified in ASTM C1314 (2016). The typical failure mode
charaterized by vertical splitting through either fagleell or webs of units is illustrated in
Figure 4.4. The masonry compressive strength had average values ranging from 10.8 to

12.4MPa. The results from each test can be foundiahle 4.5.

Table 4.5 Masonry prisms test results

Batch ID p?r#isor; . Avg. ul(tli(rpl)ate load (A;I%a) C(ZOC/());/
A 3 55.8 8.8 15.6
B 9 54.9 8.8 14.9
C 1* 68.4 10.8 N/A
D 2 57.7 9.2 35.0
E 4 69.2 11.0 29.3

*Only one prism from Batch C due to damaged prisms
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Figure 4.4 Typical failure mode of masonry prism test

4.2.4 Steel Coupon

A total of 5 coupons obtained at either flange or web of the steel section were tested for the
material properties of the boundary frafable 4.6 provides the yield strength, ultimate
strength and the modulus of elasticity for each coupon test. The average yield strength was
402 MPawith a COV of 5.4%, and the average Modulus of Eti#gtwas 201,172MPa

with a COV of 4.0%.
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Table 4.6 Steel coupon test results

Yield Ultimate Modulus of
Coupons ID Location Strength strength elasticity
(MPa) (MPa) (MPa)
S1 Flange 378 503 198684
S2 Flange 378 524 204293
S3 Web 417 530 197475
S4 Web 421 530 213306
S5 Web 415 539 192101
Avg. (MPa) 402 525 201172
COV (%) 5.4 2.6 4.0

4.3 INFILLED FRAME SPECI MEN RESULTS

The following section provides for each specimen, a description of the behaniovate
strength, and failure pattern. The information is presented in the order of load-u&. out
plane displacement curve, ultimate strength, cracking and failure mode, and vertical and

horizontal displacement profile.

431 IF-SFS

Specimen IFS-FS was testd under oubf-plane loading and was used to study the effect

of the frame beam boundary condition where the bottom beam was fully supported along
its length. The pressure vs. aftplane displacement at LVDT 1 (center of the infill) and

the cracking piern of the leeward face of the infill prior to failure are showFigure

4.5 andFigure 4.6 respectively.
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Figure 4.5 Pressure vs. displacement curve of specimen-I&FS

© © ©
I
| 26 kPa 29 kPa
|
| |
| 21 kPa
L]
| 26 kPa 26 kPa
T T
I I

© ©

Figure 4.6 Leeward cracking pattern of IF-S-FS

When the test commenced, the infill behaved nearly linear until it reached a pressure of 6.9
kPa (24% of ultimate load) with a corresponding displacement of only thiBand
showed a rather drastic softening in the response immediately after. There wisibleo
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cracks on the leeward face of the infill up to this load and the decrease in stiffness is
believed to be attributed to the loss of the bond (slipping) between the mortar and the steel
boundary frame. As the pressure increased, hairline crackedaatrthe miepoint of the

wall at a load of 2kPa(72% of ultimate load) and began to extent outwards towards the
four corners of the infill. The cracks at the npidint of the wall began to open up at a
pressure of 2&Pa (90% of ultimate load), and thefill reached its ultimate load at a
pressure of 2%kPa The infill collapsed immediately after a loading of BBa and a
corresponding displacement of 8im The overall cracking pattern resembles a yield

pattern, consistent with previous obseimas reported by Sepasdar (2017) and Wang

(2017).

At failure, the majority of the faceshells of the infill had sheared off as showigume

4.7. Note that this failure mode was also reported by both Sepasdar and Wang for RC
framed infills. This observation shows that this failure mode also exists for steel framed
infills and furtherconfirms that web shear failure might be the governing failure mode,
rather than masonry crushing as the conventional thinking suggests. Also, at the infill to
boundary frame interface, all the CMUs were left in contact with the boundary frame
member, ingtating that although there might be some initial slipping of the infill at the
early stage of loading, once the infill came to tight contact with the frame, the arching still

developed, and no shiput failure occurred.
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Figure 4.7 Faceshell separation due to web shear failure on specimen-8FS

Figure 4.8 and Figure 4.9 plot the outof-plane displacement profile along the central
vertical and horizontal axes, respectively. Evidently, the center of the infill at LVDT1
location experienced the maximum displaeat. At the early stage of loading, the profiles

in both horizontal and vertical directions were nearly symmetrical with respect to the
central axis indicating that arching began to develop in both directionstiAdtest major
crackoccurred the profile was no longer symmetrical, and the upper left side seemed to
experience more displacement which is consistent with the cracking pattern figure where
that region showed more cracking. Also, about 63% of the displacement ocatfiered
visible hairline cracking, indicating a large portion of the displacement was enabled by

arching action.
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Figure 4.8 Displacement profile along the central vertical axis of IFS-FS
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Figure 4.9 Displacement profile along the central horizontal axis of IFS-FS

52



4.3.2 IF-SSW

Specimen IFS-SW was tested odf-plane to determine if stiffening the frame beam by
adding web stiffeners (three on the top and three on the bottom) has any effect on the
arching action and thus ultimate strength of the irfiigure 4.10 plots the pressure vs.
out-of-plane deflection at the center of the infill aRidure 4.11 illustrates the cracking
pattern of the infill at failure. The linear response lasted up to a loading ckR&(85%

of ultimate load) where horizontal hairline cracks began to form aheight of the infill.

