EXPERIMENTAL INVESTIGATION ON THE OUFOFRPLANE
BEHAVIOUR OF CONCRETE MASONRY
INFILLED RC FRAMES

by

Reza Sepasdar

Submitted in partial fulfilment of the requirements
for the degree of Master of Applied Science

at

Dalhousie Unversity
Halifax, Nova Scotia
April 2017

© Copyright by Reza Sepasd2017



TABLE OF CONTENTS

LIST OF FIGURES. ...ttt eeeett e e e e e eannmeeeees] Vil
AB ST R A C T et ee e e ettt e e e e et e e amne e e e e e raa e Xii
LIST OF ABBREVIATIONS AND SYMBOLS USED...........ccovvviiiiiieiiiireeeeeeee Xiii
ACKNOWLEDGEMENTS . ... XVii
CHAPTER 1 INTRODUCTION. .....uuiiiiiiiiiie e e e eme e e eene e eeeeeees 1
1.1 BACKGROUNDL.....cuuii ittt ernne et e e e e e e enene s 1
1.2 OUT-OFPLANE BEHAVIOUR OF MASONRY INFILLS........cccccooiiiiiiiie. 2
1.3 RESEARCH OBJECTIVES.......o ittt eeme e 4
1.4 DOCUMENT ORGANIZATION. ....uuiiiiiie ettt eeme e 5
CHAPTER 2 LITERATURE REVIEW.... ..o 6
2.1 INTRODUCGCTION. ...ttt eeeee ettt eree e e e e et e e e e e eeens senes 6
2.2 OUT-OFRPLANE BEHAVIOUR OF INFILLED FRAMES...........cooiiiiiiiieeeeeiens 6
P R €= 1T - R PP PP PP PP PP PPPPRPP 6
2.2.2 ArCRING ACHION. .. ..t e et mmme e e e e e e eba e e e e eernns 8
2.2.3 Experimental StUAIES..........uuiiiiiiiiiice e 9
2.2.4 Analytical Methods..........cooouviiii et 12
2.2.5 Code Practice in NOorth AmEeriCa........cooevviiiiiiiiiieee e 19



2.4 CONCLUDING REMARKS......cotiiitiiiii et eeenn e 20

CHAPTER 3 EXPERIMENTAL PROGRAM.... oo 21
3.1 GENERAL ... e 21
3.2 INFILLED FRAME SPECIMENS...... .o eeeme e 21

3.2.1 Construction Of RC Frames..........cooiiuiiiiiiiieace e 25
3.2.2 Construction of Masonry Infill WallS............cccooeeiiiiiiieeeii i 31
3.3 OUT-OFPLANE TEST SETUR.....cottii et 34
3.4 INF-PLANE TEST SETUR....oiii e 38
3.6 TESTING PROCEDURES........co oo eeeee e eeee e 43
3.6.1 OUHOT-PIANE TESL....ccciiiiiiiiiiie et e e e e 43
3.6.2 INPIANE TS, ..ot e e 44
3.7 AUXILIARY TE ST S . it e eeen et e e e e s 44
7.1 CIMUS. ... e e et e et b e e e eae 44
G |V (o] = PP PP PP PRPPPPPPY - o
3. 7.3 MASONIY PriSIMS ....ouiiiiiiiiiiii i e e e e eeeecie s s e e e e e e e e e e e e e e e eees e e e e e e e e e eeeeeeeeennennend 46
.74 CONCIEL. ...ttt eeee et 47
3.7.5 ReiNfOrCiNg STEEL........uuuiiiiiiiiiiiiii e 48

CHAPTER 4 EXPERIMENTAL RESUTS. ......coouiiiiiieiii et 50
4.1 INTRODUCTION. . .uuiiiieiiiitiie ettt ittt e e e e enmme et e e e e e e eaaa e e e e eeanes 50
4.2 AUXILIARY TEST RESULTS..... e 50



.21 CIMUS. ...t e 50

A |V [ ] = L PP PP PP PP PRPPPPTN 53
G I \V = TSY o ] Y d 1511 SRR 56
4.2.4 CONCIELE. ..o it 58
4.2.5 Summary of Auxiliary TeSt RESUIS.........covviiiiiiiiiimre e 61

4.3 INFILLED FRAME SPECIMEN RESULTS........oiiii e 62
4.3.1 SPeCimen HND ......oooiiiiiiiii e 62
4.3.2 Specimen HIV-ND. ... 66
4.3.3 SPECIMEN HDL.......uiiiiiii et 71
4.3.4 SPECIMEN HD2......uuiiii it 77
4.3.5 Summary of Infilled Specimen ResSUlLS.............cccooiiimmmr i 84

4.4 EFFECT OF WINDOW OPENING.......coiiiiiiiiiieee e 85
4.5 EFFECT OF PRIOR DAMAGE ..ot 37
CHAPTER 5 EVALUATION OF ANALYTICAL METHODS.........ccoiiiiiie e 92
S.LINTRODUCTION. ...t eee et eeeee e e e e e e 92
S.2 EXISTING METHODS.......co e e 92
5.3 EVALUATION OF ANALYTICAL METHODS.......cccoiiiiiiiieeeeeeiiemceiie e 94
5.3.1 Evaluation Using Results from this Study...........cccccovviiiiemiiiiiiiiiinnnnnn. 94
5.3.2 Evaluation Using Results from other Studies..........ccccooeiiiiieeciiiiinnnnnn. 98
CHAPTER 6 SUMAARY AND CONCLUSION.......coiiiiiiiiiiee e 111



6.1 SUMMARY ..ottt e e e e 111

6.2 CONCLUSION. .. .ottt e e e e e e e e neeas 112
REFERENCMES ... ... 115
APPENDIX A. e 120
APPENDIX Bt 123
APPENDIX €.t e e e 127



LI'ST OF TABLES

Table3.1Summary of Frame SPeCIMENS...........uuuuiiiiiiiiieeeiiiiiiieeee e e e eeeeeees 22
Table4.1 CMU PhysiCal Properties............uueeiiiiiiiiieeeiiiiiiieeeeeeee e 51
Table4.2 Mechanical Properties of CMUS...........ooooiiiiiiiiiicce e 52
Table4.3 Compressive Strength of Mortar Cubes Cured in Lime Water.............. 55

Table4.4 Compressive Strength of Mortar Cubes Cured in the Same Condition as the

WIS ...ttt e e et et e e e e e e e e et e e e e e e e e e e e n e 56
Table4.5 Masonry Prism Compressive Test Results..............ooooooieencs 57
Table4.6 Concrete Cylinder Compression Tests ResuUlts..........cccevevvvieeeeeeeeeeeee, 59
Table4.7 Summary of Auxiliary Test RESULLS...........oovviiiiiiiiiieee e 61
Table4.8 Summary of Test Results of Infilled Specimen...........cccceevvvviieeciiiinenee. 85
Table5.1 Summary of Analytical Method for Ouwf-Plane Strength Calculatian......93

Table5.2 Summary of Analytical Methods for Guf-Plane Displacement Calculati®4
Table5.3 Material and Geometrical Properties of Specimens..........cccccccvvvvieeeunnee. 95
Table5.4 Summary of Analytical Methods Evaluation..............cccovvvvieeeee e, 96
Table5.5 Summary of Infilled Specimens and Test Results from Other Studies..99
Table5.6 Summary of Strength Evaluation..............ccc.eeeviiieeciiiiiiiiiieeee e 101
Table5.7 Summary of Displacement Evaluation................ccccooiiieeeeeviennnnnnnnnnnn. 105

