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Abstract

A literature review reveald that thee is limited technical information available the
subjectof masonry infiled frames, in particular, theteraction between the infill arits
bounding frame andow this interaction affects the infilled system behavioursirehgth
This researchwas thenconductedto further the understandingf the infill-to-frame
interactionconsidering a range of geometric, material, loading characteristics of the infilled
frame systemslo that end, both experimental and numerstatliesvere perforredwith
the focus on the concrete masonry infills boundedelnyforced concrete frameBoth in-
plane and oubf-plane loading situations on the infilled frames were considérbd.
experimental testing was designedgtovide physicatesultsof failure modes, behaviour
and strength of infilled frames as affected by sevaglparameterd he numerical study
began withdevelopment of a 3Enite element modetapable of incorporatingroperties
of masonry infilled frameasing ABAQUS An extensive validaon proces®n the model
ensuedusingthe physical resultsOnce verified, thanodel was used in finite element
studywhereseveral geometric and material parameters with exteradepeof variations
were systematicallgtudied.

In the experimentalstudy, a total of17 specimensvere tested of whicli) ten were
subjected to irplane loading?) four were subjected to owif-plane loadingand3) three
were tested under 4plane loading first and then tested under-@uplane loading to
failure. Infill openings and infilto-frame interfacial gaps wermgesigned as two varying
parameterfor 1) and 2) test scenarios. The varyingplane damage was the parameter for
3) testing scenaridV/hile the diagonal cracking followed by corner crushingdominagd
the in-plane failurefwo-way archingwith the shear cracking through tbencrete masonry
unit webswasidentifiedas the main loadesisting mechanism iout-of-plane testsAs for
the inplane damaged specimens, the-oliplane capacity was reducad a function of
experienced ifplane drift ratio.

In the numerical studyhefinite elementmodel was shown to be mable of predicting the
load-displacementesponseas well as the cracking pattern and failure modes accurately
for both inplane and ouiof-planeloading scenariag he correlations between each studied
parameter and the behaviour and strength of masonry infilled frames were presented and
discussedModifications on the oubf-plane design method currently adopted by the
American masonrgtandard (TMS 402/6026) were proposed and was shown to improve

the performance of the methoél.lower-bound equation foevaluating the oubf-plane
strength of masonry infills with prior tplane damagevas proposed and it showed to
producebetter estimtewhencompared to the existing method.
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Chapter 1 Introduction

1.1 Masonry Infilled Frames

Masonry is the mosincientconstruction materiand its use dagback as early as 10,000
years agofrom natural stoneand sundried brick then developing into the modern
manufactureatlay bricksand concretenasonryblocks.In modern construction, masonry
walls are commonly used isteel and concrete franmiildings as infill wallseither as
partitions to separate spaces or as clagitincomplete the building envelap@revious
studies have shown th#te presence ahasonryinfill in a framed structuraffectsthe
behaviour of the systemignificantly. Once themasonry infill participates in the load
sharing of the system, the intet@n between the infill and its bounding framecomes
crucial in determining the strength of the framed systiglost early research has been
focused on understanditige contribution omasonry infilk to the frame behaviour when
subjected to irplane lading.Studies conducted since th850shave shown that the infill
results in increang the stiffness, strength, ductility, and energy dissipation of the frame
systemA design approach based on dAdiagonal
Canadianand American masonry design standard6€SA S30414, TMS 402/60216),
albeit with different design formulationin comparisonthe outof-plane behaviour of the
infilled frame hadeen resear@d much lesswith only a handful of existing experimental
studies While a desigmguideline is provided in the American masonry design standard
the Canadian standand this regard is blank and only directs designers to apply
principlesof mechanicdor design.It is also worth to point out thahe current design
guidelines if available need a thorough examination the work onwhich the existing

design equationwere based was conducted on very limpégisical specimersf one type
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or another Recent experimentalstudies have reported large dispgastbetwee the
measured strengthshen compared with the code valu@asca et al. 2017, Ricci et al.
2018) Itis also recognized that due to fmmplexity of the systemonsisting of one brittle
material (infill) and one ductile material (framahd many variations of materiaihd
geometric properties of eachmore indepth studies are in need tdvance the
understanding of the infilled frameehaviour and lead to improvement of the current

design provisions in the standards.

1.2 Method of Analysis

Studesof infilled framesin generaldates back to th£950s Till 1990s, most studies were
experimentbased,and some led teimplified analytical mods with restricion for use
(Mainstone 1971, McDowell et al. 1956a, Monk 1958, Smith and Carter 1888pugh
the parameterstudied in the early research were limited, the testigespecimen dggn,
and testing procedumgrovided foundation on which the later work daanbuilt. With the
advancement in computing technolodiite element modeling techniqudsve been
increasingly implemented in studies to supplement the experimental resuléxtand
parameters beyond those that are feasible in laboratory teStivog. 200s, finite element
(FE) methods encoded in commercial software such as ANSYS, ABAQWSensource
software Open&eshave achieved various successesimulation of masonryinfilled
frames (Hashemi 2007, Minaie et al. 2014, Mollgn et al. 2013, Rahimi and Liu 2017,
Stavridis and Shing 2010)hese FE studiedsoidentified challengeand inadequacida
modeling techniquesNonetheless, FE methotleve been considereéd bean effective

tool for analysis of masonry infilled frameBor this study, both experimental and FE



studies were conductadhere the experiméal resultsvere used to validate the FE model
which was in turn used in an extensive parametric stugyedictresults on a wider range

of parameters.

1.3 In-Plane and Outof-Plane Behaviour of Infills

As mentioned, most early research was dedicated tothkane behaviour of masonry
infilled frames. The focus was gtudythe performance of thanfilled frame aghelateral
load resisting system where the infillpgtane behaviour and strength plays a critical role
in the systeniateral load resistancé large volume of literaturés availablefor the in
plane studies of masonry infilled framé& summary of the literatuneview on the subject
can be foundn (Asteris et al. 2013, Chen 2016h the case obut-of-plane research of
masonry infilled frames, some experimental studies were conducted but with a very limited
number of parameters ahihited variatiorsin masonry and frame typeBhere is a greater
gap in the current standards for design of masonry infills subjected-td-plane loading.
This researckvas focused on thaut-of-plane behaviouof masonry infills If the masonry
infilled frameis consideed asa lateral load resistingystem,its outof-plane behaviour
and strengtlareintegral pars of designsince the loading is applied in both directions in a

seismic event.

1.4 Research Objectives

This study involved an experimenthd numericainvestigation of thein-plane andut-
of-plane behaviour and strength of masonry infilsh a focuson the latter Various

parameters deemed influential were considenetthe study The main objectiveof the



research wreto advance th&E modeling techniqueni simulation of masonry infilled
frames to provide reliable physical and numerical resultsn@sonryinfilled frames
subjected to ifplane/outof-plane loading; and toroposerationaldesign method for out

of-planestrengthof masonry infillsbounded byframes.

Thescope of workincludesthe following:

1 To develop a robust finite element model to simulate th@ane and oubf-plane
behaviour of the infilled frames and verification of the model using the obtained
experimental data. Focus isvgn to a threeimensional model with the least
amount of simplification that is capable of considering the main influencing
materials and geometric parameters.

1 To investigatethe effect of several key parameters including infill opening,
interfacial gapsand prior in-plane damage on the eat-plane behaviour and
strength of infilled RC frames.

1 To study the onsvay and tweway arching action iconcretemasonry infills and
comparehe resultswith the state of the art @mnalysis of arching.

1 To studythe effect of various parameters including frame stiffness, aspect ratio,
slenderness ratio, arching direction, and prigplane damage on the eot-plane
behaviour and strength of infills.

1 To develop correlations between the studied parameters andtrédrggth of
masonry infills

1 Toassestheefficiency of the existinglesign methods in tHeerature ancturrent

standards for the infilllesign and propose new design methods as appropriate.



1.5 ThesisLayout

This dissertations organized in a paper foratwith eightchapters. The present chapter
presentdhe subjectand objectivesof the researchChapter 2 presents a comprehensive
literature review ofthe numerical modelling approaches available for masonry infill
analysisimportant eperimentalstudiespertinent to irplane and oubf-plane behaviour
have also been reported in this chapidrapter Jrovides an overviewfdhe experimental
programChapters 4 to ¢onsist of four paper&hapter 4escribes the details of the three
dimensional E model and validation of the model forptane analysis. Chapt&ifocuses

on the application of the proposed FE model for eot-plane analysis of infills.
Verification of the modelising the test results is presentedl an investigation on the
effects of various influencing parameters is carried out. Chaftpresents a detailed
experimental and numericahalysison the arching behavioand outof-plane resistance
in concretanasonry units. Chapt@rinvestigates the effect ofiplane damage on tloait-
of-planebehaviour of the infillsEffects of differentin-planedamagemodesobserved in
experiments and other factors investigated numerically are summarized andpresci
recommendations for estimation of damagedafyplane capacityi-inally, a summary of
results, main conclusions and recommendations for future work are presented in Chapter

8.



Chapter 2 Literature Review

2.1 Introduction

Research on the behaviour of masonry infilled framessthatekto the 1950sStudieshave
beenconducted to investigate the behaviour of masonry infilled frames of various material
and geometric properties subjected to staigststatic, or seismic loading. Tloemmon
objective of these studies was to quantigeffectof the infill onthe stength and stiffness

of the infilled system and to propose guidelifiersdesignof infilled frames While early
research focused mainly on experimental work, the numerical modeling using finite
element methods has gained popularity in thetlastdecadewith the development of
computing technologyThe following chaptes deal with a specific subject othe
behaviour of masonry infilldurnished witha detailed literature review on that subject.
Rather than repeating the information, this chapter servaswase general summary of
theimportant findingghat are deemexhost relevant to this researc®ince this research

is more numerical modelling focused, the following secbegins witha description of
general behaviour of infilled framedserved inhe experimentand therfocuses more on
thereview of the statef-the-artin numerical and analyticatudies conducted particularly

on RC frames with infills.

2.2 GeneralBehaviour

2.2.1 In-Plane Behaviour

The inplane behaviour deals with the behaviour of masonry infilled frames subjected to

in-plane lateral loadindn general, the previous studies showeat the behaviour depends



on many factors such asaterial and geometric properties of btteframeand infill; the

relativestiffness of the frame anidfill andloading conditiongo just name a few

Some general behavioural trend and characteristics of infilled frhenesbeen identified

and studiedIt was shown that regardless of steel or RC &gnthe presence of infills
resulted in significant increases in both stiffness and strength of infilled fsgstens

when compared with bare frames. However, the degree of increasepea=idnt on the
type of framelnfilled frames can develop a numh#rpossible failure mechanismBbhe
following four failure modes have been identified as common types of failure observed in
masonry infilled RC framesl) Corner Crushing (CC) whidk the compressive failure of

the infill in the loaded corner®) Sliding Shear (SS) that usually happens in infills with
weak mortar joints; 3) Diagonal Cracking (DC) that occurs along the diagoeationof

the infill due to shear sliding or principal tensile stresses; and 4) Frame Failure (FF) that
can be in the form ofluctile plastic hinge development or sudden shear failure of the

columns. The schematic representation of these medéswn inFigure2.1.

detachment detachment
I frame-infill
frame-infill ;
=1 frame shear
corner i slip
crushing AR
frame
L. LT LT damage
comer (toe) I
. _____....-~-""" é
_ r sncmans M1 dagorat/ 11T
detachment diagonal etachment tension

frame-infill compression frame-infill

Figure 2.1. Failure modes of infilled RC framéAsteris et al. 2013)



The corner crushinéailure modethe mostcommon one for infilled frames with typical
material and geometric propertiedile shear sliding is rankethe secondGhosh and

Amde 2002, Mehrabi and Shing 1997, Saneinejad and Hobbs.1995)

In these previous studiesffects of several geometric and material parameters that are
deemednfluentialtothe behaviour and capacity of masonry infilled framvese the focus

and the general findings are presented in the following.

2.2.1.1AspectRatio (h/l)

The aspect ratio of infills (h/l) has been shown to affect the stiffness and strength of the
infilled frames.Studies byMehrabi et al. (1996andFlanagan and Bennett (19994.999c)
showedthat increase in the aspect ratio of the infllducesthe ultimate capacity and
stiffness of the infill. Shear failure is dominant for low aspect r@iuat)walls whereas

the failureis more controlled by flexural stresse#gh toe crushingfor larger aspect ratios

(tall, slender infills)

2.2.1.2Interfacial Gaps

The interfacial gaps, whether at beanfill or column-infill, have been shown to reduce
the stiffness and strength of the infilled system. However, the magnitude of the reductio
and the correlation between the gap siaeationand the reductiomerenot consistent in
reported studiestyong (1984)andDawe and Seah (1989apserved that presence of top
beaminfill gap of 20 mm significatly reduces the initial stiffness and capacity of infilled
frames by about 50%:lanagan (1994)eportedthat a25 mmcolumninfill gap did not

result in a reductiom ultimatecapacity but anon-symmetricalcrackingpatternoccurred

8



All previousresearcldid point toa much softebehaviouof infilled frame at early loading
stagewhen gap was preser®®nce the gapvas closedat the loaded corner, a sudden

increase in stiffneswas observed.

2.2.1.30penings

Openings are also proven to reduce the initial stiffness and capacity of the infills. This
reduction is correlated to the size of the infill and to the location of the opaltieigon a

lesser degreaMallick and Garg (1971)ecommended that the best location for opening is

at the center of the infill. However, experiments on RC infilled framelkdikaletsis and
Karayannis (20073howed that the best performance of the system was obtained when the
opening is located as close as possible to the edges of the inélllyghere a better crack
distribution takes place in the remainisglid sections of the infillsExperiments by
Tasnimi and Mohebkha(2011)indicated that infills with openings usually develop more
extensive diagonal tension cracking prior to failure than infills without openBgn
(2011)suggested that the relationship between the reductiarillnultimatestrength and

the opening size is not linear

2.2.1.4Cyclic Loading

Shake table tests on hataled single storewfilled frame specimenby Mehrabi et al.
(1996)andKlingner et al. (19963howed that strength of th&illed systemwas sustained
throughmany hysteretic cyels without major damag&esults showed that infdlcan
significantly increase the stiffness, strength and energy dissipation capkitieysystem

even under simultaneous-iand outof-plane lateral forces.



Pujol and Fick (2010fonducted fullscale experimental testing dinreestorey concrete
buildings with and without masonry iffs to investigate the effect of infdlon the drift
capacity of concrete frameBhepresence of infillsvas found tamprove the behaviour of
the frame in terms of controlling the intstorey drift and increasing the base shear strength

and lateral sffness up to 100% and 500%, respectively.

2.2.2 Out-of-Plane Behaviour

One critical aspect of analyzindpe behaviour of masonry infdl bounded by frames
subjected to oubf-plane loadingis the confinementprovided by the frameWhile
behaviour and capacitf a typical flexural walls controlled by masonry tensile strength,
confinement of the bounding frame has shown to change a tecmndrolled failure to a
compressiorcontrolledfailure. When the infilis restrained by a relatively rigid frame, the
out-of-plane pressureauses tensile cracks that divide the infill into two or more segments.
These segments then push against the boundary suppbits inducesin-plane
compressiveorcesthat transfer the owtf-plane pressure through a mechanism called
archingwhere failure is characterized by compression failure of mas®@heyshift from a
tensioncontrolled mechanism to a compressmntrolled mechanism enables the infills
to resist much higher owf-plane pressures compared to tHiskural wall counterparts.

Figure2.2 illustrates the arching of an infill supported on two boundaries.

10



Figure 2.2. lllustration ofarching action

The principles of mechanicscan be used to find theapacity of the infill byutilizing
equilibrium betweerthe internalcompressivdorces and oubf-plane pressurdifferent
failure modeshave been observed and incluagednpressiverushngin the loaded corners

of the arched segmentsompressive/shear failure of the faceshalid buckling of the
infill without major damaggAngel et al. 1994, Dawe and Seah 1989b, Flanagan and
Bennett 1999b, McDowell et al. 1956E&ffects ofseverageometrigparametersfluential

to the arching behaviand failure moddiave been studied arsdme main findingsare

presented in the following.

2.2.2.1linterfacial Gaps

Gaps between the masonry infill ansgl bounding frame are commatcurrencedue to
the wall shrinkage, workmanship defects or intentional movenoantis to separate the
infill from the frame As development of arching is dependent ondbmpressive force
induced by the restraints on the boundary frame membesgpce of gapsas found to
reduce the oubf-plane resistance of the infilGabrielsen et al. (197%®arried out blast

load tests on masonry vslwith 2.5 and 5 mm gagsetween the wall panel and the top
11



support. Compared to the control specimen, the gapped walls only resisted 1/6 to 1/8 of the
out-of-plane loadHowever thesewalls were still significantly stronger than the cantilever
panelswithout confinementGabrielsen and Kaplan (1976ported that wall with tight

rigid supports would form a symmetric arching mechamdmn subjeadto outof-plane

loads while the presence afgap at the top of the wall causes larger displacemedt

unsymmetrical arching as shownkigure2.3.

NERRRRERRRERRNRRRRE

Rigid Arching Gapped Arching

Figure 2.3. Arching action in rigid and gappetbnditions(Gabrielsen and Kaplan 1976)
Drysdale et al. (1994studied the arching action using mechanics of rigid body movement
and concluded that the maximum gap that cexidt forarching to develop is controlled

by the diagonal distance between the compression forces at the hinges and it can be
expressed as

¢ L2 (2.1)

Whereg is the gap sizé is theheightof the infill, t is the thickness of masoniy,n ¢0.%
12



2.2.2.2SlendernesRatio

Experimental studiesonductedy Anderson (19843howedhat the oubf-plane strength
of masonry panels has an inverse relaiopwith the slenderness ratfb/t) of the panel.
Further,the failure modefor smaller slenderness ratiegas governed by compressive
crushing of the masonry whifer larger slenderness ratios (38 in their tests) the failure

wasgoverned by instability of the panel.

Angel et al (1994)tested eight infill specimens with a wide range of slenderness ratios
from 9 to 34 and reportdbattheout-of-plane strength greatly depasttbn the slenderness
ratio of thepanel the strength fromarching actiorbecomes insignificarfor slenderness

ratios greater than 30

2.2.2.3Frame Rigidity

Dawe and Seah (1989bpnducted a comprehensive experimental study on the masonry
infilled steel frames that showed theportance of flexural and torsional stiffness of the
bounding frame on the owtf-plane strength of the infill. They included the effect of beam
and column stiffness in their proposed equation forphame strength calculation for the

first time.

