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Abstract

In recent years, widespread application of low-msasonry construction, including post-
disaster buildings like fire halls, has become tgdiin seismic regions of Canada. This is
because the Canadian Masonry Design Standard (C¥.504) [Canadian Standard
Association 2004] mandates stringent requirememistn® design of ductile reinforced

masonry (RM) shear walls, especially with regardheir height-to-thickness (h/t) ratios,

which were restricted to ensure against out-of-@lenstability. This failure mechanism has
been observed in the end zones of reinforced ctngkear walls loaded in-plane in

experimental research and in past earthquakes. Hwthere is a lack of similar evidence
for RM shear walls; this is a motivation for thaearch program described in this thesis.

The research consists of several major tasks., Erseview of the literature on previous
experimental research studies on RM shear walls wasducted, followed by
comprehensive investigation into the parametersctiffg out-of-plane instability of RM
shear walls,. Based on the results of this liteeataview, the first phase of the experimental
program was designed with a focus on modeling theviRll end zone and understanding
the mechanism of lateral instability. Five full-Bcaspecimens representing the wall end
zones were constructed and subjected to reversdid exial tension and compression until
failure. The effect of varying h/t ratios of theaptic hinge zone, as well as level of axial
tensile strain on the out-of-plane instability veeamined.

Based on the results of the experimental studwai# concluded that the level of applied
tensile strain in the wall end zone is one of thigcal factors governing its lateral instability.
Therefore, the maximum tensile strain that maynygoised on a moderately ductile RM wall
end-zone is determined based on a kinematic rakltip between the axial strain and the
out-of-plane displacement. A preliminary mechanmdel has been proposed to predict the
maximum tensile strain before instability takescplaThe model can be incorporated into
design provisions related to the thickness of shedis of a given height. A comparison with
the experimental results showed that the modelroff®nservative prediction of the
maximum tensile strain.



Preface

A version of Chapter 2 has been published. [NazinAkor], Brzev, S., Elwood, K., and

Anderson, D. (2011) Out-of-Plane Stability of Reiced Masonry Shear Walls. 11th North
American Masonry Conference, Minneapolis, MN. | docted the review of all literature,

analysis of database results and wrote most ahdreuscript.

Section 3.1.3 on Material Properties is based orkwonducted in the Structural Laboratory
of British Columbia Institute of Technology (BCIDBy civil engineering students Porkeang
Lim and Desmond Das under the supervision of Kelesthuk, Assistant Instructor in the
Civil Engineering Department. | was responsible $wupervision of material sampling,

molding of grout prisms, as well as post-processihdgest data and reporting on testing
procedure.
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Chapter 1: Introduction

In earthquake prone regions of Canada, the congtmu@conomy of many structures
depends on their seismic performance. For low-bigidings, reinforced masonry (RM)
shear walls constructed using hollow concrete daeknforced with vertical and horizontal
bars offer effective and economical solutions isra& design of structures.

In Canada, RM buildings are designed for seismietgauch that the lateral load capacity
of the RM shear walls, determined according to ki@sonry Design Standard (CSA
S304.1-04), exceeds the expected lateral loads ddsign earthquake as prescribed by
the National Building Code of Canada 2010 (NBCC@0TSA S304.1 and NBCC 2010
classify RM walls based on their ability to dissgp&nergy during earthquake shaking as
either “Conventional Masonry Shear Walls” (with dlity factor, Ry=1.5) or
“Moderately Ductile Masonry Shear Walls” {4&.0). NBCC 2010 requires that any R
factor of at least 2.0 is provided for post-disadteildings (e.g. fire halls and police
stations), which mandates the use of “Moderatelyctidel Shear Walls” for masonry
design applications.

In recent years, despite the widespread practidevefise masonry construction in Canada,
the use of typical RM shear walls to provide se¢sprbtection to high-importance buildings
has become limited. This is because the Canadiasoiig Design Standard (CSA S304.1-
04) [Canadian Standard Association 2004] mandatesyent requirements on the design of
ductile RM shear walls, especially with regard heit height-to-thickness (h/t) ratios. CSA
S304.1-04 prescribes a maximum h/t limit of 18 addor RM walls with limited ductility
and moderately ductile RM shear walls respectivélye h/t limit for moderately ductile
squat walls is 20. This means that for moderatelgtite walls built with the 200 mm
standard block size, the height of the wall carbetaller than 2.8 m. Such stringent limits
diminish the construction economy and practicadityRM shear walls for common masonry
design applications, even those at locations wathtively low-seismicity such as Toronto,
Ontario.

The CSA S304.1-04 limits on the h/t ratios of RMIlgvare to ensure their lateral stability

under the combined effects of axial loads and anplbending moments, as explained by
Anderson and Brzev (2009). However, there is n@iptes experimental evidence supporting
the specified h/t ratio limits in CSA S304.1-04.oidover, a review of international seismic

design provisions of masonry design standards lewbat no other standard places such
stringent restrictions on the h/t ratio of RM sheatls.

Out-of-plane instability of shear walls, illustrdtén Figure 1-1-a, is associated with their
flexural response to in-plane seismic loads. Aorsi explanation for lateral instability of
reinforced masonry shear walls was initially praednby Paulay (1986) and Paulay and
Priestley (1993). When the wall experiences langevature ductility, the vertical bars at
one end of the wall experience large inelastic itenstrains. As a result, uniformly
spaced horizontal cracks of considerable width gvever the plastic hinge length as
illustrated in Figure 1-1-b.



Figure 1-1  Out-of-ilane instability mechanism in aRM shear wall:

a) buckled zone within plastic hinge region undealaand in-plane lateral loads, b) residual
tensile cracks form following the application ohsde stress, and c) out-of-plane buckling of
wall in compression.

Upon reversal of the loading direction, the tensitesses in these bars will first drop to zero
and then turn into compression stresses. At thégest unless the cracks close, all
compression stresses imposed on the wall sectiost rha resisted by the vertical
reinforcement, which offers very small stiffnessimgt lateral deformation. This increases
the likelihood of rapid out-of-plane displacemeidading to out-of-plane instability as
shown in Figure 1-1-c.

However, if the cracks close before the portionh&f wall previously subjected to tension
becomes subjected to compression, masonry compeestsesses will develop in the section.
This provides additional stiffness against latetafiormation and an out-of-plane instability
may be avoided.

The absence of experimental evidence related t@fopliane instability of RM shear walls

justifies the need for a comprehensive experimeatal analytical study to evaluate that
current CSA S304.1 height-to-thickness ratio restms.

1.1 Objective and Scope

The general objective of this project is to es&blrational criteria for the out-of-plane
instability of RM shear walls and ensure safe acohemical seismic design of RM shear
wall structures in Canada.

The specific objectives are to:

i. Develop a rational analysis procedure and critiEnisout-of-plane instability of RM
shear walls, and



ii. Establish safe height-to-thickness ratio limits fioe design of RM walls at ductility
levels prescribed by the seismic design provisafrSanadian codes and standards.

The test results will contribute to better underdtag on how to relate the slenderness to
ductility capacity of RM shear walls.

This research is the first phase of a two-phasartefivestigating the factors contributing to
the out-of-plane instability phenomena in reinfara@asonry shear walls. While the first
phase focuses in understanding the out-of-plan@biigy failure mechanism by studying
isolated wall end zones, phase Il will involve ilegtof full-length walls. The specimens and
analytical model used in the second phase will &gghed according to the results of the
first phase and will later be verified by the réswf the second phase.

It is expected that the results of this project wantribute to the CSA S304.1 standard for
design of masonry structures in Canada which iseatly in the review stage and the next
edition is scheduled for 2014. The results of thisject have the potential of making a
significant impact to seismic design of RM sheallsvia Canada.



Chapter 2: Literature Review

As the initial phase of a comprehensive investigainto the parameters affecting out-of-
plane instability of reinforced masonry shear wadlsreview of the literature on previous
experimental research on reinforced masonry shats was conducted.

Yancey et al. (1991) conducted a review of reseatatlies on masonry shear walls which
included both experimental and analytical data. é&renrecent review of research on RM
walls was done by the Federal Emergency Managefgetcy (FEMA 307) in 1999. This
chapter presents a review of experimental resesiuchies on the seismic performance of RM
shear walls with focus on walls that exhibitedexlral response.

2.1 Objective and Scope

The literature review presented in this chapter @ased out with the following objectives:

* To evaluate the range and depth of existing knogédezh the behaviour of RM shear
walls under earthquake loads based on experimessgalts

* To determine key parameters affecting out-of-plasebility of RM shear walls

* To identify areas where further research is require

The technical information is presented in a conddnfrmat from the most relevant
experimental research publications in Section R&sults are tabulated for ease of use and
reference in Section 2.5. The experimental datan fpoevious research studies together with
the outcome of the proposed research will helptitlekey parameters influencing the out-
of-plane buckling of compression zone in reinforegadsonry shear walls. A preliminary
analysis of research data is presented in Sect®inZorder to aid the development of the
test matrix for this project.

2.2 Earthquake Evidence

It is noteworthy that out-of-plane instability agaslure mechanism has not been observed in
reinforced masonry shear wall buildings in pastreprakes. However, out-of-plane buckling
of reinforced concrete shear walls was observetarbuildings affected by the Feburary 27,
2010 Chile earthquake. In reinforced concrete sailictures, a majority of damage was
reported in transverse walls in the first storeynailti-storey structures. Buckling of the
longitudinal reinforcement and lateral buckling wéb were reported in thin walls with
widely spaced transverse reinforcement(EERI, 20k03hould also be noted that out-of-
plane buckling of reinforced concrete shear wallsuored in experimental specimens in
several research studies (initial studies on thigest date back to 1970s). Provisions for
preventing out-of-plane buckling of reinforced coete shear walls have been included in the
design standard for reinforced concrete structur€anada [CSA A23.3-04].



2.3 Review of Code Provisions Related to Out-of-Planestability

A review of seismic design provisions contained iternational masonry design
standards shows that similar provisions are eitlogr-existent or are less stringent. U.S.
Building Code Requirements and Specification forsklary Structures (TMS 402-
08/ACI 530-08/ASCE 5-08) do not contain any heitghtkness restrictions for RM
shear walls. Note that the latter document contansequirement for boundary
elements which need to be provided in case of walth larger compression zones
(CL.3.3.6.5.3a). However, boundary elements arerequired for walls with low axial
load level (less than 10% compressive capacity asonry) characteristic of low-rise
masonry buildings.

