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ABSTRACT

This studyis part of orgoing experimentatesearchaiming to further investigatde inplane
behaviour of concrete masonry infills bounded by reinforced masonry f(athegsonry infilled
frameg. A total of six allmasonry infilled frame specimens was tested und@tane loading
applied at the framtop beam levab specimerfailure. The parameters studied included vertical
loading,infill aspect ratippresence ahterfacial gapsand cyclic loadingTwo levels of vertical
load were studied whetbe vertical load was appligdroughframe colums and held constant
while the lateral load wasonotonicallyincreased to the specimen failuhetheinfill aspect ratio
study, two specimens with different aspect ratorge(squat and one slenpefere constructed and
tested under monotonic lateral thag. The last two specimens had window openings and pre
defined gaps and were tested under cyclic lateral loaoey vs. displacement responfsglure
mode andultimate load for each specimen were obtained and discussed in detail. The performance
of specimens was compared withevious studies conducted in the same research grtwp.
experimental results werdsoused to evaluate the validity of stiffness and strength provisions
contained in CSA S304.14 and TMS 402/602.16 masonry design standards.

The final failure mode fatheinfilled frame specimensas observetb bepredominatedby severe
diagonal cracking dgnding into the boundargolumns Except for the specimen with side gaps
and tested under cyclic loadingy evident corner crushing was observAd. increase in the
vertical load resulted in an increase in the ultimate load but less ductile behawspecmhens.
When the vertical load was applied through frame columns vs. frame top beam, the above
mentioned trend was more pronounced. As the infill aspect ratio increased, the stifftiess of
infilled frame decreasednd uplift at the specimen loadedssiincreased, indicating an increase

in flexural behaviour in an otherwise shear action dominated behaviour. However, the ultimate
strength appears to be controlled still by the length of the diagonal strut. The side gapshad
effect on stmed idggeeismemwdhi |l e the top gap had mo
ultimate loadThe comparison witprevious studieshowed that behaviour, strength, and ductility

of all-masonry infilled frames are similar to, and in some cases, slightly bedteinfilled RC
framesunder either monotonic or cyclic loadidg general, CSA S3044 tends to overestimate

the stiffness in comparison with TMS 402/602. In the case of strength prediction, CSA S304
performed better than TMS 402/60@th predicted vhues closer to the test results.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND OF MASONRY INFILED FRAMES

Masonry is one of the oldest construction materials dating back ten thousand years ago. Masonry
materials such as natural stepeut stone and mud brick were predominately used in
construction prior to 1900®rysdale and Hamid 2005)hey have gradually evolved to include
calcium silicate, overied clay (brick masonry), anchore recently, conate masonry units
(CMUSs). In North America, both concrete masonry units and masonry bricks are commonly used
in masonry construction while the former is more often used in structural masonry for load bearing
members and the latter is used in +structuralapplications such as building veneers. With the
development of steel and concrete construction industry, masonry also finds its application in the
construction of masonry infilled frames where masonry products coexist with either concrete or

steel materis.

Masonryinfilled frames refer to eithereinforced concrete (RC) or steel framgélled with
masonry materials (CMUs or brick3hey are often used in a building either as partition walls to
separate spaces or cladding to complete the building agrevelf they are builin tight contact

with their bounding frameshey will be designeddsp ar t i ¢ i pwhere theg contibdtionl | s 0
to the stiffness, strength, and ductility of the frame systexds to be carefully considerdd.
essence, the otribution of the masonry infills is dependent on the extent of interaction between
the infill and its bounding frameéMany studies on the general subjectireplane behaviour of
masonry infilled frames has been conducted in the piastiecades. Theseuslies mostly

concentraté on developing a simple and rational approachuantify the infilHframe interaction



in the stiffness and strength desigrited frame system. A detailed literature review is provided in
Chapter 2In general, thesstudies have shown that behaviour of the masonry infilled frames is
complex and is influenced by many factors such as the geometric and material properties of both
the infill and its bounding frame, the interfacial condition, and loading conditions togost a

few. For design, the current Canadian masonry design standard (CSAL&384d American
standard (TMS 406/602) both provide design equations for calculation of the frame system

stiffness and strength considering the infill effect.