Angel et al. (1994alsorecognizedhe effect othe framestiffnessn their analyticaimodel
but set an upper limit for theffect off r a me 6 s f | e x equallto 26x18N-f ne s s
mn¥) beyond which the increase in eofi-plane strengtlas a result of frame stiffness

considerednsignificant.

13



Flanagan and Bennett (1999ajaluated the performance differentanalytical models
proposedoy Dawe and Seah and Angel ataid concluded that tH&exural stiffness of
the boundary frame has a much geeaimpact on the owtf-plane strength tharts

torsional stiffness.

2.2.2.40pening

Experiments byGabrielsen et al. (197%howed that tharching action can still develop

oninfill s withopening.

Dawe and Seah (1989t@sted a 3.6x2.8 m infill specimen with 1.6x1.2 m central opening
under uniform oubf-plane pressure and observed a 19% reduction in the strandth

significantly smaller deflection at failure compared to the control speciwigrout

openiry.

Experiments conducted Bkhoundi et al. (20163howed that presence of an opening with
13% area of the infill did not change the -@itplane strengthhowever, it reduced the

deformation at failure to 1/4 of the solid ithfi

2.3 Analytical Modelling

In the case o&nalyticalmodeling,the following twocategories of techniques haveen

used by various researchers.

1- Macromodelng which use data from experimentand analytical approachés

develop structural behaviour models (usually simplifredthodology practice

14



oriented) that can be used in conjunction with other structural frame elements in
design of structural systems.

2- Micro-modelng which use advanced mathematical and numerioathods to
simulate the behaviour of masonryaasurates possible, in order to obtaarwide
range ofresults (stress, deformation, strength, stiffness, constitutive law and cyclic
behaviour) to be used in detailed analysis and desigto replace egxensive

experimental programs.

2.3.1 Macro-Modelling Methods

2.3.1.1In-Plane Behaviour

The most widely accepted maenwodelto simulate the infill contribution to the stiffness
and strength of the infilled system subjected tepleme loadingis the fi ihgonal strut
methoa. This methodwas aiginally proposed byPolliakov (1963)andHolmes (1961)
based on experimental tests where diké behaviour was observed in infilshnder lateral
loading coditions Figure 2.4). The strut width was associated with the contact area
between the infill and the frame beam and columrthis methodthe masonry infill is
replaecd by one or more pijointed equivalent struts connecting loaded cornetisemfill
diagonal direction. Once the width of the strut or stizk®iown, assuming the strut having
the thickness and material property of the infill, a frame analysis cgretfermed to
determine the system stiffness incorporating the infill contribut8nce its inception,
most researclollowed has been dedicated in determionpthe strut width expressidhat

can provide accuramulation of frame behaviour

15
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Figure 2.4. Masonry infil-frame deformed shape interacti¢hsteris et al. 2013)

The first equatio for determinatiorof strut width w, was proposed bipolliakov (1963)

v P
_ F 2.2
Q o (22)

whered is the diagonal length of the panel.

Smith (1966, 1967and Smith and Carte(1969) proposed a series of equations for the
contact length and the width of equivalent stitite contact length (Figure2.5) was

determined by the following equation:

(2.3)

; ll'lOrta[; =0
©omfill

Figure 2.5. Stafford Smith's test setup and equivalent strut replaced for(fafilith

1966)
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where_ is adimensionless parametehich calculateghe relative stiffness of the frame

and infill andcan be determined as:

Aty (24)
= 101Q

whereE; is the modulus of elasticity of the infill,is the thickness of the infilE is the
modulus of elasticity of the framéjs the moment of inertia of the frame elemehisis

theheightof the infill pane| andd is the anglehat itstangent is the infill height to length

aspect ratio.

The width of infillw can be correlatet stiffness parameters of the frame and infill using

contact lengtidand relative stiffnesah.

8
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Based on the diagonal strut approaktainstone (1971proposed ammpirical equation

for calculatingthe strut widthbased on the experimental and numerical results
O T XLE® BQ (2.6)

In addition to singlestrut approach,several studiegBuonopane and White 1999,
Saneinejad and Hobbs 1995, Thiruvengadam 1%86)ved that a single strumight be
inadequate to simulate the local iditame interaction effects, especially when the
shearing force and bending moment in frame members at loaded corners are concerned. To

address these effects, using of two or moretstwere suggested by some researchers

17



(Chrysostomou et al. 2002, -Blakhakhm et al. 2003, Syrmakezis and Vratsanou 1986)
These struts have different width expressions and can be mleggohally connected to

the bearrcolumn joints or offdiagonally and connected to either beams or columns.

Crisafulli et al. (2000jadopted anulti-strut methodto analyze thestructural response of

RC infilled frames, focusing on the actions induced in the surrounding frame. Numerical
results on single, two and three strugthrods showed that all of the methods can simulate
the infilled frame behaviour with more accurate results for (@achmidt 1989pandthree

strut (Chrysostomou 1991dases. Finallyit was concluded thathe two-strut method is

accurate enough with less complication compared to other methods.

Crisafulli and Carr (2007proposed a twstrut methodas shown irFigure 2.6, where

struts were connected together with a shear spring to account for shear behaviour of the
infill. This four-node panel element was found capaifleaptuing both corner crushing

and shearsliding failure mechanisms of the masonry infill when compared with

experimental results obtained theauthors.

hz
[ ]

Shear spring

Mansory strut

Figure 2.6. Two-strut with shear spring model proposed Gyisafulli and Carr (2007)
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Turgay et al. (20143ummarized results of 51 experiments on masonry infilled RC frames
conducted by24 researchers. They propostnt following expressioa for strut width in

stiffness calculation:

0 T YQ 8 (2.7)

_ O 00 E(H_T'O 00 (2.8)
Di Trapani et al. (201 @arried out cyclic lateral loading experiments on infilRd frames
and investigatetheuse ofthestrut model to reflect degradation of infill stiffness subjected
to cyclic loading. They proposed a mtltiear plastic behaviour for the strut asidtowed
that thestrength and stiffness of the specimensild bepredictedusing this behaviour

model
2.3.1.20ut-of-Plane Behaviour

The very first methodology for arching actiomasproposed bycDowell et al. (1956a)
To investigate arching, they condudtiateral loading tests on strips of brick masonry
supported rigidly at the ends and formulated the strength equation iwagnarching
based on compressive strength of masdqify) as shown in E(2.9).
, [ "Qe
n Q (2.9)
¢9

Whereq, is the arching strengtly,is afunction of h/t ratio and"@e is the compressive

strength of masonry.
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This theory was further extended to tway arching in a study byawe and Seah (1989b)
where they conducted a series of teststeel frames infilled with concrete masonry blocks
with different thicknesses. They developed an analytical model by introducing the arching
action in the yieldine theory to calculate the cof-plane strength of the infilldn this
model, compresge crushing of masonry was assumed as the main failure mode for
ultimate capacity estimatiofhey proposed an empirical design equation to calculate the

ultimate outof-plane capacity (Eq2.10)-(2.13))

A @@ 830708 (infill panel bounded on three sides and

side isfreg (2.10

) ® Q@ 806|708 1708 (infill panel bounded on four side: (2.1

where

P o 000 "@o '0% v 1 x uor panelboundedon three sidgs (2.12)

I Py00 "®o0d® wum (2.13

andt, L, andH are the thickness, length, and height of the infill panetpectively
Parameters andf are factors accounting for the stiffness effect of boundary frame where
OandOar e the Youngbés modulus and shear modul
ard | andJ are the moment of inertia and torsional constant of the frame members with

subscripth andc indicating beam and columns respectively.

An upper limit is set for andi , indicating that the effect of boundary frame stiffness

diminishes as thstiffness becomes greater and at the set limit, the frame can be considered
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as rigid. The method also provides simple treatment for gaps at-feamil interface,

by setting orf equal to zero for frameolumn or framebeam gap, respectively.

Klingner et al. (1996Fonsidered the yieline cracking pattern shown frigure2.7 and

proposed the following expression for eaftplane capacity calculation:

o D¢ (2.19)

whereMyy is themoment resistance for vertical arching agdis the displacement of the

infill corresponding to vertical arching at failure

: 2 @ (2.15)

& (2.16)

= =
3 §

Section Y-Y
[ - X

Section X-X ‘ !

Figure 2.7. Idealized cracking pattern

The moment resistance for horizontal archiiMy,) and the displacement of the infill
corresponding to horizontal archifg) are denoted bh instead ofvin Eq. (2.14). These
values can be calculated by using Efj15) and Eq.(2.16) by replacinch with I.
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Angel et al. (1994proposed an analytical method for arching based on experinsatal
numerical resultsThey conducted Hplane and oubf-plane tests on masonry infilled
concrete frames to investigate the effect gpliane damage on the eat-plane behaviour

of infills. The analytical model was developed for eway arching of masaog strips
cracked at mi¢heightconsidering both@mpressive crushing of masonry at the boundaries
and snaghrough of the panel due to buckling as potential failure modesy proposed

the followingfor out-of-plane capacity of masonry infills:

qQe, .
? Y'Y _ (2.17)
0
Y muxcg8 wprm OO0 pdt (2.18)
Q
™ uﬁr@Dnatwq,Su (2.19

where R is areduction factor for prior #plane loadingas defined in Eq(2.20); Rx is a
reduction factor accounting flmounding framdlexibility ; andadis a function oh/tandEl

Is theflexural stiffness of the smallest member of bwainding frame.

This equation wasriginally formulated based on a em@y mechanism, however, it was

calibrated using twavay arching tests on infills with 1.5 aspect ratio.

. y
Y p 7~ P
v
vy (2.20)
Y pat Y - ipu - TIMMNTUB TP O vy P
where @ is the maximum | ater al idthé laterad t |

deflection required for the cracking of the infill.
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Flanagan and Bennett (1999ayestigated the reliability of the equations suggested by
Dawe and Seah (1989ngel et al. (1994andKlingner et al. (1996and concluded that
Dawe and Seah (1989)ethod provides the best results in prediction ofaftplane
capacity.Theyalsosuggested thabf most practical frames, ti&JtH andGJptL terms in
Dawe and Seah (1989m)ethodare much smaller thathe El;H? and El,L? termsand
eliminated the torsional term&{tH and GJtL). The final modified version of their

methodfor out-of-plane strength calculatiaa expressed as follows:

I ® '@ 80|08 (2.21)
| P.p0OCO 8 wum (2.22)
I PypO0 8 wum (2.23)

This formulation was adopted in the current American masonry design staht8d

402/60216 for design of masonry infills subjected to eftplane loading.

Moghaddam and Goudarzi (20fpposed two equations based onntesonry crushing
at the boundaryg) and transverse instability of the infilii{ay) for outof-plane strength

calculation. They suggested that the lesdehe two criteria be considered as the strength

of the infill:
1 uQ Q
|°|n TEEJ Y T[$) C | 6= -
n o Qa i ™ @ (2.29)
™1 L
i LN
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Theq is a function of thenfill slenderness ratiogf, masonry compressive strength)(
and elastic moduluéEn), and the ratio of the frame stiffness to the masonry stiffrigss (

that is shown in Eq2.27)

0
O o BQ
2.2
o yao (229
a

0

whereK is the frame stiffness for uniformly distributed arching force on the beam.

2.3.2 Micro-Modeling Methods

In microomodel approaches, Finite Element Method (FEM3asmmmonlyadopted as the
analysis tool because of its capability in handling geometrically complex structures and
nonlinear behaviour. Moreover, many interface models have been developed that enables
FEM to be used in simulation of both continuum and discrete media. Other methods such
as Discrete Element Method (DEM) and Boundary Element Method (BEM) have also been

used but with less success.

Most important factors in using micimoodels are the typesf simplifications and
assumptionsisedto discretize the system and defimaterial behaviour as well dke
choice ofinteraction models and interface elemerts.general, there are three main
categories in discretization and representation of masamctstes depending on the level
of accuracy and simplicity desir¢dourenco 1996)As shown inFigure2.8, thoseare (a)
Detailed micremodelling, in which blocks and mortars are modeled with continuum

elements and contact behawiacan be used for mortdnlock interface; (b) Simplified
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micro-modelling, in which the masonry is discretized at block Iével the mortar is not
modeled physicallyand morta jointsare replaced witlzerothicknesscontact behaviour
between blocksand,(c) Continuum elemerjor compositejnicro-modelling, inwhich the

blocks and mortars are simplified to a homogenous medium that represents the overall
behaviour of the masonry.

/ - = Taxa e T =43
Mortar Unut R S Unit

Unit/Mortar “Jomt” Composite

(a) (b) (c)

Figure 2.8. Modelling strategies for masonry: (a) detailed miermdelling; (b)

sinplified micromodelling; (c) continuum element mienoodelling(Roca et al. 1998)

The firstapproach is considered as potenti#itlgmost accurate one becaube geometry
andmechanicakharacteristics of both mortar and block as well as crack/slip phenomena
insidethe jointsmaybe incorporated in the modéh the second approacdie masonrys
discretized with expanded blocks to keep the geometry unchavigkedthe mortar joints

are removed anteplaced withzerathicknessinterface elements which can include the
nonlinear behaviour and failure madexpectedh relatively thin mortar joira However,

since the material of mortar is not modeled, Boésson effect of the mortar joints cannot

be taken into account. Because of the discrete nature of the first two approaches, they can
represent reasonably watlebehaviour and failure of masgncomponentbut at expenses

of largecomputingcost. The third approach, continuum element method, is the simplest

micro-model technique that has been more widely used for engineering praciiia,
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modelling of big structuresvhere computational effiency isdesired This method is

preferred forpreliminary design when detailedesultsin masonry components is not
requiredandthe global behaviour of the system is intendBdge drawback of this method
is that manysimplifying assumptions in terms of asonry anisotropic and nonlinear

behaviour as well as failure critedad mortarmasonry unihave to be made.

Following is a summary of important aspects of the mrmaaelling approactseported
in the literaturdo simulate the behaviour of masonnyjilied frames.t is noted that ery
few numerical models have been developed forittidl out-of-plane analysisUnless
otherwise specified, th@immarized studiegrovidedin the following arefor thein-plane

analysisof infills.

Mallick and Severn (196 %yereamong thdirst to useFEM to analyze the masonry infilled
framesin which shell element with plane strelshaviourwasusedto simulate the infill
and elastic beam elementgre usedor frame memberdnfill -to-frame interface was
modeled using simple contact elemethatwas capable of simulating separatetthe

interface.

Liauw and Lo (1988adopted a nonlineaimplified micromodelFEM to analyze infilled
steel frames. Beam and plasteesselementswere used to simulate the steel frame
members and infillsespectively. Elastplastic behaviour was used for beams and tensile
stresscontrolled failure criterion was combined with elastic isotropic behaviour to
representheinfill behaviar. In this model when tensile stress exceeds tensile strength,
both normal and shear stiffnesswere set equal to zero, thus, it was unable to consider
residual stresses and predict pfagiure response in cracked regions.
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Smeared crack formulatiowas devdoped and employed in FE analysis of infilled RC
frames byLotfi and Shing (1991)o account for nonlinear behaviour of masonry blocks
and concrete. Cracking of the material was determined by a Rankine teuotioff

criterion The drawback othis model was itenability in prediction of shear failure.

Mehrabi and Shing (199%onductechonlinear finite element analysis for the 14 infilled
RC frames that they tested. Thaged simplified micrenodel method andlevebped
interface models for shear cracking of concrete and mortar joints as well aslipond
behaviour of steel baiia concreteThe model accounted fahe compressive hardening
behaviourof cementitious interfaces. It was observed that bslipdbehaviou had an
important influence on the response of bare frame but did not affect the respdhse

infilled frame significantly.

Syrmakezis and Asteris (200tleveloped an anisotropic failure criterion for masonry
under biaxial stress conditiofor different level of sheartiess To validate this failure
criterion, they used experimathtresults conducted blage (1981 and categorized the
results based on the direction of loading and amount of shear Jiegysshowed that an
increase irthe shear stress can substantially reducesthe of thefailure surface of the

masonry.

Al-Chaar et al. (2008)sed DIANA commerciafinite elementrogram to reproduce test
results byMehrabi et al. (1996)Smeared crack quadrilateral elements for concrete and
masonry blocks andohesive interface modébr simulation ofthe mortar behaviour and

shear failure of concrete were assumBaey pointed out that f@pecimens with column
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shearfailure, using of interface elemeristween concrete elemethiss a significant effect

in obtaining accurate results.

Stavridis and Shing (201@roposed &D dmplified micro finite element model for
analysis of masonry infille®C frames. This model considered both nonlinear behaviour
andshearfailure for concrete and masonry by using smeared crack elements and cohesive
crack interface elements bbtfi and Shing (1994inodel Smeared crack model was used

to simulate the diffuseé cracks in concrete and masonry units and the cohesive crack
interface was adopted to simulale tmajor displacement cracks in concrete, masonry and
mortar joints. Triangular elements were used and configuregpresent the shear crack

in concrete as well as normal cracks. This model also accounted for shear and flexural
reinforcementsAll the interface elements for both concrete and masonry were zero
thickness. In their approach, uncracked material was modeled upiagia-elastic law
governed by VorMises failure criteria with tension cefff. They used test results of three
infilled framesobtainedby Mehrabi et al. (1996and concluded thathe strength and

ductility of an infilled frameare most sensitive to the sh@garametersf the mortar joints.

Koutromanos et al. (2011a&xtended the work done Btavridis and Shing (201@&nd
usedhemodel in seismic analysis of infilled RC frames. They added a new cohesive crack
interface model and an improved smeared crack model to capture the cyclic befidhaour.
model wagalibrated with large scale shake table tests orstorg and threstory fames

and showed that the model can predict the failure modes of specimens accurately

Manos et al. (2012)sed LUSAS commercial finite element package to simulate the shear
behaviour of masonry panels. They considered three different-micdelling techniques
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in their researchivherel) the masonrynfill consideredaslinear elastic blocks connestt
throughinterface spring elements at mortar jojri2s using linear elastic blocks and 2D
nonlinear continuum elements with Meboulomb failure criteridor the mortar; an@®)
nonlinear blocks with VoiMises failure criterion and 2D nonlinear continuum elements
with Mohr-coulomb failure criterion. They concluded that all these methods can produce
appropriate results and in most of the cases the simpler mtlasgtic model)s preferred

because of less computational effort required to obtain Hudtse

Mohyeddin et al. (2013)sed ANSY'S to anake thein-plane and oubf-plane behaviour

of masonry infilledRC frames.They used 3D simplified micrmnodelling approach aral

novel methodo consider the mortar effet which the mortar at the joints walsvided

into two layersand an elastic interaction was defined between these two nonlinear mortar
layers. They showed thatith this simplification the results are accurate enough for most

of the masonry simulation purposes.