The New Zealand masonry design standard (NZS 428@)includes provisions which

restrict the thickness of ductile RM shear wallsthcement ductility ranges from 2.0 to
4.0); however these provisions are somewhat lessgsnt than the current Canadian
provisions. For walls up to three stories high, keeght/thickness ratio is limited to 20

(CL.7.3.3). The document defines the height asearcVertical distance between lines of
effective horizontal support, or a clear horizontiidtance between lines of effective
vertical support. When the distance between hotamupports exceeds the code limits,
this requirement can be met by providing verticaé$ of support at prescribed spacing
(e.q. pilasters or cross walls). The standard plescribes a more stringent h/t limit of
13.3 for ductile walls more than three stories higlowever, a larger h/t ratio is

permitted for walls with a relatively small compsem zone (the criteria for this condition
are very similar to CSA A23.3-04).

In order to safeguard against possible instabilityductile reinforced concrete shear
walls, CSA 23.3-04 places limitations on their #rniess in terms of the wall length
(which dictates the length of the compression zoimeplastic hinge zones. It also
requires that the regions of the walls where yigjdof the reinforcement and concrete
compressive strains in excess of 0.0015 are expdechecked for stability. To ensure
ductility in the plastic hinge region, the inelastotational capacity of the wall is also
required to be greater than the inelastic rotatiashemand. The inelastic rotational
demand is calculated based on specified ductikgyands.

The New Zealand Concrete Code, NZS3101:2006 adzfréke issue of premature failure in
thin reinforced concrete walls due to out-of-pléuekling (SNZ, 2006) by placing minimum
limits on the thickness of boundary elements. Ptareaout-of-plane buckling in flexural

hinge regions of reinforced concrete shear wallsne$ addressed in existing NZSEE
Guidelines (NZSEE, 2006) or ASCE 41-06 (ASCE, 2006)

The research undertaken by Paulay and Priestle38f19vhich proposes a methodology to
estimate the limiting plastic rotation associateithvout-of-plane wall bucking, forms the
basis for current NZS3101 code requirements fof lnatkling.



2.4 Experimental Studies on RM Shear Walls

This section provides an overview of experimentatlies on RM shear walls subjected to
reversed cyclic lateral loading. All specimens eigeed either flexural failure mechanisms
or a combination of flexure and shear. There wagwidence of out-of-plane instability in
any of the studies described in this section. Harethe review of these studies will aid in
bounding the design parameters that may influent®bplane instability.

Nolph (2010) conducted an experimental study onitlglane shear performance of five
partially grouted and one fully grouted reinforcedsonry walls. All specimens had h/l
aspect ratio of 0.92, h/t ratio of 14.7, were carged using standard 200 mm blocks, and
contained both horizontal and vertical reinforcemdime specimens were partially grouted,
that is, only the cells with vertical reinforcemewmtre grouted. Vertical reinforcement ratio,
was approximately equal to 0.45% (the ratio ofdhea of all longitudinal bars and the wall
cross-sectional area). Different distribution oftigal reinforcement along the length of the
wall was used in the study. All specimens wereldéobin-plane according to a cyclic loading
protocol until the walls had lost 20% of their nraxim lateral load capacity. All walls
exhibited shear failure, characterized by diagstep cracking and some vertical cracking.

Minaie et al. (2010) carried out an experimentabdgton four special reinforced masonry
shear walls. The walls were constructed based emptbavisions of the Masonry Standards
Joint Committeg MSJC) code and were special in that they were partialbuted at grout
spacing less than the current U.S. practice ofQLj@ath on centre. The test variables across
the specimen matrix included the level of axiaéss; boundary conditions, as well as mortar
formulation. Two of the walls had h/l aspect ratib1.37, while the remaining two had
aspect ratio of 0.67. All specimens had verticalfoecement ratio of 0.15% of and h/t ratio
of 13.9. The two specimens which were subjecteaixtal compression of 0.7 MPa and had
cantilever boundary conditions, exhibited toe chugltharacteristic of flexural mechanism.
The other two specimens which had fixed-fixed baugdcondition and no applied axial
compression failed in sliding shear. It appears Wells with applied axial stress dissipated
more energy in their hysteretic response. (Minai@l., 2010)

Yoshida et al. (2007) performed tests on six fghguted reinforced masonry wall specimens
to investigate their sliding shear capacity. Twesmens had an aspect ratio of 0.90 while
the rest had 0.75 ratio. All walls had h/t ratio®0 and wall thickness of 133 mm. All
specimens contained both horizontal and verticafeecement. Five specimens contained
flexural reinforcement of approximately 0.56% ardibontal reinforcement of 0.72%, while
one specimen was heavily reinforced with flexurhforcement ratio close to 1.1% but
contained lower amount of horizontal reinforceman0.20%. The aforementioned flexural
reinforcement ratio was calculated based on theuatmaf reinforcement placed in outermost
cells of the wall. However, vertical reinforcemeatio, as smeared across the cross-section
varied from 0.38% to 0.54% among the specimens. 3paximens were subjected to axial
compression of 0.78 MPa. Most walls encounteredufi@ yielding of reinforcement,
followed by some form of shear failure. (Yoshidaak, 2007)



Shedid et al. (2005) tested three fully-grodtezinforced concrete masonry walls to examine
the possibilities of achieving high levels of enedissipation in this type of construction. All
walls had h/l aspect ratio of 2 and h/t ratio ofatfl were constructed with standard 200 mm
blocks. All walls contained both horizontal and tieal reinforcement. Vertical
reinforcement ratio was 1.31% for two specimens, @76% for the third specimen. There
was no applied axial stress on the walls. The behawf all walls was dominated by
flexural response, including toe crushing and tiren&tion of horizontal cracks along the bed
joints. Buckling of end reinforcing bars was repdriand it was not related to the amount of
reinforcement. The buckling occurred after sulishspalling of masonry face shells and
toe crushing. (Shedid, et al., 2005)

Miller et al. (2005) conducted an experimental gtot four reinforced concrete masonry
walls to evaluate their shear capacity. All wallsres fully grouted and constructed with
standard 200 mm concrete masonry units. All walsl i/l aspect ratios of 1.0. Two
specimens had a h/t ratio of 10.5 and the otherhaa h/t ratio of 15.8. All walls had a
vertical reinforcement ratio of 0.79% while horitainreinforcement ratio varied between
0.07% to 0.13% across the specimen matrix. Twoispats were subjected to an axial load
level of 1.0 MPa. The failure mechanism was charaetd by substantial diagonal cracking
followed by flexural cracking along bed joints atmk-crushing. One of the walls was
reportedly subjected to out-of-plane loading duriagloading cycle, which forced the
researchers to stop pushing the wall in that doacHowever, buckling of reinforcement or
out-of-plane instability were not reported. (Millet al., 2005)

Kikuchi et al. (2010) carried out tests on 10 refoéd concrete masonry walls to investigate
the effect of aspect ratio on their seismic perfamoe. The aspect ratio varied from 0.91 to
1.51. All specimens had a h/t ratio of 9.0 and wemestructed with 133 mm thick concrete
masonry units used in Japan. All specimens werdareied in both the horizontal and the
vertical directions. Six specimens had flexurahfeicement ratio of 0.56% while four
contained nearly 1.1% of flexural reinforcement. S¥laspecimens exhibited flexural
response, including flexural yielding or buckling reinforcement. However, the failure of
only three specimens was identified as having lgeeninated by flexure and the remaining
walls failed either in sliding shear or diagonaéah There was no mention of out-of-plane
instability. (Kikuchi, et al., 2003)

Manos et al. (2003) reported on the response ofRMowalls constructed with 2 scale 154
mm Greek type masonry units and tested to investitee behavior of masonry walls under
combined effects of seismic and gravity loads. Tl of axial stress was at 4% of the
compressive capacity of the blocks. The walls hsgket ratio of 1.0 and h/t ratio of 8.6.
Both walls had horizontal reinforcement ratio 01%. and flexural reinforcement of 0.23%.
The behaviour of the walls was characterized bxuilal yielding of reinforcement followed
by shear failure. (Manos, et al., 2003)

As part of a research effort to evaluate the pomtiéng stiffness of reinforced masonry
walls with openings, Elshafie et al. (1999) testght specimens to monotonic lateral

! One wall was later found to have been accidengahially grouted
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loading. The walls were built with 1/3 scale repliof 150 mm hollow blocks (with a unit
thickness of 48 mm). One wall had an aspect rdtlb@with a h/t ratio of 26.7 while the rest
had aspect ratios of 0.7 with h/t ratio of 19.3:eFof the walls, including the one with the
higher aspect ratio, contained 0.34% of flexuratifoecement, while the rest had a flexural
reinforcement ratio of 0.67%. All walls respondecinty in flexure by forming plastic
hinges at member ends. There was no report onfeulaoe instability. (Elshafie, et al.,
1999)

Ibrahim and Suter (1999) tested five reinforcedorete masonry walls under reversed cyclic
in-plane loads to evaluate their ductility levelfie walls were constructed using 140 mm
hollow blocks and were fully grouted. The aspetibraaried from 0.47 to 1.0 while the h/t
ratio was 10 for all walls. All walls were reinf@d with horizontal and vertical
reinforcement. The amount of vertical reinforcemeas 0.4% for four walls while one wall
contained 0.6% of vertical reinforcement. Four loé walls, including the wall with the
higher vertical reinforcement ratio were subjedied.69 MPa of axial compressive stress,
and one wall was subjected to 1.73 MPa of axial pression. All specimens with the
exception of one failed in shear. Vertical reinfarent in the specimen which experienced
flexural failure mechanism was extensively elordabeyond yield. This wall had the
highest aspect ratio (of 1.0?), but its flexurahf@cement ratio and level of applied axial
stress level were not higher than other wallsaftbm, et al., 1999)

Kikuchi et al. (1999) conducted tests on four RMIsvep assess the effect of hollow units on
the seismic behaviour of fully grouted walls. Twaesimens were constructed using 125 mm
blocks, while the other two were built using 190 rtimck units. All walls had h/l aspect
ratio of 1.5, with one wall with each type of blobkving h/t ratio of 6.3 and the other 9.6.
The ratio of total vertical reinforcement to ne¢arof the wall cross section varied between
0.67% to 1.74% across the specimens. Howevererical reinforcement with the exception
of one bar were placed at the end zones of theswBle specimens also contained shear
reinforcement. All specimens failed in shear witheospecimen experiencing flexural
yielding of vertical reinforcement prior to sheailtire. (Kikuchi, et al., 1999)