At present, reiforced concrete and steel are two main materials to be used as masonry infilled
frames. Hence, the previous research and its findings have been strictly applicable to those types
of infilled frames. While the construction technology for building eitheCaoRsteel frame with
masonry infills is mature, the fact that either type would require a coordination of two trades in
both design and construction has prevented the masonry infills from being relied upon as structural
elements in industry practice. Ihi$ case, masonry infills are often designed by architects while

the frame structure is designed by structural engineers. The masonry infills are often treated as
nonparticipating and nostructural elements, despite a large amount of physical evidétive

benefit of infills to the systernehaviorand availability of code provisions.

1.2 ALL -MASONRY INFILLED SYSTEM

The study ofall-masonry infilled frame systems began in 2018 within the research group at
Dalhousie University as part of an effort to degeln alternative to the current infilled frame
system. Arall-masonry infilled frame isonceptuallysimilar toa masonry infilled RC frame with

the difference being that the bounding frame is also made of masmseen irFigure 1.1.

Masonry reinforced columns and tied beams form the masonry frame while the masonry infill can



be constructed in the same manner as in the conventional infilled RC frames. Masonryscolumn
are constructed with custemade boundary element units with larger open areas for concentrated
reinforcement and grouting. Theasonry beanis formed using the bond beam and tied into
columns. The masonry infills can remain unreinforcdetom both constiction and design
perspectives, alinasonry infilled frames are advantageous as design for the frame and infill can

be carried out in the same consulting fandconstructedit the sametime with onematerial

As amulti-phasedstudy,the phase | was conducted &ycolleague irthe sameaesearch group
(Foroushani 2019Wwhere six almasonry infilled frame specimens were tested with design
parameters includingpasonry infill strength, infill reinforcement, and presence of vertical Igadin
It was found that the performance of-mlhsonry infilled frames was comparable to that of
masonry infilled RC frames and in some cases, was even fétéatetails ofwork conducted by
Foroushani (201%reelaborated irfChapter two Given the initialpromising results, this study is

the phase Il study where more design parameters are investigated.



. < (:.ﬂ".' -
Figurel.1 The proposed afinasonry infilled frame

1.3 RESEARCH OBJECTIVES

Continuing the phase | studyhe main objective of this study is téurther investigate
experimentally important geometrical and loading design parameters-mwiasdinry infilled
frames. The parameters considered in this study includit aspect ratio infill opening,
interfacial gapandthe presence @ixial loading The effect of cyclic loading was also considered.

A total of six alFmasonry infilled frame specimemgeretested. These specimens were subjected

to in-plane static or cyclic loadin@he results were compared with tlesults from phase | study
(Foroushani 2019%s well as previous study conducted in the same research group on masonry
infilled RC frames (Steeves 2017) as appropriate. Detegsearch objectives are summarized in

the following:



1. To augment experimentaésults onthe capacity and behaviour of -aflasonry infilled
frames under kplane loading.

2. To analyze the effect of the abenentioned design parameters on the performance-of all
masonry infilled frame systems

3. To assess the performanceatifmasonry infilled frame systesragainsmasonryinfilled
RC frames.

4. To evaluatethe efficacy ofboth CSA S304 and TMS402/602 in terms of stiffness and

strength calculation based on the resoitttained fronthis study

1.4 OUTLINE OF RESEARCH

This thesis is organized six chapters. The present chapter introduces the objectives and scope of
the research. Chapter 2 presents a comprehensive literature review of masonry infilled frames in
generabndexisting analytical methodsifthe stiffness and strength calculations of such systems

the research conducted at Dalhousie University. Chapter 3 provides a detailed description of the
experimental program. Chapter 4 contains a description and discussion of the results from the
specinens and auxiliary tests. Chaptep&esents an evaluation of performance of all masonry
infilled frames by comparing the experimental results with the analytical values and previous
experimental results on RC frameSinally, a summary of results, main @imsions and

recommendations for future work are presented in Chapter 6.



CHAPTER 2 LITERATURE REVIEW

2.1 INTRODUCTION

Since the atimasonry infilled frame is a new type of infilled frame system, the existing literature
specifically on this type of system is limitemlthe research conducted by the Dal research group.
Considering that the fundamenitehavioracharacteristics for masonry infills are similar between
different frame types, this chapter first provides a review of gebefralviourand failure modes

and @mrametric studies on masonry infills bounded by RC and steel frames that may be relevant to
this study. The experimental studies conducted in the same research gfaupushan(2019)

on alkmasonry infilled frames and I$teeves (20171n masonry infled RC frames under cyclic
loading are presented and their results are used in the later comparison with the results of this
study. Finally,the current Canadian and American masaggign provisions with respect to
masonry infilled frames are presentedthaeir applicability to the alnasonry infilled frames is

evaluated in Chapter 5.