Minaie et al. (2014)used Concrete Damaged Plasticity (CDP) modeABAQUS to
investigate the bdirectional loading behaviour of fully and partiallyogited masonry

shear wallsMasonry blocks and mortar joints were combingd threedimensional solid
element modelThis model was capable of considering nonlinear cyclic behaviour of
masonry in tension and compression as well as dardag to larg@lastic strainsThey

used inplane and oubf-plane experimental data to validate the FE model and conducted
parametric studies on the effects of aspect ratio, axial stress and combined in/out of plane

loadings on the strgth of the walls.
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Panto et al. (2018ndPanto ¢al. (2019)developed dybrid approach that incorporates

3D discrete FE model for masonry and concentrated plasticityJoelmmn elements for

the frame. A 3D nonlinear element was also used to capture the flexural and sliding
behaviour of the contact between the frame and the ihfilhis method the masoniy

di scretized into smaller so called fApanel st
through diagonal springs to capture shear behaviour and through nonlinear springs with
adjacent panels to capture the interface behaviour ungdaime and oubf-plane loading

The model was able to capture the deformed shape and global crpakiergbut it was

dependent on theumber of panels used for discretizatiéso, this model was unable to

capture the cracking inside the panels.

2.4 Code andPractice

2.4.1 In-Plane Behaviaur

The diagonal strumethoddescribed previousifas beeradoptedin most international
designstandards and codes to evaluate the stiffness and strength of masonry infilled frames
subjected to ifplane lateral loading. These standardd andes include the Canadian
standardCSA S30414, American standard TMS 402/64% andEuropean seismic design

of buildings Eurocode 8 for new constration as well asfor retrofit/repair of existing
buildings However, the strut width equations are all in different forms since they are
calibrated against different sets of experimental results that are representative of the
materials and practice used in the regiohable 2.1 summarizes the equats for
calculation of the stiffness and strength for masonry infilled frames as proposegAy
S30414andTMS 402/60216.
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CSA $304-14 adopts the equation proposed 8mnith (1962)in strut width calculation.
Based on workof Hendry (181), the compressive stress can be considered relatively

uniformly distributed over only half of the diagonal strut width. The effective width used

in the stiffness calculation is the Iesser%f&, Q 1) WhereQis the diagonal length of the

infill. The stipulatior,F2 1 Was based on the upper limit of width suggeste8ijth (1962)

Three possible failure mechanisms are consideredC8A S30414 standard: 1)
compressive failure of the strut; 2) diagonal tension cracking; and 3) slitkag. Three
eguations representing the lateral capacity corresponding to these failure mechanisms are

shown inTable2.1.

TMS 402/60216 adopted the diagonal strut width equation proposedrlapagan and
Bennett (2001)Corner crushing, lateral displacement limit and shear sliding failure are

considered in the lateral capacity calculation.

For both Canadian and American standards, the design guidelines only apply folove hol
and fully grouted infill. Both are silent on the treatment of partially grouted infills. Neither
standardprovide any provisions on the effect of opening, joint reinforcement, the presence

of verticalload and the potential gap on the lateral reststant the infill.

31



Table2.1. Strut methods iTMS 402/602L6 and CSA S30414

Model  Strut width model Strength model
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0 is the crossectional area of the masonry in shéarand0 are the compressive force on the shear
surface,0 is the effective crossectional area) is the momentep is the shear forcé is the effective
depth for the shear calculatiah, is the web width of the masonfy, is grouted/ungrouted factot, is the

friction coefficient,d0 is the uncracked area of the crasstions— O A T’Qd
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2.4.2 Out-of-Plane Behaviaur

Thereareno designprovisions inthe currentCSA S30414 for calculatingof the outof-
planestrengthof infill walls. Rather, itspecifies that basic principles of mechanics be relied
upon for analysidn the American masonry design standakdS 402/60216, the nominal
capacity to resist outf-plane forces of the infillis given in the following. These

expressions wereased on the work ddawe and Seah (1989b)

N Q80 e (2.26)
P ons 8
o) O 0Q U Tt (2.27)
Py om s a

I @O O« LT (2.28)

whereO andO are themodulusof the frame columns and frame bearmespectively

ando shall notexceed® qJ"Q

2.5 Summary

A literature review bthe stateof-the-artresearch on masonry infilled frames is provided
in this chapter. Main experimentsiudies, numerical modeling developmeas well as
the current code and practice on the sulgeetpresentedt is shown that the behawio of
masonry infilled frames is complasit is affected bymany factor®f geometric, material,
andloading characteristics of the systeM/hile someadvancement in understanding of
the behaviar has been madeadequacies of the previous studies are summairizeg:

following paragraph.
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In terms of experimental studiebgtrange of variations in studied parametees limited

so that therewere few developed correlations between tgeometric andmaterial
parameterand thein-plane and oubf-planecapacity A large portion of these studies are
dedicated to steel infilled frames with nornmadills and less information is available for
infilled RC frames.In terms of numerical studieshd existing models wergenerally
developed and validated for specific condiBawvith certain assumptionand none was
found to be able to provide universally satisfactory estimates for infills with different
material and geometric properties. Also, details of the modeling are commonly not
available in the public domain and thus cannot be easily reproduced for studies of other
parametersAs a result, the design provisions contained in the North American masonry
standards arenly applicable to simple infill situations. In view of this, more research is
neeckd to further the understaimy and development adesign guidelines for masonry

infills.
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Chapter 3 Experimental Program

3.1 Introduction

Concurrent to the numerical study, an experimental programcaaductedto obtain
physical results on the-plane and ouof-plane loading responsd masonry infilled RC
frames.This experimental investigation aimed to analyze the effect of seveatitl
parameters on the behaviour of infilled frame that are either not available in the literature
or the reportediataare not applicable to concrete masonry units bounded by RC frames.

These resultarere alsaised in the validation of the finite elentanodel

While the experimental works included and discussed gach following chaptemn
different focusesthis chapteiis to provide a overall description andummaryof the
experimentaportion of the researctilong with infilled framespecimensauxiliary tests

were also conducted to obtain mechanjmadpertes of each component of the infilled
system. These components include concrete masonry units (CMUs), mortar, masonry
prisms, concrete cylinders and reinforcing stédte obtained results werused in
numerical modelings input propertparametersDescription of the specimens, test setup,

andtesting procedure are briefly presented in this chapter.

3.2 Infilled Frame Specimens

A total of seventeerspecimens were constructadd tested and thapcludedone bare
frame,two controlinfilled frames, six infilled frames with side and top interfacial gaps
five infilled frames with window and door openingsd threeegularinfilled frameswith

prior in-plane damagtested under oubf-plane loadingTable3.1 presents a summary of
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the specimens. The numbers in specimen ID demitiesrthe magnitude of gap between
infill and concrete framer thepercentage of opening (ratio of the opening arehddotal

area of the wall) in specimens with gaps and openings.

Table3.1. Summary of frame specimens

Number Specimen ID Gap Opening In-plane damage
In-plane test
1 BF - - -
2 IFNG - - -
3 IFTG7 7 mm attop - -
4 IFTG12 12 mm at top - -
5 IFSG7 3.5 mm at each sidi - -
6 IFSG12 6 mm at each side - -
7 IFW8 - 8% Window opening -
8 IFW16 - 16% Window opening -
9 IFD19 - 19% Door opening -
10 IFW22 - 22% Window opening -

Out-of-plane test

11 IFNG (IF-ND) - - -
12 IF-TG 5 mm at top - -
13 IF-SG 5 mm at each side - -
14 IFW16 - 16% Window opening -
In-pane test followed by owutf-plane test
15 IF-D1 - - 0.66% inplane drift
16 IF-D2 - - 1.37% inplane drift
17 IF-D3 - - 2.7 in-plane drift
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3.3 In-Plane TestSetup and Procedure

The lateral load was applied using a hydraulic actuator with a capacity of 250 kN. A load
cell was placed between the actuator and the RC frame to measure the load during the test.
In-plane lateral displacements were meaduat both the top beam and the bottom beam
locations using linear variable differential transformers (LVDTS). In addition, two LVDTs
were positioned at the central pointleétop beam and at the centre of the infill to monitor
possible oubf-plane moements of the RC frame and infill. Test setup configuration and

LVDT locations are shown iRigure3.1 andFigure3.2 respectively.

LVDTI TS -
PR I I [ L. - :
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2 [ 1 1 1 | —
L 1 1 [ 1 1 | 2| \&
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Figure 3.1. Test setup details, main LVDT locaticarsd side view of the test setup
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Figure 3.2. Out-of-plane LVDTs and LVDT 1

Prior to each test, the specimens were positioned in place and aligned in botplérein

and outof-plane directions, and the load cell and LVDTs were mounted. The lateral load
was then appdd at the centreline of the top beam until the failure of the specimen. The
loading rate was approximately 6 KN per minute which is considered slow enough to
represenguasi-static loading conditions. Load cell and LVDT readings were recorded with
an inteval of 0.2 seconds throughout the test using an electronic data acquisition system.

Cracking loads, ultimate loads and cracking patterns were noted for each test.

3.4 Out-of-Plane TestSetup and Procedure

The outof-plane load was applied to the masonry isfilsing an airbag through a self
equilibrating system as shownkigure3.3. The airbag was placed in between the masonry
infill and a reaction frame that in turn connected to thenexar of the RC frame through
threaded rods. The reaction frame was made of a 15 nskndligivood boardcovering the

entire surface area of the infdtiffened with steel HSS sections. Similar to thelane
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tests, the bottom beam of the frame was clamped down to the strong floor using threaded
steel rods. An air compressor was used taiafthe airbag and the pressure in the air bag

was measured and recorded using a pressure transducer dutieg.the

/DFP Plywoad

<\\'.vilwr
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/-A.ir Bag

Reaction
/ Steel Frame

(b)

Figure 3.3. Out-of-plane tessetup (a) Schematic side viewand (b) setup components

Six linear variable differential transformers (LVDTs) were used to measure thaf-out

plane displacements of infills which their location is showFRigure3.4 except for infill
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with openingwhereL VDT 1 was removed and LVDTs2 were placed around the opening

boundary.

L 1 ¢ [ |
| ] Jrvpre | |
L 1 & | |

" LVD"T 5

Figure 3.4. LVDTSs position for oubf-plane test

To carry outthe outof-plane test, the air bag assembly and measuring devices were
mounted and checked to ensure that they worked properly and zeroed for initial recording.
The air bag pressure wagreasedyradually at a rate of 1.5 kPa per mintd¢he failure

of the specimen. The pressure andaiiplane displacement were recorded at a 0.1 second
interval usingadata acquisition systeniihe cracking load, ultimate load, cracking pattern

and failure mode were recorded and marttedng each test.

40



Chapter 4 Developmentof a Detailed 3D FEModel for Analysis of the
In-Plane Behaviour of Masonry Infilled Concrete Frames

Ehsan Nasiri, YLiu
Published in Engineering Structures Volume 143, 15 July 2017, Pages 6@36

https://doi.org/10.1016/j.engstruct.2017.04.049

4.1 Abstract

This paper detailed the development of a numerical model for simuldwegngonlinear
behaviour of the concrete masonry infilled RC frames subjecteddiamne lateral loading.

The ABAQUS finite element software was used in the modeling. Nonlinear behaviour as
well as cracking and crushing of concrete and masonry blockssivatgated using the
Concrete Damaged Plasticity (CDM) model. The cohesive element method combined with
hyperbolic DruckeiPrager and shear and tensile failure criteria were used to capture the
possible failure mechanisms in mortar joints. Concurrent \witfihite element modeling,

an experimental study was also conducted and results of masonry infilled RC frame
specimens incorporating infill openings and interfacial gaps were used to validate the
model. The validation showed that the model can accuratelylate the behaviour and
predict the strength of masonry infilled RC frames. A sensitivity study was subsequently
conducted where the influence of mortar joint failure surface parameters, mortar dilatancy,
and fracture energy on the lateral behaviounfifed RC frames was investigated. Results
showed that the Hplane behaviour of infilled RC frames was significantly affected by the
input parameters of mortars D r-Rragde waldsurface and dilatancy and less affected

by those of mortar fracture ergy.
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4.2 Introduction

Masonry walls are often used to infill reinforced concrete (RC) or steel frames in modern
constructiornto act as either interior partitions or exterior cladding. It is understood that if
an infill is built in tight contact with its surrounding frame, its inherent largplame
stiffness will attract large forces and in turn alter the dynamic characteradtibe entire
structure. Thus, an accurate assessment of thefrafitie interaction is crucial for a safe
design. However, the frame, commonly made of steel or reinforced concrete materials,
deforms in a ductile and flexural mode while the masonryi,imiade of brittle materials,

tends to deform in a shear mode. This difference in behaviour, coupled with development
of inelasticity of both materials at high load levels, makes it difficult to quantify the exact
extent of the infilframe interaction fothe entire loading history. For the past six decades,
both experimental and numerical stud{€hen and Liu 2015, Dawe and Seah 1989a,
Haach et al. 2009, Koutromanos et al. 2011b, Liu and Manesh 2013, Mehrabi et al. 1996,
Mehrabi and Shing 1997, Mosalam et al. 1997, Smith 1862 been conducted in an
effort to provide rational methods for considering the infill contribution to the system
stiffness and strength. The diagonal strut method has then emerged as the most adopted
methodfor evaluating the capacity and stiffness of infilled frames. In this case, the infilled
frame may be considered as a braced frame where the infill is replaced by a diagonal strut
connecting loaded corners. Once the strut width is known, a simple fratysiarcan be

performed to determine the stiffness of the system. The strength of the infill can also be
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related to the strut width. Based on the diagonal strut concept, much research work was
contributed to the development of this method to incorporatectsf of material
nonlinearities, various failure mechanisms, geometric properties of the infill and frame,
and boundary conditior{®osalam et al. 1997, Smith 1962)he effect of infill openigs,

infill -to-frame interfacial gaps, and vertical loading on the infill behaviour was investigated

in more recent researdi€hen and Liu 2016, Dawe and Seah 1989a, Kakaletsis and
Karayannis 2007, Liu and Manesh 2013, Liu and Soon 2012, Mehrabi et al. 1996, Tasnimi

and Mohebkhah 2011)

With the development of computing technology in the last two decades, numerical
modeling encoded in computer programs has been increasingly used to simulate the
behaviour of masonry infilled frames. Both finite element methods (HEM)tromanos

et al. 2011b, Lourenco 1996, Mehrabi and Shing719%8ohyeddin et al. 2013, Stavridis

and Shing 2010and discrete elementethods (DEM)(Mohebkhah et al. 2008, Sarhosis

et al. 2014have been employed in modeling with the former being the more popular one.
While the DEM is robust in simulating mortar joint effect between blocks, it is quite limited

in providing different geometry and matemabdels for continuums such as the block itself

or frame members. In the case of reinforced concrete frames, interaction between
reinforcing bars and continuum medium of concrete cannot be adequately defined using
DEM. In this study, the FEM was used ahdg the following literature review is focused

on studies of FEM in masonry infilled framdglehrabi and Shing (1997)eveloped
interface models for shear cracking aincrete and mortar joints as well as baiig
behaviour of steel bars in concretatfi and Shing (1991feveloped a smeared crack

formulation to account for nonlinear behaviai masonry blocks and concrete in infilled
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RC frames.Al-Chaar et al. (2008adopted smeared crack quadrilateral elasédar
masonry blocks and cohesive interface model for simulation of mortar behaviour and shear
failure of concreteStavridis and Shing (201@yoposed a 2D simified micro-model for
analysis of masonry infilled RC frames adopting the cohesive crack interface elements
developed by otfi and Shing (1994jo consider mortar efté. Mohyeddin et al. (2013)

used a 3D simplified micranodel in which the mortar at joints was halved and an elastic
interaction madel was defined between the two mortar lay&tsaie et al. (2014used
Concrete Damaged Plastici(CDP) model in ABAQUS to investigate -tirectional

loading behaviour of fully and partially grouted masonry shear walls. Despite that previous
numerical studies have shown capability of FE models in simulation of masonry infills or
masonry shear wallsome limitations of these models are noted as follows. Although
simple to use, the 2D models were not adequate to capture many aspects of infilled frames
such as noitypical geometric properties, stress concentration, local reinforcement effects,
and outof-plane behaviour. For the existing 3D model studies, there is commonly a lack
of information provided on the input material parameters, which makes it difficult for
others to reproduce the model and associated results. Moreover, these models were
calibraed against test results of a specific type of masonry infill and bounding frame, their

effectiveness for a wide range of material and geometric parameters was not investigated.

In view of the above, this study was then motivated to develop a 3D finite element model
to study the irplane behaviour of masonry infiled RC frames. Encoded in ABAQUS
software, the model development, analysis procedure, and input parameters weredalescrib
in detail in this paper. Concurrent with the finite element modelling, ten masonry infilled

RC frames wer¢ested,and experimental parameters included interfacial gaps and infill

44



openings. Detailed validation of the model against experimental resatisdiscussed.

Once verified, the model was used in a sensitivity study of several critical material input
parameters on the behaviour and strength of infilled RC frames. Recommendations were
provided on the efficacy of the model in simulation of infille@ Rames covering a wide

range of these parameters.