Table5.8 Analytical Method Evaluation for Infills with Prior {Rlane Damage (Angel

vi



LI'ST OF FI GURES

Figurel.1 Example of Masonry Infill Walls................ooeeiiiiiiiieciiiiiieeee e 4
Figure2.1 OheWay Arcing of Masonry WallS...............eiiiiiiiniieesiiiiiiieeeee e 8
Figure2.2 Arching Action Parameter in Mechanics of Rigid Arching.................... 13
Figure3.1 Geometric Propges of Infilled Frame Specimens (unit: mm)................. 23
Figure3.2 Details of HaHScaled CMUS (UNIt: MM).....oooeeiiiiiiiiiiiiiiiieeee e 24
Figure3.3 Details of Reirdrcement in RC Frames (Unit: mm)...........cccoeeveviiviieeen. 25
Figure3.4 Overview Of FOrMWOIK...........coiiiiiiiiiiiii e 27
Figure3.5 Overview of Formwork with Reinforcement...............cccevvivieeeiviiieeeeen. 27
Figure3.6 Formwork with Reinforcement, Chairs, and Tube Detalil...................... 28
Figure3.7 Formwork with Reinforcement, and Tube Detail.............cccovvviieeeeeeennn. 28
Figure3.8 Details of Formwork with Reinforcement.............ccccooocvieeeiiineeennnnne, 29
Figure3.9 Frame Specimen Ready for Pouring Concrete............cccccvvvimmenniiiinnens 29
Figure3.10 Concrete Pouring and ViDrating.................eeeevvieeciiiiieiiieeiiiiiieeeee e 30
Figure3.11 Curing Of CONCIELE........cooiiiiiiiit et e 30
Figure3.12 Pouring and Vibrating CyliNderS.........ccoooiiiiiiiiiiicce e 31
Figure3.13 Construction of Masonry Infill Walls...............ccoooiiieen e 33
Figure3.14 Outof-Plane TeSt SEtUR.......ccoiiiiiiiie e 34
Figure3.15 Outof-plane Setup DetailS.........coooeiiiiiiiiiiiicc e 35
Figure3.16 Pressure Gauge, Pressure Transducer and Air Compressor............. 36
Figure3.17 LOCAtiONS Of LVDTS.....uuiiiiiiiiiiiiieiee e 37
Figure3.18 Locations of LVDTSs for the Specimen with Opening...............ccc.cvveee. 37
Figure3.19 INPIane TeSt SETUD.........oocuvriiiie e eeereie e rmmee e 39

Vii



Figure3.20 Hydraulic Jack Connection to Test SPeCimen...........cccuvvvveveeeeievvrnnnne. 39

Figure3.21 Frane to Floor ConNNeCtion TOP VIBW.........uurrurririiiiiiieeeieeeeeieeeeeeeeeeeenns 40
Figure3.22 Frame to Floor Connection Side VIEW............ccooviiiiiiiccceeeeeeiiies 40
Figure3.23 Hydraulic Jack Bracing the BaBeam...........c.ccccccvvvviiiieeeevieinnnnnnn 41
Figure3.24 Placement AIVDT L ... eeeene e 42
Figure3.25 Placement AIVDT 2 ... eeeenene e 42
Figure3.26 Placement dfVDT 3and LVDT4.......cccccuiiiiiiiiiiiieeceeeeiieeeeeeee s 43
Figure3.27 Compression Test Setup for CMUS..........ccooiiiiiiimemnieeee 45
Figure3.28 Compresion Test Setup for Mortar Cubes.............cccovvvviiiecce e, 46
Figure3.29 Compression Test Setup for PriSMS...........uuviiiiiiiiieeeiiiiiiiieeeeeeeeee e 47
Figure3.30 Compression Test Setup for Caate Cylinders.............ccccvveveeiiiicennnee 48
Figure3.31 Steel Coupon Detailing (Hu 2015) (unit: mm)........ccccccvvveriiieenneneee.. . 49
Figure3.32 Tension Test Setup for Reinforcing ${eRs 2015)........covvviiiiiiiiiiiniinnne. 49
Figure4.1 Net Area of the CMU Block (Unit: mm)............ooooiiiiiiiimmmnniiiieee 52
Figure4.2 Typical Failure Mode of the CMUS............occiiiiiiiiiiccnee e 53
Figure4.3 Typical Failure Mode of the Mortar Cubes...........ccccccooiiiimniiience s 54
Figure4.4 Effective CrossSectional Area of PriSmS.........cccccvveiiiiiiieenineeee e 57
Figure4.5 Typical Failure Mode of Masonry PrisSms..........ccccccovviimimeminenee e 58
Figure4.6 Typical Failure Mode of Concrete Cylinders..........ccccccvveeeivicemnniinneeneen. 60

Figure4.7 Initial Stress vs. Strain Curve of Concrete Cylinders under Compression

(S0 T PP UP PP PPPPPTPPP 60
Figure4.8 Pressure vs. Ouof-Plane Displacement Curve of SpecimefNPB............. 63
Figure4.9 The Cracking Pattern of {RD before Failure...............ccccooiiiieeciinneeenns 63

viii



Figure4.10 Outof-Plane Displacement Curves ofND for the Horizontal LVDE....64
Figure4.11 Failure Mode of Specimen-ND............cuuiiiiiiiiiiiiiieeniiieeeeeeeeeeee 65
Figure4.12The Typical Web Shear Failure of Masonry Units for SpecimeNDF....66
Figure4.13 Pressure vs. Qat-Plane Displacement Curve of SpecimeAVAND ...... 67
Figure4.14The Cracking Pattern of {ND Before Failure.............cccooviiiiiieencn 68
Figure4.15 Outof-Plane Displacement Curves ofW-ND for Vertical LVDTSs......... 68

Figure4.16 Outof-Plane Displaceent Curves of IFN-ND for Horizontal LVDTSs....69

Figure4.17 Failure Mode of Specimen-WW-ND............coooviiiiiiiiiienn e 70
Figure4.18 Failure Mode of Specen IFW-ND (Back View)............cccccvviiiiiiiiieennns 70
Figure4.19 Web Shear Failure of Masonry UNIS.............oooooiimmmneeieeieiiiii 71

Figure4.20 Load vs. Lateral Displacement of Specinfe D1 under InPlane Loading2
Figure4.21 Prior InPlane Damage for SpecimenilA ...........c.ccccovviiiiiiiiieaseneeneeeenn. 72
Figure4.22 Pressure vs. Qof-PlaneDisplacement Curve of SpecimenIH under

OUEOF-Plane LOAGING.....cieeiiieeeeeeieeee et e e e e e e e e e s eemee e 74

Figure4.23The Cracking Pattern of iB1 before Failure (Red Colour: Prior-Rlane

Damage, Blue Colour: Owf-Plane Crachkig)..........cceevviiiiiiiiiiiiiacciiiiiieeeeeees 74
Figure4.24 Outof-Plane Displacement Curves ot for Horizontal LVDTSs.......... 75
Figure4.25 Failure Mode of Specimen-IFL..............cccccciiiiiiiimemriiiiiiiiiieeeeeeeeeeeee L O
Figure4.26 Web Shear Failure of Masonry Units for SpecimeD1E....................... 76

Figure4.27 Pressure vs. Gof-Plane Displacement Cureé IF-D2 under the &
Round of OWHOf-Plane LOAdiNg............uuuuiiiiiiiiiiiieeeiiiiiiieeee e 7’7

Figure4.28 Prior Ouof-Plane Damage for SpecimenliZ.........ccccccceeeeeiiiiiiiccceeennn. 78