Schultz (1996) reported the results of an expertaiestudy of 6 partially grouted reinforced

concrete masonry walls constructed with standa@dr@th masonry blocks. All walls had h/t

ratio of 7.3 while the aspect ratio varied from ©€51.0. The amount of horizontal and

vertical reinforcement also varied across the spewi matrix, but all walls contained the

same amount of vertical reinforcement in the wall eone. flexural reinforcement ratio was
about 1.47%. The level of applied axial stressecafrom 0.9 MPa to 1.1 MPa for different

specimens. All specimens experienced some forntegtifal response characterized by the
formation of vertical cracks. A decrease in unlogdstiffness at low lateral load levels and
deterioration of post-peak strength was more prooed in specimens with higher aspect
ratios. (Schultz, 1996)

Innamorato (1994) tested two reinforced concretesamgy walls under both axial

compressive loads and reversed cyclic in-plane slaadevaluate the effectiveness of a
composite overlay repair method for reinforced cetee masonry construction. The two
walls were first tested to failure and then remhitsing the application of the composite



overlay and tested again. Both walls had aspeidsraf 1.0 and h/t ratios of 12 and were
constructed with 152 mm thick concrete masonrysufihe vertical reinforcement ratios of
the walls were 0.38% and 0.54% respectively. Botallsvalso contained horizontal
reinforcement. One wall was subjected to axial casgive stress of 0.8 MPa and the other
one to 1.9 MPa. The specimen with a smaller amamthorizontal reinforcement
experienced shear failure while the other speciedribited flexural failure. (Innamorato,
1994)

2.4.1 Experimental Studies on RM Shear Walls Which Encoutered Out-of-plane
Instability

Shedid et al. investigated the behaviour of sewafidtale RM shear walls under in-plane
reversed cyclic loads. A series of two- and thteeey high RM shear walls, all with the

same in-plane length, were tested to evaluate tfeetieeness of boundary elements on
enhancing the ductile response of these walls. fbHewing parameters were varied:

configuration of the wall end zone, aspect ratiesgls of axial compressive stress, and
reinforcement ratios. The failure mechanism insgkécimens was characterized by yielding
of flexural reinforcement and crushing at the wadkes, which was preceded by the
development of vertical splitting cracks in the dpldcks ?. Buckling of the outermost

vertical bars accompanied by widening of the vaftazacks and crumbling of the grout was
observed in the final stage. In the two specimeits toundary elements, buckling of the
vertical reinforcement caused the lateral displasrgnat the wall toe. In a specimens without
boundary elements, displacement of the outermasihdyanal to the plane of the wall led to

out-of-plane displacement at the wall toe. As shawiable 1, Wall 4 characterized by the
highest flexural reinforcement ratio, was the ospecimen that experienced out-of-plane
instability.(Shedid, et al., 2009)

In another research study, Shedid et al. (2008desix full-scale RM shear walls to failure

under reversed cyclic loading. The purpose of #tigdy was to evaluate the effect of
reinforcement ratio and the level of axial compresstress on ductile behaviour of RM

walls. All specimens had aspect ratio of 2.0 witllyatwo of the walls subjected to axial

compressive loads. All walls behaved in flexuretizuntal cracking formed along the bed

joints over the lower courses. Face shell spallgrgut cracking, and fracture and buckling
of compression reinforcement were observed at higgplacements. One specimen
experienced out-of-plane buckling of the web irbitdtom five courses at the end of the test.
This specimen, which had a height-to-thicknes®ratil8.9, was heavily reinforced but was
not subjected to axial compressive loads. (Sheidadl ,e2008)

He and Priestley (1992) conducted a study to iny&& the seismic performance of flanged
masonry walls. Four full-scale T-shaped masonry g@cimens were tested to examine the
influence of longitudinal reinforcement ratio, fiEwidth, and confinement on their seismic
response. All walls had a horizontal reinforcemetio of 0.44%. Two of the walls had a
vertical reinforcement ratio of 0.23% while the ethiwo had a vertical reinforcement ratio
of 0.50%. All walls were subjected to both reversgdlic lateral loads and a constant axial
compressive stress. The level of axial stress bofahe walls was less than 10% of their
compressive capacity. After yielding of the verticainforcement had occurred in the



direction of the web in compression, the walls galtefailed due to buckling of the vertical
reinforcement. One flanged wall with end-zone steehfinement experienced lateral
buckling in the web following a load sequence whtre web reinforcement had been
subjected to high residual inelastic tensile sgaifihe specimen had the highest vertical
reinforcement ratio and axial load while offerilgM masonry compressive strength, and
underwent the largest displacement. The remairingetspecimens also demonstrated high
displacement ductility level, but none of them exgeced out-of-plane web buckling. (He,
et al., 1992)

2.4.2 Experimental Studies on Reinforced Concrete Shear ¥lls Encountering Out-
of-Plane Instability

Although out-of-plane instability of reinforced nwesy shear walls has rarely been
encountered in experimental studies or in actuahgaake events, this mechanism was
observed in experimental studies of reinforced oetec(RC) shear walls as early as the
1970's. To gain insight into the out-of-plane ibdtty mechanism itself and help its future

characterization in reinforced masonry shear waliqerimental studies investigating this
phenomena in reinforced concrete were reviewed. fbflewing synopses of previous

research work is extended from the literature revearried out by Brzev (2011) on

experiments encountering out-of-plane instability RC walls subjected to cyclic lateral

loads.

In 1974, the Portland Cement Association (PCA)tstaran extensive experimental and
analytical research investigation of the seismidgemance of RC shear walls. In total, 16
specimens representing approximately one-thirceswaldels of full-size flexural shear walls
with aspect ratio of 2.4, were tested under quasiescyclic loading (Oesterle, et al.,
1976)(Oesterle, et al., 1976)(Corley, et al., 1981anged, barbell and rectangular cross
sections were investigated. The specimens whicledfain the flexural mode initially
experienced horizontal flexural cracking in the erwhes, which later progressed into
coarsely distributed inclined cracks in the welieldsecting cracks from opposite loading
directions segmented the hinging region into sdvieoaizontal layers. Due to horizontal
cracks, it was not possible for the diagonal sheiton to develop, and shear transfer in the
post-yield phase occurred primarily by shear foictand dowel action.

Two rectangular-shaped specimens, R1 and R2, wstedtin this study. The only difference
between these specimens was that specimen R2 ¢@mdiaed boundary element at the end,
while specimen R1 did not. Specimen R1 failed &xdiral mechanism, with buckling of the
end reinforcement, while specimen R2 experiencedobplane instability in the wall
compression zone (in the lower 1 m of the wall hgigThe specimen R2 failed at over 80%
higher load than specimen R1. Bowing of the congioeszone was observed at a 0.5%
drift; the compression boundary element was 6.4 oonof plane at approximately 1.1 m
above the base. Although this bowing progressethdumwith each cycle, the load-carrying
capacity of the specimen R2 remained stable umil2.8% drift, when a significant out of
plane displacement of the compression zone withénlower 1.5 m was observed. It was
reported that vertical reinforcement was subjetbggermanent inelastic tensile deformations
which caused it to elongate. As a result, cracksarmeed open in the subsequent loading
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cycle causing compression in the wall, and an gffeavall cross-section was limited to that
of steel area alone, and also the stability wasaed against out-of-plane displacements. Bar
fracture followed with subsequent load reversalsabse of the previous kinking of the bars
at the base. Although the load-carrying capacityhef specimen continued to decrease, the
specimen sustained at least 80% of the maximum umeédoad through 14 complete
inelastic cycles.

A comprehensive experimental study on seismic respaf RC shear walls was performed
at the University of California at Berkeley. Sixpapximately one-third scale wall specimens
were tested, comprising of four barbell and twdaegular sections (Vallenas, et al., 1979).
The three-storeyed wall specimens had aspect oatlo3. The researchers identified the
following three types of buckling failure:

i.  buckling of longitudinal reinforcement between tiasthe wall end zones after the
cover had spalled and ties have ruptured,

ii.  buckling of boundary elements after cover spallarabterized by asymmetric
spalling of cover and associated eccentricity aélaboad, thereby causing buckling
of the compression zone over a height approximaéglyal to the thickness of
boundary element; and

lii.  buckling of boundary element with residual openstiencracks in the compression
zone over the full first floor height.

The out-of-plane instability was observed in twa olisix specimens. One of the specimens
(No. 5) had rectangular cross section and h/t ®@itib0. The authors concluded that lateral
instability of rectangular sections may govern #tmictural response and appears to be
affected by the clear height to web width in thevdst floor of the wall, width of tensile
cracks, and strains in vertical reinforcement.

Goodsir (1985) performed an experimental studyqueréd on four one-quarter scale two-
storey wall specimens: three specimens had red@ngwss-section and one specimen had a
T-shaped section. Two specimens, a rectangularesh@yall 2) and a T-shaped (Wall 3)
experienced out-of-plane instability, while the ethwo specimens experienced a material
compression failure. Wall 2 experienced a significkoss of lateral load resistance at a
displacement ductility of 6.0, when the compressad of the unit developed large out-of-
plane displacement over the full first storey heigbense near-horizontal cracks extended
over the boundary region of the section. Concesdratinforcement in the boundary region
consisted of ten 12-mm deformed vertical bars, bigd-mm hoops at 72 mm spacing. The
specimen had a h/t ratio of 10. The study showatlatpotential for out-of-plane buckling of
thin sections of ductile walls depends on the ntagiei of inelastic tensile strains imposed on
the end region of the wall, which is subjected eonpression on subsequent load reversal.
The study served as a basis for developing an éeellprocedure for estimating critical wall
thickness (Paulay, et al., 1993) which will be dissed later in Chapter 5:.

Chai and Elayer (1999) conducted an experimentalysto assess the lateral stability of the
end zone of reinforced concrete walls subjectedywic axial tension and compression.

! The hit ratio is calculated based on first storeight

11



Based on the results of their experimental study/the previous works done by Paulay and
Priestley (1993), an equation for predicting thexmmaim tensile strain which leads to the
onset of lateral instability in the wall end zonasaproposed. Their work will be discussed
later in Chapter 5:, where a similar approach isdu® approximate critical tensile strains
which would trigger lateral instability in reinfaed masonry walls.