4.3 Experimental Program

The experimentalprogram involvedthe testing of tenmasonry infiled RC frames
subjected to a monotonically increased lateral load to failure. The objectives of the
experimental program were to provide test results tontgstigate the behaviour of
masonry infilled RC frames as affected by infill openings aridl -to-frame interfaial

gaps; and 2) validate the numerical model. Information on test specimens, test setup, and
resultsconsideredelevant to this paper is provided in the following section. A detailed

description of the test program and discussion of results can bedmawheré¢Hu 2015)

Ten specimens included one bare frame (BF), one infilled frame control specimen (IFNG),
four infilled frame specimens with interfacial gaps between either the top frame beam and
the infill (IFTG) or the frame @umns and the infill (IFSG), antbur infilled frame
specimes with windowor door openings (IFW and IFDYable4.1 presents a detailed

description of the test specime
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Table4.1. Summary ofestspecimens

Gap

Number  Specimen ID Location Size (Opcéﬁ?nnézgfmo:rea)
(mm)

1 BF - -

2 IFNG None -

3 IFTG7 Top 7 -

4 IFTG12 Top 12 -

5 IFSG7 Side 3.5(oneach side -

6 IFSG12 Side 6 (oneach sidg -

7 IFW8 - Window (8%)
8 IFW16 - Window (16%)
9 IFD19 - Door (19%)
10 IFW22 - Window (22%)

All infilled frame specimens had the sammelnsionas shown inFigure4.1, yieldinga
heightto-length aspect ratio of about 0.7Bhe masonry infill was constructed using the
custommade, haHscale 200 mm standard concrete masonry units laying in the running
bond. The interfacial gaps for those four specimens were achieved by adjusting the
thickness of the mortar joints h€ RC framewas designedccording to CSA A23:84
andreinforcement detailing including size, spacing, arrangement of longituatinséand

stirrups compliedvith requirements$o provide ductility angvoid brittle shear failure
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Figure 4.1. Geometric propeies of infilled frame specimemasd reinforcement details in
the RC frame
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4.3.1 TestSetup andl nstrumentation

The experimental setp is illustrated irFigure4.2. The $ecimensvereconnected to
the strong floor through high strength bolts #mellateral loadvas applied at the top beam
level using a hydraulic actuator with a capacity of 250 kN. Twedr variable differential
transformers (LVDTs) (LVDT 1 and 2) were mounted at the centerline of the top and
bottom beam respectively to measure thelane lateral displacements. Another two
LVDTs (not shown)were positioned at the half height of the oray infill wall and at the
central point of the top beam respectively, both on the back side, to monitor any possible

out-of-plane movements of the infill wall and the concrete frame, respectively.

LVDTI —— —r— —
= o . ' TR A ]1 Actuator
o T T T 1T T 1190 — -
T T T T 1T T T g 1% Reaction Frame
T T T T T TT.: Load Cell [ ]
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Figure 4.2. Schematic test sefp

4.3.2 Material Properties

The mechanical propertiesf CMUs, mortay and masonry prism®r the infill and
those of concrete andeinforcementfor the framewere obtained experimentally in
accordance with ASTM specification& summary of thenaterial propertiess presented

in Table4.2.
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Table4.2. Summary of material properties for test speens

Elastic Compressive  Tensile Yield Ultimate (yield)
modulus E strength strength  strength strai ny
(MPa) (MPa) (MPa) (MPa)

Concrete 27800 43.8 3.5 - 0.0025
CMUs 3500 25.0 25 - 0.008
Mortar 2600 21.3 1.7 - -
Prisms 2980 17.1 - - -

Reinforcement 220000 - 665 446 0.85(0.003)

4.4 Finite ElementModel

In this study, the scalled smplified micro-modelling approackfLourenco 1996)was
adoptedand the key characteristic of this approach is that the mortar joints are not
physically modeld, rather, they are replaced witbrothickness interface elemenighe
geometry and the meshing of the model is showRiguire4.3. The ABAQUS software

was used in t model development. The concrete masonry units (CMU) as well as RC
frame members were modeled usBigode reduced integratiagolid element$C3D8R)

The CMU dimensionswere increasedy the half thickness of the mortar joint in both
horizontal and vertical directions so that the discrete CM® connected and interact
with each other through zethickness interface elementBhe simplified micremodel

was shown to provide desired acacy (Haach et al. 2009, Lourenco 1996, Mehrabi and
Shing 1997, Stavridis and Shing 20X0)d is considered as a more computing efficient

modeling technique than detailed micremodelling approach where mortar joints are
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modelled. The following sections describe modeling details of each component of the
infilled frame. It is noted that whilABAQUS providesthe general material constitutive
andinterfacial behaviow models for different structural applicatiortbg contribution of

this study lies in the determination of appropriate models and critical mgiaraheters
andconducting computationally efficient and accurate simulation of masonry infilled RC

frames.

4.4.1 Nonlinear Behaviour ofConcrete and CMUs

Different from ideal brittle materials such as glagmcrete an€CMUs are considered as
quastbrittle materialswith high toughnessafter subcritical cracking(Anderson and
Anderson 2005)TheConcrete Damaged Plasticity (CDP) mofibelquastbrittle materials

in ABAQUS (Lubliner et al. 1989Wwas used to simulate the behaviour of concrete and
CMuUsin this study TheCDPmodelis a continuumplasticity-baseddamagemodel Both
isotropic damaged elasticigndtensile and compressive plagiycare considered in this
model and dilure mechanisms are defined in terms of tensile cracking and compressive

crushing.
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Figure 4.3. Three dimensionageometric model used the FE analysis

4.4.2 YieldSurface

In ageneral form, the yield functioi, of the CDP model in terms of effective stresses is

defined according to E¢4.1):

ler']qf‘]l_T-ﬂQ, org O , -6 °

R o (4.0
w -9 cp U
T ., -ﬂ | | r CU p
wheren[is the hydrostatic pressure stre§ss the Von Mises equivalent effective stress,
” is the maximum principal effective stress, s the ratio of initial biaxial

compressive yield stress to initial uniaxial compressive yield stess,the ratio of the

tensile meridian to the compressive meridian and defines the shape of the yield surface in
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the deviatory plane, -¢ and, -¢g arethe effective tensileand compressive

cohesion streg®spectively, corresponding to the plastic strains indicated in the bracket.

The yield surface itheplanestress and deviatoric conditions is showifrigure4.4. The
interceptingpoints of yield lineat principal stress axes specify the uniaxial tension and
compression capacities of the material. Reduced tension and increased compression

capacites in biaxial stress conditions altastratedin the graph.
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\ . G,
uniaxial compression.~’ s
/, biaxial
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e
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/!
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Figure 4.4. Failure surface of the CDP model in plane str@3sS.Simulia 2010)

4.4.3 Flow Rule

A nonrassociated potential flowas assumed ithe CDPmodel as follows:

] ra 4.2)
-1,

The flow potentialOchosen for this modekas the DruckeiPrager hyperbolic function

defined as follows

0, T OAT  q AOAI (43)
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where] is the eccentricity that gives the rate at which the plastic potential function
approximates the asymptofe, is the dilation angle measuredtimer) 1 plane at high
confining pressurand is an indicator ahe direction of the plastic strain imenent and

, Isthe uniaxial tensile stress at failure.

Determining the yield surface and flow rule parameters for concrete and CMUs requires
accurate biaxial and triaxitdsts on the materials. However, the available literature showed
that the lataal response of the infilled frame is not overly sensitive to these parameters.
The values used in this study were then based on experimental results obtefugddy

et al. (1969kmndJankowiak and Lodygowski (2008} well as numerical values used by
Lubliner et al. (1989)Lee and Fenves (199&8)jang and Wu (2012andGenikomsou and

Polak (2015)and they are summarizedTiable4.3.

Table4.3. TheCDP modebarameterdor concrete and CMUs

Dilation angle Eccentricity

|' T ” U
Concrete 40 0.1 1.16 0.66
CMU 30 0.1 1.16 0.66

4.4.4 Compressivéstressstrain Relationship

The ompressive behavim of concrete and CMUss definedusing thestressstrain

constitutive model proposed I8fma et al. (2008asfollows:
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N -0 (4.4)

where, and- are the compressive stress and strain valuespectively;"Q is the
compressive strength of the material; is the linear elastic strain limits is the strain at
the peak stress ar@ is theY o u 8 mddulus of the materidk should be noted thaton

damage parameter (i.e. reduction in the elastic modulus after cracking/crushingdtwas

considered in the modeling of concrete and CMU due to monotonic nature of simulations.

Incorporating experimentally obtained mechanical properties into (Ed), the

compressive stresstrain curves for concrete and CMUs were obtained and shown in

Figure4.5.
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Figure 4.5. Compression stresstrain curve for (a) Concrete; andb) CMUs

4.45 TensileBehaviourModel

In this study, the tensile behaviour of concrete was given special consideration due to
presence of reinforcement. Since in plastidiased smeared cracking models the cracks

in concrete are not simulated physically and each finite element mightiéna cracked

and uncracked materiahn averaged tensile strestsain curve between cracked and
uncracked concretean be usedased on the results of uniaxial tension and pullout tests
on RC members conducted Maekawa et al. (2003}he tensile stresstrain curve for
concretereflecting the tension stiffening effecn be epressed using Eq4.5). This

model was shown to be independent of element size, crack speaifgrcement ratio,

and orientation of reinforceme(iaekawa et al. 2003)
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.8 (4.5)

where,, and- are thetensilestress and strain valuegspectively,, and- are the
linear elastic stress and strain limit, respectivégorporating experimental results of
concrete modulus and elastic stress and strain limit, the tensile-stir@sscurve for

concrete was obtained as illustratedrigure4.6.
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Figure 4.6. Tension stresstrain curve for concrete

In the case of CMUSs, due to the absence of steel reinforcement, the tensile behaviour is
more dependent on localized crackhich initiates asharp stress drop. This type of
behaviour is better described using a stigask displacement curve in which the area
under the curve represents the Mode | fracture energy of the mai@jidH(llerborg et

al. 1976) Thus, thetensile behaviour modefor CMUs was definedby a linear elastic
behaviourin the precracking phase and a streasack displacementurvein the post
cracking phasas shown inFigure4.7. The fracture energy of the CMU materialas

estimatedising Eq(4.6) as suggested by Fib: Model Co(2012)
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"0 x d6Q?d (4.6)

where™Qis the compressive strength of the CMU. In this equdtins in MPa andO is

inY .
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Figure 4.7. Tensile behaviour of CMUuhaterial (a) stressstrain curve; and (b) stress

displacement curve

4.5 Material M odel for Reinforcement

Modeling of the steel reinforcement in the concrete frame members requires consideration
of the bondslip effect. Previous FE studies on reinforced cotecf(@bdeldjelil and

Thomas , Dehestani and Mousavi 2015, Kwak and Kim 26806)ved that for a steel bar
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embedded in concretés stressstrain curve averaged at the cracked region and that
adjacent to crackdoes not show pronouncedgield plateatand te "apparent yield stress"

is lower than the yield stress of a bateelbar. This phenomenon, known as besiip

effect, is often implemented in models by reducing the elastic modulus or yield stress, or
both of the steel bars. Based on this concept, nttethod proposed byDehestani and
Mousavi (2015)was adopted in this study to account for the bslig effect in the
modeling of the reinforcemern this methogdthemodified elastic modulu&y, hardening
modulus, O , and vyield stress}, can be calculated using £q4.7) to (4.9). The
experimentally obtained curve on tensile coupons and the corresponding modified curve

are both shown ifigure4.8.

) Q0 4

% ™o ¢c6 h 0 e, (4.7

o 91 (4.8)
a

O 1 (4.9)

where "Q is the yield stress of the reinforcing baf§ is the cracking stress of the
concrete;’ is the reinforcement ratio in the RC frame sections the strain of the stee
bar corresponding to the stré€} ais the transmission length of bond strength between
the steel bar and the surrounding concrete jand the slip of the steel baMore
information on determination of the transmission lenigdnd the maximum slip is

available elsewher@®ehestani and Mousavi 2015)
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4.6 Behaviour M odel of | nterface Elements

The interface elements used between CMUs need to account for plastic behaviour and
possible failure modes of the mortar. For this purpose, the cohesive eleM&aRQUS

was used in combination with the hyperbolic DrueReager plasticity criterion. The shear

and normal stress damage models were also implemented to allow for degradation and
removal of elements after failute create thdrictional interactionbetween theCMUs.
Subsequent to the failure of mortar, interaction between the blocks is controlled by Mohr
Coulomb friction behaviour. The cohesive element is an &igte threedimensional
element (COH3D8) with a very small thickness (0.1 mm) to satisfyzénethickness
assumption, which also ensures thlé separation between masonry blode be
obtained with sufficient accuracy afteemoval of the element at normal or shear stress
failure. In the elastic state, the behaviour of these elements isodedt by an elastic

tractionseparation respon¢P.S.Simulia 201Q)Traction stress vectarconsists of three
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componentso , 0 and 0, which represnt the normal and two shear tractions. The
correspondinglisplacementare denoted By ,7 and . The elastistressdisplacement

behaviour for this cags expressed as

0 0 m T
o 0 m 0 T 0] (4.10)
o} m 1T U

This elastiaelationshipis combined with a hyperbolic Druck&rager yield criterion that
controls the tensiooracking andshearsliding failure of mortar jointsThe advantage of
hypebolic DruckerPrager yield criterion over the Mol@oulomb or regular Drucker
Prager criterion is that the tension -ait can be considered in the failure surface. The

shape of this yield surface in thegmplane is shown ifigure4.9 and expressed as:

. A

'O a n NOAT Q m (4.11)

whered Q n OAT,Qisthe shearyield stresy,is the hydrostatic tensile strength
andf is the frictional angle of the material in tRe 1 plane and it can be determined
from the friction angle in the Moh€oulomb failure surface (slope of the t failure
surface)e , as follows

OBl

S (4.12)
o OB]

OAl
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Experimental and numerical studiesveshownthatthedilation during shear failure of a
mortar joint has a significant effect on the defiation and strength of the interfadeotfi
and Shing 1994, Mosalam et al. 199T) this study, this effect was coneréd by
implementing the dilation angle { in flow potential as defined in E¢4.13) and illustrated
in Figure 4.10. The dilation angle controls the amount of plastic volumetric strain
devel@pedduring plastic shearing and is assumed constant during plastic yielarioe

distinguished from the dilation angle for concrete and CMUs, this dilation angle for the

interface element is labelledjas

0§ ROAj (4.13

ql

o7 hardening

Figure 4.10. Hardening and flowule for thehyperbolic DrucketsPragermodel
(D.S.Simulia 2010)
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Once failure is detected by DruckBrager criterion, two damage models (normal and
shear stress damage) control the degradation and diiomrd the interface elements. The
normal and shear stress damage criteria were implemented using the fracture energy
approach. As shown iRigure4.11, the areas unddhe tensile stresgisplacement and

shear stresdisplacement curves after the peak stresses were set to be equal to the Mode |
and Mode Il fracture energy of the mortar matefliaurenco 1996, Rots 1991)pon the

full degradation of the intéace elements they were deleted from the model to allow for
the Coulomb frictional contachetween the masonry units or between the masonry units
and the concrete frame. At this stagentacting surfaces can carry shear stresses up to a

certain magnitudéefore sliding which is known as sticking. The critical shear stress at

which sliding of the surfaces staris defined ast U where, U is the contact

pressure and is the coefficient of friction.

Figure 4.11. Tensile and shear strength softening curves and corresponding fracture

energies

Table 4.4 summarizes values of aforementioned inputapseters useth theinterface
element modeling. Due to a lack of standard testing procedures for determining some of

these parameters, the available literature was mainly relied on for obtaining the reasonable
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range of values. The final selection of valusas conducted through an extensive

calibration process against the experimental results obtained in this study.

Table4.4. Summary of interface parameters

Symbol Description Value Unit Source/Reference
0O Elastic modulus 2600 MPa Experiment
Poi sson¢ 0.16 - Experiment
Angle of friction (Atkinson et al. 1989,
f in DruckerPrager 75 degree Mosalam et al. 198
model Van der Pluijm 1993)
Initial tensile (Atkinson et al. 1989,
N strenath 0.2 MPa Masia et al. 2012, Van
9 der Plim 1993)
. (Mosalam etl. 1997,
r Dilation angle 20 degree Van der Pluijm 1993)
Initial shear (Atkinson et al. 1989,
Q strenath 1.0 MPa Masia et al. 2012, Van
9 der Pluijm 1993)
o Shear fracture (Lotfi and Shing 1994,
© energy 400 N/m Van der Pluijm 1993)
o Tension fracture (Lotfi and Shing 1994,
© energy 40 N/m Van der Pluijm 1993)
(Lotfi and Shing 1994,
. Coulomb friction 07 i Mehrabi and Shing

coefficient

1997, Van der Pluijm
1993)

4.7 Analysis Procedure

In this study,graphical interface of ABAQUSABAQUS/CAE, andthe explicit solve,

ABAQUS/EXPLICIT, were chosen for generation and analysis of the model, respectively.

TheABAQUS/EXPLICIT uses the central difference method (COM3olve the equation

of motion of a nonlinear problem. The advantage of CDM is that thertiarehing updee



equations are EXPLICIT, meaning that no iterations are needed to find the new
displacements which satisfthe equation of motion.This method is preferred for
computation problems involving complicated nonlinear constitutive laws and large
deformationsand is especially effectivefor prediction of posfailure behaviour The
EXPLICIT procedure uses a large number of small time increments to ensure the accuracy

of analysis.The EXPLICIT central difference integration rule is shoas(D.S.Simulia

2010)
30 =~ 30
6 - 6 - 5 (4.14)
C
o) o} 30 0 (4.15

where 6 is velocity ando is acceleration corresponding to equations of motion. The
superscript ‘Qrefers to the increment number. In order to have a stable solution, the time

increment should be less than the stability lireét as

=

Yo - (4.16)
o]
where0 is the characteristic length of the smallest elenflamgth of a line across an
element for dirst-order elementando ‘g " is thewave velocity in the material.

4.8 Verification of t he M odel

A mesh convergence study wiast performedon the model. Using specimen IFNG as an
example, the FE lateral load vs. displacement curves with varying element sizes used to
discretize the masonry infill are compared with the experimental ¢arFegure4.12. It

can be seen thathile the results in elastic range and-peak region are lesdfectedby
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themesh densitythe ultimate force anthe postultimatebehaviour isomewhasensitive

to the mesh sizaVhile the finest mesh (5 mm) produced the ultimate load closest to the
experimental value, the mesh size of 10 mm yielded a resppmseximatelysimilar to

that produced by mesh size 5 mio balance the result accuracy and computational
efficiency, the meslsize of 10 mm was used for the model in the following validation

process.

160
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’2100 -
<
- 80 r
s |
S ol — - =5 mm elements
--------- 10 mm elements
40 - - =15 mm elements
20 Experiment
0 ' ' | |
0 10 20 30 40

Lateral Displacement (mm)
Figure4.12. Load-displacement curves faifferentnumber of elements
The FE modelwas then validated using the test resufiable 4.5 summarizes the
comparison results in terms of the initial and crack stiffness,utndate strength of
specimensTable4.5 shows that the average ef“h— is 1.03 with a COV of 7%, indicating
that the FE model is capable of predicting the ultimate lakeaal capacity otheinfilled
RC frameswith a reasonablyood accuracyln terms of the initial stiffnessvhich is

defined as the slope of initial linear portion of the cureanecting the origin and the 10

65



KN in-plane point theaverageﬁf is 1.44 with a COV of 28%High variations in the
h

initial stiffness comparison was also reported in previous work conductieid byd Soon

(2012) The imperfection in the specimediffi cul ty i n achieving a t
between the infill and the frame, as well as potemtial’lements and deformations in the

test setupvere identified to contribute to the high variation of initial stiffness. Therefore,

the crack stiffnesKca, was also obtained and compared in the tabla a®re reliable

indicator of the system stiffness. The crack stiffness is defined as the secant stiffness

connecting the origin and the point on the response curve where the first major crack

occurred. Theaverage ﬁv , determined to be 1.24 with a COV of 17%, shows much
h

improved estimate on the system stiffness using crack stiffness.