2.2 IN-PLANE BEHAVIOUR OF MASONRY INFILLED FRAMES

2.2.1 General behaviour

Thebehaviorof masonry infilled frames is dependent on the extent of interaction between the infill
and its bounding frame throughout loading history. Polyakov (1960) was the first to observe this
through an experiment of masonry infilled steel frame. He describedtthelatively low level of

lateral force, the infill and frame acted together to provide shear resistance to deformation. As load
increased, due to the different modes of deformation of the infill and the frame, they began to

separate and diagonal craatonnecting loaded corners began to form. As cracking developed and



the frame further deformed, at failutbge contact area betweéme infill and frameremainedat

two diagonal corners which are in compressias shown irFigure2.1. Hence, a masonry infill

was considered to be replaceable using a diagonal strut connecting loaded corners, which has since

formed the basis for the spa | |

i di ag o nmathis nsethadutheostiffressrande p t .

strength contribution of the masonry infill to the frame can be estimated using a strut of a certain

width.

a;

Figure2li Di agonal

2.2.2 Diagonal strut method

s t-ptametreactian ofnntilleddrames (Haimes1961)

Following this initial work, the diagonal strut concept has been further studied and developed to

become the main method of analysis for masonry infill svabhd has been adopted in various

forms in most masonry design standards across the iidrédkey factor of the existing studies

based on the diagonal strut concept was to determine the accurate contact area and thus the width

of the strut for the stiffres and strength consideration of the masonry infill.



2.2.2.1 SingleStrut Model

Both experimental and analytical studies have been conducted to develop analytical models for
calculating the strut width, w. A detailed literature reviefvthese models cahe found in
Foroushani (2019)rable2.1 provides a summary of these models for eagefefencewith the
geometricsymbolsshown inFigure2.2. It can be concluded that two factors, i.e., the stiffness ratio

of infill to frame and the slenderness ratio of the infill panel, seem to be the most influential in

determining the strut width, w. The effect of both is captured throudghdta,| , in most models.
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Figure2.2. Geometric parameters in masonry infilled frame



Table2.1 Summary of analytical models of tequivalent diagonal strut width

Author Equation Type of Infill and Frame Note
1 : Relative stiffness of the
0=0.5 masonry infill and the frame
Smith and - 8 _@e8 - 8 Experimental study d: Slope of
Carter - Concrete masonry diagonal to the horizontal.
(1969) O0O E¢— infilled RC frame %and%: Youngod
= TO'M of the infill and frame
column
. 0/CE0.175_ Qe 8 ( 4.C®5  Experimental study 1 : Relative stiffness
Mainstone t
(1971) Concrete masonry parameter
0/CQ=0.16_ Qe ® (_ Qe 5) infilled steel frame
Lliliv\,\;snd 0==— ¢ 0. &% i — Finite element study d: Slope of
infi diagonal to the horizontal.
(1984) Masonry infilled frame
b =—(— +—) O Thickness of panel
1 : Relative stiffness
- Experimental/Numerical ~ correlated to the beam
Dawe and 000 Ed . ; :
00 Eq— study 1 : Relative stiffness
feah = 1T00Q Concrete masonry correlated to the adjacent
(1989) — infilled steel frame column
000 Ed— % and%: Elastic moduli of
= 1T00Q the infill and the RC frame
P [ 05 - 0
0=T® | | Yoand% : Youngo
of frame column and
masonry infill
Hendry co_boe Numerical study ) and) : Moment of inertia
(1998) ¢ CGOOOE+ Frameinfill system of column and beam
— 1 andj : Contact length
| z Cz OJ _ between infills and column
COOOE&+ and beam
Flanagarand Experimental study ~ #: Empirical constant varie
Bennett 0 =— Clay tile infilled steel with the inplane drift
(1999) frame O Thickness of infill




Table 2.1 Summary of analytical model s of
ford O1. 5 Experimental/numerical  'Q Infill diagonal length
0=0.083% ‘Q+2.574/ Qe study C: Nondimensional factor
Al-Chaar Concrete and brick to consider aspect ratio
(2002) ford =1 masonry infilled RC effect
0=0.1108Y1+6.027. "G frame
6= 10.d3%985¢@. 7