Figure4.29 Load vs. Lateral Displacement Curve of SpecimeD2Rinder Inplane
o= To 10T AP P PP PPPPPPPPPPPR 80
Figure4.30 Inplane Failure Mode of Specimeni2............cccoooiiiiiiiieene e 80
Figure4.31 Pressure vs. Qat-Plane Displacement Curve of-[F2 under the Second
Round of OWHOf-Plane LOAdiNgG.........uiiiiiiieieeieiiiceeeeies e eeeeeeeeeteeee e 82
Figure4.32 Crack Pattern of Specimenr(R before Failure (Reddour: I Round of
Out-of-Plane Crack; Blue Colour: Rlane Cracks; Green Colouf“2ound of Outof-
PIANE CrACKS).....cii ittt e e ettt eeena bbbttt e ettt e e e e s emer e e e e e e eeaeeeeas 82
Figure4.33 Outof-Plane Displacement Curves of SpecimeiDIEfor theHorizontal
LVDTs (Red Colour: 1 Round of Outof-Plane Loading; Black Colour2round of
OUEOF-Plane LOAdING) ......coiiiiiiiiiieitieees et eees et e e e e e e e e e e e e e e e emmmees 83
Figure4.34 Outof-Plane Failure Mode of Specimeni2............cccocvveeiiiiiimeninnnnnd 84

Figure4.35 Pressure vs. Maximum GuoftPlane Displacement Curves ofND and

Figure4.36Pressure vs. Owif-Plane Displacementutves of IFND and IFW-ND ...87
Figure4.37 Load vs. Lateral Displacement Curves eDIE, IFD2 and IFNG (Hu
2015) under IFP1aNe LOAAING........ccoouiiiiiiiiiieieieeeiiiiie e seeee e e e e e e e e e e e e as 88
Figure4.38 Pressure vs. Centre €nitPlane Displacement Curves ofND, IF-D1,

=L 0 ] 5 S 90
Figure4.39 Pressure vs. Gof-Plane Displacement Curves ofND, IF-D1, and

I PP 91
Figure5.1 Relationship Between Prior-Fiane Loading and Owif-Plane Strength

R AU ION . .ttt et a e e e e e e et e e e e e e e e e aamar e e e e aaanaaes 109



Figure A.1 InfilledFrame Specimen HND (UNit: MM).....ccoooeiiiiiiiiiiiiieeee e 120

Figure B.1 Infilled Frame Specimens (UNit: MM).......cccoovviiiiiiiiiiceeiiiineeee e 123
Figure B.2 Yield Lines of Specimen-IRD (UNit: MM).........cccooeeeiiiiiiiiiiiiinne e 124
Figure B.3 Yield Lines of Specimen-N7-ND (UNit: MM).......iiiiiiiniineeeeieieeeeeeenn. 125
Figure C.1 (a) Infilled Frame Specimen-IR); (b) OpenSeeModel (unit: mm).....127
Figure C.2 Beam and Columns CHEBESCION........uuiiiiiieeeee e eeeeieeeiee e eeeeeeeeeeeens 128

Xi



ABSTRACT

Previous studies omasonry infilled framefave shown that if an fifl is built in tight
contact with the bounding framle outof-plane behaviour is governed by a phenomenon
called arching action. This causes masonry infills to have much greatef-glahe
strength than conventional flexural walldowever, the liteature review yielded a small
number of studies and on limited material and geometric parameters of masonry infilled
frames. Although there are several existing analytical methods for calculating bl out
plane strength, their efficacy has not been thghty examined. While the American
standard MSJC 2013 contains a sempirical equation for owbf-plane strength
calculation for masonry infills of simple conditionke Canadiastandard CSA S3044
provides no specific provisiofmit suggests the uséfirst-principle mechanics for design.

This study was motivated to augment the existing experimental databaseaf+plaute
behaviour and strength of masonry infills and to assess the efficacy of existing analytical
methods for infill owtof-plane stragth calculation. Atotal of four masonry infilled
reinforced concrete (R@)ame specimenwastested with different parameters. One was
considered as a control specimen; one was built with a window opening in the infill; and
the other two had sustainedrdage caused by either priofplane or oubf-plane loading.

Of two specimens with prior damage, one was first subjected-paire loading until
occurrence of a major diagonal crack, and then tested undef-platne pressure to failure.

The other wa#irst subjected to oudf-plane pressure until occurrence of a major horizontal
crack, and then tested underplane loading to failureThe experimental results were
presented and discussed in terms of load vs. displacement response, cracking pattern, a
failure mode for each specimen ahd effect of parametevgas studied. fie effectiveness

of existing analytical methods for eof-plane strength calculation was examined using
test results of experimental programs carried out by various researchers.

Experimental results showed that prior damsgs&ained from #plane loading resulted in
reduction in the oubf-plane strength, and the more significant the damage, the hingher
reduction However, prior damage the form of a central horizontal crasldstained from
out-of-plane loading showed negligible effect on theiane strength of the infill. The
presence of infill opening resulted in a reduction in the-obytlane strength and
displacement of the infill. The owtf-plane failureof all specinenswas characterized by
web shear failuref masonry units of the infill.

None of the existing methods was shown to provide consistently accurate strength estimate
over the entire data set. Both gross conservatism and overestimation were observed for
certain group of results. Comparing to the other methods evaluated for strength calculation,
MSJC 2013 performed better still with a high COV. The only method that accounts for
prior in-plane damage effect provided inconsistent predictions of strength forgddma
specimens.
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LI'ST OF ABBREVI ATI ONS AND

ABBREVIATIONS

CMUs Concrete masonry units
COV  Coefficient of variation
IF-D Infilled frame with prior damage
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SYMBOLS
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CHAPTER 1l NTB®Q@CTI! ON

1. BACKGROUND

Masonry materials and construction have progressed throughseveral stages of
development.Masonry clay brick was predominately used prior to 1900s. With the
introduction of concrete in early 1900spncrete masonry was introduced tioe
constrution. The concrete block was cheaper than cut stand required ledabor to lay

than briclsanduse of concrete masormgvanedmasonry construction into a modern.era
Over the twentietitentury masonrplocks were manufactured with mulstgher strength
andvarioustypes and together with the introduction of steel fengement intomasonry
masonryremained aa competitive construction materaahong steel and concréte both
residential and commercial constructibtistorically,thefir ul e s ,ovére theltoolynb 0
available methodfr masonry desigantil 1950s The development of building codes for
engineering design ehasonry structurdseganin late 1950s. The firstunified provisions

for masonry design i€anadavereintroducedin the NationalBuilding Code of Canada
(NBCC) in 1965 and improved and expanded %70 and 1975 editionélthough based
ontheallowable stress conceple desigmprovisions were considered a large step forward
fromtheA r ul e s dliemeéthodolody of ultimatémit state design waisitroduced

in 1990sfor masonryand has beendapted in design codes and standadsr sincen

both Canada and United Stat€ékis has aligned masonry design methodology with that of
other main construction materials (concrete, steel, timber) and enabled masonry to remain

asa predominant construoth materialn modern daysAt present, the governing standards



for masonry design are tidanadian Standard AssociatiG8A S30414 (2014)in Canada

andMasonry Standard Joint CommittekSJC 2013 irthe US.