Theexperimentahnd FHateral load vs. displacement cunase plotted irFigure4.13 for

all specimens. Te finite element curves, in general, compare reasonably well with their
experimental counterpart§he figure shows thahe finite element curves are capable of

capuring the cracking reflected by the sudden droplateralresistancealuring the rising

portion of the curve. The immediate load increase at a lower stiffness indicates the
degradation of the stiffness due to crackdeyelopment andhe infilld6 s atofindi t vy
alternative loanhg pattsto carry additional loadt also should be pointed out that the same

values of input parameters as described in the previous section were used for all specimens
and there was no fAtweaki nrgfoe otf 0 tfhiets ef wral a1a&«
Al though there is some | ess than fAperfecto

has demonstrates the robustness and efficacy of the model.
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Table4.5. Stiffness andtrength comparison of the experimental and FE results

Specimen Viexp Ufe 05 O Exp U ke 0 B Oixp Ofe 0 Exp
ID KN, KN Ve KN KN 0 Fe kN (kN 0 e
BF 20.8 221 0.94 17 18.6 0.91 585 57.3 1.02
IFNG 52.9 39.5 1.34 12.2 9.6 1.27 1336 130.2 1.03

IFTG7 46.6 27.6 1.69 12.2 8.3 147 1293 1247 1.04

IFTG12 40.3 324 1.24 21.3 17.5 1.22 1024 90.3 1.13

IFSG7 30.7 25.6 1.20 11.7 6.9 1.70 1341 1246 1.08
IFSG12 31.9 24.5 1.30 5.9 5.3 1.11 1144 104.7 1.09
IFW8 36.3 33.5 1.08 12.2 9.8 1.24 108.2 105.2 1.03

IFW16 46.8 29.6 1.58 7.5 7.1 1.06 86.4 98.6 0.88
IFD19 48.6 30.0 1.62 8.4 6.5 1.29 96.0 95.3 1.01
IFW22 63.5 27.0 2.35 9.6 8.2 1.17 86.4 86.2 1.00
Avg 1.44 1.24 1.03

COV (%) 28 17 7
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Figure4.13. (Continued)

Figure4.14 compareshedeformed geometry amttacking patterns obtained from tRE

modeland testsThe red contours shown in the F&sultsrepresent the regions where

stressesvere well beyond the cracking stress whereas the green contours represent the

regions that jusbeganto crack.In all specimens, corner crushing was observed to be the

final failure mode which usually occurred after formation and development of diagonal

cracking.
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For thecontrolspecimenlFNG (Figure4.14a),the FE model exhibited a similar cracking
pattern and failure mode as the tested specimen where cracking formed and developed in
the general diagonal direction of thefill, and crushing of the infill wa observed at the
loaded cornes. For the specimen with an openifiglre4.14b), the FE model accurately
simulated the diagonal cracks formed and developed around the cornerspdnhgoAs

the load increased, the distortion of the opening (left bottom corner and right top corner)
was also captureéor the specimen with a top géfigure4.14c), theFE model is capable

of predicting a cracking pattern that was different from the control specimen where two
main cracking regions were developed due to the presdrgamp.For the specimen with

side gapqFigure4.14d), theinitiation of failure was sheasliding along the bed joints
which also transformed into the craoff of masonry blocks at some regiows load
increasedboth the model and test showed ttred infill was pushed against the lower part

of the frame column at the unloaded sadel cushing of the infill was observed at the
loadedcorner Figure4.15 details the ability of the modéi predictngthe corner crushing

failure where the crushed element contours are compared with crushed CMUSs in the test.

The abovecomparisons further demonstrate that in addition to the ultimate strength and
stiffness, the FE model is also capable of predicting the complete behaviour including both
loading and unloading stages as well as the cracking pattern and failure mode of the
specimens. Noting that the specimens had either infill openings or varying interfacial

conditions, the comparison indicates the robustness of the model in incorporating infill

frame conditionsl i f f er ent from a firegularo infilled
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Figure 4.14. Deformed geometry and cracking pattern comparison for: (a) IFNG, (b)
IFW16, (c) IFTG12 and (d) IFSG12
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Figure 4.15. Detailed e¢ushing comparison (specimen IFW16)

4.9 Investigation on the Interface Parameters

The validation of the model shows that the model is effective and accurate in simulating
the inplane behaviour and strength of the infilled RC frames. However, asabéyaut
material parameters were assumed based on the available literature, it is important to
investigate the influence of variation in these parameters on the results. Setsioowed

that the interface parameters are most critical to the ovetsdMmur simulation and have

the most uncertainty due to the lack of available technical information. Hence, in this
section, the effect of several interface parameters on the behaviour and failure prediction
of infill frames is investigated. These paramsteovered three aspects of the interface
behaviour. Group | parameters define the failure surface and include initial tensile strength
(7 ), initial shear strengtiX), and frictional angle of the interfage){ Group Il parameters
define fracture egrgy of the interface and include tensile and shear fracture energies of the

interface {O KO ); and Group Il parameter defines the shear behaviour of a mortar joint

and is thddilation angle of the interface (). These parameters wetemmonlyused in
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various FE models and deemed crucial in model performéhc€haar et al. 2008,
Bolhassani et al. 2015, Dolatshahi and Aref 2011, Koutromanos et al. 2011a, Lotfi and
Shing 1994, Lourenco 1996, Mehrabi and Shing 1997, Stavridis and Shing.2010)
However, in almost all of these cited studies they were calibrated for a specific masonry
infill case based on limited experimental informat{éitkinson et al 1989, Van der Pluijm

1993)and no information was given for the effect if different values were used.

Table4.6 summarizes the values of the aforementioned pasmased in this study. The
values selected were considered within a reasonable range of variation as reported in the
literature(Alecci et al. 2013, Atkinson et al. 1989, Dhanasekar 2010, Dolatshahi and Aref
2011, Lourenco et al. 1998, Mehrabi and Shing 1997, Stavridis and Shingca@&8ing

the expected lower and upper bounds. It should be pointed out that in the case of failure
surface parameters (Group I), the friction angle was reported to vary from 30 to 50 degrees
inthe,, 1 plane which corresponds to 50 to 80 degrees imthe) plane. The mortar

joint strength was reported to vary from 0.05 to 0.4 MPR@ 0.3 to 0.8 MPa for tensile and
shear, respectively. As three of them are related through the hyperbolic DRreker
function (Eq.(4.13)), the two more important parameters, shear strdijland frictional

angle (f ), were chosen first and the third parametensile strengthr{), was then
calculated using the equatiofihe three failure surface lines formed are illustrated in
Figure4.16 where FS1 to FS3 parameter combination represent weak, intermediate and

strong mortar.
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Table4.6. Summary of input parameters used in the ity study

Case Tvoe of Initial tensile  Initial shear  Frictional Dilation EnzaCt?lilem)
D Description rr):grtar strengthf) strengthQ anglef angle,[ gy (R
(MPa) (MPa) (degree) (degree) Tensile Shear
Git Grs
FS1 Failure Weak 0.3 0.4 50
FS2 surface Intermediate 0.4 0.8 60
FS3 parameters Strong 0.5 1.2 70
FG1 Fracture Weak 20 200
FG2  energy of Intermediate 40 400
Fga Interface Strong 60 600
DAL Dilation Weak 0
DA2 angle of Intermediate 10
DA3  Interface Strong 20
6
§ 5
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2 3
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@®©
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Figure 4.16. Yield lines in thg-q plane

The model used in the parametric study was a 4x3 m (WxH) RC frame infilled with

400x200 mntoncrete masonry units with Type S morfre design of the concrete frame

was based on CSA A23(@®4in a similar manner as the tested specim&hs. mechanical

properties of different components used in the study are summariZetled.7.
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Table4.7. Material properties used for the sensitivity study

Property CMUs Mortar  Concrete  Reinforcement
Compressive Strength (MPa) 20.0 15.0 35.0 -
Elastic Modulus (MPa) 20000 2600 30000 220000
Tensile strength (MPa) 2.0 1.5 3.5 400 (600)*

*Yield and (ultimate) strength

4.9.1 Effect of Failure Surface Parameters

The effect of the interface failure surface parameters on the load vs. displacement response
Is shown inFigure4.17. Results indicate that these parameters have aismgmifeffect on

the cracking stiffness, ultimate capacity and pdsmate behaviour of the infilled frame

but a minimal effect on the initial stiffness. As expected, strong mortar parameters (FS3)

yielded the greatest ultimate load and pdsimate stragth.

w b
o
o

Load (kN)

0 10 20 30 40
Lateral Displacement (mm)

Figure4.17. Lateral load vs. displacement curves for interface failure surface

parameters
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Deformed shapes as well as cracking and crushing patterns in both the infill and RC frame
for three failure surface parameters are presentétgiure4.18. Results indtate that the
choice of failure surface parameters influence the failure mode and the extent of damage
in both the infilland RC frame. In the weak mortar case the failure was initiated by shear
sliding in horizontal mortar joints while, as the mortar baes stronger, the failure was
predominated by diagonal cracking and more extensive corner crushing of the CMUs.
Figure4.18 shows increasingly more extensive developeaintracking and crushing in

the masonry infill as well as in the frame as the mortar becomes stronger. This is consistent
with the observation that stronger mortar failure parameters produced higher ultimate load

as stronger mortar allows the system téod®, crack and crush to a greater extent.

FS1 FS2 FS3
Figure 4.18. Deformed shape (6x magnifieaidd cracking patterns for interface failure

surfaces

4.9.2 Effect of Fracture EnergyParameters

For thefracture energy parameters, values of 20, 40, 60 for tensile fracture energy and 200,
400, 600 for shear sliding energy were chostable 4.6). According to the available
literature the tensile fracture energy is commonly correlated with the compressive strength
of the materia(FIB 2012)and the shear fracture energy isalsuassumed to be ten times

the tensile fracture energiotfi and Shing 1994, Mehrabi and Shing 1997, Stavridis and
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Shing 2010) The effect of interface fracture energy parameters on the lateral load vs.
displacement response of the infilled frame is illustratdeéignre4.19. It can be seen that
these parameters have a negligible effect on thelpireate portion of the response curve.

A noted difference is that while thdtimate strengthremained practically the sanfier
different fracture energies the high fracture energy cagieoccurs at a greatdateral
displacement after development of more cracking (shown as the flat portion before the
ultimate load) to correspond to a higher energy release. A minor effect was also observed
on the posultimate behaviour where higher fracture energy values showedresideial

capacity.
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Figure 4.19. Lateral load vs. displacement curves for interface fracture energy

parameters

4.9.3 Effect of Dilation Angle

In a mortar joint under shear, dilatancy is the occurrence of aadeplent perpendicular
to the imposed shear displacement, at and beyond the peak shear s@engitheration

of dilatancy of mortar has been inconsistent in previous numerical studies where some
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researcheréBolhassani et al. 2015, Dolatshahi and Aref 20ighpred its effect totally
while others(Lotfi and Shing 1994, Lourenco and Rots 199&Hvabi and Shing 1997)
believed that it sigficantly affects the mortar shear failure. In this study, dilation angles
of 0, 10, and 20 degrees were considefde upper bound was chosen as 20 degrees as
values greater than that would produce unrealistic lateral capadiiteval load vs.
displa@ment responses with different dilation angles are showkigare 4.20. Large
variation between the ultimate strengths for different dilation angidisate that this
parameter has a considerable influence on the ultimate capacity predid¢tioms mainly

due b effect of dilation angle in increasing the shear strength of the mortar joint interface
Dilation anglealso affects the cracking load and cracking stiffness of the structure such
that the initial cracking occurs roughly at 200, 300 and iI$Gor DAL, DA2 and DAS3,

respectively.
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Figure 4.20. Lateral load vs. displacement curves for different interface dilation angles

A comparison betweetieformed shapes and cracking patterns for different dilation angles

is shown inFigure4.21. Itis seen that in the case of small dilation angles, cracking is more
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concentrated in mortar joints and sliding shear with wide cracks in bed joints is observed,;
while as the dilation angleelbomes larger, sliding shear and cracking in bed joints is
reduced and the mortar joints and CMUs are behaving increasingly more as a unit and

cracking is mainly concentrated in CMUSs.

DAl DA2 DA3
Figure 4.21. Deformed shape (10x magnifiead cracking pattern at 25 mm lateral

displacement for dilation angles

4.10Conclusion

A nonlinear threalimensionafinite element modelasdeveloped tgimulatethe inplane
behaviour of masonry infiled RC frames. A concurrent experimental program was
conducted where ten masonry infilled RC frame specimens incorporating either interfacial
gaps or infill openings were tested to failure. The finite element model was extensively
validated using the test resultA sensitivity study of several critical interface input
parameters on the behaviour of the infilled frame was also condBaete conclusions

stemning from this study are as follows:

1. The 3D nonlinear model developed is capable of producing acecesatis in analysis
of masonry infilled RC frames and its capability in incorporating infill openings and

interfacial gaps is also demonstrated.
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2. The interface element input parameters for failure surface, fracture energy, and mortar
dilation were analyed. Of the parameters studied, failure surface parameters and dilation
angle were shown to have a significant effect on the ultimate strength, cracking stiffness,
as well as pre and pesttimate behaviour of the models while those for fracture energy
wereshown to only have a small degree of influence on the ultimate load andljrostte

behaviour of the models.

3. Contrary to recommendations from some researchers, FE results of this study showed
that the dilatancy of mortar should be considered imthaerical models. Since there is

little experimental information in the available literature, it is suggested that accurate
methods for experimentally obtaining the dilatancy of mortar need to be developed and

implemented.
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5.1 Abstract

The paper presents results of a finite element (FE) study of several critical geometric
parameters on the oof-plane behaviour of concrete masonry infills bounded by
reinforced concrete (RC) frame3he development of FE model adoptedthree
dimensional simplified micranodeling technique considering detailed geometry and
behaviour characteristics of concrete amdsonry unitsthrough Concrete Damaged
Plasticity (CDP) method. The surfabased cohsve interaction was incorporated to
capture the behaviour and failure mechanisms of mortar joints. A concurrent experimental
study was also conducted on four infilled RC frames and the results were used to validate
the FE modelThe model washown to becapable of simulating accurately the -ajt

plane behaviour and strengil well as capturing the cracking pattern and failure modes
of infilled RC framesfor different geometric and loading situations. The parameters
considered in the FE study includedilimaspect ratio, infill slenderness ratio, bounding
frame stiffness, frameo-infill interfacial gap, infill opening size and aspect ratio, and web
thickness of masonry blocks. The numerical results showed that toé phaine behaviour

of infilled RC frames was dependent on these parameters and the correlation between each
parameter and its effect on the infill strength was described as appropriate.
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5.2 Introduction

The outof-plane behaviour and strength of masonry walls bounded by concrete or steel
frames is an important aspect of structural design for buildings subjectedabmane
forces such as wind and impact loads as welasial forces induced during earthquake.
Early experimental workGabrielsen et al. 1975, McDowell et al. 1956b, Thomas 1953)
showed that thesenasonrywalls, often referred to as masonry infilled much greater
capacity than that predicted by flexural analy$lss capacity increase has been attributed

to amechanisnreferred to asrching actionWhena wallis butted up againshe frame
acting asa rigid support in-plane compressive forces are induced in the wall as it bends
under outof-plane forces, and the compressive forces can delay cracking and produce a
subsequent arching of the wablased on this conceptjcDowell et al. (1956bproposed

an equationto calculate theout-of-plane resistance of masoyrinfills using simple
equilibrium conditions of arching phenomendfaksoud and Drysdale (1998)owed that

the arching can stillevelopeven when gaps existl between the infill and the frame
member, only to a lesser degr&tore recent researd\ngel et al. 1994, Flanagan 1994,
Flanagn and Bennett 1999a, Griffith and Vaculik 20)nd that the arching action was
dependent on the masorogmpressive strengtifill geometry andboundary conditions
between the infill and the frame; andvd®pment of arching actionan enhance the
stability of infills even after the ultimate capacity was achieved. Based on test rBsuwies,

and Seah (1989h)eveloped a semgmpirical equation for determination of the -@ifit
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plane strength of infills taking into account of infill geometry and bending and torsional
stiffness of the bounding framElanaga (1994)simplified this equation by removing the
terms for torsional stiffness of the frame member as they argued that the mathematical
value of torsional stiffness is significantly small in comparison to the flexural stiffness.
Their work formed the dsis for the oubf-plane strength equation in the current American
masonry design standard TMS 402/602 Angel et al. (19943leveloped an equation for
accounting for the effect of prior4plane damage on the eot-plane strength of infills.
Klingner et al. (1996proposed an equation considering tway arching action that may

be developed in an infilin practicethe Ganadian masonry design standa®ACS30414
suggestaisingthe first principle mechanicbased on equilibrium of moments caused by
internal thrust forces and external loading to calculate th@feplane strength budoes

not providedesign equations for the internal thrust folo@e such approach is presented

in Drysdale et al. (1994)Comparing with the iplane behaviour of masonry infile
frames, research on the owif-plane behaviour of masonry infills is limited and
experimental results are scarce in the literature. Although several analytical methods were
proposed as described abotley often produce inconsistent, and even conflictasults

due to the fact that these methods were calibrated with different experimental programs
containing a limited number of physical results. More results, from either experimental or
numerical studies on infilled frames with different material anohggtric parameters are
neededo provide better understanding of the behaviour as well as to examine the accuracy

of available methods.

With the advancement of computing technologyymerical modeling has been

increasingly used as an effective tool to deppent experimental resulfBwo-dimensional
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(2D) finite element models have been commonly used in the simulation-méne
behaviour of masonry infilled frames. The simulation ofofiplane behaviour using 2D
continuum models has also been reported faw studiegLourenc¢o 2000, Minaie et al.
2014, NoorE-Khuda et al. 2016a, Nodf-Khudaet al. 2016h)While these models were
shown to produce acceptable results for infills with large slendefhegght/thickness)
ratios, for intermediate and low slenderness, the 2D continuum geometry has difficulty to
accurately capturéhe nonhomogeneus characteristics of masonry, and effect of shear
deformations and associated failure modes. outof-planebehaviour simulation, it is
believed that a thredimensionalmodel (3D) would be desirable to fullgapturethe

behaviour and failure modes unique to infilled frames subjected tofquiaine loading.