2.2.2.2 Multiple-Strut Model

Some researchemsuggestedhat a singlestrut may not be adequate t@apturethe effect of the
infill exerted on the shear and moment resistance of the boundary frame. Thustratuttodels
were also proposetihe following presents three such mod€lgsafulli and Carr (2007) proposed
a model consisting of two parallel struts and a shear springhtodaw sliding shear and diagonal
tension of the infill asshown inFigure2.3. However the required parameters were found through
a complicated calibration processing a few specific infill caseswhich makes it difficult to be

adopted in practice

h, i—Masonry strut

¥ 3

Shear spring h,

Figure2.3 Two struts modelGrisafulli and Carr 2007)

t he

Burton and Deierlein (2dl{dupistdrvte! mpedl @ ¢ cmomep

elastic frame members for struts and zZierggth spring elements positioned at the end of frame

members to account for the loss in the capacity of axial load do@umn shear failure. This
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model is illustrated irFigure 2.4. This model is more to address the effect of the infill on the

boundary frame but in terms of the infiielf, it is not too different from the sings&rut model.

Beam flexural

y hinge

— 1
Column flextural
and shear spring in
series

Column flexural,
shear and axial
Spring in series

N

Figure2.4.compressioonly duatstrut modelBurton & Deierlein 2014)

Elldakhakhni et al . (3008 Modedsergwd2b.dlTHisish r aeé

model composed of three struts, creating two diagonal regions forriebwgeerethe red circles

indicate the bearnolumn joints The strut total area is expressed as follows:

Beam-column
abl -
|<—>| jomt

Ay =Af4

Pl ® (2-1)
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The contact lengths "Qand awere proposed to be associated hi plastic moment capaieis
of the beamcolumn and bearolumn connection. Calibrated using a limited numbesteél
framedmasonry infill specimens, this model was found to overestimate the strength and ductility

of infilled frames in general.

2.2.3 Failure modes of infilled frames

There are some possible failunechanisms for infilled frames. The following five failure modes
have beemecognizecascommontypes of failure in masonry infilled framek) Corner Crushing

(CC) which causes failure of the infill in the loaded corners due to compression; 2) Slidarg She
(SS) in which horizontal sliding through bed joint happens. This failure mode usually comes from
week mortar joint; 3) Diagonal strut compression (DSC) that appears in the central region of the
diagonal strut due to owtf-plane buckling, which might beaused by slender infills. 4)Diagonal
Cracking (DC) that observed through diagonal strut when the diagonal strut is subjected to
compression and diagonal tension crack appears along the diagonal direction of the infill; and 5)
Frame Failure (FF) that cde in the form of ductile plastic hinge development or sudden shear
failure of the columns. These failure modes are showrigare2.6. For masonry infilled steel or

RC frames of typical material and geometry, corner crushing was identified as the most common
failure mode. The diagonal tension cracking was also observed to often initiate the failure although

the final failure.
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detachment diagonal e tension

compression frame-infill

Figure2.6. failure modes of infilled framéAsteris et al. 2013)

frame-infill

2.2.4 Strength analysis ofinfilled frames

Several strength equatiohave been proposed to calculate the capacity of infilled system with
different failure modeasexplained above. A sunary of proposed equations is shownTiable

2.2. As can be seen, most equations were proposed for corner crushing (CC), sliding shear (SS),
and diagonal cracking (© as they were mostly often observed failure. These models were mainly
empirical and based on the diagonal strut concept, relating the lateral strength of the infill to some
forms of strut width. It should be pointed out that each model, whether devédaped on
experimental results or numerical studies, was calibrated against a set of experimental results of
material and geometric properties of the infilled systems specific to the study. Most often, these
experimental results were limited in the numbfespcimens and range of variation of parameters.