Zhang and Wang (2000) tested four slender reintbomncrete walls under reversed cyclic
lateral loading. High axial load was used to sirteithe response of RC shear walls in high-
rise buildings (two specimens subjected to axiahpessive stress corresponding to 24 and
35 % of the concrete compressive strength respdyglivihe concentrated reinforcement in
the boundary zone consisted of 4-12 mm deformeticeésteel bars with 6 mm hoops at 50
mm spacing. The specimen SW8 experienced out-okplastability at a displacement
ductility ratio of 4.3. Vertical cracks appearedtive compression zone shortly after the wall
had yielded. The progression of out-of-plane dispaents had caused an arch-like cracking
pattern across the length of the wall. It shoulchbted that the two specimens subjected to
higher axial load experienced out-of-plane bucklivghile the other two specimens
experienced material crushing of the boundary etesne

An experimental study on six quarter-scale reirddraconcrete shear wall specimens
subjected to cyclic loading was reported by Wall§898) and Thomsen and Wallace
(2004). Out of the six specimens, three had reclangross-section (one with an opening),
two were T-shaped, and one had a barbell-shapes$-sextion with an opening. The two
rectangular-shaped wall specimens without oper®WL and RW2, had the same geometry
and material properties but had different detaibhtpoundary elements at wall end zones. In
addition to 8 vertical bars and closed ties atacsm of 76 mm, specimen RW1 had cross-
ties. Specimen RW2 did not have cross-ties buadk imore closely spaced ties at 51 mm on
center. The performance of specimens RW1 and RW& siailar in that the buckling of
vertical reinforcement in the boundary region lexitthe flexural capacity of these
specimens. At the drift of 2.5%, specimen RW1 eigpeed significant loss of lateral load
capacity due to buckling of vertical reinforcemeRehaviour of specimen RW2 was very
similar to RW1, except that lateral load capacitgswnaintained even after two complete
cycles at 2.5% lateral drift. The improved behavisuattributed to the closer spacing of the
hoops at the wall boundaries, which delayed theetortd buckling of the vertical
reinforcement.

2.5 Database of Experimental Results related to RM SheaValls

Table 2-1 presents a database of the pertinentriexgr@al information contained in the
various studies reviewed (Azimikor et al., 2011plléwing is an explanation of the
information presented in the table.

Since out-of-plane instability is a phenomenonteslato the flexural failure mechanism in
RM shear walls, only the studies which demonstréiesdiral response were considered for
this database. Also, only the specimens subjeaeceversed cyclic lateral loading are
included. Table 1 contains a summary of the mogtir@st experimental research
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publications reviewed. The information presentddtes to specimens' design parameters,
relevant response parameters, and their failurdnamesms.

To determine the specimen's aspect ratio (heiglgrgth ratio, hfl), the height of the wall
at which the lateral load was applied was usedotehas h. Note that the height-to-
thickness ratio (lit), was calculated using the laterally unsuppotteight of the first storey,
h,. The flexural reinforcement ratigy, is indicative of the vertical reinforcement pldde
the wall end zones. Note that vertical and flexueihforcement ratio are identical for
specimens with uniformly distributed vertical rendement,. The wall net area,, Avas used
to determine the applied compressive stress (Andeaad Brzev 2009). Shear areg, was
taken as 80 percent of the gross cross sectioealddrthe wall.

The response of the specimens to cyclic in-plarm@ldowere interpreted from hysteretic
curves for applied lateral load versus horizont@plhcement. To ensure consistency
throughout the database, the relevant wall resppaissameters are shown in Figure 2-1.

Lateral Load (kN)
vV,

max

0.8 Vinax
0.7 Voo |-

Horizontal
Displacement (mm)

Figure 2-1  Hysteretic force-deformation plot

Note that the wall strength, ¥ is taken as the maximum lateral load-carryingacéy.
Yield displacementpy, was obtained by extending a line from the origina horizontal
tangent extending from My through the point on the hysteresis curve comedmg to
0.7Vmax The ultimate displacemenfynay, corresponds to 0.8Mx From these properties,
parameters such as drift ratio at yiedd, ultimate drift capacityd,, and effective stiffness,
Ketr, Were calculated as follows:

— A 2-1
6y == 73/
Amax -
6u = T 2-2
Vimax -
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Table 2-1 Summary of experimental studies on flexal response of RM shear walfs
Reference Specimen h hy E hy An pr F'm P (kll<\|7f;11 Vimax 8 8, Failure
P (mm) | mm) | L, | e | A | 8 | (MPa) | Ay | N AL 6 | (%) | Mode
PCL 1 2640 2640 07| 139 0624 015 13B 0082 86 120/ 0.4 | 0.60 f
MC 1 264( 264C | 0.7 | 13¢ | 06z | 0.4° | 126 | 0.0 24 0.07 | 0.3C | 0.7¢ f
PCL 2° 2640 2640 07| 139 o062 015 138  0.0p0 37 0009 250 0.75 c
Minaie o al.. 2009 MC 2° 2640 2640 07| 139 0624 015 125  0.0p0 26 0/08 330, 0.75 c
. F-PCL 1 264( 264C | 0.7 | 13 0.1t | 13.£ | 0.01 68 0.1¢ | 0.27 | 046" | cof
F-MC 1 2640 2640 07| 139 ., 015 126 0014 87 017 .200] 0.78* | eof
F-PCL 25 264( 264C | 07 | 17. : 0.1t | 13. | 0.01¢ | 364 | 0.1¢ | 0.0 | 0.4F b
F-MC 27 2640 2640 07| 174 015 126 00]8 33 0.15  0J04.75°0] b
W1 3990 1230 22 | 137 0.60 0.07 12 0.34| 039] 111 g
W2 399( 123C | 2.2 | 13. 0.6( 0.0 15 0.2¢ | 0.2¢€ | 156 g
W3 3990 1230 22 | 137 0.60 0.0¢ 12 029 033 2B4 fg
Shedid et al., 2009 W4 266( 123( 15 | 137 | 10 [ 117 | 16.4 | 0.0¢ 45 051 | 0.2 | 1.07 d
W5 2660 1230 15| 137 0.55 0.0% 49 047 049 147
W6 2660 1230 15| 137 0.55 0.0¢ 54 046 047 1Bl —fg
W7 2660 1230 15| 137 0.55 0.04 60 046 045 2p7
1 3600 3600 2 18.9 0.29 0.00 11 0.14| 035] 215 g
2 360( 360C 2 18. 0.7¢ 0.0C 41 0.2¢8 | 0.1¢ | 1.8C g
. 3 3600 3600 2 18.9 0.73 0.0( 20 023 033 150 g
Shedid etal., 2008 4 360( 360( 2 18c | 0 131 | M8 oo 22 03¢ | 047 | 151 | g-d
5 3600 3600 2 18.9 1.31 0.0 20 039 086 1B1 g
6 3600 3600 2 18.9 1.31 0.1( 31 053 050 1.3
FN-0.90L0 | 120¢ 120C | 0.9C | 9.0 0.5 | 241 | 0.0C 206 | 0.3¢ | 0.1C | 04 c
| FNl'_OC'gOL' 1200 | 1200 | 090| 90 056 272 008 303 049 ofio 25 ¢
Y°Sh2'gg7et el FN-0.75L-0 | 120( 120C | 075 | 9.0 10 | 05€ | 292 | o0.0¢ 26¢ 0.3t | 0.1C | OE c
FN-0.75L-LC | 1200 1200 | 0.75] 9.0 056 2584  0.0B 402 560 | 0.10 | 15 c
SNOSL | 1200 | 1200 | 075| 90 109 274 008 475 064 010 17 ¢
wall 1 3600 3600 2 189] r0| 1.31 0.00 22 027| 036] 06" f
Shedid et al. 2005 wall 2 360( 360C 2 18 | 10 | 1.31 | 152 | 0.0C 21 0.3¢ | 0.5C | 1.3 g
Wall 3 3600 3600 2 18.9] 10| 0.73 0.00 22 043 038118 g

3 Note that this database includes RM shear wallispens subjected to in-plane quasi-static lateading
4 Lateral loads were applied at specimen midheight
® Specimens built using clay masonry units with nmahdimensions 150x100x400 mm
® The vertical reinforcement experienced fractuiergo buckling
" Out-of-plane displacements were induced due tblpnos with the test set-up

8 There were major un-grouted areas detected iwthlisafter testing was completed
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. h h, h hy An or f P Ket | Vinay 5, | Failure
Reference Specimen (mm) (mm) a < A, %) (MPa) | ALfo (krI:I]/)m AT ((% (%) Mode
1 2000 2000 1 10.5 0.79 15.4 0.06 273 0.34 0.08 0.4 b
. 2 200( 200( 1 10.5 0.7¢ 12.7 0.0C 91 0.4: 0.2F 0.6* g
Miller et al., 2005 3 3000 3000 1 158 0 079 154 00b 129 043 0p0 * 07 a
4 300( 300( 1 15.¢ 0.7¢ 12.7 0.0C 85 0.3¢ 0.22 0.6* a
F-1.5L 1200 1200 1.51 9.0 0.45 28.3 0.03 90 0.36 0.14 3 a
F-15L-S 1200 1200 1.51 9.0 0.45 29.p 0.03 143 0.880.10 2 a
F-1.1L 1200 1200 1.13 9.0 0.39 26.%5 0.0 209 0.43 .100 2 c
Kikuchi et al F-1.1L-S 1200 1200 1.13 9.0 0.65 32.1 0.02 215 0.100.10 1 a
2003 F-0.9L 120( 120( 0.9C 9.0 1.0 0.5¢€ 32.F 0.0z 284 0.4: 0.1( 2 C
F-0.9L-S 1200 1200 0.90 9.0 0.56 32.1 0.02 157 0.470.20 1 c
S-1.5L 1200 1200 1.51 9.0 0.74 27.p 0.03 18 049 100 1 b
S-0.9L 1200 1200 0.90 9.0 0.56 30.p 0.03 377 068 .100] 1 c
S-0.9L-S 1200 1200 0.90 9.0 0.56 34 0.02 496 0J570.08 0.2 b
Manos et al.. 2003 wall 17 133( 133( 1 8.6 0.4: 0.2¢ 50 0.0< 2C 0.22 0.3( 0.8 C
i wall 18 1330 1330 1 8.6 1.0 023 ™ 0.04 19 0.26 0.38 1.2 b
Ibrahim & Suter, 1999 wall 1 1400 1400 1.00 7.4 10| 0.40 21.3 0.03 60 0.29 0.25 1.1 b
Kikuchi et al., 1999 B-GM 1200 1200 15 6.3 1.0 70| 29.2 0.03 213 0.39 0.10 1.9 b
Al 925 925 0.7 19.3 0.11 25.2 0.00 19 0.29 0.44 0.98 a
A2 92t 92t 0.7 19.: 0.11 22.€ 0.0C 8 0.1F 0.4€ 1.32 a
A3 925 925 0.7 19.3 0.11 25.2 0.00 13 0.20 043 21 a
) Ad 92t 92t 0.7 19.: 0.11 28.: 0.0C 1C 0.14 0.4( 1.0¢ a
Elshafie et al., 1999 B1 1280 1280 10| 267 ° 011l 24 0.00 7 018 0W7 800, a
C1 925 925 0.7 19.3 0.21] 28.3 0.0p 6 0.13 0.60 2]10 a
C2 92t 92t 0.7 19.2 0.21 25.F 0.0C 3 0.0¢ 0.67 2.5E a
C3 925 925 0.7 19.3 0.21] 22.4 0.0p 5 0.12 0.63 2l00 a
wall 1 1422 1422 0.5 7.3 0.44 1.47 17.€ 0.0¢€ 187 0.1( 0.07 0.9¢ a
Wall 3° 1422 1422 0.7 7.3 0.48 1.47 17.6 0.06 153 018 10[10.35 a
Schultz. 1996 Wall 51 1422 1422 1.0 7.3 0.54 1.47 17.6 0.d5 19 0.4 0/050.21 a
' wall 71 1422 1422 05 7.3 0.44 1.47 17.6 0.d6 40 0.13 0[040.42 a
Wall 91 1422 1422 0.7 7.3 0.48 1.47 17.6 0.d5 192 0.4 0/070.35 a
Wall 111 142 142 1.C 7.3 0.5¢ 1.47 17.€ 0.0F 154 0.17 0.07 0.4¢ a
Flexure-| 1828.8 | 1828.8 1.0 12.0 0.38 0.05 62 0.30 0.22| 0.60{ —f
Innamorato. 1994 Flexure-1*® | 1828.8 | 1828.8 1.0 12.0 4 038 ,,. 0.05 34 0.36 0h9 *2p9 f
' Shear-| 1828.8 | 1828.8 1.0 1209 054 0.1B 93 0.42 210/ 0.49* b
Shear-11*? 1828.8 1828.8 1.0 12.0 0.54 0.1B 66 0.45 0.B2 207 f