1. 2UTOFPLANE BEHAVINDAUROMNHAY | 8BIFI L L

A masonry infiledframe iseitheraconcreteor steeframewith a masonry wall built within

and it is useckither as a partition to separate spaces or cladding to coragetikling
envelopgFigure 1.1) Although the inherent large4plane stiffnessfomasonry walls can
provide the lateral stiffness required in a seismic designindustry practice has been to
treat the infill as nosstructural element and design the frame for both lateral and gravity
loads. Howeverthe practice has shown that whenfills are built tight against their
bounding framg interacion between the infill and its bounding franvéll make
behavioual characteristicof the infill different from regular masonry walls without
confinementOne such example @utof-plane behaour and strength of infillsvhichis
different frommasonry flexural wallsvithout confinementThe out-of-planestrengthof
flexural wallsrelies on its bending capacity which is in turn dependent on teéesile
strength of the mortgoint while the odof-planebehaviourof infill walls is characterized

by a phenomenon callédichingactiond. When a wall is butted up against the frame acting
as rigid supports, iplane compressive forces are induced in the wall as it bends under out
of-plane forces, rad thesecompressive forces can delay cracking and subsequent arching
of the wall.Thearching actiorwas shown to increaslee outof-plane capacitpf masonry

infills significanty, in some cases, 2 to 3 times higher than its flexural cap&biéymore
recent research showed that the farching

compressive strength, pardnensions, and boundary conditions between the infill and



the frame. Development of arching actmanenhance the stability of infills even afteeth
ultimate capacity was achievddowever, parameters in previous studies were limited and
although archingaction phenomenon was well described, no quantitative relationships
were established to define the -@fitplane strength in relation to all influgsdtparameters

for practical design. In practicéhe Canadian masongesign standard CSA S304
provides no specific design provisions for the-ofiplane strength of infill walls but
suggests that the first principle mechanics be relied on for andliisi American masonry
design standard MSJC 2013 contains a sempirical strength equation for masonry infills
subjected to oubf-plane loading, which was largely based on experimental results
obtained by three research groupsae and Seati989; Angd 199; Klingner et al.

19%).

It is noted that while considerable research has been conducted in the argdaogin
behaviour of masonry infilled frameshe research on the eat-plane behaviour of
masonry infills is very limited and research resatesscarce in the literatuifeurthermore,
in-plane and oubf-plane behaviour may have some level of interactiothéevent of
earthquake. It isonceivablehat the inplane damage sustained in the infill could affect its
out-of-plane strength and vioeersa. However, the potential interaction ofplane and
out-of-plane behaviour of masonry infills&as received little research attentiéso, the
amount of research on the effect of window opening on th@fepitne behaviour of
masonry infills isdimited In view oftheabove, this research was carried auptovide a
better understanding out-of-plane behaviour of masonry infills in genei@d well as on

how in-plane/outof-plane damage influenseut-of-plane/inplane strength of infills.
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(a) (b)

Fi gatEexampl e of Maaslonsry I nfill W
(a) Steel moment resisting frame with brick masonry partitions (world house
encyclopedia); (b) Reinforced concrete frame with brick masonry infills (Scawttg

1 BESEARCH OBJECTI VES

This research involvedn experimental investigation of the eof-plane behaviour and
strength of masonry infills with a focus on the effetinfill opening and prior damage.

The objectives are as follows:

1. To augment the existing experimental dat@bas the oubf-plane behaviour of

masonry infilled RC frame specimens

2. To analyze the effect eésted parameteos the behaviour and strength of the isfill

3. Toexamine the efficacy axisting analytical methodacluding codeprovisionsusing

test results



1.4 DOCUMENT ORGANI ZATI ON

Thisthesiscomprisesix chaptersChapter ontainsan introduction along with obpéives

of this researchChapter 2 presentsliéerature reviewon theoutof-plane behaviouof
masonry infilled framescluding \various methods of calculating that-of-plane strength
North American masonry design codes, and prevexgerimentalstudies Chapter 3
describes the proceduoé the experimental program detail, includingthe construction

of masonry infilled RC frams,in-plane and oubf-planetest saip, and auxikry tests of

the materials usedChapter 4presents andnalyzesthe experimental result§€hapter 5
compares the experimental results with the analytical valb&esnedusingthe design
codes and variaanalytical method<Chapter 6 presents a summary of the research and

conclusions from this study



CHAPTER2L | TERATRR¥I EW

2.1 | NTRODUCTI ON

The research is to investigate the-ofiplane behaviar and strength of masonry infilled
RC frames with a focus ohé masonry infill. The following sections present a summary
of general behavio of infilled frames, current code practice in North America for design
of infills, and previous studies conducted in the area of infilled frames with particular
attention paidto the effect of prior irplanedamage andhfill opening.This literature
review facuses on RC frames, although the relevant researches onratees fare also

reported.

2.2 OUT-OF-PLANE BEHAVIOUR OF INFILLED FRAMES

2.2.1 General

As mentioned earlier,rpviousresearcttonductedn the outof-plane behaviour of infill
wallsis limited and within available studiesgveral methods were reported for the @it

plane loading including blast loading, shaking table, and static pressure while majority
studiesused the setup of a singbay singlestorey infilled framdoaded bystaticuniform

pressure

One of the earliest studies the outof-plane behaviour of infill walls wadoneby Monk
(1958 usingblast loadingo assess the damage expected in diffeiygres of blast up to
atomic blastGabrielsen (1975) tested a series of full scale infilled panels under the blast

loading toassess the owf-plane strength and behaviotitowever, blast loading test



expensiveand also requires special facilitieend thus is usuallydone bydefene and

military agencies.

Another method for dynamic testing of infill specimens by using shakingtables
(Henderson et al. 2003; Meist al. 2007 Rabinovitch2011). Shaking tables are the best
means of obtaining thgeismc respmse of a structure by simulating a specific recorded
ground motionHenderson et a(2003 conduted an extensivehaketabletestof large

and smahscde unreinforced masonry infillsThey foundthatthe unreinforced masonry
infills are more datile and more efficient in carrying both eaft-plane and irplane loads
than what building codespecify Meisl et al. (2007%tudied the effects of ground motion
type and quality of construction on thiecking response otunreinforced masonry walls
(URMs) after theycracked at the mitieight under oubf-plane inertial forces using a
shaking tableThe parameters they studied were observed not to have a significant effect
on the peak response of the walls. Rabinovitch and Madah (26d)ctedinidirectonal
shaketable test of masonryinfill walls to study their response tut-of-plane dynamic

loadsand proposed finite element model for numericgimulationof infill walls.

Static testing of infill wallshasbeenshown tohave an acceptable accuradp reflect

dynamic propertiesf theinfilled system(Dawe and Seah 1988ngel 1994 Flanagan and
Bennett1999. The static loading can be applibyd either concentrateldading through
hydraulic actuatorsHill 1993; Hak 2014, or by uniformout-of-plane pressure on the
surface of the panelia airbags The latter is the most common method of statieafut

plane testig of infill walls and ha been used byanyresearchers.



22. Ar ¢c hAmtgi on

As mentioned earlier, the key characteristics ofaytlane behaviour of an infills the
potential development of arching action with the surrounding fréingewall is bult in
tight contactagainstits boundingframe while the framenemberis considered rigidan
out-of-planedisplacementf the wallwill induce an ifplane compressive force within the
wall. This force results in arching within the thickness of the wall which dvéktically
increase the cracking loadhe further deformation of the wait followed by the
occurrence of flexural craclkat the supportgbounding frame memberandhorizontal
crackswithin the wall panel at the location of maximum momeafger which the wall is
pushed against the suppoaisd createshrust forces at each erfBrysdale and Hamid
2005) Figure 21 illustrates theoneway archingor threehinged archpehaviour of a wall
supported on only twdoundaries.Once arching a&tion is enabled,the outof-plane
strength of the walls dependent on the compressive strengtthefmortar rather than its

tensile strength
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Arching action in masonry wallwas first studied byicDowell et al.(1956 andthey
proposed an equatidar calculating oubf-plane pressure based on equitin conditions
with clamping forcedeveloped at the compressive faaethe frameo-infill boundary and
at the midheight of the infill after the infill undergoes cracking and rigid body rotation.

This method is discussed in detail in later sections.