This study was then motivated to develop a 3D fieiegnent model teystematicallystudy

the outof-plane behaviour of masonry infiled RC frames. Concurrent with the finite
element modelling, four masonry infilled RC frames were tested undeofqlane
loading and the experimental results were usedaiidatethe model. A subsequent
parametric studyocusing onseveral criticalgeometricparameters was conducted using
the model.Correlations between each studied parameter and thef-@ldne behaviour

and strength of infills bounded by RC frames waseuksed in detail.

5.3 Experimental Program

Four masonry infilled RC frameweretested in the experimental program included one
infilled frame as the control specimen (IFNG), an infilled frame with 16p@ing/infill
area)opening(IFW16), and two infilledrames having ifplane damage sustained prior to

being subjected to owtf-plane loading. The prior damage was diagonal crackingplj-
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and corner crushing (IB2) respectively. The test results were used to validate the model
and thusnformation on spamens, test setup, and results deemed relevant to the validation
is provided in the following section. The detailadalysis of the results available

elsewherdSepasdar 2017)

All specimens had the samenginsionas shownin Figure5.1, yieldingan infill heightto-

length aspect ratio of about 0.7Bhe masonry infill was constructed using the custom
made, haHlscale standard 200 mm coat# masonry units (CMUSs) laid in the running
bond. Type S mortar was used in construction with an average joint thickness of 7 mm.
TheRC frameconsisted of two 180 mm squarelumns, al80 mm square top beaand

a 250 mm square bottom beam. The meméefarcement detadincluding size, spacing,
arrangement of longitudinddarsandstirrups was designeaccording to CSA A23:34

andcompliedwith requirements$o provide ductility andvoid brittle siear failure
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Figure 5.1. Geometric properties of specimeanrsd reinforcement details in the RC

frames
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5.3.1 TestSetup,|nstrumentation, andProcedure

The outof-plane loading was applied through a ssfiilibrating system as shown
Figure5.2. The outof-plane pressure was applied to the infill surface usingirdbag that

was housed in a reaction box made from plywboadrds and stiffened with steel sections
The reaction box was in turn connected to the RC frame using high strengthAliolts.
specimers wereclamped down téhe strong floousing steel Wsectiors on either end of

the frame beam stem to prevent potential lateral or transverse movement. An air
compressor was used to inflate the airbag and theinealpressure was measured using a
pressure transducérheair pressurevas applied gradually at ateaofapproximately 1.5

kPaper minute until failure of thinfill .

For the inplane loading set up for specimensDE and IFD2, alateral inplane loadvas
applied at the top beam level using a hydraulic actuator with a capacity &i\258s
shown inFigure5.3, the hydrauliactuatorwas attached to the column of an independent
reaction frame. A load cell was mounted at the end oatheatorto measure the applied
load. Thebottom beam of thétamewasbraced against lateral movemeAn example
load vs. displacement curve shownHRigure5.4 indicates the préoad and deformation
levels of specimens {B1 and IFD2. Specimen IFD1 was first subjected to 4iplane
loading to theonset offirst major diagonal cracking on the surfacétbe infill and then
the inplane loading wasemoved. The specimen was subsequently subjected to the ou
of-plane pressure to failurEor specimen IfD2, the irnplane loading was continued after
the first major diagonal cracking of the specimen till $pecimen reached its laterat

planecapacity. At this point, the specimen has sustained extensive diagonal cracking as
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well as exhibiting corner crushing at loaded corners. Then thgaime loading was
removed,and the specimen was subsequently subfetd the oubf-plane pressure to
failure.Linear variable differential transformers (LVDTs) wesed in all caséds measure
either the lateral or otdf-planedisplacements of the infill artie framgFigure5.3). The

load and LVDT readings were monitored and recorded with an interval of 0.2 seconds
throughout the test using an electronic data acquisition syst@meach test, the cracking

load, cracking pattermltimate load, and failure mode were noted.

/~ DFP Plywood e ———

Steel Boltlll TThreaded
and Washer Steel Bar
Air Bag—_|

Steel Frame
Masonry Infill — | e

Figure5.2. Testsetup for outof-plane loading of the specimens
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Figure 5.3. Schematic test seip for in-plane loadingof specimens HB1 and IFD2
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Figure 5.4. Load vs. lateral displacement curve for the laterally loaded infilled frame

specimens

5.3.2 Material Properties

Themechanical propertiesf CMUs, mortarand masonry prism®r the infill andthose
of concrete andeinforcementf the framewere obtained experimentally in accordance
with ASTM specificationsA material property summarng presented i able5.1 (also
seeNasiri and Liu (2017)

Table5.1. Summaryf material properties for the specimens

Elastic Tensile Yield

Compressive
modulus strength (MPa) strength  strength

Ultimate
(yield) strain

(GPa) (MPa) (MPa)
Asfﬁgcrcestgla 27.8 438 35 : 0.0025
ASTI TS 016 35 25.0 25 i 0.0080
ASTI\I\cI(_)Cr:tg;OM 26 213 L7 ) )
ASTI\IZ rggsmm 30 171 ) ) )
Reinforcement i 665 446 0.085 (0.003)

ASTM E8-16
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5.4 Finite Element M odel

In this study, the mortar joints were not physically modeled, andcCt¥i&) dimensions

were thusincreasedy half thickness of the mortar joint in both horizontal and vertical
directions TheCMUswere connected and interact with each other through-theckness
interfacei nt er acti on. Of t éemplified enfcreemadedlidg (Loareneos t h e
1996) this modeling technique is considered effective in achieving a balance of simulation
accuracy anccomputationalefficiency in comparison to the detailed miensodelling
technique where mortar joints are model(ehach et al. 2009, Lourenco 1996, Mehrabi
and Shing 1997, Stavridis and Shing 201)e meshing of the model is showrFigure

5.5. The bottom beam of the frame was fully restrain@dsimulate the condition of a
foundation beamwvhile the rest of the RC frame members were only restrained against the
out-of-plane displacement in the FE model. Uniform pressure was applied to the surface of
the infill through a monotonically loadontrolled procedured detailed description of the
model development is reported Nasiri and Liu (2017)For easy reference, key aspects

for various components of the model are summarized in the following sectio
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Figure 5.5. Threedimensionajeometric model used the FE analysis

5.4.1 Nonlinear Behaviour of Concrete and CMUs

The solid elements, in this cagbe eightnode brick elements with reduced integration
formulation, C3D8R, were usdd model the CMUs as well as the RC frame members.
Thar behaviour model adopted the&Concrete Damaged Plasticity (CDP) model
ABAQUS (Lubliner et al. 1989)TheCDP modelis a continuumplasticity-baseddamage
modelthat is commonly used fauastbrittle materals. Both isotropic damaged elasticity
andtensile and compressive pla#ycare considered in this model aralldire mechanisms

are defined in terms of tensile cracking and compressive crushinegDruckerPrager
hyperbolic function and a nesssociated potential flow are used in the CDP model. In this
study, values for the parameters that are needed to define the yield function and flow rule
in the CDP model were based on experimental results obtain€ddigr et al. (1969and

Jankowiak and Lodygowski (200%)s well as numerical values used lhybliner et al.
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(1989) Lee and Fenves (1998)iang and Wu (2012andGenikomsou and Polak (2015)

and they are summarizedTiable5.2. This table was also usedMasiri and Liu (2017)

Table5.2. TheCDP modebarameterdor concrete and CMUs

Dilation angle Eccentricty , o
[ I "

Concrete 40 0.1 1.16 0.66

CMU 30 0.1 1.16 0.66

T : the rate at which the plastic potential function approximates the asypiptote : the ratio of initial

biaxial compressive yield stress to initialiaxial compressive yield stress; : the ratio of the tensile

meridian to the compressive meridian

5.4.1.1Compressiv@ehaviourModel

The ompressive behavib of concrete and CMUs$s definedusing thestressstrain

constitutive model proposed I8ima et al. (20083sfollows:

"Q - O (5 1)

where, and- are the compressive stress and strain valiespectively;"Q is the
compressive strength of the material; is the linearelastic strain limit- is the strain at
the peak stress an® is the Y o u 8 gnddulus of the material. Incorporating

experimentally obtained mechanical properties into(&d), the compressive stresgain
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curves for concrete and CMUs were obtained and are shokigure5.6 (Nasiri and Liu

2017)
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Figure 5.6. Compressiestressstrain curve for (a) concrete; andb) CMUs

5.4.1.2TensileBehaviourModel

The tensile behaviour model used in this study adopted an averaged tensitstigtness
curve between cracked and uncracked concrete suggeshdinby et al. (1981p account

for the tension stiffening effect. This model was shown to be independent of element size,
crack spacing, and orientation of reinforcememt. €oncretanaterial, he tensile stress

strain curveused in this study cape expressed using E&.2).
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T (5.2)

where,, and- are thetensilestress and strain valuegspectively,, and- are the
linear elastic stress and strain limits, respectivieigorporating experimental results of
concrete modulus and elastic stress and strain limit, the tensile-stir@sscurve for

concrete was obtained as illustratedrigure5.7 (Nasiri and Liu 2017)

40
35
3.0 r
25
2.0
1.5
1.0
05

00 1 1 )

0 0.001 0.002 0.003
Strain

Tensile stress (MPa)

E=27GPa

Figure 5.7. Tensile stresstrain curve for concrete

For CMUs, the tension stiffening effedscribed above is neexistent due to the absence

of steel reinforcement. The tensile behaviour is better described using acstiess
displacement curve in which the area under the curve represents the Mode | fracture energy
of the material ©O) (Hillerborg et al. 1976)Thus, theensilebehaviour modelor CMUs

was defined by a linear elasticbehaiiour in the precracking phase and a stresack
displacementurvein the postcracking phaseas shown inFigure 5.8 (Nasiri and Liu

2017) Thefracture energy of the CMU materiedn be related tihe compressive strength

of CMUsusing Eq.(5.3) as suggested by Fib: Model Co(2012)
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"0 X 6Q 8 (5.3)
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Figure 5.8. Tensile behaviour of CMUs: (a) stressain curve; and (b) stress

displacement curve

5.4.2 BehaviourModel ofl nterfaceBetween the CMUs anBetween the CMUs and
the Frame

In this study, thewfacebased cohesive behaviour modelABAQUS was used for the
interface between the CMUs ahdtween the CMUs and the franidiis behaviour model

uses the tractioseparation constitutive relationshiprorporating shear and tensile failure
criteria tocapture the possible failure modes of interfdndhe elastic state, the traction
separation law is controlled by an elastic response for both normal and transverse
deformations as expressed in E®.4). Traction stress vectob consists of three
componentso , 0 and 0, which represent théensile and two shear tractions. The

corresponding separations are denoted hy andi

0 0 m T
6 O m 0 T 01 (5.4)
o} m 1T U

Once failure is detected by tensile and shear strength criteria, two damage models (normal

and shear stress damage) control degradation and elimination of the interaction. The normal
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and shear stress damage criteria were based on the fracture energghafijmosenco

1996, Rots 1991)In this approach, the area under either the tensile or shear traction
separation curve after the peak stress was set to be equal to the Mode | and Mode Il fracture
energy of the mortar materiéilourenco 196, Rots 1991)Upon full degradation of the
interface, the model adopts t8®ulomb frictional contadbetween the CMUs or between

the CMUs and the frame. At this stagentacting surfaces can carry shear stress up to a
certain magnitude before slidjpwhich is known as sticking. Thaticking stresss defined

ast * Owhere, U is the contact pressure ahdis the coefficient of frictionThe

damage criteria and evolution law are schematically illustrat&tgure5.9.

CMU 6 tn(r,s)
-~ 6 M S
Kmé (N}%N:Jc 3 5” § M, % Ko S Coulomb Friction
' ' n(t,s)
CMU e
Initial state Elastic behaviour Fracture Post-failure state

Figure 5.9. Behaviour of thenortar jointinteraction

The input parameters used in the interface element modeling are summailiabten 3.

More detailed description can be found elsewlBigsiri and Liu 2017)Due b a lack of
standard testing procedures for determining some of these parameters, the available
literature was mainly relied on for obtaining the reasonable range of values and the final
selection of values was conducted through an extensive calibratoegsr against the

experimental results obtained in this study.
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Table5.3. Summarnyof interface parameters

Symbol Description Value Unit Source/Reference
O Elastic modulus 2600 MPa Experiment
' P oi s sation 0.16 - Experiment
Tensile strenath (Atkinson et al. 1989,
o ot 0.4 MPa Masia et al. 2012, Van
der Pluijm 1993)
(Atkinson et al. 1989,
or Shearggggfgth o 10 MPa Masia et al. 2012, Van
der Pluijm 1993)
. Shear fracture (Lotfi and Shing 1994,
© energy 400 N/m Van der Pluijm 1993)
o Tension fracture (Lotfi and Shing 1994,
© energy 40 N/m Van der Pluijm 1993)

(Lotfi and Shing 1994,
‘ Coulomb friction 0.7 i Mehrabi and Shing
coefficient ' 1997, Van der Pluijm
1993)

5.4.3 Material Model for Reinforcement

For infilled RC frames subjected to eoftplane bading, material properties of steel
reinforcement embedded in the RC frame and their interaction with the surrounding
concrete have insignificant effect as the frame experiences limited cracking. Nonetheless,
nonlinear material model for steel reinforcare concrete considering boistip effect

was adopted and the details are providedNasiri and Liu (2017) The fAembedd
el ement so t ec hniulgte the imtaaastionubgteedn reirdorciag bars and
concrete. In this method, the translational degrees of freedom of the embedded nodes
(reinforcements) are coupled with surrounding nodes from the host region (concrete) so
that they undergo equal displacemts.
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5.4.4 AnalysisProcedure

A mesh density study was first performélche FE load vs. displacement curves with
varying element sizes were compared @mias determined that 10 and 20 mm elements
were adequate for discretization of the CMUs and RC framegctgply. The mesh
density was increased at the webs of the CMUs by using 5 mm elements to capture the

effects of stress concentration and large deformation in the webs of masonry units.

In this study, ABAQUS/CAE and ABAQUS/EXPLICIT were chosen for gertewa and
analysis of the model, respectivelhe ABAQUS/EXPLICIT uses the central difference
method (CDM)to solve the equation of motion of a nonlinear problem. The advantage of
CDM is that the timanarching update equations are EXPLIC$Bthat no iteations are
needed to find the new displacements which sattsfyequation of motionThis method

is preferred for computation problems involving complicated nonlinear constitutive laws
and large deformatiorend isespecially effectivéor prediction of posfailure behaviour

The EXPLICIT procedure uses a large number of small time incrementssiares the

accuracy of analysid.S.Simulia 201Q)

5.5 Validation of the M odel

As the discretization is carried out at the masonry unit block level, the constitutive
relationship of the CMUs and the interaction model between CMUs are critical to the
accuracy of the final infill model. The validation of theodel was then first performed
using the prism test results. The FE obtained sts&a relationships for CMUs and
threehigh prisms are shown ikigure 5.10. Refering to Figure 5.10, the FE results

predicted the strength and modulus of elasticity of both CMUs and prisms with marked
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accuracy. The failure mode also agrees well witheeimental observations. It is then
concluded that the constitutive relationship and the interaction model between CMUs are

accurate.

Stress (MPa)
S o
~
N
N

— = =Prism

0 0.005 0.01 0.015
Strain

Figure 5.10. Finite element stresstrain curves and failure modes fGMUs and

masonry prisms

For specimens IFNG, IFW16, afiorm pressure was applied to the surface of the infill
through a monotonically loadontrolled procedure. For specimensDE and IFD2 with

prior in-plane damage, the lateratmane load was firsapplied at the top beagolumn

joint to cause the desired level of damage in the imfiiket ofirst major diagonal cracking

in the infill in IF-D1 andultimatelateral capacityf the systenmin IF-D2). Then, the in

plane load was removed, and the-otiplane pressure was applied on the infill surface
using the same approach as described above. In all cases, the LVDT (LVDT 8) mounted at
the center of the bounding frame top beam indicated that there was negligibfeptarne
displacement (< 1 mm) olié frame top beam during the eftplane loading of the infills.

The out-of-plane pressure vs. displacementves for IFNG, IFW16, 11 and IFD2
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obtained from the experiments and FE models are compafedure5.11 with the out

of-plane strengths indicated in the figuféie node with théargest recordefby LVDTS)

out-of-plane displacementas chosen for the plots.
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Figure 5.11. Comparisorof outof-plane pressure vs. displacement curgbtined from

tests and FE analysis

The FE load vs. displacement responses compare reasonably well with the experimental
curvesand the potential reasons for semiscrepancies are explained in the following.
One, the FE initial stiffness, in general, was lower than the experimental rEsalt.

Asoftero FE predicted r esgewmldaetorsiscludnge i eved
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use of reduced integratioteenents reduced elastic modulus used in steel reinforcements

to account for bondlip, andthe manner that the contact was modelled in the FE method.

In this study, the contact behaviour between CMUs was essentially modelled with
fispring® (Figure5.9). The stiffness of these springs was adjusted during analylgisito

the penetration of the two contamg CMU surfaces based on a set penetration tolerance
value, an approach referred to as fApenalty
to be very small, it needs to be simulated in all mortar joints throughout the height and
width of the infill, and the accumulated effect causes the infill to bestésthan the actual

situation. This discrepancy can be reduced to certain degree by assuming a much higher
spring stiffness or a smaller penetration tolerance value or using a finer mesh but all at the
expense of a significant increase in computing tiSiace the overall response trend and

the ultimate load compare well with the experimental results, it is felt that the assumption
used in this study achieved a balance of reasonable accuracy and computing efficiency.
Second,the most significant differemcin response was observed iRDE. This deviation

is believed to be attributed to inherent weakness of the finite element model in general in
handling excessive deformations. As in this case, large diagonal cracks and crushing of the
infill which have ocurred during the uplane loading stage caused large distortions in the
elements, resulting in lower accuracy in the-ofiplane simulationlt should be pointed

out that same values of the input parameter
of these values was performed to achieve a
is some | ess than Aperfecto fit in the cur\

the robustness and efficacy of the model.
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To provide some insight omé performance of exiting analytical methods, the analytical
out-of-plane capacity of the control specimen IFNG was determined using TMS 402/602
16 method and the arching method presenteddigsdale et al. (1994)They were
determined to be 86.8 kPa and 109 kPa, respectively. In comparison with the experimental
capacity of 672 kPa, the disparity is significant. This underscores the necessity for further

research.