® Wall with opening
10 Specimens were initially tested under in-plandicyateral loads and then repaired using a conipasierlay



. h h, h h, | As or f P Keit | Vinay 5, | Failure
Reference soecmen | oy | o) | 4 | ¢ | A | G0 | o | Em | SV AR b | ob | wose
R2 1420 1420 1.2 75 0.55 - 0.34 63 0.31 0.18| 0.544 b
R4 1420 1420 1.2 75 0.55 - 0.2 48 0.29 021 0.64* b
R5 1420 1420 1.2 75 0.55 - 0.39 65 0.39 021 054* b
Foltz and Yancey R6 1420 1420 1.2 7.5 0.55 - . 0.29 49 0.29 ,O"Zl 0.49* b
1993 ' R7 142( 142( 1.2 7.5 0.5¢ - 75 0.31 35 0.31 0.3z | 0.48* b
R8 1420 1420 1.2 75 0.55 - 0.1 39 0.23 021 0.64* b
R9 1420 1420 1.2 75 0.55 - 0.3¢ 46 0.35 027 0.67* b
R10 1420 1420 1.2 7.5 0.55 - 0.42 26 0.40 054 054 b
R11 1420 1420 1.2 7.5 0.55 - 0.33 42 0.34 0b9 054 b
Igarashi et al., 199: One wall 792¢ 243¢ 1.9¢ 16.C 1.0 0.17 13.C 0.0C 24 0.17 0.1¢ 0.5C e
F1'? 3657.6 | 3657.6 3.1 25.6 0.55 11.6 0.06 14 0.62 0.54 1.1 g
Priestley & He, F21 3657.¢ | 3657.¢ 3.1 25.€ 10 0.2t 11.€ 0.0€ 3C 0.5( 0.21 1.1* g
1992 F3% 3657.6 | 3657.6 3.1 256 0.25 8.0 0.09 21 0.83 0J421.3* f
F4% 3657.6 | 3657.6 3.1 25.6 0.5 8.0 0.09 14 0.83 0J631.7* g—d
HCBL 1 1828.8 | 1828.8 1.0 12.8 0.38 20.1 0.07 61 0.41 0.34 1.7 f
HCBL 2 1828.8 | 1828.8 1.0 12.8 0.39 20.1 0.00 86 70.4 0.28 1.3* f
HCBL 6 1828.¢ | 1828.¢ 1. 12.€ 0.3¢ 18.2 0.0C 83 0.2€ 0.1F 1.7 C
HCBL 8 1828.8 | 1828.8 1.0 12.8 0.34 22.4 0.00 53 30.2 0.21 1.6 C
Shing et al. HCBL 10 1828.8 | 1828.8 1.0 12.8 0.34 22.8 0.03 110 .310] 0.15 15 b
1991 HCBL 12 1828.8 | 1828.8 1.0 12.8 1.0 0.34 22.8 0.03 78 320 0.22 15 f
HCBL 15 1828.8 | 1828.8 1.0 12.8 0.54 23.0 0.03 820 420 o0.28 1.7 b
HCBR 1%° 1828.¢ | 1828.¢ 1.C 13.2 0.4( 26.1 0.07 12C 0.4% 0.21 3 f
HCBR 2% 1828.8 | 1828.8 1.0 13.4 0.4( 26.1 0.q7 132 043 80[1 1.3 f
HCBR 3% 1828.8 | 1828.8 1.0 13.4 0.44 26.1L 0.7 172 047 50[1 1.7* f
HCBR 4% 1828.8 | 1828.8 1.0 13.4 0.4( 26.1 0.4q7 102 048 60[2 1.6 f
Priestley & Elder wall 1 5400 2000 2.25 14.3 0.72 0.07 12 0.23 1.63 0.9 —of
1082 ' Wwall 2 540( 200( 2.2F 14.% 1.0 0.72 26.9 | 0.07 13 0.27 1.67 1.3 gof
wall 3 5400 2000 2.25 14.3 0.72 0.03 11 0.19 156 6 1 f

Notes:
* The ultimate displacement at 0.8Y was not available. The value provided is the wéodest representative of ultimate displacement.
** |Information on exact mode of failure not avédile.

FAILURE MODES

A = Ductile Flexural Response with minimal strenddgradation e = Flexure/Lap-splice slip

B = Flexure/Diagonal Shear f = | Flexure/Toe crushing

C = Flexure/Sliding Shear g = | Flexure/Buckling of Flexural Reinforcement
D = Flexure/Out-of-Plane Wall Buckling — =  Followed by

11 Obtained from Table 4 of CSA S304.1-04 based wergimasonry unit compressive strength of 13.1 Mizhtgpe S mortar
12 Flanged wall specimen
13 Specimens built using hollow clay brick masonritsiwith nominal dimensions of 150x100x400 mm
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2.6 Analysis of Research Data

Limited evidence of out-of-plane buckling in walpeximens tested to date prevents
meaningful characterization of this mode of failurecRM shear walls. However, the tests, in
which out-of-plane buckling did not occur, offemer bound estimates on the critical height-
to-thickness ratio while also helping to identititdre research needs. The design parameters
most likely related to the flexural response ofla/&#ading to out-of-plane instability include
the wall height/thickness ratio,/h aspect ratio, hjl level of applied axial compressive
stress, P/ff'm, and flexural reinforcement ratiqy. The range and variation of these
parameters for each mode of failure are illustratefeigure 2-2.

30 " 0.15
X x x X X X
20 .E0.10 X *
<, x XX X % x5 X X o
< % X < X % X %
10 = 0.05 X
0 0.00 X X X
a) 1 2 3 4 5 6 b) 1 2 3 4 5 6
4 1.5% « y X
*
3 X X x 55
_1.0%
§ 2 X X X & & X X § R
n % % X < 0.5% ;5 ;é % 9
X § X x X X
0 0.0% X
c) 1 2 3 4 5 6 d) 1 2 3 4 5 6
FAILURE MODES
1 Combined flexure and shear 3 Buckling of  velticd Unidentified flexural response
reinforcemer
2 Toe crushing 4 Out-of-plane buckling 6 Lap-spétip

Figure 2-2  Effect of key wall design parameters othe failure mechanism
a) height-to-thickness ratio, b) normalized appli@dial compressive strength, c)
height/length aspect ratio, and d) flexural reinénent ratio

The most common failure mode encountered in theg#es was that of combined flexure
and shear. This failure mode is characterized éyuflal yielding of vertical reinforcement

followed by diagonal tension cracking or slidingrad the bed joint. This is reflective of the
focus of previous experimental studies which wasttaly the shear failure in reinforced
masonry shear walls. In walls that failed in puexdre, toe crushing is the most common
failure mode, followed by buckling of the flexunainforcement. Two of the flexural walls

reported experienced lap-splice slip.
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As shown in Table 2-1 and Figure 2-2, only thred w@ecimens experienced out-of-plane
instability. The point distinguished in Figure 2a#th an asterisk corresponds to the flanged
wall tested by He and Priestley (1992). Althougé wall had high aspect and/thratio, its
flexural reinforcement ratio was relatively low. ®to the ambiguity in description of this
specimen’s response, this leaves room to belieae ghhough the specimen may have
experienced out-of-plane instability during the iseuof the experiment, this may not have
been the mode of failure. The remaining two spensrfailing in out-of-plane web buckling,
(Shedid et al. 2008, 2009) had/thratios of 13.7 and 18.9 respectively and flekura
reinforcement ratios greater than 1%. The detdilhe experimental studies on the above
three specimens were discussed in Section 2.4.1.

As shown in Figure 2-2-a, the/hratios of the RM walls tested in previous stsdibat
exhibited flexural response ranges between 6 andi@Wwever, only 4% of these walls had
hy/t ratios greater than 20, and 50% haf tatios greater than 13. All three walls that ever
reported as having experienced out-of-plane instyabiad h/t ratio between 13 and 27.

Nine wall specimens with applied axial compresstress higher than 0.13,fwhere f, is
the masonry compressive strength, were tested by &od Yancey (1993) to study the shear
performance of masonry walls. These walls were ntedoas having experienced flexural
"distress"”, however they didn't contain any flexurainforcement, thus the flexural
mechanism was assumed to have been limited tormgdknd/or formation of horizontal
cracks (this was confirmed by reviewing photos amdged walls). Given the above, these
nine specimens were left out of the plot in Fig@r2-b. For the remainder of specimens,
axial compressive stress ranged between zero 43dfiQ. One of the three walls that failed
due to out-of-plane buckling of the wall end zonaswiot subjected to axial compressive
stress.

All specimens failing in combined flexure and shiead aspect ratios ()l between 0.5 and
1.5. More than half of the specimens that failegumne flexure had aspect ratios greater than
1.0, and nearly 20% had aspect ratios greater 2l@aninformation on reinforced masonry
shear walls with aspect ratios greater than 3tedesnder reversed cyclic lateral loads was
not readily available. This is to be expected sirmaforced masonry walls are normally
used in low-rise construction. Note that the thspecimens which experienced out-of-plane
instability had aspect ratios greater than 1.5.