To demonstrate the effect of arching action on theodytlane strength, an infill supported
by four frame members and subjected to-aitplane pressure was analyzed using yield
line theory. Detailed calculation is shown in Appendix B using the infilleddérgeometry
and property of this experimental study. It is shownfibrad regular infill or an infill with

a central openingionsideration of arching action resulte@mincrease ithe outof-plane

strength abous00%to 600%in comparison with a yld line analysis

2.2.3 Experiment al Studi es

Gabrielsen et al. (1978.976,1977 conducted an experimental program to study the
response of masonry walisbjectedo uniform blast loads. Their experiment included full
scale masonry walls bounded by $femmes subjected to blast waves in a big shock tunnel.
The walls exhibitec load carrying capacity of roughly twice their correspondlgrqural

capacity The walls also had the ability to resist moderate reversed cyclic loading.

Dawe and Seah (1989)maucted experimesbn the ouof-plane behaviour of nine large
scaleconcreteblock masonry infilled steel frame specimens. One of their specimens had a
central openingvith 19% area of the infillThey reported that the presence of the opening
resulted m about 10% reduction ithe outof-plane strength of the specimand less

ductility after the cracking occurred the infill.

9



Frederiksen (1992) tested sixteen scaled clay brick infills bounded by steel tube frames
under owof-plane loading using anirbag. Three types of brick were used in their
experiment and the main objective was to study the effettifilif-to-frame interfacial
conditionsby placingdifferent materials in gaps between the infill and the frame at all
boundaries instead of mortdihey concluded that the effect of bound type on theobut

plane strength and cracking patter is negligible so long the infill is in tight contact with the

bounding frame.

Angel (1994) conducted experimerdn the ouof-plane behavior of sevenmasonry
infilled RC frames. The parametdrs studied includedvall thickness, mortar type, and
unit type. They concluded that the oeof-plane strength depend&sh the compressive
strength of the infill rather than its tensile strengihd washighly affected bythe
slenderness ratio of the wall. They also reported that the prjgame cracking reduced

the outof-plane strength of the panels by a factor as high as two.

Flanagan and Bennett (1999)nducteda seriesof in-plane, outof-plane, and combined
in-plane and oubf-plane experiments forsanglestorey, singlebay clay tile infilled steel
frame.They reported that the prior-plane loading resulted in some strength reduction
and higher deflections under uniform @itplane loading, however the archings still
formed whichallowed the infill to maintaim substantial capacity. The combined loading
wereachieved by pushing the infill to a certain displacement umdplane/outof-plane
loading and testing the infill to failure under eot-plane/inplane loadingvhile holding

the initial loading constantt was reported that the presence eplane loadeducel the
out-of-planepressure capacityandthe presence of owtf-plane loadlighty increasd the
in-plane stiffness although the ultimateplaneload remained unchanged.

10



Dafnis et al. (2002) conducted an experimental program to study the effect of gap resulted
from shrinkage of the mortar, on the arching behavemud stabilityof brick masonry

walls. The gaps had both different sizes arniecent lengthson top of the infills.Six
specimes were tested using a shakitaple. All of the specimens were fix supported on

top and bottommeeting the condition of a ofveay arching. One of their specimens was
built with a central opening with abb7.5%of the wall areavith no gap on top. They
reported that the opening did not alter the dynamic response of thenaab local effect
around the openingspecially at corners was reporté@the relative displacement in the gap
affected the stabiltof the walls, although for small gafss 3mm)the arching action still

developed.

Griffith and Vaculik (2007) studied the eat-plane behaviour of eight clay brick masonry
wall specimensubjected to airbag pressuide infills wereassumedsimply supprtedat

the top and bottom, and fisupporéd on sides, which correspoad to the horizontal
arching action conditionilhe parameters included the presence of window opeiniiilg,
aspect ratio, and axial loa@iwo of their specimenwith a height to legth aspect ratio of
0.625had aneccentrically positionedpening with10% area of the wallThe other two
specimens had an aspect ratio of 1.00 with a central opening with 16% area of the wall.
They reported that the presence of the opening did not #fiectitimate strength of any

of their specimen and only decreased the post cracking deformdiin@ngresence of axial

load was shown tmcrease the otaf-plane strengtlof the specimens

Hak et al. (2014)conductedfive outof-plane cyclic tests on luscale, singlestorey,
singlebay RC frame specimens with masoolgy blockinfills. The outof-plane loading
wasapplied at six discrete locations across the width of the infill usimgdeaulic jack

11



Theysuggestdthat the oubf-plane strength ohiill walls may be expregslasafunction

of in-plane damagbutwithout providinganyquantitative correlatios

Furtado et al. (2016) conductedt-of-planetess on three masonry infill walls bounded
by RC framesto investigate the iplane damage eftt on the oubf-plane behaviour of
infills. It was found thathte out-of-planestrength of the undamaged specimen was about
four times greater than the damaged specimen wdigth showed higher outof-plane
deformation The initial stiffness of the daeged specimeander ouof-plane loadingvas
significantly smaller than the other specimens. piher in-plane damage was also shown
to affect thecracking pattern and failure mode of the specinvben subjected to outf-

plane loading.

Akhoundi et al. 2016)studiedthe outof-plane behaviour of three brick masonry infilled
RC frame specimensnder uniform cyclic outof-plane pressureThey found thattte
presence of opening decredgke initial stiffness by 12% while ngignificantreduction

in theout-of-planestrength was observed.

22 Mnal ytical Met hods

Two methodologies have been used in developing analytical equations to calculate the out
of-plane strength of masonry infills bounded by either steel or RC frames. The existing
proposed equatiorse based omritherone or the othemethod Early analytical methods

were largely developed based on first principles of mechaminsidering thearching

acton as shown in Figure 2&hile later analytical equations (after 1989) were based on

statisticalanalysis of the test results
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According to the mechanics of rigid arching in walleDowell et al. (1956proposedhe
following equationto calculate theut-of-planeresistance of masopmwalls under one

way arching condition
im0 [2.1]

wherel is a factor that accounts for the depth of the compression a@meg Qare the
thickness and the height of the wakpectively,Y is the midspan deflection of the wall,
ando is the thrust or clamping compression force per unit length of the wall whitbhe

estimatedis
0 Qp 1 o [2.2]

where™Qis thestress over the compression zone which isirassl to be constanthe
midspan deflection of the wall by considering axial shortening due to compressive arching

forces in the wall is calculated from:



. Q0Q
Y R

o [2.3]

where™Q is the axial shortening of the wallie tothe arching force.

British Standards InstitutioBS 5628fCode of practice for use of asonry (2005
suggested that be taken as 0.9 an@ be considered ashe compressive strength of

masonry wallNeglecting any deflectio 0, Egn [2.1] can be simplified dsllows:

N o) [2.4]

Ly
)
The equationdased ommechanics ofirchingactionapply only toinfill s after cracking.
Therefore, design with these arching equations is an ultimate limit state design, not a design
for service loadsThe proceduref using this method for twavay arching conditions

proposed by Drysdale and Hamid (2005) is explained in Appendix A.

Dawe and Seah (198¢erformednine largescale out-of-plane static pushover test on
ungrouted, unreinforced masonry infill panblsundel by steelframesusingan airbag.
Parameters included the effects of boundary supports, joint reinforcement, panel
thicknesses, panel opening, and characteristics of construdtiey developed an
empirical relationshigpased on their test resutts catulate the oubf-plane strength of

infill walls built in tight contactat all four boundarieagainst surrounding framels this
method, theiniform out-of-planepressurer), that an infill can withstand idetermineds:

[2.9]

| f
r ”n, 8 h
n ®Q (0] (‘]_8 ’_Q8
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in which™Q is the masonry compressive strendtRd), 0 is the infill grosscrosssection
thickness ihm), "Qis the infill height (hm), andais the infill length (am). The parametesr
| andl account for theelative stiffness of the bounding columaisd the bounding beam

respectively, and amalculatedas

" e 2.6

| EQO ‘0Q 0o06Q e um [2.6]
i Poos ovew um

a [2.7]

whereOis themodulus of &sticity of steel(MPa), ‘Os themoment of inertia in the plane
of the infill (mn¥), "Ois theshear modulusMPa), andlis thetorsional constanngnt), In

which the subscrigt andc are used for beam and columns material properties respectively.