When the pressure reached a load of RR&(81% of ultimate load), significant cracking

was observed throughout the top half of the infill and the irhtaizontal cracks began to
show separation. The infill ultimately reached an-auplane load of 29.&Pa and a
corresponding displacement ofrim When compared with Specimen$+S, a 0.&Pa
increase in the ultimate strength was observed. Howeeetralcking pattern of the former
specimen showed much extensive cracking. More detailed comparison is presented in

Chapter 5.

0 1 1 1 1

0 1 2 3 4 5
Out-of-plane deflection at center of infilir(m)

Figure 4.10 Pressure vs. displacement curve of specimen-&SW
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Figure 4.11 Leeward cracking pattern of IF-S-SW

Figure 4.12 shows the remainder of the specimen after failure. Similar to the previous
specimen, the failure was sudden and volatile with faceshell spalling of the CMUs. A close

examination also suggesteb shear failure.

Figure 4.12 Faceshell separation due to web shear failure on specimen8SW
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An LVDT (LVDT 6) was placed at an angle, as seeRigure 4.13, on the bottom flange

of the top beam to measure flange deflection. The LVDT recorded data up to a load of 22.6
kPaand measured a displacement of 0rB8 Due to the physical constraintstbé frame,

the LVDT was placed at an angle and there was minimal displacement measured on the
bottom flange. When the cof-plane load reached the pressure of X8 theincurred
out-of-plane displacement of the infill caused the angled LVDT to slip out of contact and
detached from the measuring device holder. The LVDT 2 (top ¥ of the infill) plunger was

also slipped out of place and no longer recorded data as the load increased.

Figure 4.13LVDT 6 measuring top beam flange deflection

Figure 4.14 andFigure 4.15 display the displacement profiles at different loading stages
along the central vertical and horizontal axes respectively. During the linear behaviour
phase, the max deflection point occuratdhe center of the infill and the remainder of the
infill deflected symmetrically in both the vertical and horizontal directions. Aftefittsie

major crack occuredthe profile deviated from symmetry where the right side of the

leeward face (LVDT 3) showed higher displacements than the left side (LVDT 5). This is
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expected as cracking changed a continuum infill unit into one with discrete sections. As
cracking is nosymmetrical, the resulted discrete infill sections will experience different
displacements. The overall pattern of the profiles is, however, similar to the previous

specimen (IFS-FC).
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Figure 4.14 Displacement profile along the central vertical axis ofF-S-SW
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Figure 4.15 Displacement profile along the central horizontal axis ofF-S-SW
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433 IF-STG

Specimen IFS-TG had a 1Gnmgap at the bea#to-infill interface. The pressure vs. eut
of-plane displacement at the center of infill (LVDT1) is showkigure 4.16. As can be
seen, the initial behaviour is approximately linear with a significantly lower stiffness than
the control specimen. This can be attributed to the presence of the top gap, icaskich

the arching action is only enabled in the horizontal direction and a small contribution from
the bottom boundary condition. At a load of 1@fa (64% of ultimate load), a visible
vertical crack through the top 3 courses of the infiigiire 4.17) occurred at a
displacement of 1.7nm When the load increased to 1&Ba (82% of ultimate load),
additional hairline cracks formed around the bottom corners of the infill and extended
diagonally towards the center of the infill. When the infill reached the ultimate load (16.6
kPa) at a displacement of 3rBm tension cracks foned at both sides of the initial vertical
crack began to open up before the infill ultimately failed at a load of KBa2at a
displacement of 4.8imdue to a large section of the wall located at the top middle between
the tension cracks suddenly dislaay from the rest of the infill. This specimen was the
only one that did not suffer noticeable web shear failMreo point during the testing, did

the arching action close the gap and allow vertical arching.
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Figure 4.16 Pressure vs. displacement curve for specimen{&TG
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Figure 4.17 Leeward Cracking Pattern IF-S- TG