Figure5.12 shows the deformed geometry, cracking pattern, and compressive crushing
obtained from the experiments and FE model for IFWA@ure5.12(a) shows the tensile
cracking regionson the loading surface of the infiknd Figure 5.12(b) shows the
compressiverushing region#n the midplane of the infil] which was made possible by

3D modelling for the stress distribution throutife thickness oblocks. The redegiors
shown in the FE resultmdicate stresses beyond the cracking or compressive strength
whereas the greeegiorsindicatethatcracking and crushing was about to octushows

that e FE model accurately simulated the cracking formed and developed in the infill and
RC frame.Figure5.12(b) indicatesthat collapse was initiated through shear failurénef

infill webs. A closeup view obtained from the FE simulationfiigure5.13 agrees with

experimental results showing cracking development through the web of the units.
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Figure5.12. Comparison of FE and experimental resditisIFW16 (a) tensile cracks on

the windward face and; (b) compressareishingin the midplane of the infill

Figure 5.13. Development of cracks in the CMU blocks: (a) initiatiorc@cking; (b) at

the ultimate capacity of the infill; and (c) after collapse of the infill

5.6 Parametric Study

In this section, the influence of several parameters on thefqlane behaviour and

strength of infilled RC frames are studi€he parameters selected are believed to be
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influential to arching action and failure mode of the infill but with limited studies available
in literature. They included infill aspect ratio, bounding frame stiffness, infill slenderness
ratio, size and aspedatio of the infill opening, frameo-infill interfacial gap, and web

thickness of the CMUSs.

For the reference model, the RC frame consisted of 400 mm square members with the
bottom beam fully restrained to simulate the rigidity of a foundation beaminfithavas
constructed with standard 200 noancrete masonry units and Type S mortar. The web
thickness of the CMU is assumed to be 30.Mire design of the concrete frame was based

on CSA A23.314 in compliance with requirements for minimum flexural and shear
reinforcement, reinforcement spacing, and concrete cover. It was done to ensure that
adequate ductility iprovided,and no shear or brittle failure occurs during analysis. Unless
otherwise spefied, the material properties of masonry, concrete and reinforcement used
in the parametric study are as showTable5.4. It is also pointed out that thesalues

arenot the same as those used in the validation study

Table5.4. Material propertiesused for the parametric study

Compressive strengtl  Elastic modulus Tensile strength
(MPa) (GPa) (MPa)
CMUs 20.0 20.0 2.0
Mortar 15.0 2.6 15
Concrete 35.0 30.0 3.5
Reinforcement - 220.0 400 (600)*

*Yield and (ultimate) strength
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5.6.1 Effect of Infill AspectRatio

Four differentinfill aspect ratiosh(l) equal to 1.9, 1.00, 0.70, 0.4, as shown inFigure

5.14(a), were considered’ hese valuesvere selected to cover a wide range of irilh

practice ranging from slendaw squat infills In all cases a tight contact between the infill

and the framenembers was assumed and their interface was assontedethe same
nonlinear interfacial model behaviour described in Section 3.2. The FE predicted
deformation and cracking pattern of the models at failure is showigure5.14(b). It

shows that for the studied aspect ratios,-way arching action to different degrees
developed. The exact extent and the associated cracking pattern are dependent on the aspect
ratio ofthe infill. For a given infill height, as the aspect ratio decreases from 1.0 to 0.70
and to 0.54, the twavay action shifts increasingly towards eway action in the vertical

(short) direction, accompanied by a decesmsstrength. It is also observélat as the

aspect ratio decreases, the length of beam increases, resulting in an increasingly smaller
stiffness (EI/L) for the top beam and thus less rigid support. Hence, it is believed that the
effect of aspect ratio is also related to the stiffnesgh@fframe. The normalized oaf-

plane strength (with respect to model AR2) vs. infill aspect ratio is plotted in a solid line

in Figure5.15. It shows that the correlah between the decrease in the infill aspect ratio

and the decrease in the aftplane strength is more or less in a linear manner.
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Figure 5.14. Infill aspect ratio study: (ayeometric configuration; and (b) failure mode

for varying aspect ratios

5.6.2 Effect of Frame Stiffness

In the frame stiffness study, two steps were taken. First, the FE analysis was repeated on
models AR1 to AR4 but with a fully rigid frame (stiffness approadhénity). The results

are plotted irFigure5.15in a dotted line where the normalized -@dtplane strength (with
respect to model AR2) is used. It shows that when a rigid frame is assumed, the decreasing
trend in the infill strength with the decrease in infill aspect ratio is still valid. However, the
correlation is nonlineafThe outof-plane strength is shown to be greater thandh#te

original frame. The degree of increase is the greatest for model AR4 with a 28% increase
which is followed by model AR3 with a 14%, model AR1 with a 6% and mo&& With

a 3% increase. This confirms that the effect of infill aspect ratio is dependent on the
bounding frame stiffness. As the original model AR4 has the lowest top beam stiffness,
implementation of a rigid beam would result in the maximum strengthaser&econdly,

while maintaining the aspect ratio, the FE analysis was repeated for all models with beam
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and column dimensions changed to 480 mm (ARW) and 40&550 mm (ARS)

respectively to simulate a weaker and stronger RC frame.

AR1

Out-of-plane strength ratio

04 —o— Model frame
) AR4
0.2 f ----&--- Rigid frame
0 L J
0.5 1 1.5

Infill aspect ratio (/1)

Figure 5.15. Effect of infill aspect rati@ndframe rigidity on the oubf-plane strength

The normalized oubf-plane strength (with respect to the rigid model of each aspect ratio)
vs. frame flexural stiffness (EI/L) iglotted inFigure5.16. The least member stiffness of

the frame is used to reflect both column and beam effect for various aspect ratios. The
figure shows that the trend of infill strengiicreasesas affected by &me stiffness is
influenced by the infill aspect rati@he rate of strength increase diminishes as frame
stiffness increases. There appears to be a frame stiffness limit beyond which its benefit to
infill strength is equivalent to a rigid frame and thimsit is different for different aspect
ratios. Deformation contours comparison between moAR4 and AR4W plotted in
Figure5.17 further reveal that as bounding frantdfsess decreases, the failure mode of

the infill changed from the horizontal cracking in model AR4 to inclined cracks between
the bottom corners and the center of top beam in modeFWR7Z his indicates that in

model AR4W, the top beam undergoes largdldctions under arching forces and fails to
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provide rigid support for the infillAlso noted is that thight contact was assumed in both
cases at the infito-frame interface and the nonlinear interface behaviour allows for
separation of the contactirgyirfaces if the shear or normal failure is detected which is

observed irFigure5.17(b).
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Figure 5.16. Effect of frame stiffness on the aftplane strength
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Figure 5.17. Failure mode and deformation contours (unit: m): f&B4; and (b) AR4N

5.6.3 Effect of Infill SlendernesdRatio

In this study, five different slenderness ratios (h/t) of 10, 14, 18, 24, and 30 were
considered. The desired slenderness ratio was obtained by changing the height of infill

while maintaining the infiCMU geometry. To eliminate the compounding effect of frame
10¢



stiffness due to changing the infill height, the FE analysis was first carried out assuming
fully rigid frames.The resulted oubf-plane pressure vs. slenderness ratios curves are
plotted inFigure5.18(a) for four aspect ratios (h/l) of the infill. The figure shows that the
slenderness ratio effect is dependent on the infill aspect ratio. For a given aspeanrat
increase in slenderness ratio resulted in an exponential decrease in -tifeplanie
strength. While the reduction trend was similar for all aspect ratios, the difference is noted
that for a given slenderness ratio, infills with a higher aspeot (slender infills) attained

a higher strength than squat infills, and this increase in strength is most pronounced in the
low slenderness region. Next, the FE analysis was carried out on the model frame (400 mm
square sections for both beams and colurassgjpecified in the parametric study and the
results for a square panel (h/I=1) are showrigure5.18(b). It shows that the slenderness
ratio effect is also dependieon the stiffness of the bounding frame. For the model frame,
while the general exponential decreasing trend in strength as slenderness increases remains
valid, when compared with the fully rigid frame, the strength reduction is increasingly
significant for the higher slenderness region (h/t>15). In the lower slenderness region
(h/t<15), the reduction trend between the fully rigid and the model frame is nearly identical,
it is reasonable to deduce that the larger strength deviation observed in the higher
slenderness region is mainly due to the decrease in frame stiffness as a result of infill panel

size increase rather than the reduction in frame member section size.
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Figure 5.18. Slenderness ratio study: (a) eotplane pressure vs. slenderness for
varying aspect ratios; and (b) owft-plane pressure vs. slenderness for rigid and model

frames

Figure5.19 further demonstrates cracking regions (in red) observed at thplard of the
infill for the slenderness ratio study. A comparisoifrigiure5.19(a) and (b) indicates that
for a rigid bounding frame, the failure is characterized by shear cracking through the webs

of CMUs around all four boundaries with little development of bending iedudensile
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cracks; and for a flexible frame, the tensile cracks developed as indicated by the inclined
cracks although the final failure is still characterized as shear cracking through the webs of
CMuUs. A comparison dfigure5.19(b) and (c) shows that for a given bounding frame, as

the slenderness of infill increases, the cracking pattern shifts from a predominantly shear
cracking developed through the webs of CMUdim¥icinity of top and bottom boundaries

to a yield line pattern initiated by tensile cracks along the diagonal lines as a result of more
flexural behaviour. The damage on the frame is increasingly developed as the slenderness

increases.

(a) h/t=14 rigid frame (b) h/t=14, model frame (c) h/t=20, model frame

Figure 5.19. Cracking patterns shown at mmlane of infill at ultimate pressure for

slenderness ratio study: h/I=1
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5.6.4 Effect of Sze andAspectRatio of Openings

Three opening sizes representing 13%, 23%, and 36% of the infill area while having the
same opening aspect ratimw/(o=1) were considered on model AR3 as showikigure

5.20(a). Figure5.20(b) plots the normalized strength of infills with openings with respect

to the corresponding solid infill vs. opening area rafiwe figure indicates that the infills

with openings attained higher strengths than the solid infills and the larger the opening, the
higher the strength. The rate of strength increase as a function of opening area ratio appears
to be linearfor opening aras investigated. This finding, in line with observation made by
Mays et al. (1998)is believed to apply to neblast resisting opengs where the oubf-

plane pressure was only applied to the solid parts of theamifillnoforce was applied to

the opening area. This results in a reduction in the tatakapplied to the infill as well as

the area available for arching. In the case of a {s8sting opening, the opening study

was repeated for models OS1 to OS3 where the pressure acting on the opening area was
simulated as a line load on the boundary efdpening. The results in terms of normalized
strengths are also plotted Figure5.20(b). It shows that for blast resisting opening, the
presence of opening resultsamstrength reduction around 20%, and this reduction seems

to remain more or less the same for three opening sizes considered.
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Figure 5.20. Infill opening size study: (a) geometryrmabdelswith different opening

sizes (b) normalized strength vs. opening area ratios

For opening aspect ratio study, three aspect ratigh<1, 0.65, 1.54) were considered
while maintaining an openintp-infill area ratio of about 23%, as shownFigure5.21(a).

The outof-plane pressure vs. displacement curves plottédgare5.21(b) show that the
out-of-plane responses of models OAR1 and OAR2 through the loading history were
almost identical with similar ultimate strengths (55.6 vs. 56.5 kPa), while the model OARS3
showed softening in the response at earlier loading anda@ac$trength at 46.3 kPa. The
lower strength for model OAR3 is believed to be associated with the orientation of the
opening in relation to the infill. In this case, the long side of the opening is perpendicular

to the long side of the infill and thus thgailable bandwidth (masonry below and above

11c



the opening) in the vertical direction is more significantly reduced when compared to

model OAR2.
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Figure 5.21. Infill opening aspect ratistudy(FE results) (a) geometry of models; and,

(b) outof-plane pressure vs. displacement curves

Cracking pattern ithese cases at the enftplane pressure of 42.0 kPa is showifrigure

5.22. It can be seen that in the case of model OAR3, extensive cracking on the top beam

indicates that the main load transfer direction is towards the top beam and vertical arching

is the main load resisting mechanism. Infill cracks are more concentrated aid&g of

the opening towards the column regions. The results suggest that the effect of infill opening

area on ultimate strength also depends on the opening aspect ratio. For a given opening

area, the opening with an aspect ratio closer to the infi#etgatio is the least detrimental
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to the outof-plane strength of the infill. It is noted that the above observations and
discussions are only intended for central window opening cases and are not directly

applicable to the case of door openings andebfipenings.

Figure 5.22. Cracking pattern for different opening aspect ratios at 42 kPa pressure

5.6.5 Effect of Interfacial Gaps

Gaps at the framm-infill interface are not uncommon due sarinkageor settement of
masonrywall or defective workmanship in constructiois infills may rely on arching
action for their oubf-plane resistance, the interfacial gaps could conceivably influence the
arching action and thus change the-ofiplane response of inféd frames. In this study,

three gap scenarios on model AR3 were considered, including: 1) a gap between the infill
and the top beam of the frame (labeled as BG); 2) gaps between the infill and the frame
columns (labelled as CG); and 3) a full separatignaahe frame and the infill interfaces
(labelled as AG. Gaps were introduced into the model by creating actual separation
between the infill and the frame. This was achieved by increasing the length of the columns
or beam and knowing that the maximunpgaze is 6 mm, the increase in the frame size
would not have any significant influence on the behaviour of the frame. When these
surfaces become in contact, a Coulomb friction criterion (described in 3.2) controls the

shear behaviour of the contathe presence of gap at either frame beaminfill (BG) or
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frame columro-infill interface (CG), regardless of the size, will reduce a potential two
way to oneway arching action in the directigpawe and Seah 1989lBresence of gap
(regardless of size) will reduce the frame member to zero stiffness at the gap location.
Hence, when the owdf-plane pressure is applied, the infill will crack in the direction
perpendicular to the gap antl the outof-plane pressure will be transferred to the side
with tight contact (high stiffness boundary) through arching actimwever, in the case

of a full separation gap (AG), depending on the gap sizewaryearching may still develop

after some dgree of overturning of the infill. To confirm this theory, three gap sizes of 2,
4, and 6 mm for each gap scenario were considenddin each modethe gap size was

assumed to be present at each interface involved.

The outof-plane pressure vdisplacement curves for all three gap cases applied to model
AR3 are shown ifrigure 5.23(a). The figure confirms that for BG and CG cases, all
considered gap sizes (iéied as 1, 2, and 3 for 2, 4, and 6 mm in the figure) yielded
identical loaddisplacement curves and the ultimate strength (only 2 and 4 mm are plotted
for clarity) whereas for AG case, the ultimate strength and behaviour are dependent on the
gap sizeFurther, for the given infill, the column gap is the least detrimental to thefout
plane strength, and the full separation gap results in the mosif-plene strength
reduction. A sharp increase in stiffness observed in response curves of all AGsgap ca
indicates the engagement of infill with the frame after a certain amount of rotation of the
infill. As the gap size increases, the rotation of infill required for making contact with the
frame increases and the ultimate strength decreases. For BGGgdpCcases, a much
greater initial stiffness indicates that engagement of the infill occurred at the onset of

loading, albeit in only one directioRigure5.23(b) plots the normalized strength variation
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vs. gap size for all three gap cases where the strength is normalized with respect to model
AR3 without gapsThe reduction in strength for AG gap case is not linear and rather, the
rate of reduction diminishes with ancrease in the gap size. For BG and CG gap cases,

reductions are 54% and 48%, respectively and they are independent of gap sizes.
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Figure 5.23. Interfacial gap study: (a) oubf-planepressure vs. displacement curves; and

(b) normalized strength for different gap sizes/locations



It is reasonable to deduce that the gap related strength reduction is dependent on the infill
aspect ratio as the arching action is developed in one dire€bdarther demonstrate the

gap effect, the gap size of 6 mm was also applied to models AR1 to AR4 for BG and CG
cases. The results are plottedrigure5.24 where the sength is normalized with respect

to model AR3 without gaps. It confirms that the gap effect is dependent on the infill aspect
ratio and both gap cases, in general, result in increasingly greater strength reduction as the
infill aspect ratio decreasds.is noted that below certain aspect ratio, approximatley 0.85

in this case, the CG case shows higher strength and the trend reverses as the aspect ratio
exceeds 0.85T'he manner by which two gap cases affect infill strength is believed to be
associated wit two factors, geometry of the CMUs in the vertical and horizontal directions
and boundary conditions for BG and CG cases. The number of CMUs and the configuration
of blocks in the vertical and horizontal directions are different. In the case of column gap
the shear stress transfer in the vertical direction is through the web length while in the case
of beam gap, the transfer in the horizontal direction is through the web thickness, which
makes the beam gap more detrimental to strength reduction from sthesss' transfer
standpoint. On the other hante compressive stresses for column gap case are developed
at the two beanrto-infill interfaces while for beam gap case, compressive stregses

also developed at the bottom be#o¥infill interface as show by the FE compressive

stress contours iRigure5.25. This additional boundary support provides potential strength
increase for beam gap case than column gap case. Itis reasoanble to deduce that at a certain
aspect ratio, the two effects achieve a balance and beam gap and column gap result in the
same stregth reduction. Away from this aspect ratio, the strength reduction depends on

which factor predominate#&lso shown inFigure5.24 is the comparison between the BG
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andCG gap cases and 1gap case (plotted in a solid line) which suggests thatvwey
arching action results in greater enftplane strengths by an average of 180% than one

way arching.

Out-of-plane strength ratio

0.4 :"f - Beam gap
0.2 r --@--Column gap
0 1 1 ]

0.5 0.858l 1.5

Infill aspect ratio i/I)

Figure 5.24. Effect of beam gap and column gap on the infills with different aspect ratios
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Figure 5.25. Maximum compressive stress contours (UMitr?) for model AR2 with gaps

at 32 kPa oubf-planepressure
5.6.6 Effect of CMU WebThickness
It was observed in the model validation stage that the failure of infill after development of
arching was initiated by cracking in the webs of the CMUs. The infill slenderness section
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also suggests that web failure etCMUs predominates for infills with intermediate or
short slenderness. In this sectibnp additional CMU web thicknesses of 20 and 40 mm
implemented to model AR3 were studied. The normalizedobptane strength with
respect to model AR3 (30 mm web.wveb thickness is illustrated Figure5.26. The

figure shows that for a given slenderness, an increase in the web thickness of CMUs results

in an increase in the ultimate eof-plane strength.
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Figure 5.26. CMU web thickness study: normalizécesgth vs. web thickness

A closeup view on the cracking development of one CMU from the bottom course of infill

Is shown inFigure5.27 for the three web thicknessétandicates that the extent of cracking
(shown in red) is much greater in CMUs with thinner webs. It should be noted that at this
pressure no cracking or crushing was observed in the face shells of CMUs, indicating that
failure was initiated by crackingfahe webs. Thus, when the infill failure is caused by
shear failure of the webs of CMUs, using CMUs with thicker webs can significantly
increase the outf-plane strength of the infill wallNote that either flange taper or web

flare was nottonsideredand the constant flange and web thickness was assumed in the
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above analysis. However, since the failure is governed by web shear failure rather than
crushing of the flanges, the web flare is conceivable to lead to a higher infill capacity than

a constant we thickness. The flange taper, on the other hand, is not considered to be as
influential. The relationship presented above can then be considered on the conservative

side.