Overall, the flexural reinforcement ratips) did not exceed 1.5% of the wall gross area, with
only 25% of walls containing more than 1.0% flexurainforcement. Two of the three
specimens that experienced out-of-plane instathbityp; greater that 1.0%.

All specimens with unspecified mode of failure hatatively low aspect ratios, levels of
applied axial compressive stress, and reinforcemagias. One of these walls had a high h
ratio of 26.7, but a relatively low flexural reimt@ment and aspect ratio (0.34% and 1.0
respectively). On the other hand, six of theseuitakwalls that had high reinforcement ratio
(close to 1.5%) had a low/hratio of 7.3. Based on the available informatithre likelihood

of out-of-plane instability causing failure in tieewalls is considered to be low.
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2.7 Summary and Conclusions

Based on the literature review of experimental asge on reinforced masonry and concrete
shear walls, the wall physical parameters that geenfluence the flexural response of walls
leading to their out-of-plane instability includé atio, h/|, aspect ratio, level of applied
axial compressive stress, and the flexural reimforent ratio. However, it is evident that
curvature ductility demands and the level of agptensile strain in vertical reinforcement at
the wall end zone govern the onset of lateral bikta These parameters have an important
role in determining the minimum wall thickness.

Based on the results of this literature review,fitgt phase of the experimental program was
designed with a focus on isolating the reinforceabamry wall end zone and determining the
effect of different h/t ratios, as well as levelsapplied axial tensile strain on the out-of-

plane instability of RM shear walls.
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Chapter 3: Experimental Program

3.1 Background

As previously discussed, the objective of this gtis to identify the parameters influencil
the out-ofplane instability of reinforced masonry shear w under ir-plane loads. Since no
previous gdidies were carried out with t same objective, the database presented it
previous chapter only serves as the starting for a comprehensiv research study. To
achieve the objectives of this stua four-year research effag underwa, consisting of two
phases of testing, firsbf which is presented he This chapter describes the desi
construction, and material propertiestest specimenas well as the test setup and the tes
procedure.

Figure 3-1 shows reinforced masonry shear wall subjected to grdeiads and i-plane
lateral loads due to earthquake mot. An overturning moment is developed along the |
of the wall, therebyutting end regions of the wall inalternatingcycles of axial tension ar
compressionBased on the review of previous research st, it is expected thathe
reinforcement in the end region of the wis going toexperience large tensile strains caus
uniformly spacedhorizontal cracks to develop ithe plastic hinge zoi at the wall end
regions. When the wall i subjected tosubsequent compression load cyclit may
experience out-oplane displacements and possible-of-plane instability, as illustrated
the figure.

)

T C

Figure 3-1 End zone of shear wall subjectedto axial loads during reversed lateral
loading

The experimental study described in this thesis was $eduon simulating the behaviour

such a wall'send zones while sregarding the influence of remaining portion of thall.
The objective was to understand out-of-plane instabilityphenomenorand identify key
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factors which influence the development of thidui@ mechanism. An additional reason for
the decision to start the experimental researclgrpro in this manner was due to very
limited previous experimental evidence on out-ar@ instability of RM shear walls. The
absence of an analytical model which predicts thgebt of out-of-plane instability in RM
shear walls made it difficult to design wall speeima which would be fail by experiencing
out-of-plane instability.

Therefore, the specimens tested in this experirhettay look like columns intended to
represent the wall end zone (see shaded regidreokall in Figure 3-1) and were subjected
to reversed cyclic uniaxial loading. The actual fary condition along the height of the
wall end zone would be different than the boundamydition present along the height of the
specimen. In reality, the end zone of a shear iwalbnstrained at one end by the remaining
length of the wall. However, testing uniaxial speens would assist in bounding the range
over which design parameters influencing the oytahe instability vary and therefore, was
deemed as a reasonable starting point in the iigedisin. The next phase of the experimental
study consists of testing full-length walls carriedt by another researcher in the same
investigation team.

The objective of the loading protocol was to indtlee tension and compression stresses and
deformations which were expected to develop ineth@ zones of RM shear walls subjected
to lateral in-plane seismic loads. The resultshad study are expected to serve as the basis
for the design of full-size wall specimens testethie next phase of the research program.

3.2 Specimen Properties

The results of previous studies as well as stanaesbnry construction practice were taken
into consideration in the design of these specimEram the results of previous studies on
reinforced masonry walls, it is evident that selv&ators influence the development of out-
of-plane instability of these walls, such as therhtio of the wall panel, the amount of
vertical reinforcement (reinforcement ratio), ahe tevel of applied axial stress. Since the
focus of this phase of the study was to investitiadeparameters affecting the out-of-plane
instability of the wall compression zone, reinfaorent ratio and h/t ratio of the plastic hinge
zone were the only parameters that varied acressehof specimens.

In a typical low-rise masonry building in Canadainforced masonry shear walls built with
standard 200 mm concrete masonry units @€290x 400 mm) contain 15M bars in at least
the outermost three cells in the wall end zoness Glves a flexural reinforcement ratio of
0.53%. However, the review of previous studies Baswn that walls with flexural
reinforcement ratio of 1.0% and higher were seehingre prone to experience buckling of
reinforcing steel and global out-of-plane instabilinder in-plane loads.

Keeping the above two reinforcement ratios in mihe, test matrix was designed to contain
at least one specimen with flexural reinforcematiorsignificantly lower than that used in
standard practice, and at least one specimen witksindorcement ratio on the high side
(significantly higher than that used in practicEje remaining specimens were designed to
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represent reinforcement ratios within the range Isetthese two extreme ends of the
spectrum.

Since vertical reinforcement ratio was deemed to the most important parameter
influencing the out-of-plane instability, the figpecimens were all constructed with 140 mm
blocks, and a 3800 mm height (equivalent to 19 ssirof masonry). This resulted in an
average mortar bed-joint thickness of about 10 fin@ resulting h/t ratio for all specimens
was originally 27. However, three of the specimewsre later stiffened through the
application of Glass Fiber Reinforced Polymer (GFRPthe top portion of the panel. This
limited the height over which tensile cracking wasssible in these specimens, thereby
effectively reducing the height of the plastic lengone (corresponding to an equivalent
shear wall). Since h/t ratio is determined basetherheight of the plastic hinge zone (for the
purpose of out-of-plane instability), h/t ratiorigtrofitted specimens was effectively reduced.
Table 3-1 presents the specimen matrix and thelksign parameters.

Four out of five specimens (C2 through C5) werdetkaunder cyclic axial tension and
compression loads as discussed later in section Sp2cimen C1 was tested under
monotonic compression and served as a control meecto evaluate load-resisting capacity
and the failure mechanism for the specimen sulgdcteniaxial monotonic loading.

Table 3-1 Specimen matrix

Specimen Cross section Reinforcemen h/ Notes
: F 3-15M 27 | pr 34% higher than that used in standard practice
cl L)L)t | p=0.71%
’ 3-20M 27 | pr 100% higher than that used in standard practice
c2 (e [« ] ‘ [e] IF p=1.07% (to provide upper bound fqx)
b 3-15M 22 | ps 34% higher than that used in standard
C3 I Ao practicé”
L] =0 Stiffened with GFRP
: 2-15M 19 | psclose to that used in standard practice
C4 1] ‘ ] JI 0=0.48% Stiffened with GFRP
. 16 | psis 45% lower than in standard practice and loyer
s ; 2-10M than the balanced case(to provide lower bound
Lo L] 0=0.24% for py)
Stiffened with GFRP over half the height
Notes:
* Height, h, is taken as the height of specimenraviich tensile cracking is able to form. Note that
effective h/t ratio in specimens C3 to C5 was rediudue to the GFRP retrofit
* Standard practice refers to 15M @ 200 oc. predidin at least the furthest three cells in the

compression zone of a masonry wall built using ddagh 8" (190 x 190 x 400 mm) concrete masonry
units. This is equivalent tg=0.53%.

rkk Note that balanceg; for masonry is 0.36%.

****  Standard practice refers to 15M @ 200 oc. pded in at least the furthest three cells in the
compression zone of a masonry wall built using dag 8" (190 x 190 x 400 mm) concrete masonry

units. This is equivalent t{g=0.53%.
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3.2.1 Specimen Desig

Five reinforced masonmyniaxial (column specimensvith nominal dimensions of 1. mm x
600 mm x 3800 mnflength x thickness x heighwere designetbr this stud. All specimens
had steel plaewelded to the reinforcement at top and bottFigure 3-2 shows specimens
after the construction.

Figure 3-2  Testspecimen after the construction

The top and bottom steel base plates attachedetggbcimens were used to allow for

construction of the specimens to a meum height. Alternativelyconcrete foundeon and
concrete cagould have been us, but the specimen height wouleted to be reduceas
well; otherwise thespecimens woulbe too tall to fit vertically in the test rig and/oe lifted
into place using the crane available in the stmet$uab. | was also decided thconstruction
of the specimens in theorizonta position on the floocould compromis the integrity of the
test results.
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The top and bottom specimen plates for specimenr€i@forced with 3-20M vertical bars,
were 38 mm thick while the steel plates for oth@gcemens were 25 mm thick. This was to
ensure that there would be no bending in steekgplathile the specimens were loaded in
tension. Refer to Appendix A for the details &fedtplate design.

The reinforcing bars had to be welded to the top bottom specimen plates in order to
ensure adequate anchorage of reinforcing bars\asid bar fracture due to excessive tensile
stresses. In other words, it was important to enstmat the vyielding of the steel
reinforcement occurs away from the welded connedtiche steel plates and that the welded
connection was stronger than the ultimate tensipacity of reinforcing bars.

To this end, several welding details were desigmadl tested at BCIT (Lim, 2011). Figure
3-3 shows the welding details chosen as the mofsctafe for the connection of
reinforcement to the top and bottom specimen plates

FILL COUNTERSUNK HOLE WITH
E49XX FILLET WELD\\
Bl
o a
O
|_
/ 18
SPECIMEN TOP PLATE
REINFORCING BAR
400W
15M OR 20M 10M REINFORCING BAR
REINFORCING BAR 400W
400W
s E49XX FILLET WELD E49XX FILLET WELD ~
& NG |
= [N ‘
O N 18 sz
m = o
SPECIMEN BOTTOM PLATE/ SPECIMEN BOTTOM PLATE

Note: the reinforcing bars were grinded to a petigishape at the bottom with a tip diameter of
5mm for 15M and 20M bars and 2 mm for 10M bars

Figure 3-3  Welding detail for connection of rebar 6 specimen plates

Refer to Appendix B for details of the welding posed and the results of their testing.