Angel (1994)developed an analytical methbdsed omistest result$o consider the effect

of priorin-plane damage on the eof-planestrengthof masonryinfilled RC framess:
. CQ .
N g YY- [2.8]
0

where_is a dimensionless pameter that is a function of thell slendernessatio (Y0 .
'Y is a reduction factor accounting for priorptane damagand’Y is a reduction factor

for bounding framestiffness obtainingfrom:

Y oL Y1 T '%2 [2.9)
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in which] is the lateral drift of the frame corresponding to occurrence of first crack on
the infill surface under uplane loading] is the maximum lateral drift the infill has
experienced, andD '@ theflexural stiffness ofveakest member of the framé & &
This method was later adopted by Federal Emergency Management Agency FEMA 273
(1997)as follows:

. TQ

n —q = [2.11]

0

As seen in Eqn [2.11§ value of 0.7insteal of 2 was usedn Egn [2.§]. The reason is that
FEMA 273 presents a lowdbound strength equatiomhich accounts forprior in-plane

damagse by considering a reduction of %92in the strengtland alsaakesa value of 0.61

for'Y (Flanagarand Benneti999).

Flanaganand Bennet{(1999) further expanded the equation to shaw the common

slenderness ratioghich are between 10 and 30¢an be approximated as:

n@uA@Dn&rw%ﬁ [2.12

It should be noted that this method is the onlg that accounts for damagsue to prior

in-plane loadings

Klinger et al. (1996)mprovedthe method that wafirst developed by Cohen and Laing
(1956) byextending it to tweway arching. Th@utof-plane pressurg is obtained as:
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& [2.13

whered , the moment resistance corresponding to vertical arcisioglculatedas:

@ [2.14

T

In whichw is thedisplacemat of the infill wall (corresponding to vertical archingf) the

point of failure & & , whichis calculatedas:

0Q

0 [2.15
¢ Q¢ o}

p T 1O

whereQis the modulus of elasticity of the masoniy0 & The termd  in Eqn[2.13 is

calculatedfrom Eqn [2.14 by replacingwy with @ , andw is calculatedfrom Egn

[2.19 by substitutingQwith &

Mays et al. (1998) developed an equation to calculateoth®f-plane capacity of

reinforced conretewall panelswith openings as:

©
o
O‘| os

n
— 2.1

A [2.16]

in whichn is theresisance of thavall panelwith openingsr] is theresistanc®f thewall
panelwithoutopening,0 is thearea of opening®) is thearea of thewall panelwithout
opening and™Ois amodification factothatdepends on whether or not the opening is blast
resistantBlastresistant openings are assumedransferthe applied pressure to thall

panelas line loads along the opegihoundaries, while neresistariopenings are assumed
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not to carry anyout-of-plane load. Forblastresisting andnonblastresistant central
window opening, they suggested value 0f3.07 and-1.00respectivelyfor "O. Although

this formulation wa developed for reinforced concrete walls, FlanagahBennetf1999)
suggestd that it can be used for evaluation of -@ftplane strength of unreinforced
masonryinfills with opening as well,however, more experimental results are needed to

confirm itsvalidity.

Flanagarnand Bennet{1999) modified the method developed liyawe and Seah (1989)
by using test resulisbtainedby researchersicludingDawe and Seaf1989, Frederiksen
(1992, Angel (1994, andFlanagarand Bennet{1999. In thismethod,the out-of-plane

capacity of an infillis calculated as:

. |
N @Q° 0 —5 =3 [2.17]
in which te parameters and areobtainedrom:
| B 00Q & um [2.18
Q
P 00y 8
L LT [2.19

If the slenderness ratie less than 8or an infill, the thickness of the infill should be
considered apf of theinfill heightin the presented formulatioifhey also proposed a
formulation to calculate the deflectiofithe centre of thanfill wall at the peak load as
0
3 TI8T T GB

5 = [2.20]
pp TBUTps
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in which thes- is the deflectiorof the centref the infill corresponding to ultimate load

This formulation is valid foslenderness ratiagp to25.

22.Gode Practice i n North Ameri ca

2.2.5.1CSA S304.1

The Canadian Masonry Stand&@8A S304.4 does notontainanyprovisionsfor the out

of-planestrengthcalcuationof masonry infills or arching action in masonry walls.

2.2.5.2MSJC 2013

MSJC 2013 adopts theequationsproposedby Flanaganand Bennet{1999), which was

originally developed bypawe and Seah (198%s follows:

n pmQ®o O'(—s % [2.21]

wherel andf are obtained from:
| RoT ¢ ou 222
I %'O"Ofx 8 gu (2.23

It must be noted that in these equatimmgerial units are sed(lb andin) andr is calculated
in& BXd unit. When the bounding frame is mafdem different columns (or beams) cress
sections average values for properties shall be ubethe case of a singlgtorey frame,
the properties of the top &m shall be used in the calculatidih.is noted that equations
presented above@essentity same as Eqn [27]-[2-19] but formulated inmperialunits.
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According to MSJC013 when a sid€or atop gap exists a oneway archingmay still
developand in sich a casghe corresponding (for side gap) or (for top gap)shall be

taken as zer.

24CONCLUDI NG REMARKS

Compaedwith in-plane behaviour of masonry infills, the eaftplane behaviour is much

less researchedlthough anumber ofexperimentalstudies have been conductebe

number of specimens and studied parameters hveited which led to a smakxisting
database of test result€onsequently, analytical equations developaded on existing

test data are not thoroughly validated for different infill materials, gecesetand
boundary conditions. This research is conducted to augment the existing database on the
out-of-plane behaviour of masonry infills and to examine the efficacy of existing analytical

eguations using test results.
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CHAPTER3EXPERI MENTAL PROGRAM

3. 1 BEHEAL

The experimental program was designed to investigate thef-qléane behaviouand
strengthof concrete masoniinfills bounded byRC framesEffect ofinfill opening as well
as prior damage were two parameters considered in this shlidgpecimenswere
constructed with the sangenerageometry but different parameteedlecting the opening

and prior damage

Alongwith testing oftheinfilled frame specimens, auxiliary te$ts obtainingthe material
properties of concrete masonry units (CMUs)rtar, masonry prisms, concrete cylinders,
and reinforcing steelvere also performed Detailed descriptions of the infilled frame
specimens, test sap, testing procedures, and auxiliary tests are presented in the following

sections.

3.2 | NFI LLEDEGIRMBMES SP

Table 3.1 presents a summary ofitifdled frame specimeng\ total of four infilled frame
specimens were tested in this experimental phase, including one control specimen with no
prior damage and opening {ND), one specimen with a central wowl opening of 17%
of the infill area (IFW-ND), and two specimens (IB1 and IFD2) with prior damages.
All masonry infills were built in tight contact at all boundaries with thanding frames
to enable the arching actidBpecimen IFD1 was first subjeed to inplane loading to the
onset of diagonal cracking on the surface of the infill and then tp&ame loading was

removed. The specimen was subsequently subjected to tbéplane pressure to failure.
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Specimen IFD2 was first subjected to the eot-plane pressure to the onset of horizontal
cracking at i nf il | 0s-of-plane loaing was reraoved. Theh e n
specimen was subsequently tested und@liane loading to the ultimate capacity of the
infilled frame. It was observed duriniget test that the infill remained largely intact at this
point except some crushing at loaded corners. It was then decided to test the specimen
again under oubf-plane loading to complete failuréhe loading sequence is identified in

the table and the iahded prior damage is indicated in parenthesis.