Thus, none of these models is found universally applicable to all types of masonry infilled frames.
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Table2.2 Summary of proposed strength evaluation equnstifor masonry infilled frames

Author Equation Type of Infill and Note
Frame
Mainstone "0 =056_"0 8 "Q "Qed OE0 Experimental 1 : Relative stiffness
(2971) 40" @5 study parameter (E€rror! R
B Concrete masonry eference source not found.
"0 =052_"Q 8'Q "G O@ '‘@e 5 infiled steel frame /A = Masonry infill
compressive strgth
Rosenbleth 0 =(0.9+0.3) £ 0 Experimental A = Shear bond strength
(1980) y e study Masonry between the masonry and
O =- 0 i @y infilled RC frame mortar
P 1000 |1 = Contact length of the
| ¢ OOOEL infill and column
Smith and « 10 '0Ge Numerical study (Terms are defined before’
Coull (1991) () Q 0—- — All material
q Oo o
infilled frames
Paulay and O =-0QQ AT-O Numerical study (Terms are defined before’
Priestley Masonry infilled
(21992) RC frames
Saneinejad .. Ai-O Numerical study /A& Tensile strength of infill
and Hobbs o= El 8 . . All material r=Load factor
@) o 0N -0 o .
(1995) ‘0 = Wico WA & infilled frames | Eand] = Contact length
0 o | | Q4 & ot and contact stress .be.twee
the column and infill
|1 andz = Contact length
and contact stress betwee
the beam and infill
Mehrabi O =& D T8 Experimental I = Horizontal cross
(1996) study section of infill
Masonry infilled 0 = Vertical load
RC frames
Flanagan O =0 0Q Experimental + = Empirical constant for
and Bennett study corner crushing with a mea
(1999) Clay tile infilled value 0f246 mm for clay
Steel frame tile infills
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2.2.5 lIrregular infills

The above presented analytical model s/ equatio
to static | ateral | oadi ng. I n this context,
perforations and there are no gaps atthe4ttifi r ame i nt er f ace. For Airre

openings and interfacial gaps are present, or loading is cyclic, there are no available design
guidelines accepted by the design community. Research ® he @A di agonal stru
incorporating the eff ec-goingdnd domerfindengswnh parameteise s 0

relevant to this study are summarized in the following sections.

2.2.5.1 Interfacial Gap

The presence of interfacial gaps betwbeam and infill or column and infill causes a significant
decrease in the stiffness and capacity of the infilled frame. Based on studies conducted by Yong
(1984) and Dawe and Seah (1989a), the presence of a top gap of 20 mm between beam and infill
resultsin a 50% reduction in the initial stiffness and strength of the infilled system. On the other
hand, Flanagan (1994) stated that a 25 mm side gap between the column and infill did not affect
ultimate capacity; however, a nagmmetrical cracking shape wasserved. All previous studies
suggested the presence of a gap significantly reduces the stiffness at the initial loading point. Once
the gap was closed due to loading at the loaded corner, a marked increase in stiffness was observed.
Further, a top gap sexs to have more detrimental effect on the capacity of the infikedethan

the side gap. However, the latter affects more on the displacement and ductility of the system.

2.2.5.2 Openings
Infill o peningswere also reported to resultredudions inthe stiffress and capacity of the infilled
frame Both opening size and location can affect the degree of the redudfialisk and Garg

(1971) suggested the center of infill is the best location for opening. HowKe&gletsis and
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Karayannis (200AvhotestedRC infilled frames indicated that a better performance was observed
when the location of openingasclose to the edges of the infih reduce the interruption of the
diagonal strut formatiarSoon (2011showed that the reduction in infill capacity and the opening

size do not have a linear relationship.

2.2.5.3 Cyclic Loading

Quaststatic cyclic loading cabe definedas a testing procedure where slow cycles of loading,
simulating sesmic activity, are appliedn order tostudy the performance of structures and
structural members for crack propagation, hierarchy of collapse, and associated levels of damage.

I n compari son to monotonic | oadi guasistatickhyclic h as s ¢
gives insight into the hysteric characteristics such as strength and stiffness deterioration, energy
dissipation, and ductility. The quastatic loading is considered a good alternative for
understanding the structural seismic perfangein lieu of more sophisticated and advanced

testing strategies such as psedgoamic or shaking table testing. While a majority of
experimental research on infilled frames has been conducted using monotonic loading, those

conducted under cyclic loadjrconditions were limited.

Klingner et al. (1996andMehrabi et al. (1996Jonducted experimental tests on kedlled single
storey infilledRC frame specimensubjected to monotonic or quasatic cyclic loadingResults
showedhat infills cansignificantly increaséhe stiffness, strength and energy dissipateapacity
of theinfilled system, even if the system is underand outof-plane lateral loads suftaneously.
It was also found that specimens subjected to cyclic loading showed lower lateral resistance and

faster strength degradation than their monotonically loaded counterparts.