As noted in Table 3-1, specimens C3, C4 and C5 wetmfitted with Glass Fiber
Reinforced Polymer (GFRP) over the top half to fitheir effective height over which

tensile cracking occurs. For this purpose, SikaWird@G product was applied in horizontal
and vertical direction, as shown in Figure 3-4.
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Figure 3-4  Layout of SikaWrap 100G GFRP to the tofalf of specimens C3, C4 and
C5

As shown in Figure 3-4, two vertical GFRP stripgeveonded to the specimen and wrapped
beneath a stiffened angle at the top. The stifferage was in turn bolted tight to the test rig

along with the specimen. These steel angles adeaghehors at the top, ensuring that the
vertical GFRP strips share the tensile loads vighsteel reinforcement. In effect, the vertical

GFRP strips were able to contribute to the tersilength of the specimen. The horizontal

strips were wrapped around the vertical strip ptand bottom, in order to provide anchorage
for the vertical strips and act as confinementrahg increasing the specimen's compressive
strength. Detailed design of the GFRP is inclugedppendix C .

Note that the GFRP was applied on specimens C4ACanlefore any testing was done, but
specimen C3 was tested and damaged before théitratas applied (as discussed later in
section 4.2.3).

3.2.2 Specimen Construction

The construction of specimens took place in theaucBtre's Laboratory facility at the
University of British Columbia on March 25, 2011.
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The steel plates welded to bottom of the specirwere first drilledwith threaded bolt holes
around the edges as shownFigure 3-5a. The function of thed®lt holes on specimen
bottom plates was tallow for bolted attachment of the specimen nother stet plate within
the test apparatuthat was anchored into the strong floor of the fabmwy facility. The
second purpose wa&s prestress specimrs with full-height threaded rods and facilitdheir
safe lifting and transfdrom the theiloriginal location to the test rig.

At the time of constructiorspecimen stegblates were rested on the 2.5 foot thick, str
floor in the laboratory. Before the reinforcement was wetldato the base plates, it w
ensured that surface of the strong floor onof which they were placed, was perfe level.

Continuousreinforcing bars were used in the construction voidh possible effect of lap
spliceson the specimen behavi. The reinforcing bars were grinded at one endtmfa
penciltip shape and were then welded to the specimeebatcording the welding det
shown in Figure 3-3Figure 3-5 shows photographs of the steel plates wwelded
reinforcing bars afteconstruction

\6"5’5 \fa‘Ns iy,

apw-—-'ﬁi e

Figure 3-5  Bottombase plats showing welded reinforcing bars extending over #
specimen height

A layer of mortar was placed between the steel piges and the first course of masonr
ensure an evedistribution of compressive stresses to the bottdnthe testframe and
subsequently to the strong floor of the lab dutoayling.

The specimens werengle wythe 1% unit long, uniaxial element®nstructed with concre
masonry unitswith nominal dinensions of 140 mm x 200 mm x 400 . As shown in
Figure 3-6 regular and haunit rectangular stretcher and planded concrete masor
units were used to ensureunning bond pattern for trepecimens, which is commonly us
in block masonry wall construction in Can.
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Figure 3-6  Typical 140 mm thick concrete masonry llck units used in construction
of specimens: a. double ender unit, b. stretcher uy c. half block unit

All concrete masonry units were from the same bdtoas ensured that both types of two-
cell units (i.e. stretcher and plain-ended) wereduat random in the construction of wall
elements so that they closely represented the end of walls constructed in standard
practice.

All specimens were constructed simultaneously ia day by an experienced mason. The
blocks were laid using a 10 mm mortar in runningdgattern. The mason took special care
to ensure that specimens were built as close tfegbr straight as possible to minimize
effects of eccentric loading on the behaviour efcsmens during testing. To achieve this, he
used a long level while laying each course of mascend was able to adjust the position
and orientation of each unit accordingly. After tt@mpletion of each course, all excess
mortar protruding from the joints was removed almel horizontal bed joints were finished
with a curved steel jointing tool, forming a unterconcave bedjoint finish. The surface of
the wall was then brushed clean.

During the specimen construction, two-block masoprnsms were also built by an
experienced mason. The mortar samples for matesahg were also taken at this time.

The specimens were laterally braced against two O#B38 steel columns and timber
scaffolding at approximately 1.5 m and 3 m eleva@tove the lab floor level. This was to
ensure wall stability while the masonry was curamgl also during the pouring of grout.

The grout was poured three days after the wall tcoctson to ensure that the mortar joints
had gained enough strength not to burst under yteoktatic pressure created by the grout.
The grout mix was supplied by the same contractioo Wuilt the specimens according to

standard practice. The grout was brought to thestcoction site in a mix-truck and was

mixed prior to pouring. The grout was then poursd the wall cells using a grout pump by
the masons.

A vibrator was not used to consolidate the grow thuconcerns related to the slenderness
and the reinforcement ratio of the specimens. Hewethe grout had clearly reached the

bottom courses based on the moisture and seepatiee ®urface of the specimens. Grout

samples were also taken at that time for mateestirtg. For the details of material testing

and the results refer to Section 3.2.3.
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After the construction of the specimenascompleted, reinforcing bars remained expc
above the top course of the w, as shown in Figure 3-7&tiff cadboard templates
identifying the exact location of reinforcing basthe top of each specin were prepared.
Steel capping plates wee then constructt according to these templatwith countersunk
holes to allow the passage of each steel reinfgréia through the plateFast-setting
concrete layewas placed between the top masonry course anaphspecimen steel plat
to ensure a perfectly flat interface between trecspen and the top loading be, and also
to provide even distribution of vertl compressive stresseBhe rebar was then welded
the top specimeplate from aboveaccording to the top welding detail show! Figure 3-3.
The top surface of thepecimen pla was then grinded smoofbr a uniform contact to th
top loading beam.

In a similar approach to the development procesthefweld detail for the bottom ste
plates, the weld detail for the steel cap plates a@gsen from amongst a set of propc
weld details that were tested earlier to ensurettiesteel would yieldnd fracture without
damaging the weld connecticFigure 3-7shows photographs of the welding of the top pl

Figure 3-7  Welding of reinforcing bars to the top specimen plee
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Before the specimens were moved into the testhiey were painted in white colour with a
mixture of lime and water. Lime was used insteagaht because it does not add adhesion
to the masonry and also sticks to the masonry ceirfairly well. The purpose of covering
the specimens with this white coat of lime wasaailitate the detection of cracks both while
the specimen was being lifted and moved and duhiegxperiment.

Specimens C3, C4 and C5 were reinforced with GRPdiscussed in section 3.2.1. The
surface over which the GFRP were to be appliedfisstscleaned and then grinded smooth.
The SikaWrap-100G GFRP fabric was applied onto ispats using a two-part resin,
Sikadur 300, as recommended by the manufacturgrertenced contractors and authorized
installers of Sika products carried out the surfpeeparation and installation of the GFRP.
Figure 3-8 illustrates application of the GFRP.
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Application of GFRP over the top half ofspecimens C3 through C5

Figure 3-8



Prestressing of the specimens during lifting wasder@ossible by providing bolt holes in the
top steel plates; the holes were drilled in linéhvthose of the bottom plate. Four threaded
rods extending the height of the specimens werd tserestress the specimen while it was
being lifted and moved from the location of constian into the test rig. These rods were
threaded into the bottom steel plate at each coweethe connection detail shown in Figure
3-9.

HIGH STRENGTH THREADED ROD
FULL HEIGHT OF SPECIMEN
USED TO APPLY COMPRESSION
DURING LIFTING

"OR 1 1/27

SPECIMEN PLATE

1

ONLY FOR CLARIFICATION

BOLT EXTENSION SHOWN

HIGH STRENGTH BOLT
MASONRY SPECIMEN
Figure 3-9  Mechanism to connect threaded rods to bmm specimen plate

The threaded rods extended over the entire spedmmight and through the bolt holes in the
top steel plate. The rods were fastened by nuta aibove of the top steel plate and torqued
to ensure no cracking would occur during the trartspf specimens. Figure 3-10 illustrates
prestressing of the specimen and moving it intaelserig using the ceiling crane.

After each specimen was moved into place, it waefolly inspected to ensure that no

cracks had formed. No evidence of cracking was doum the specimens after their
placement into the test rig.
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Figure 3-10 Prestressing and lifting of the specinmeinto the test rig
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3.2.3 Material Properties

Samples of mortar, grout and masonry prisms asagediteel reinforcement were taken from
the same batch of material used in the constructaterial testing was performed at the
Structures Lab at the British Columbia Institute Béchnology Department of Civil
Engineering. The testing was performed accordingemdinent CSA and ASTM standards.
The key results of material testing are summariadte following sections, and more details
are provided in reports by Das (2011) and Lim (3011

3.2.3.1 Masonry Units

The concrete masonry units used for the constrnuatfospecimens were manufactured by
Tristar Brick and Blockand conformed to the requirements of CSA A165 stethdAll
masonry units were from the same batch. Comprestreagth was determined by testing
the units in the Forney LT-704-3 Universal TestMgchine. One hollow concrete masonry
unit and one half unit were tested to determiner tbempressive strengths. The tests to
determine the compressive strength of the masamtyg were carried out in accordance with
CSA Standard A165. The blocks failed in a brittlarmmer with vertical cracks developing
along the height, and propagating through the btbkness.

The compressive strength of the full-size masomiy was 39.6 MPa, while that of the half
unit was 38.3 MPa.

3.2.3.2 Mortar

The mortar mix used in the construction of specsnemnsisted of 1. %2 :4% proportions of
Portland Type | cement, Type S hydrated lime, amtidy volume to form a Type S mortar.
The mortar mix was prepared in accordance with G&fdard A179-04. The water content
was monitored by the masons to ensure workability.

The mortar was mixed on site by the masons. Sebatahes of mortar were prepared during
the course of the construction of the specimensipBss were taken from each batch just
after the mixing. Since each batch of mortar waslus less than two hours, the compressive
strength of the mortar determined from the sampigs deemed realistic.

The mortar flow was measured on-site just afterimgxof each batch according to CSA
Standard A179-04. The results of mortar flow t@stiscate the workability of the mortar. For
the construction of the specimens, mortar with hgirkability was required. Three sets of
50 mm cubes were prepared for material testing fleemmortar mix used in the construction
of each specimen. Mortar cubes were removed fr@astipl bags and placed in curing tub at
room temperature of 28 and 100% humidity as described in ASTM StandaGB4C
Procedure A. The preparation and storage of theamoubes conformed to the requirements
of the CSA Standard A179-04.
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The mortar cubes were tested using a standardsT®isen Universal Testing machine at the
British Columbia Institute of Technology accordit the requirements of CSA Standard
A179-04.