Figure 4.18 andFigure 4.19 display the displacement profiles along the central vertical

axis and horizontal axis respectiveljhe horizontal profile showed a symmetrical pattern
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with respect to the infill center throughout the majority of the loading history, indicating
arching ation still developed in the horizontal span. The deformation along the vertical
direction was notsymmetrical and clearly the top portion of the infill experienced greater
displacement than the bottom portion. A closer examination suggested that sonoé level
arching may still have developed as the location of max deflection shifted from LVDT 6
(top of the infill) to LVDT 2 (% height of the infill). However, when compared with
previous specimens, the level of arching in the direction of vertical spangsifitsint,
conceivably due to the fact that the top beam was not engaged to provide a rigid support.
As the contact between the infill and the bottom beam was maintained during the loading,
the cracking pattern is similar to the yidide pattern for alreeside supported slab. At
failure, the tension crack on the left side of the infill initiates the failure as evidenced by

the large increase in deflection at LVDT 5 (left % of infill).
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Figure 4.18 Displacement profile along the central vertical axis of IFS-TG
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Figure 4.19 Displacement profile along the central horizontal axis ofF-S-TG

43.4 IF-SD1

Specimen IFS-D1 was designed to study the effect of priogplane damage on the eut
of-plane capacity of an infill. The specimen was first subjected-faine loading till a

major diagonal crack was formed. The load velame displacement curve up to the said
crackis shown inFigure 4.20. The behaviour remained linear up to a load of &08l5at

which point, small hairline cracks began to form at the loaded corner. The response
thereafter showed a small reduction in stiffness but remained roughly linear as cracks began
to spread towards the diagonally opposite corner as the load was incisiagaddad of
78.2kN, a major diagonal craclEigure 4.23) was observed at an-plane deflection of
5.2mm which will hencefath be termed asappa n dpp.Aliter this point, the irplane load

was removed, and the specimen was allowed to return to its original position. The specimen
recovered most of the lateral displacement and the diagonal crack remained without

noticeable cleing. The airbag setup was then attached and thef-gldne loading began.
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Figure 4.20 Load vs. displacement curve for the irplane loading stage for specimen
IF-SD1

Figure 4.21 andFigure 4.22 show the load vs. owdf-plane displacement curve and the
failure mode of the specimen respectivéligure 4.21 shows that the specimen behaved
close to linearly up to a load of &®a(33% of ultimate load) and began to show marked
softening with a reduced stiffness. The experimental observatioirmoedfthat at this

load, a midheight crack began to form and connected to the diagonal crack, as shown in
Figure 4.23. As the load increased, more cracks began to form from the center of the infill
towards corners, more evidently on the top than the bottom. When tbEé@ane pressure
reached 25.4Pa(97% of ultimate load), the central horizontal crack widened significantly
and a horizontal crack two courses up from the bottom of the infill also formed. The
specimen reached an ultimate load of 2822at a deflection of 4.5nm At failure, face

shell spding was observed on the right side of the major horizontal crack at the center of

the infill, and the top of the infill slipped from the top boundary beam.
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Figure 4.21 Pressure vs. displacement curve for oubf-plane loading on specimen
IF-SD1

Figure 4.22 Failure mode of IF-S-D1 a) Cracking pattern b) Face shell separation c)
Slip failure along top boundary
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Figure 4.23 Leeward cracking pattern of specimen IFS-D1

The vertical and horizontal displacement profiles along the centerlines of the infill are
illustrated inFigure 4.24 andFigure 4.25 respectively. During the linear phase, the infill
displaced symmetrically about the center of the infill. As load increased, LVDT 4 location
(lower section of infill) deflected more rapidlgan LVDT 2 location (top section of the

infill) as shown in the vertical profile. This is consistent with the fact that the prior damage
from the inplane loading caused a diagonal crack that was more concentrated on the lower
half of the infill. It was okerved at failure that the top of the infill had marked slippage
from the steel beam and thus the LVDT 6 reading was not used in the vertical profile.
However, the available data points suggested arching behaviour in both the vertical and

horizontal direabns.
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Figure 4.25 Displacement profile along the central horizontal axis ofF-S-D1

435 IF-SD2

Specimen IFS-D2 was used to investigate theplane strength of infills which have
sustained prior oubf-plane damagd-igure 4.26 plots the pressure vs. displacement at the
center of the infill for the owbf-plane loading stage. The behaviour of3HD2 was linear

up to a loading of 10.8Pawhere hairline cracks begémform along the bed joints at mid

height of the infill. The loading was continued to generate more significant cracks. When
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the load reached at 27kPa, the main horizontal crack began to widen and diagonal cracks
extending to the four corners formeaor the initial horizontal cracks. The loading was
discontinued at this point and the cracking pattern is illustrat€ibiumre 4.30 as the red
lines. A comparison with specimen-8FS indicates that the loading applied teSHD2

was about 93.7% of the eaf-plane strength of HS-FS which was an identical specimen

butloaded to failure under owtf-plane loading.
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Figure 4.26 Pressure vs. displacement curve for initial oubf-plane loading stage for
specimen IFS-D2