20 mm Web thickness 30 mm Web thickness 40 mm Web thickness
Figure 5.27. Cracking development in the webs of different thickness at 30 kR&-out

plane pressure

5.7 Conclusion

A finite elemenstudywas performed to investigate the effect of several critical geometric
parametes on the oubf-plane behaviour and strength of concrete masonry infills bounded
by RC frames. A thredimensional finite element model was developed for this purpose
and its accuracy and effectiveness were verified using test results of a concurrent
expeaimental program on four masonry infilled RC frame specimens. Conclusions from

this studyare as follows:

1 The 3D model developed is capable of producing accurate ultimate strength results

andsimulating reasonably welhe load vsdisplacement behavioufhe model is
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also capable of providing detailed stress distribution, crack pattern and failure
modes that may not be fully predicted by a 2D model.

For a given infill height, a reduction in the aspect rati) fesults in a significant
reduction in the oubf-plane strength. The degree of this reduction is associated
with the bounding frame stiffness. The higher stiffness of the bounding frame, the
lower rate of the reduction.

For a given infill aspect ratidhe bounding frame flexural stiffness is influential in

the infill strength by ensuring the arching action. A correlation between the frame
flexural stiffness and the infill strength was suggested.

For a given infill aspect ratio, an increaséhrinfill slendernesgh/t) results in an
exponential decreasing trend for the infill strength. The failure mode was shown to
shift from a yield line pattern for high slendernesses to astelar failure pattern

for low slendernesses.

When compared with the infillsvithout openings, the infills with nehlast
resisting openings are shown to have higher strengths while infills with- blast
resisting opening are shown to have lower strengths. The strength increase for the
former opening is a function of opening size Mhhe strength decrease for the
latter opening remains almost constant for varying opening sizes.

For a given gap size, thiell separation gagesults in the most significant reduction

in infill strength. The reduction as a resulttibé beam gap or ashn gapdoes not
depend on the gap size, rather, it depends on the infill aspect ratio. The aspect ratio
at which the beam or column gap results in the same reduction in infill strength was

identified.
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1 Both experimental and FE results in this study shawatfor certain range of infill
slendernesdailure of the infillsis initiated by cacking developedin the CMU
webs rather than compressive crushing of masadmrhis case, increasing the web
thickness of CMUs results immarked increase in infitrength. A relationship

between the web thickness and infill strength was proposed.
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6.1 Abstract

A numerical study using a threkmensional finite element model was conducted to
investigate the arching behaviour and strength of concrete mas@itsybounded by RC
framessubjected to oubf-plane loading. Physical specimens were concurrently tested to
provide results for validation of the model as well as evidence of directional characteristics
of arching behaviour of masonry infills. A subseqtiparametric study using the model
included a wide range of infilled frame geometric properties. The results showed in detail
the difference in ongvay and tweway arching in terms of both strength and failure
mechanism, and the contributing factors hcs tdifference. Evaluation of the two main
design equations for owudf-plane strength of masonry infills led to proposal of
modifications to provide a more rational consideration of directional behaviour of concrete
masonry infills. A comparison study ugirthe available test results showed a marked

improvement of strength prediction based on the proposed modification.

K e y wocontrete masonry infillsRC frames; oubf-plane strength; inite element

arching action; nonlinear analysis
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6.2 Introduction

Masonry walls, when constructed within either a reinforced concrete (RC) or steel frame,
are often referred to as masonry infills. It is well recognized that the behaviour and failure
mode of masonry infills under loading are affected by confinement prdviry the
bounding frame and thus are different from those without confinement. In the context of
out-of-plane behaviour, masonry infills were shown to be able to attain much higher
capacity than their flexural wall counterpaffgorams et al. 1996, Anderson84, Dawe

and Seah 1989b, Flanagan 1994, Gabrielsen and Kaplan. MTB¢ the conventional
flexural walls derive their ultimate capacity through masonry tensile strength, masonry
infills were shown to develop a large portion of their capacity after tensile cracking which
indicates a different ai | ur e mechani sm. This mechani sm,
taken into account bcDowell et al. (1956afor analysis of oubf-plane strength of
infills. Their model proposed thaubsequent to flexural cracking, the rotation of cracked
segments of the infill panel is restrained by the bounding frame, creatiptana
compressive forceghich delay further cracking and thus increase the ultimate capacity.
In their model, the capéty was related to the compressive strength of masonry instead of

tensile stresses as in the case of flexural walls, and slenderness ratio of the infill, as shown

in Eqg.(6.1).
, [ Qe
n —q (6.2)
¢d

wheref is afunction ofh/t ratioand®@e is the compressive strength of masonry.
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Stemming from the basic arching concept, two main approaches havedvedoped and

become widely referenced analytical methods for calculating thefeuitine strength of

masonry infills. Both were adopted in different design standarti®rth America, albeit

with some modifications. One was initially proposeddswe and Seah (1989there

they expanded McDowel | -wdyarahingandalsmiettoduced t o |
the boundary frame stiffness as an influential paramiet the strength calculation. The

model combined the arching action with the plate yleld theory and assumed the
compressive crushing of masonry as the failure mode for ultimate capacity calculation.

They proposed the following equations to calcuthteultimate oubf-plane capacity)

for two situations of infills.

n ® QR 80108 (infill panelboundedon three sideand top

side is free) (6.2)
A @@ 806 |18 1708 (infill panelboundedon four

sideg (6.3
and,

| P 0 000 "@o "0® v Tt x dor panelboundeddn three sidgs  (6.4)

[ P00 "@60° vum (6.5)

wheret, L, andH are the thickness, length, and height of the infill paPatameters and

I are factors accounting for the stiffness effect of boundary frame vithanel"Oare the
Youngd6s modul us and shear modul ulsandddre t he f
the moment of inertia and torsional constant of the frame members with subsamight

indicating beam and columns respectively. An upper limit is segt fandf , indicating
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that the effect of boundary frame stiffness diminishes as the stiffness becomes greater and
at the set limit, the frame can be considered as rigid. The ohetlso provides simple
treatment for gaps at frante-infill interface, by setting or’ equal to zero for frame

column or framebeam gap, respectively.

Flanagan and Bennett (1999a)ggested thatof most practical frames, tH@JtH and
GhtLtermsinDa we and S easehmach smaltet thatlwelH? andEls,L? terms.
Thus, they eliminated the torsional terms5(:tH and GJtL) in their method while
mai ntaining the remaining of the strength |
smal | change of constant (4.5 to 4.1). FI a
adopted in the current American masonry design standd®l 402/60216 for design of

masonry infills subjected to owif-plane loading.

The second main approach for calculating-oisplane strength based on arching was
proposed byAngel et al. (1994)Their analytical model was developed considering both
compressive crushing of masonry at the boundaries andtsramh of the panel due to
buckling as potential failure modes for smaller and larger slenderness ratios. The
contribution of the model was to include priorplane damage effect in the enftplane

capacity calculation. The method is expressed as follows:

Yy (6.6)

Y 1LY wptm O0pdt (6.7)



nﬁpurAQﬁer%%) (6.8)

The termRy is a reduction factor for prior iplane damage R. is areduction factor
accounting forbounding framestiffnesswhere O ‘@ the leastflexural stiffness of the
bounding frame memberand_ is a function of (Yo. Note that this design equation was
originally formulated based on a om&y arching mechanism but was calibrated using
two-way arching tests on infills with 1.5 aspect ratio for the constant terms in the equations.
This method was adopted with some modificatiofrBj1A-356 (2000pndA SCE/ SEI 41

13. (2013)iguideline for the seismic rehabilitation of buildidgs

A close examination of the two methods identified the following issues. In the case of
Dawe and Seah 6-svayarehing strehgth i$s smgply @ swromation of vertical
and horizontal archingtrengths which are calculated in a same manner. Therédore,
infills with h/I=2 andh/I=0.5, the outof-plane capacity would be equal for a given infill
material property and frame section. This raesgsestion since the masonry, in general,
shows a pronounced directional behaviour under compression and Bhdher, the
boundary conditions for infills in the vertical and horizontal directions are not likely to be
the same, which will conceivably result in different strengths in the vertical and horizontal
directions. | n t he c acostribotibn frdnmhprezdntaladitectianl . 6 s
arching is totally ignored as the equation is solely dependehftoAlso, the stiffness
factor is expressed only in termsBif values of frame members and the length effect on

stiffness is not explicitly consided.

The performance of the above presented two main approaches was evaluated in several

studies (Flanagan and Bennett 1999a, Pasca et al. 2017, Ricci et al. PBif#)
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experimental results available in the literature. It should be pointed out that the results on
out-of-plane tests of masonry infills were, in general, limited and those reported in the
literature were of a great variety in terms of masonfill type and its mechanical property,
bounding frame type and condition, and-ot{plane load application method. With that

in mind, it is not surprising that the three studies yielded significantly different mean values
of experimentato-analytical stength ratios with high coefficient of variations for both
methods. However, the general conclusions can be drawn as follows. Overall, Dawe and
Seahds met hod provided cl oser estimates to
masonry infills. Perforrmnce of both methods for RC framed infilas inconclusive as so

few results were available. The level of COVs for both methods (as high as 70%) suggests
a large scatter in estimated capacities vs. experimental results, indicating neither method
can provide estimates for a variety of infill and frame properties with consistent accuracy.
Pasca eal. (2017)recognized that may not be possible to have one equation that can be
universally applicable to all types of masonry infills and frames and more reliable results,
both numerical and experimental, were needed to provide a more thorouggnasseof

analytical models.

In view of the above, the aim of this study wasdsesvalidity of the two mairanalytical
methods for calculating owtf-plane strength of masonry infillsrough an extensive finite
element study. Concrete masonry unit (CMU) infills were used as they are a primary infill
material used in Canada. The focus of the assessment was to understeay and twe

way arching and the relationship between the twimfluencing the oubf-plane strength

of RC framed concrete masonry infills. A 3D finite element (FE) model was used for

simulation of behaviour ahasonry infilled RC framesf varying parameters. The model
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was thoroughly validated using results of encurrentexperimental program. Three

speci mensdé6 results were presented and di sc
capability as well as to provide experimental evidence of relationship between thayne

and tweway archingA subsequent parametrstudy focusing on several critical geometric
parameters was conducted using the maaell the results were used to propose

modifications to an existing analytical model for -@itplane strength calculation.

6.3 Finite ElementM odeling M ethod

A threedimensonal FE model was developed to simulate the behaviour of the concrete
masonry infills bounded by RC frames. The development of the model and its validation
using test results onfilled framesunder inplane and oubf-plane loadingare described

in detaled in Nasiri and Liu (2017, 2019a&nd thus are not repeated hereine Tdilowing

however, provides a summary of sokey modelling aspects of various components of
masonry infilled RC frames. The masonry infill was modeled as ungrouted and mortar was
assumed to be applied t hr omplfibdd mcro-mddellingg d an d
techniqugLourenco 1996yvas used where the mortar joints were not physically modeled

and theCMU dimensionswvere thusincreasedy half thickness of the mortar joint in both
horizontal and vertical directiomdthe discrete CMUsvere connected and interact with

each other through zetbickness interface elements.

6.3.1 Nonlinear Behaviour of Concrete and CMUs

The threedimensional geomey of CMUs was considered in this method and the
corresponding nonlinear mechanical behaviour was defined through the tensile and

compressive stressrain curves implemented in concrete damaged plasticity (CDP)
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constitutive model in ABAQUS(D.S.Simulia 201Q) These curves can be obtained
experimentally or by using existing behaviour models for concrete and masortnys
study, the ompressive behauvimb of concrete and CMUss definedusing thestressstrain

constitutive model proposed IS8fma et al. (2008sfollows:

o . o (69)

where, and- are the compressive stress and strain valuespectively;"Q is the
compressive strength of the material; is the linear elastic strain limit is the strain at

the peak stress ar@ is theY o u s malulus of the material.

The tensile behaviour model used in this study adopted an averaged tensitstistness
curve between cracked and uncracked concrete suggestdddkawa et al. (2003p
account for the tension stiffening effect. This model was shown to be independent of
element size, crack spacing, and orientation mffoecement. Br concretematerial, he

tensile stresstrain curvaused in this study can be expressed usind@&h0).

(6.10)

where,, and- are thetensilestress and strain valuegspectively,, and- are the

linear elastic stress and strain limits, respectively.
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For CMUs, the tension stiffening effect described above isexistent due to the absence

of steel reinforcement. The tensile behaviour is better described Imear elastic
behaviourin the precracking phasand a stressrack displacement curve in tipost
cracking phaseThe area under the curve represents the Mode | fracture energy of the

material {O) which can be related tine compressive strength GMUs using Eq.(6.11)

as suggested by Fib: Mod€lode(2012)

"0 xdQd (6.11)
6.3.2 BehaviourModel ofl nterfaceElements

The sirfacebased cohesive behaviour modiel ABAQUS was used for the interface
between the CMUs anuketween the CMUs and the franTénis behaviour model uses the
tractionseparation constitutive relationshipcorporating shear and tensile failure criteria
to capture the possible failure modes of interfaldee behaviour model is schematically
illustrated inFigure6.1. In the elastic state, the tractiseparation law is carolled by an
elastic response for both normal and transverse deformations as expreisge(bih2).
Traction stress vectay consists of three components, 6 and o, which represent the

tensileand two shear tractions. The corresponding separations are dendted bynd

1

0 v Tt T
0 O m U T 0O (6.12
o] Lt m U 9
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Figure 6.1. Behaviour of the interface interaction

Once failure is detected when tensile or shear stress reaches its limit, two damage models
(normal and shear stress damage) control degradation and elimination of the interaction.
Upon full degradation of the interface, the model adoptCinélomb fricticnal contact

between the CMUSs or between the CMUs and the frame.

The explicit analysis method was adoptedsolve the nonlinear problem. Tlegplicit
analysis is preferred for computation problems involving complicated nonlinear
constitutive laws and large deformaticarsd isespecially effectivéor prediction of post
failure behaviour.The procedure uses a large number of small time incrementsstore

theaccuracy of analysis.

6.4 One-Way Arching with Rigid Supports

While previous experimental studies have shown that the infill is capable of developing
two-way arching for resisting owdf-plane loading, it is not clear on the distribution of
resistance in veidal or horizontal directions. As discussed abowe, tivo main existing
analytical model s, I . e. Dawe and Seahds an
significantly. Therefore, the onway arching in infills was first studied to understand the

directional behaviour of infills under owff-plane loads. As shown iRigure 6.2, two
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configurations of masonry panels were considered, namely, the vertical stripreamhtal

strip with rigid boundary supports. In each case, the strips, consisting of standard 200 mm
masonry blocks, were 800 mm wide with lengths varying from 2000 to 12000 mm to
achieve slenderness ratios ranging from 10 to 60. The dimensions of tie vidoe
obtained from CSA Standarfl6514 i Concr et e Bl ock Masonry
mentioned that although infills with slenderness ratios beyond 40 may not be practical,
they were considered in order to cover all potential failure modes for the completeness of
the study. A uniformly distributed ouof-plane pressure was applied to the surface of the

infill and monotonically increased until the ultimate capacity of theepasas reached.

Figure 6.2. Geometric configuration of vertical and horizontal strips and masonry block

dimensions

Figure 6.3 shows the out-of-plane strength vs. slenderness ratio for both vertical and
horizontal strips. It can be seen that for both cases, thefqlane strength decreases and
the rate of decreasentinishes as the slenderness ratio increases. The decrease trend is,

more or less, in line with what those two analytical methods would suggest. However, for
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the entire range of slenderness ratio, the horizontal arching strength is smaller than the
vertical arching strength and the difference is most pronounced for slenderness less than
40 and diminishes for slenderness beyond that point. This observation differs from Dawe
and Seahés method which suggests asforaqual

given slenderness.

60 F - & —Vertical strip

a
o
T

A e Horizontal strip

N
o
1
-

w
o
T

»

N
o
N

Out-of-plane strength (kPa)

[EEN
o
1

I
r
¥
/

e
Ctmmecea,.
cecmm.

........

5 10 15 20 25 30 35 40 45 50 55 60 65
Slenderness ratio (h/t or I/t)

Figure 6.3. Out-of-plane strength in vertical and horizontal arching vs. slenderness ratio

The FE results also showed distinctively different failure mechanisms for the two stri
cases which are believed to attribute to the difference in their capacity. In the case of
vertical strips, three failure modes were identified (Sgeire6.4) and they are dependent

on the slenderness ratio of the strip. Note that the red contours show the elements with
tensile stresses beyond the cracking stress of the CMU (cracked elements)itend wh
contours representing the elements with compressive stresses beyond the compressive
capacity of the CMU (crushed elements). The FE results showed thdt $onaller than

24, the failure was characterized by shear failure of the webs of the CMUsateliim

13¢
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causing the spalling of faceshells and sudden loss of the strength. The failure zone is
focused in the top and bottom regions close to boundary supports. For slenderness ratios
between 24 and 50, failure was characterized by compressive crushiregfa¢éshells at

the boundary and mitleight regions. For slenderness ratios beyond 50, failure was by
elastic buckling of the strip where no cracking or crushing in the arched segments was
observed. In the case of horizontal strips, failure modes agedfeéy slenderness, are

different.

(ht=24~50)

= =

(h/t=10~24)
(h/t>50)

Figure 6.4. Failure modes in vertical strips with differeinf ratios (5% magnified

deformations)

As shown inFigure6.5, for I/t smaller than 40, the failure was characterized by shear
cracking of the webs followed by tensile cracking through the faceshelld/t gpeater
than40, no shear cracking in the webs was observed and the failure was controlled by the

tensile cracks through the faceshells of the blocks and mortar. jbist®uld be pointed
13€


































































































































































































































