A full-scale experimental study was conductedPiojol and Fick (2010)They tested a three

storey concrete building and investigated the effect of masonry infills on the drift capacity of

16



concrete fames. The presence of infills was proven to enhance the performance of the frame in
terms of consstareyngdrtheofnantdeli ncreasing t he

strength up to 500% arid0%, respectively.

Al-Nimry (2014)performed qusi-static cyclic load testing on 1/3 scale RC frames with limestone
masonry infills. Experimental results showed a substantial decrease in ductility with the presence

of axial load and reduced load capacity with the presence of openings.

2.3 EXPERIMENTAL STUDIES CONDUCTED AT DALHOUSIE

UNIVERSITY

Two experimental studies conducted in the same research group are of relevance to this study and
their findings are described below. One was conducted by Steeves (2017) on masonry infilled RC
frames sbjected to cyclic loading and the other was conductedrdrpushani (2019pn alk

masonry infilled frames subjected to static loadimpe geometry, dimensions, and material
properties of the infills and frame are kept as consistent as appropriate ahtbnggadtudies to

enable later results comparison.

Steeves (2017) investigated the effect of gaps and openings orplheeénbehaviour of masonry

infilled RC framessubjected to quastaticcyclic loading One bare frame, two specimens with

gaps and two with window opening accounting for 20% of the infill area weezledto failure.

All infills were constructed with the same dimensions at 980 mm high and 135@idanThe

strength, stiffness, ductility, and energy dissipatiothespecimensvere disassedThe geometry

and dimension of the infill and the boundary frames, as well as the gap size and location and infill
openings used in the Steeveso6 study on infildl

possible. The test setup and procedueee also kept the same between two studies. The objective

17



was to be able to compare the performance of a masonry infilled RC frame vsmasatiry

infilled frames for a given set of parameters.

Foroushani (2019esteda masonry bare frame and fivik-masonry infilled frame specimens.

The parameters included infill strength, infill horizontal reinforcement, and presence of vertical
loadapplied through theop framebeam. For all specimens, masonry infills were constructed with
ungrouted concrete nsanry blocks and did not have any vertical reinforcement. According to
Foroushani (2019rll-masonry infilled framesin general, exhibited comparable or even greater
ductility thantheirRC framecounterpartsWhen the strength is concerned, thewadisanry infilled

frames attained similar and, in some cases, higher strengths than the RC frame counterparts. The
study showed the potential for this-alasonry infilled frame system to be used as a lateral load

resisting system but more experimental test®dog more parameters are needed.

2.4 NORTH AMERICAN DESIGN STANDARDS AND CODES

As mentioned previously, the diagonal strut method has been adopted in both the Canadian and
American masonry design standards for design of masonry infills. Under the framevbik

method, different equations for the strut width and strength calculations are, however, specified in

the two standards. Also, it should be pointed out that the provisions contained in both standards
only address the 0rdaglsugrozide explitit treatrhestdor infilsenvhan h e r

Airregul aritieso exists in the infildl

2.4.1 CSA S304.14
The Canadian masonry design standard CSA S304.14 (2014) follows asgrnical method

through the diagonal strut concdpt the design of infillsMainly based on the work done by

18

‘N



Stafford Smith and Carter (1969), the strut width, w, is correlated with contact areas between the

infill and the frame beam and column, and| , as illustrated ifrigure2.7.

(2-2)

- —  — (2:3)

whereo is the effective thickness of the masonry infdl, is the elastic modulus of the frame
material,Oand"Oare the moment of inertia of the beam and column, respectively. The effective

strut width  isthen considereds w/2asthe stress distributioim that width can be considered
uniform.