Figure 4.27 and Figure 4.28 plot the owtof-plane displacement profile along central
vertical and horizontal axes respectively for this loading stage. Both profiles are relatively

symmetricaland arching is observed loth the vertical graph and horizontal graph at the

final loading.
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Figure 4.28 Displacement profile along the central horizontal axigor cracking load
on IF-S-D2

When the oubf-plane loading phase was completed, the airbag assembly was removed
with an overhead crane. The infill was then loadeglame thereaftefrigure 4.29 plots

the load vs displacement curve for theplane loading. The Hplane behaviour was linear

up to approximately a loading of KRlwhen additional diagonal cracks connecting loaded

corners began to form in the infill. As loading continued, more cracks formed in the general
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diagonal directions but in different regions of the infill panel. At a load ok} e infill
reached its ifplane capacity as the mortar crushing occurred in the corners of the infill and
the load began to level offigure 4.30 displays the cracking patterns from both the prior
out-of-plane damage as well as theplane damage after ultimate was reached. The red
cracks signify the prior outf-plane loading and the blue cracks signify thepleme

damage.
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Figure 4.29 Load vs. displacement curve for ultimate irplane loading stage of
specimen IFS-D2
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Figure 4.30 Leeward cracking pattern after ultimate in-plane loading on specimen
IF-S-D2

Following the infill reaching its ultimate iplane capacity, the load was removed, and it
was decided to test the infill again under-ofsplane loading to determine whether there
was any residual strength remainifggure 4.31displays the curve of pressure vs.-obit

plane deflection of LVDT 1 (center of the infill). The specimen experienced a brief linear
stage up until a loading of 4l8a (27% of ultimate loadig). At a loading of 14.&%Pa

(87% of ultimate load), the existing horizontal cracks at-haajht of the infill widened

and web shear failure began to occur in some CMUs. Faceshell separation failure occurred
suddenly at the ultimate load of 1&Ba Figure 4.32 displays the failed test specimen.
The failure of the infill was more localized in regions above the bottom two courses of the
infill. The specimen did not suffer from a top boundary slip out, and ultimately failed due
to face shell separation cause byoprdamage and web shear failure. Note that this
specimen which has been loaded to itplame ultimate capacity still has approximately

60% of its outof-plane strength remained when compared to specim&HE.
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Figure 4.31 Pressure vs. displacement curve for residual owdf-plane loading stage
for specimen IFS-D2
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Figure 4.32 Out-of-plane failure mode for specimen IFS-D2

Figure 4.33andFigure 4.34 displays the oubf-plane displacement profiles along vertical
and horizontal axes respectively for the second time ebbptane loading. Note that
LVDT 2, at thefirst major crackoading stage was caught in a crack and theze$onot

displayed inFigure 4.33. While vertical arching was more or less symmetric about the
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center of the infill at the failure load, LVDT 4 (bottom ¥ of infill) consistently read a higher
out-of-plane deflection than LVDZ (top ¥ of the infill) throughout the test. This was also
consistent with the final failure pictured gure 4.32. For horizontal arching, LVDT 3

(right side of the leeward face) showed a consistently higheofqulane displacement

than LVDT 5 (left side of leeward face). This agymmetry in displaceants about the
center of the infill is expected due to the extensive damage the infill had sustained but what

is of note is that both vertical and horizontal arching did occur.
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Figure 4.33 Displacementprofile along the central vertical axis for final loading for
IF-S-D2
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43.6 IF-SCC

Similar to Specimen HS-D1, Specimen IF5-CC was also designed to investigate the out
of-plane strength of infills that were damaged due to previoyaime loading and the
difference from the former was that theplane loading generating the damages \wald
constant in the process of eaftplane loading.Figure 4.35 shows the load vs.
displacement graphs for bothr§D1 and IFS-CC during the irplane loading stage. Both
specimens were loaded to KB|, but specimen HS-CC showed a higher stiffness and
deflected 1mm less than IFS-D1 overall. This additional stifess is believed to be
attributed to the fact that for Specimen3FCC, the airbag assembly was attached to the
specimen frame for the 4plane loading to facilitate the setup for -@iplane loading
immediately thereafteiF-igure 4.37 illustrates the diagonal cracking (blue lines) of the

leeward face of F5-CC after the irplane load was reached atkig
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Figure 4.35 Load vs. deflection for in-plane loading of specimen IFS-CC

The outof-plane loading vs deflection of LVDT 1 (center of infill) curve is plotted in

Figure 4.36. A linear portion of response up to a loading of IBR&is observed. At this

point, additional horizontal cracks began to extend from tmane diagonal cracking at

mid-height of the infill. When the owdf-plane pressure reached 1&Fa cracks were

observed to spread towards the two previoushdamagedcorners and the horizontal

cracks at mieheight began to show visible separation. The infill ultimately reached a

pressure of 18.kPabefore a sudden failure occurred. The cracking pattern before failure

is illustrated inFigure 4.37. The sudden failure of the infill happened due to face shell

spalling of the CMUs and can be seeifrigure 4.38.
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Figure 4.36 Pressure vs. displacement curve for the otdf-plane loading on
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Figure 4.37 Cracking pattern on the leeward face after outof-plane loading on
specimen IRS-CC