Tab3dl&ummary ofpeErn anmen sS

: Window
Number PEome (pri'c'fr'gfrﬂi > (F(’)I’EJC}}OE];frlrla; ee Openingto-Infill
9 9 Area Ratio
1 IF-ND No Loaded to failure N/A
2 IF-W-ND No Loaded to failure 17%
I

3 IF-D1 (‘Diagonal ?Loaded to failure N/A

cracking

2 1 - -
4 IF-D2 Loadedto  (*Horizontal cracking) N/A

ultimate 3Loaded to failure

The dimensiongor all frame specimens asbown in Figure 3.JAn experimental program
wasperformedby Hu (2015) and continued by Steev(2016)in the same research group
on the inplane behaviour of infilled RC framds.order to make a meaningful comparison
between irplane and oubf-plane behaviour, the geometry aethforcing details of their
specimens weradopted in this studyrhe geometry of the infill yielded heightto-length
aspect ratio of about 0.78he specimenF-W-ND was made with a central openiof

584 mmby 395mm The infills were constructed usj custoramade, haHscale standard
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200mmCMuUs laid in running bondThus,all infills had a slenderness ratio/t) of 10.9.

All of the specimenswvere unreinforced and ungrouted except for the specimen with

opening which was grouted only in the callsrounding theopeningas required by CSA

A179-14. The nominal dimensions of tiséretchers and half blocks used in this experiment

are shown in Figure 3.Zhe stretcher blocks were cut in half to make the half blocks.
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The frame beam and columns had a @ square section reinforced witfour 10M
deformed rebarsra 10M stirrups spad at 100mmcertre-to-cente. The base beam had
a 250mmby 250mmsguarecrosssection reinforced with fout5M longitudinalrebars
and 10M stirrupsvith a spacing 000 mmcentreto-centre In addition, four 300nmby
300mmL-shapednade fromlOM rebarswere usedo makethetop beamcolumn cornes
stronger The concrete covam rebardor all the frame members was 2%m Details of

the reinforcement are shown in Figur8.3.
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3.2.1 Construction of RC Fr ames

The construction of RC frames was comprisefbaf major stagegFigure 3.4 to Figure
3.12)including building concrete formworkgorming reinforcement steel caggdacing

the reinforcements into the forprend casting concrete

The forms were cairucted by cutting boards inthe requireddimensionsand then

fasteningthem togetheto form the specified geoetry, after which, the reinforcement
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cages were placed inside the fovork (Figures 3.43.5). In order toensure &5 mm
concrete cover, plastic chairs were utilizzdund reinforcement cag€igure 3.6) The
tubes shown in Figures 3.6 and 3.7 were phdutof-plane loading fixtureThe tubes
were placed in beam and the base so that a reaction panel could later be installed on the
frame by using theholes they createdThe readymix concrete with a specified
compressive strength of 28Pa and maximum agyegate size of 1thmwas used. The
concrete was poured in two batches, one on I5|Y016for the specimens IND, IF-

D1, and IFW-ND, and the other oduly 19, 2016for the specimen HD2. The slump test
was performed beforeasting concreten accodance with ASTM C143/C143M (2015
Standard Test Method for Slynof HydraulicCement Concrete, whickhowedfalling
heighs of 160 mmand 155mmrespectively for the two batches, meeting the required
150mm Duringpouring,a vibrator was use ersure thagtll voids around the rebars and
the form surfacewerefilled with concrete (Figur8.10), after which, the concrete surface
was smoothedising concrete trowelsAt the same time with pouring the specimens,
100mmby 200mm and150mmby 300 mmconcretecylinders were poured and vibrated
usinga vibrating table in accordanedgth ASTM C39/C39M 2016 (Figure3.12. All
specimens and cylindewere moist cured under the same condi{issing plastic covejs

until the 14" day after pouringvhich was folloved byair curingtill the testing day
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3. ZofAstrwét Masonrayl llsnf il |l W

The masonryrifill walls were built in two batcheson the 1% of September 2018y an
experienced mason to the standardamfstruction practicelhe specimenb--D1 andIF-

D2 were constructewvith the first batchand the specimer&-ND and IF-W-ND were
constructedwith the second batcihe process of building the walls are illustrated in
Figure3.13 The half blocks needddr running bond pattern were obtained by cutting the
stretcher block in halfisinga concrete saw (agefore constructing the wallhé columns
and baseverecarefully marked in order tachievethe specified mortar width between the
units and betweerhé wall and the boundaries (b). Théme units were carefully placed

following the reference marksdthe mortarwas applied only on the blocks face shell for
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both the bed joints and the head joifas After placing each row of blocks, it was checked
to ensure that the wall was leveled using a level and pliswze (d. For the specimen
IF-W-ND, the block cellan the courses beside and above the opening were grasited
illustrated in Figure (e Alongwith construction of the walls, masonry prisms amoktar
cubes were bitiand cured under the samenditionasthe walls for 28 daysAfter that,

all the specimens were air cured until the day of testing.
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(c) Application of Mortar (d) Levding Block Rows

(e) OpeningConstructiorDetails () Running Bond Pattern

FigBr&onstructi omfolfalMasonry |
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3.3 -OBPMILANE TEST SETUP

The application of out-of-plane uniformpressureon theinfill panelswas achieved using

an airbagA self-equilibrating loading system was designed tplaghe transverse load as
shown in Figure8.14 The airbag was housed between a reaction panel and the masonry
infill. The reaction panel was connected to the RC frames using threaded rods through
those preembedded tube3he reaction panel wamade ofa 15 mmthick plywood board
stiffened with steel hollovgections (HSSpas shown in Figure 3.14 he steelhorizontal
beams had three holes akghwith the holes made on the beam and the base of the RC
frameto facilitate the connection of the reaction el the RC frame usint@readed rods

The specimens wertgghtly clamped to the stronfjoor usingtwo W-section beams on

each end of the frammeam stemgFigure 3.15)

Fi g8 ®u-bffI| aThe set uSp
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Plpe Connectionf-
to the Alrbag :

Fi gB8I®ubfpl aee DRt ai | s

The airbag was connected to a pressumesduceto measure andecord the air pressure
inside the airba@s seen in Figure 3.1 addition to tle pressure transducer, a pressure
gauge waslsoused taead the air pressure and two readings from transducer and pressure
gauge werehecked throughout the test for consisteray air compressor was used to

inflate the airbag
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FigB8r®@ressure Gauge, Pr es soumper efTsrsacnrs d u c e |

To measureand record theut-of-plane displacement of the infilfour linear variable
differential tansformers (LVDT) were employgéigure 3.17) one LVDT was sed to
measure thdisplacemenat the centreof theinfill ; two LVDTs wereused to measure the
displacemenat the centres of right and left halfof the wallrespectivelyoneLVDT was
used to record the displacement of the centre of the top half ofalhd~ar the specimen
with opening, four LVDTs were used to measure the displacemétite centre of each

side of the openings illustrated in Figure 3.18
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FigB2Frme to Fl oor pCovmwection To

FigB2Zrame to Fl oor iComnection Side
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FigB2@ydr aludcdkc Bracing the Base Beal
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FiggB2®&!| acemewvdDT oF and LVDT

3. TBESTI NG PREBES
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3. AWUXIARY TESTS

Auxi |l i aneyet eise¢ed aodetf i ne the materi al proper
of the infilledcfFoudmegsg@kUOs memsertar, mas o n
reinfor.cibnagc hspteeeslo rrmasc cor dance wiAmerti lc@anc o