For stiffness consideration, S3Q4 specifies that the effective strut width be further reduced to
0.50 . To determine the iplane capacity of masonry infills S304, investigates corner

crushing (CC), shear sliding (SS), and diagonal cracking (DC) failure modes. In all cases, the

strength equations are related to effectivediagonal strut width
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strut width, /2
thicknass, 1

Figure2.7 lllustration of geometric properties of the equivalent diagonal strut
(Adapted from Drysdale and Hamid 2005)

2.4.2 TMS 402/602
The American standard TMS 402/68ecifiesthat the infill be consideredsan equivalent strut
to calculate the stiffness of the infilled system. Based on the research conducted by Flanagan and

Bennett (1999), the width of the diagonal strut is obtainetthéfollowing equation:

) e 2-4
0 75 (2-4)
where_ is the stiffness parameter and expressed as below, for the design of concrete and clay
masonry infills:
00 Okl
_ O 00Kk (25
= 10 '0Q
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whereO and O are the Young6s modulus and moment

respectively, and is the effective thickness of the infill. The factor of 0.3 is used to account for
the potential damagristained by mortar joints with no damage to the infill (Flanagan and Bennett
1999). Although similar in concept, the TMS equation is a simplified diagonal strut equation where
the bounding beam effect is considered negligible and the width is largelpddepeon the

bounding column stiffness.

In TMS 402/602, the uplane strength of infilled frames is also evaluated based on three failure
modes, i.e., corner crushing, sliding shear, anch@Bateral displacement of the frame. It should
be pointed out thaor corner crushing, the TMS simply uses a constant term of 6 inches as the

diagonal strut width to account for the compressive capacity of the diagonal strut.
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CHAPTER 3 EXPERIMENTAL PROGRAM

3.1 GENERAL

This study experimentally investigates the strength andvimivaof alkmasonry infilled frame
systemsA total of sixall-masonry infilled frame specimensssubjected to either static or cyclic
in-plane loading to failureAlong with testing of the infilled specimereyxiliary tests were also
conducted to obta the material properties of concrete masonry uf@slUs), mortar, grout,
reinforcing steel and masonry prisnisie following sections provide a detailed description of
infilled frame specimensest setup and procedusile theassociateduxiliary tessare presented

in Appendix A.

3.2 INFILLED FRAME SPECIMENS

Table 3.1 provides a description of design parameters of the six specimens tested in the
experimental program. The first four specimens were tested under monotonic lateral loading, two
of which were used to study the effect of axial loading on ti@ane behaviou(IF-LA-80 and
IF-LA-160) with two levels of axial loads of 80 and 160 kN respectively, and the other two were
used to study the effect of infill aspect ratio-A5-0.5 and IFAS-1.3) with an aspect ratio, H/L,

of 0.5 and 1.3 respectively. The last twiesimens were tested under cyclic lateral loading (IF
W-TG-C and IFW-SG-C) and they had a pefined gap of 12 mm located at two interfaces,
including: 1) at top beasmfill interface (Top Gap), and 2) at two coluanfill interfaces (Side

Gap). These tospecimens also had a window opening accounting for 17% of the infill area. The

capacity of the hydraulic actuator used to apply the cyclic loading is 100 kN. The two specimens
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were thus weakened with both interfacial gap and infill opening to ensuredheye tested to
failure within the actuatordés capacity. I n ad
used in the experimental study conducted by Steeves (2017) on masonry infilled RC frames. The
parameters were thus kept the same to aia taimparisons. Figures 3.1 to 3.3 illustrate the

geometry, dimension, and design parameters for these specimens.

Table3.1 Summary otestspecimens
Window

Specimen ID  Aspect ratio (H/L) ) Gap Type ofload
opening
Lateral and 80 kN
IF-LA-80 0.73 - - axial
Lateral and 160 kN
IF-LA-160 0.73 - - axial
IF-AS-0.5 0.5 - - Lateralstatic
IF-AS-1.3 1.3 - - Lateralstatic
IF-W-TG-C 0.73 17% 12mm Top gap Lateral gclic
IF-W-SG-C 0.73 17% 12mm Side gap Lateral g/clic

(6mm eactside)

Constant axial loads on columns

Monotonic - — Lﬁ
lateral S E 7 o

loading

L)

980
1170

9 1350 N

1730

Figure3.1 Geometry and applied load on specimentA=80 and IFLA-160 (unit:mm)
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Figure3.2 Geometry and applied load on specimens (8)30.5 and (b) IFAS-1.3 (unit:mmn)

24



(@)

(b)
Figure3.3 Geometry and applied load on specimens (&QVHF G-C and (b) IFW-SG-C (unit:mm)

All the masonnyinfills were constructed as unreinforced anedguouted using the custemade,
half-scale standard 20dmCMUs. Figure 3.4 shows the nominal dimensions of the CMUs used

for theinfill and boundary framd@he boundary frame crosections (including the top beam and
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