73



Figure 4.38 Out-of-plane failure mode for specimen IFS-CC

The horizontal displacement profile and the vertical displacement profile of the top half of
the infill for outof-plane loading stage are shown kigure 4.39 and Figure 4.40
respectively. The horizontal profile shows symmetry about the center right from the
beginning of the test until the ultimate loading indicating horizontal arching occurred. The
vertical profle is not complete because LVDT4 was used to measure tpkana
displacement and no other LVDTs were available at the test. However, comparing with
vertical displacement profile obtained for8D1, the trend for the top portion is similar
and it may ke deduced that the overall vertical profile is also similar. This suggests in both

tests, horizontal and vertical arching developed.
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Figure 4.39 Displacement profile along the central horizontal axis ofF-S-CC
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Figure 4.40 Displacement profile along the central vertical axis of IFS-CC

75



4.3.7 IF-SVL

Specimen IFS-VL was used to determine the effect of vertical loading applied on the top
frame beam on the cwoff-plane strength of the infill. A vertical load of 1RRwas applied

to the top beam and held constant while the infill was testedfquiine The pressure vs.
out-of-plane displacement curve at the center of the infill is plottdeigare 4.41. The

infill response remained quite linear up to a higher load (kP& 63% of ultimate
pressure) when compared with previous specimens. This may be attributed to the fact that
the presencef vertical load acting kplane delayed the cracking caused by aplane
loading. The first major craclkoccured in the infill at a loading of 16.&Pa (94% of
ultimate pressure). The infill ultimately reached a load of kB&which was lower than

its counterpart specimen without vertical load. This is surprising as it was thought that the
vertical | oad woul d i ncr eas aining hte upvarda me

deformation and thus increase the capacity of the infill.
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Figure 4.41 Pressure vs. displacement curve for specimen{&-VL
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A close examination of failure mode revealed that prior tarfajlthe top of infill slipped

out from under the top frame beam. It was also observed that the mortar layer between the
top of infill and the underside of the frame beam was crushed as the vertical load was
increased and beam showed evident signs of bgmtiformation accompanied with some

level of twisting. The breaking of the bond and beam deformation facilitated slipping of
the top infill. The loss of top support reduced a-twayy arching to onavay arching in the
horizontal direction. With the loss @Ertical arching, two major vertical cracks quickly

formed under the points of concentrated vertical load as séegure 4.42.
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Figure 4.42 Cracking on leeward face for specimen IFS-VL

Figure 4.43shows that the failure of the infill was instigated by the top boundary interface
with full delamination between the mortar and the steel frame. At failure, the webs of the

masonry units havall failed due to horizontal shear causing face shell separation.

77



Figure 4.43 Specimen IFS-VL failure pattern after out -of-plane loading

The outof-plane deflection along a vertical plane and a horizontal plane are displayed in
Figure 4.44andFigure 4.45respectively. Along the vertical plane, the deflection at LVDT

1 (center of the infill) was never greater than the deflection at LVDT 2 (top % of the infill).
At the ultimate load and failuyé& can be seen that the top of the infill had slipped out from
the boundary frame and completely removed all vertical arching. Along the horizontal
plane, the infill deflected symmetrically about the infill center and arching can be seen

throughout allbading stages
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Figure 4.45 Displacement profile along the central horizontabxis of IF-S-VL

4.4 SUMMARY OF RESULTS

The test results of all the specimens are presentda@bte 4.7. The displayed results
include the load at the first cracking)(Rhe load athe first major crackPer), the ultimate
loading (Rit) and the load at final failure {9 as well as the corresponding -@itplane

displacements at the mbint of the infills. Table 4.7 also presents the stiffness of the
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infill for the initial crack (k), at the occurrence of the first major crgkk), and ultimate
load (kit). Also listed in the table are thesults from the iplane tests where the-plane

loading (Rpp and the corresponding-m| ane di sdpaeprevidednt (U

The definition of the above terms is illustratedrigure 4.46. The slope of the initial linear
portion of the load over the displacement is defined by the initial stiffngs3lfle load at
which the first crack occurs is denoted asaRd the correspaling outof-plane

di s pl ac e.rAienthis pairst, theoresponse curve shows a stiffness reduction. The
cracked stiffness R is defined by the slope of the line connecting the origin and the load
at which the first major crack occurs causing ttfgpoase curve to have a second marked
stiffness reductio. The pointin time in which the first major crack occurs an
experimentalisual observation of significantrack formationthat waschecked against

the load vs displacement graph to deterrtiadthere is a difference in the infill behaviour.
The load and displacement at this point are definedcbg R dr. Tge ultimate stiffness
(kur) is defined by the slope of the line connecting the origin and the point of ultimate
strength, and the uitiate load and displacement are denoteduiaa B dit resgpectively.