St andaMat Ted tASTM

3.4 CMUs

Threerandomly selected blocksere used to determine tloempressive strength and

physical properties of CMUs including moisture content, percentage absorption, and
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density in accordance with ASTM C140/@QM (2016 Standard Test Bthods for
Sampling and Testing Concrete Masonry Units and Related Units. To obtain the
compressive strengtithe blocks werdested using Istron universal testing macta as
illustrated in Figure 3.2 The blocks were end cappeding fiberboardsto ensue a

uniform stress distributiowhen loaded

FigB2€ompressieamp Teogt CIMUs

3.7.2 Mortar

The mortar used to construct the infill walls Wiage S mortar. This mortawas obtained
usinga mixture d Type N mortar, Portland cement, and san volumeratio of 1:3:12.
Two batches of mortar were mixed fibve construction of infill walls and mortar cubées.
total oftwelve cubes were poured in a rabsorbent molénd afte48 hours theywere
demoutled andhalf of them (three for each batckgrecured for 28 days in hydrated lime
water whereas he other halfwere cured in the samecondition as the infills The
compressie testing of each set of cubes was perforrasthgthe Instron compressio
machineas seen in Figure 32n the day of testing the corresponding specsnaf
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curing and testing procedures weneaccordance with ASTM C270 (2014) Standard

Specification for Mortar for Unit Masonry

FigB2&ompr esessiedbp Tor Mbesar C

3.7.3 Masonry Prisms

A total of ten 5-course high hollow masonry prisms wéabricatedat the same time as

the construction of infill wallsand testedas perASTM C1314 2016 Standard Test
Methodfor Compressive Strength of Masonry Prisifise prisms were cured under the
same condition as the masonry infill walls. The prisms were constructed by applying
mortar only to the face shell of the masonry bloakentical to the construction of tieil |

walls. The compressie testing of the prisms was conductesingthe Instron universal
testing machin@ndthe specimens were cappedh fiberboards similar to the testing of

concrete bloks adllustratedin Figure 3.29
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FigB2€omressi cdpTdroitrs s
3.7.4 Concrete

The ready mix concrete with a specified compressive strength MfF2Zbwas used in
construction of the RC frame$heframes werecastin two batches othe July 18" 2016
ard July 19" 2016respectively For eab batch six 100x200mmand three 150x306m
cylinderswerealsopoured. The small cylinders were testedtiom14™" day and28" day
for compressive strength. The large cylinders were testdtie day of testing thieame
specimengo obtain both compressive strength and modulus of elastititye concrete
All the cylinders were tested usirthe Instron universal testing machires seen in

Figure3.30 The construction and testing procedure of concrete cylindemrs age per
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ASTM C39/C39M p016§ Standard Test Method for Compressive Strength of Cylindrical

Concrete Specimens.

Fi gB3 &@o mpsrsei oneudlg sft orS Cylnicmaedres C

37. Reinforcing Steel

Reinforciwgsstet¢l edaed wvsomedlut B3O nSheudnd
reinforcemebot wastdbdoest hleh rseaemes theaetlc hc oupon
framndaoemlleglcCM | ongi tudi nal tékeas somndnitweer
testing machine to obtain material propert:i

Test Methods for TensiohetTaeislts ngf otf h Mert ail d fi
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CHAPTER4EXPERI MENTAL RESULTS

4.1 I NTRODUCTI ON

In this chapter the results from auxiliary tests and infilled specimen tests are presented
discussed The auxiliary test results include mechanical properties of CMUs, mortar,
masonry prisms, concrete cylinders, and reinforcing steelinfilled specimen results are
presented in terms of load vs. displacement responses with discussion focused on strength
and failure patterof eachspecimenThe effect oforior damage and window opening

the specimen behaviour and strength is disoussed

4. 2 AUXI LI ARY TEST RESULTS

In the followingsectionsprocedures and results feach auxiliary test aggresentedThey
include physical properties and compressive strength of CMUs, compressive strength of
mortar cubes, compressive strength roésonry prisms, modulus of elasticity and

compressive strength of concrete cylingdarsd tensile strength of steel reinforcement.

4. 2.1 CMUs

Three randomly selecte@MUs were used to determinbe physical properties of CMUs
including net area, weighdensity, absorption rate, and moisture content.dilmensions

of the selected CMUs were measure and the resulting netaarea was calculated to be
9128 mnt as depicted in Figure 4.1. The absorption, moisture content, and density of
blocks were measureais per ASTM C140/C140M (2015). For each CNilack, the

receivedweightwas first measured. The block was then immersed in the water and the
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immersed weight wasubsequentlyneasured. The block was keaptthe water for 24

hours, after which point, it wasmoved fronthe water and the weight was measured after

being surface dried with a towdrhis weight was denoted as thaturatedveight. The

block wasthenkept in an oven at 10Q for 24 hours and at that point, the dry weight was
measured. The obtaineeeights were then utilized to determine the absorption, moisture
content, and density. The average absorption was calculated to bek@8a.®ith a

coefficient of variation (CV) of 0.9%. The average moisture content was calculated to be

45% witha CV 00.1%.The average density wkagiwdétherami n
CV of 1. 3%. Based on the provisions requir
Masonry Units mmhobtawddd dcROO shraedt ehravieh a
20k@? ma moitsetnur esnmcadnl er than 45% for a rel ;:
and an absorpt ikgd msAnsa Isleeern tihnant hebpe e4eht etd

average obtained properties meet the requi

Tabdl€MU Physical Properties

Receil mmer Satur Dry Absor pMoi s~

I D Wei g Weig Weig Weig Cont<Dens
@ © @ @ &) (% (o) Koi

A 1621 931. 1727 1616 139 6. 4. 0 205¢
B 1613 925. 1718 1608 141 6. 4. 8 206 ¢
C 1633 941. 1741 1628 139 6. 4.7 201¢
Avg. 139 6. 4.5 2037

cCv ( 0.90. 9.1 1.3
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ZR

Fi gdiINet Area of  ote:i Ciiid) Bl ock

The mechanical properties @ahdCMUe arasts ummms:
was descri beTdhei nn eGH haprBdesra 3fusBetthe cal cul at i
compressive strength. The aver d@eB@onmphr es s i
a CV of 6. 8 %.f o Cob o weadcl e bgghlzedallelioonbgs ew v etdh et 0 b e

predoriandmtre mode of CMUs as il lustrated i

Tabd2Mec hani cal Properties of CMUs

UltiiCompr e

| D Load Str eng
(k N (MP R
CMU1 125. 13. 8
CMU2 118. 13.0
CMU3 107. 11. 7
Av g. 12. 8
CV ( 6. 8
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4 .

Fi gd2Teyipcal Failure Mode of the CML

2.2 Mortar

Speci mehsawbiR Iwere constructed using mortar

| ND anW-NDFweobastuschgdbatch B. A summary

p

rovided in Table 41l Bsaadrd@e&ahl es40f. mbablae

water (in accordance with ASTM C270) and T

S

c

[7)]

[7)]

t

ame condition as the infills. For speci me
ompressive MPavenhdpthh «CfV 2I. &d. 2 %, whil e thi
ompressive strength of 20.4 MPa with a CV
atisfy the C$AMi $13459lexc%)f,i eidn biycati ng the c
trengt h. For specainmeencsonadurtadni msth he i nf|
ompressive SMPraeintgh ha o€V 1adf 620. 0 %, whil e |
ompressive strength of 17.7 with a CV of

he same condictuiroend)a satitrmafiinlelds | (oavierr str engHt
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greater. It Sshould be noted that the | i m
specification. A typical failure pattern f

showed crushamg oml istutrifmgewserti cal c¢cracks t

Figd3Teypi cal Failure Mosle of the Mor
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