The load at the final failure and the corresponding displacement are terme@as Bes

respectively.
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Figure 4.46 Definition of terms for load, displacement and stiffness

Table 4.7 Summary of steel framedinfill results

Result C FS SwW TG D1 CC D2 VL

P (kPa) 7.2 69 104 6.5 8.8 8.0 45 114
Per (kPa) 244 263 240 136 254 16.7 145 16.8
Pur (kPa) 306 29.0 299 166 26.2 184 16.7 18.3

Pes(kPd 301 281 * 151 243 * * 179

Out @ (mm) 01 013 07 17 03 07 02 10
of- (M) 40 54 23 24 39 24 29 20
plane g, (mm 68 76 50 33 45 34 59 27
Qes(mMm 85 86  * 49 60 @ * * 4.0

ki(kPa/mmy 79.6 532 153 6.3 315 108 29.7 120
Ker(kPa/mm) 6.1 49 105 57 6.6 6.9 5.0 8.3
Kut (kPa/mm 4.5 3.8 6.0 5.0 5.8 5.4 2.8 6.7

In- Papp(KN) 775 775 145.4
plane  gpp(mm) 52 42 191

*Some specimens underwent a sudden failure at ultimated di dnét have data aft
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CHAPTER 5 ASSESSMENT OF STUDIED PARAMETERS AND

ANALYTICAL MODELS

5.1 INTRODUCTION

This chapter focuses on presentation and discussion of effect of the studied parameters
through a comparison study using test results of this study presented in Chapter 4. Further,
the comparison study also extends to include results from experimentasstadducted
in Phase 1 (Sepasdar 2017) and 2 (Wang 2017) of the research framework to hopefully
shed some light on the behaviour characteristics of RC frames vs. steel frames on masonry
infills. This chapteralso examines efficacy othe current analyted methodsthrough a

comparison analysis witihe experimental results

5.2 EFFECT OF STUDIED PARAMETERS

5.2.1 Additional strength from arching action

Using the flexural strength calculations foundAiRPENDX A Outof-plane flexural
strengthCalculationsA, theYield Line Analysis calculated an eof-plane strength of

83kPaf or t he Ar eguliaredg ud ma ®i meres.i memef- r eac h e
plane strength of 3kPa Arching Action caused the infill to reach a strength 3.6 times

greater than the predicted flexural strength.
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5.2.2 Effect of boundary frame (RC frame vs.steelframe)

A control specimen of concrete masonry infills bounded by a RC frame was tested in Phase
1 of the researgproject (Sepasdar 2017). This specimen, having the same infill geometries
and CMUs, is considered the counterpart of Specime®HS. Figure 5.1 compares the
pressure vs. oudf-plane displacement obtained at the center of the infills for both the RC
framed and steel framed specimens. The RC frgmeeimerbegan with a high rigidity

and behaved linearly till a loading of 26k®a which is a 74% increase compared to the
pressure the infill with a steel frame reached in the linear plbaeeRC framed specimen
reacledapressure that was 2&Pahigherthan the steel framed specintegiore the first

major crackoccurred The RC framed infilattained an ultimate capacity at 66.3 kPa which

is approximately 2.3 times the steel framed specimen failed at 29 kPa.

Table 5.1 summarize the pressure, displacement and stiffness of both infills at both the

first major crackas well as at the point of ultimate load.
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Figure 5.1 Comparison of pressure vs. displacement curves for RC franteand steel
framed specimens
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Table 5.1 Results from control specimens for both steel and RC framed infills
Test Per (kP8  Pur (kP& ogar (mm)  quie(mm)  Ker(kPa/mm  kuit (kPa/mn)

IF-ND 45.2 66.3 2.0 12.5 22.6 5.3
IF-S-FS 26.3 29.0 5.4 7.6 4.9 3.8

Figure 5.2 displays the cracking pattern for the steel framed control specimen on the left
and the RC framed control specimen onritlet. Both infills had initial horizontal cracking

at the midheightof the infill. As the pressure increased, both iafikégan to crack towards

the four corners resembling a vyield line pattern. The RC framit had amore
symmetrical cracking pattettanthe steel framedhfill, but general patterns remained
relatively similar. Following the cracking pattern, the RC framed specimen underwent a
significantly greater degree of arching action which in turn resulted in a significantly higher
strengthAt failure, both infills had the majority of faceshells sheared@éb shear failure

was the governing failure mode for both infills.
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Figure 5.2 Comparison of failure pattern between RC framel and steel framel
control specimens

5.2.3 Effect of boundary frame support condition
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Specimens IF5-C, IFS-FS, and IFS-SW investigated the influence bbundarysupport
conditions on thénfill outof-plane behavioufThe IF-S-C (Wang 2017) was tested with

the bottom base beam not fully supported along its lengt&-HB provided a fully
supported basbeam;and IFS-SW further provided stiffeners to the top and bottom
boundary beams to increase the stiffness and torsional strength of the boundary beams.
Figure 5.3 compares the pressure vs. owff-plane displacement for 16-C, IFS-FS and
IF-S-SWandTable 5.2 summarizs the pressure, deflection and stiffness of the three infills

at thefirst major crack and the ultimate stagdt is interestingto note thatthe three
specimens attained similar strength and the minor differences may be attributed to material
variation or inherent uncertainty in an experimental test. On the other hand, the behaviour
of the three specimens showed margiceable difference. WHlIF-S-C and IFSFS
displayed similar stiffnesand overall behaviouhroughout thdoading history IF-S-SW

exhibited an overall higher stiffness and deflected much less at the ultimate load.
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Figure 5.3 Comparison of pressure vs. displacement curves ftwoundary support
condition study
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Table 5.2 Resultsfor the effect ofboundary support condition

Test Per (kP& Put (kP car (mm)  cqaie(mm) ke (kPa/mnm  kur (kPa/mm

IF-S-C 24.4 30.6 4.0 6.8 6.1 4.5
IF-S-FS 26.3 29.0 5.4 7.6 4.9 3.8
IF-S-SW 24.0 29.9 2.3 5.0 10.5 6.0

Figure 5.4 displays the cracking pattern for the three specimBmsy showed a more or

less similar cracking pattern and the noted difference isIER&SW sustainedmore
extensivecracking than thether two test specimens. All three infills had the same failure
mechanisnof web shear failure due to face shell separatlbmas thought thathe web
stiffenerswould increase the stiffness of the boundary beam which would in turn lead to
higher strenth. The test results did not support the initial hypothéafisile more test
results are needed to make a definitiwaclusion the results seerto suggest that the base
beam supportas investigated hereidoes not add significant benefit to aftplane
strength of the infilllt needs to be cautioned that since only intermittent stiffeners were
used to stiffen the beam, the results may also suggest that this type of stiffening technique

is not sufficient to cause a significant beam stiffness increase.
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Figure 5.4 Comparison of cracking pattern of steel framedinfill swith different
support conditions
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5.2.4 Effect of top gap

The effect of gap between the frame top beam and the infill is illustrated by comparing
specimens IFS-TG and IFSFS. Figure 55 shows the pressure vs. owff-plane
displacement curvesvhereasTable 5.3 summarizesthe pressure, displacement and
stiffness at théirst major craclkand ultimate stages of these two specimé&hedifference

in both behaviour and strength is distinctiVae presencef atop gap caused the infill to
havea lower initial stiffness earlier onset of cracking, and lower ultimate strength with
reduced ductility. A 10 mm top gap resulted in more than 40% reductibotimthe

cracking and ultimate strengmdabout 56% less displacement at failure
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Figure 5.5 Comparison of pressure vs. displacement curves for top gap studysteel
frames
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Table 5.3 Resultsfor top gap study- a 10mmtop gapand steel frame
Test Per (kPa) Puit (kPa) R (mrr) it (mn') Ker (kPa/mm Kult (kPa/mmn)

IF-SFS  26.3 29.0 5.4 7.6 4.9 3.8
IF-STG  13.6 16.6 2.4 3.3 5.7 5.0
Effectof  seo00 4200 -56.2%  -56.4% 18.1% 31.1%
tOp gap

The cracking pattern for thevo specimenarefurther compareth Figure 5.6. The control
specimenlF-S-FS displayed a cracking pattern consistent with a yield piatternof an
infill with four boundary supportspecimerF-S-TG, on the other hand, showed a patte
resembling more tacracking pattern foa panel with only three side supportadicated

by pronounced vertical crackings discussed previously, it is believed that arching in the

vertical direction did not fully develop which resulted in lowerrggta and different failure

mode.
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Figure 5.6 Comparison of cracking pattern for steel framed control specimen and
specimen with a top gap

In Phase 2 of this research project, Wang (2017) tested a RC framed infill witimia 10
gap at the frame top beam and infill interfa€mgyure 5.7 thencompareghe pressure vs.

out-of-plane displacemermurvesfor the gapped and control specimens WRE frames.
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Table 5.4 summarize the pressure, displacement and stiffness didtanajorcrackand
ultimate stageandFigure 5.8 compareshe cracking patterns fahe two specimendt

can be seen that the effect of top gap for a RC framed infill in terms of rednoitial
stiffness, overall ductilitycracking pattermnd ultimate strength is comparable to a steel
framed infill. When the exact magnitude is concernbdpresencef the top gapf same
size (10 mm}peems to have a greatefeet on RC framed infills whera decreasef 72%

in ultimatestrength was observed
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Figure 5.7 Comparison of pressure vs. displacement curves for top gap studyrRC
frames
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Table 5.4 Resultsfor top gap study- a 10mmtop gap andRC frame
Test Per (kPa) Puit (kPa) @ (mn‘) Qi (me) Ker (kPa/mm  kyi (kPa/mn)

IF-ND 45.2 66.3 2.0 125 22.6 5.3
IE-RCTG  16.1 185 2.0 2.7 8.1 6.9
Effectof o140 -72.1%  0.0%  -78.4%  -64.2% 30.2%
tOp gap
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Figure 5.8 Comparison ofcracking pattern for RC framed control specimen and
specimen with a top gap

Figure 5.9 compars the pressure vs. cuff-plane displacemerdurvesfor steel and RC
framed infill specimens which had the frimtop gap.The behaviour of both infills began
linearly, the steel framed infill underwent initial cracking much earlier than the RC framed
counterpart (45% reduction)he steel framed specimen underwignfirst major craclat

a reduced pressure (580). The steel framed specimen had a 10% reduction in ultimate
pressure but displayed a slightly greater ductilityshows that overall, the gapped RC
framed infill still attained higher ultimate strength than the gapped steel fiafiledout

the stength difference is much less than that between the control specinpotential
reasoning igrovidedin the following.First, a control RC framed infill sustain@dauch
greater strength (128% greater) than a control steel framed infill (Section 3tadl)s

believed to be due to hjgher torsional stiffness of tHRC frame members5J=1.09x10?
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NAnn?) than the steel frame membe@37.81x10 NAn?); and 2) better bond between
the mortar and the RC boundary frame than the steel boundary Traeteghertorsional
stiffness of boundary frame members will enable better developmerthifiga actiorby
providing a more rigid boundary for the infilivhich leads to higher ultimate strength of
an infill. A better mortar bond would provida higherinitial stiffness as well as an
increased friction force for increased arching actitketoving a top boundary support as
in the case of the top gap essentially elimint#tedeneficial effects of the stiffness of the
top beam and bond at top beam locatiba,ttvo main contributor ta higher strength of a
RC framed infill. Thus, it has moradversaryeffect on a RC framed infill than a steel

framed infill.
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Figure 5.9 Comparison of pressure vs. displacement curves for specimens with a 10
mmtop gap and different boundary frame materials
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5.2.5 Effect of in-plane damage on the oubf-plane strength

In thisexperimental studyspecimensF-S-D1 andIF-S-D2 weretested to study the effect

of in-plane damage on the eot-plane strength. The former was loadedthe occurence

of a visible diagonal crack at 778l and a resulting iplane displacment of 5/8m The
latterwas first loaded oudf-plane, than loadeid-planeto itsultimate inplanecapacityat

a load of 14%N and theresulted displacement of 18m The specimen waben loaded
again outof-plane to determinis residualout-of-planecapacity Figure 5.10displays the
pressure vs. displacemerurvesfor specimendF-S-D1 and IFS-D2 (2" out-of-plane
loading) along witithe control specimen, 15-FS.Table 5.5 provides a summary of the
results from oubf-plane loading on infills with prior kplane damaga/hen comparing
damaged specimens with the control specimen, it is foundhtiptdme damage resulted in
reduction in the oubf-plane strength of the infill and degree of the reduction is related to
the level of damage. Qualitatively, the more the damage, the more the redecttber,
specimen IFS-D2 showed much softer loatisplacement response while specimeisiF

D1 exhibited similar or slightly higher stiffness than the control speciffigare 5.11
displays the cracking patterns on the leeward face {&HS, IFS-D1, and IFS-D2. The
cracks in red represent the @itplane damage whereas the cracks in blue represent in
plane damagé&.he outof-plane damage displayed fgpecimen IFS-D2 is from the initial
loading.The much softer response for8§D?2 is then attricuted to more extensivepiane
cracking and it may be observed thaplane damage in the form of a single diagonal

crack did not result in a significant change in infill stiffness.
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Figure 5.10 Comparison of pressure vs. displacement curves f@rior in -plane
damagestudy

Table 5.5 Summary of resultsfor prior in -plane damagestudy

Test Per (kP& Put (kP8 aar (mm)  quie(mm)  Ker(kPa/mm  Kuit (kPa/mn)

IF-S-FS 26.3 29.0 5.4 7.6 4.9 3.8
IF-S-D1 25.4 26.2 3.9 4.5 6.5 5.8
IF-S-D2 14.5 16.7 2.9 5.9 5.0 2.8
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Figure 5.11 Comparison of cracking patterns for steel framed infills with and
without prior damage
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