Table 3-2 summarizes the results of mortar flovistesd tests of compressive strength of
mortar cubes. The average mortar flow was 175 mmchwis higher than that specified by

the CSA 179 standard (100-115 mm). The average mmspe strength was 15.8 MPa
which exceeds the minimum value of 12.5 MPa regluioe Type S mortar at 28 days.

Table 3-2 Compressive strength of mortar cubes

. Applied | Compressive Avg.
Cube Mass Volur3ne Den5|3ty Are% Load Strength Comp. Flow
(9) (cm?) (g/cm®) | (mm®) (kN) (MPa) Strength | (mm)
(MPa)
2-1 | 259.90| 133.49 1.95 2612 47.5 18.2
2-2 | 261.30| 134.43 1.94 2626 53.5 20.4 19.8 155
2-3 | 259.10| 134.11 1.93 2624 55.0 21.0
3-1 | 253.30| 133.58 1.90 2619 45.0 17.2
3-2 | 256.80| 132.91 1.93 2611 40.0 15.3 15.4 188
3-3 | 250.50| 133.35 1.88 2617 36.0 13.8
4-1 | 254.30| 133.07 1.91 2602 34.5 13.3
4-2 | 247.70| 131.20 1.89 2574 35.4 13.8 13.9 181
4-3 | 253.30| 132.34 1.91 2592 38.2 14.7
5-1 | 258.40| 135.59 1.91 2666 30.5 11.4
5-2 | 262.00| 136.98 1.91 2682 38.1 14.2 131 180
5-3 | 257.00f 133.58 1.92 2621 35.7 13.6
6-1 | 244.70| 134.42 1.82 2645 38.3 14.5
6-2 | 251.00| 134.03 1.87 2610 44.5 171 16.6 170
6-3 | 260.00| 133.43 1.95 2598 47.5 18.3
Average = 15.8 175
Standard Deviation = 2.8 13
Coefficient of Variation = 17.5% 7.2%
3.2.3.3 Grout

The grout mix consisted of 1:3:2 proportion of Rortl cement, sand, and aggregate by
volume. Maximum aggregate size used in the groutwais 10 mm. Grout was transported
to the site of construction in a mix truck. The wronix conformed to the requirements of
CSA Standard A179-04.
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Before the grout was poured, a standard slump west carried outo determine the
workability of grout. Thegrout fell approximately 320 miinom the top f the standard cone
used for the slump test and spread horizontallg tnaximumdiameterof 533 mm and a
minimum diameteof 419 mn.

To determine the average compressive strengtheafribut, wo different types of pecimens
were made fronthe grout mixaccording to CSA A179-04 standaad follows:

1. Grout cylinders, 1C mm in diameter and 200 mm in height
2. 75 mm x 75mm x 19(mm grout prisms

Grout cylinders were constructed in standard 100 ptastic mwulds. These cylinders wou
representdeal conditions in which there is no moisture apson from the grot (referred to
non-absorbent specimer.

Grout pisms were prepar: using the pinwheel method. This is done by pladiogr

concrete masonry units perpendiculaione another, sucthat a square cylindrical shaft
formed in the center, as shownFigure 3-11.

Tape

Front block removed

75%75%40 Wood block for clarity

Figure 3-11 Pinwheel method ofpreparation of grout prisms

The pinwheel methoénsures that the grout tested is as closely repasee of the grou
poured inside the masonry units as pos, becausé allows the masonry units to absorb
grout moisture in the same fashion tthis occurs during constructic

After three days, all grout specimens were remdvach the mwulds and placed in a curing
tub at room temperature of °C and 100% humidity.

The compressive strengwas determined in accordance @A Standard A17%-04. The
compression tests of the grout cylinders were dmneg the standard Forney Model-704-
3 testing machinePrior o testing, the end surfaces of the grout cylindeese grindec
smooth to ensure even distribution of the compveskad. To the samend, two rubber
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pads were placed at the top and bottom of the gmosins inside the test rig. The results of
all grout compressive strength tests are summainiz@&dble 3-3 and Table 3-4.

The grout prisms failed by forming a vertical craggitting the specimens. Two out of ten
grout cylinders failed by forming diagonal sheaaaks, while the remaining specimens
failed by forming a shear cone. Note that the psistmowed significant honeycombing. The
average compressive strength of grout cylinders Wa2 MPa which exceeds the minimum
required compressive strength for masonry grout2ob MPa at 28 days as per CSA A179-
04 (for coarse grout).

Table 3-3 Compressive strength of grout prisms

prm | wass @ | Voume | Penaly | Awlediont | Commessir
B1 2316.1 1048.90 2.21 61.5 10.6
B2 2409.5 1107.09 2.18 53.3 8.8
B3 2474.2 1120.05 2.21 57.5 9.1
B4 2699.1 1222.49 2.21 67.3 9.9
Average = 9.6
Standard Deviation = 0.8
Coefficient of Variation = 8.5%

Table 3-4 Compressive strength of grout cylinders

Cylinder Height Mass Densisty Load Load Compression Strength

(mm) (9) (9/cnm) (Ib) (N) (MPa)
G1 194 3627.4 2.38 30084 133820 17.0
G2 191 3560.8 2.37 32166 143081 18.2
G3 195 3662.9 2.39 30671 136431 17.4
G4 189 3522.9 2.37 34542 153680 19.6
G5 188 3490.4 2.36 28569 127081 16.2
G6 189 3521.2 2.37 26858 119448 15.2
G7 197 3693.2 2.39 33782 1502710 19.1
G8 191 3540.9 2.36 27359 121699 15.5
G9 195 3656.6 2.39 28735 127820 16.3
G10 195 3680.6 2.40 31770 141320 18.0

Average = 17.2

Standard Deviation = 1.5

Coefficient of Variation = 8.6%
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3.2.3.4 Masonry Prisms

To determine the compressive strength of grouteddhaiow masonry, ten two-course high,
stack bond, masonry prisms were prepared by arriexged mason using concrete masonry
units from the same batch that was used to bu#dsgrecimens. The mortar used was also
from one of the mortar batches used in the construcTo reflect the same environment as
the specimens, the masonry prisms were built adfgoethe specimens, while construction
of the specimens was taking place. Five of the mgsprisms were fully grouted three days
later, at the same time that the specimens' gr@a# moured. The remaining five prisms
remained ungrouted.

Figure 3-12 Construction of masonry prisms

The prisms were transported to the laboratory ifgcdt the British Columbia Institute of
Technology for testing, seven weeks after theahitonstruction. The prisms were carefully
loaded onto a truck, were padded with several shefetardboard and strapped tight to a
wooden skid secured to the bottom of the truck édersure they do not get damaged during
the transport. In all stages of loading and trartspp the prisms, extreme caution was taken
to ensure micro-cracking was minimized. In the éubat micro-cracks may have formed
during this process, their presence would not hEeeted to affect the compressive strength
of the prisms.

Prior to the testing, the prisms were capped vasi-etting, high-strength gypsum cement,
also referred to as hydro-stone. Compressive dtiemgs determined by testing the prisms in
the standard Forney Model LT-704-3 test machin@dnordance with ASTM C140-99b
Section 7. A pair of fiberboards were used to pfevan even contact surface between the
prisms and test rig's loading heads. Both hollowd gnouted masonry prisms failed in a
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brittle shear mode. The loading was timed as desdrin ASTM C140 Section 6.4.3. Table
3-5 summarizes the results.

Table 3-5 Compressive strength of masonry prisms
Compressive Average
. Area Max. Load \ Compressive
Prism (mm?) (kN) Str?&%g)’ Fm Strength, f', Standard Deviation cov.
(MPa) (MPa)

G1 54320 1322 24.3
G2 54320 1170 215 23.2 15 6.3%
G3 54320 1284 23.6
H1 29252 659 22.5
H2 29252 870 29.8 26.7 3.7 14.0%
H3 29252 816 27.9

Notes:

* Small crack was found along the mortar bed-joiitrio testing

G = Grouted Masonry Prism H= Hollow Masonry Prism

3.2.3.5 Reinforcing Steel

All steel reinforcement used in the constructiorspécimens were obtained from the same
manufacturer. Grade 400W deformed reinforcemerg Ware provided in 4500 mm lengths
that were cut from the original length (18000 mm).

To determine properties of steel, five 900 mm Igagple cuts were made at random from
each size of reinforcement (10M, 15M and 20M). Eheamples were taken from the same
batch of steel provided for the construction ofspkcimens.

Kyowa 5mm
Strain Gauge

Figure 3-13 Testing reinforcement bars in the Baldm universal testing machine

39



Each steel rebar sample was prepared accordings#&30.18-M92 (R2002) and ASTM
A370 standard, Section A9.3. The loading rate wadied according to the ASTM A370
standard, Section 7.4. Tensile strength of reimigrdars was determined by testing bar
specimens in a Baldwin Wiedemann BTE-120 univeessting machine at BCIT. A 200 mm
manual dial gauge and Kyowa electronic strain gaugee used to measure strains during
the test. The Kyowa electronic strain gauge wasdlto the specimen and fed strain
deformation data directly into the DAQ6 data actjis program. The loading information
was fed directly from the test machine. Table 3smarizes the test results.

Table 3-6 Properties of reinforcing steel

Size of e \L(:)icc’i gtlfelgs Yield M\:)%uurl]gs Ullfg?a?ite sltJrgés Lf)zlllj S'irezlss Osntf:itnOf gEelxtt)igh
Bar - Strain Hardening
mm?) | (kN) | (MPa) (GPa) (kN) (MPa) | (kN) | (MPa) (%)
10M-1 | 748 | 440 | 5882| 036%  163.4 62.7 8381 515 88.6 N/A 215
10M-2 | 754 | 450 | 596.6| 0.25%  238.6 63.17 8375  53.8713.2 N/A 225
10M-3 | 817 | 455 | 556.8| 0.33%  168.7 64.6 7906 523 40.6 1.3% 22
10M-4 | 77.0 | 455 | 591.1| 0.38% 1555 64.6 8392 521 76.8 2.0% 19
10M-5 | 754 | 444 | 5886| 030%  196.2 65.4 8670 554 34.3 1.6% 175
Average 449 | 5843 | 032% | 1845 64.1 8345 | 53.0 | 690.6 1.6% 20.5
gtef/?gg‘gﬂ 157 | 0.0005 | 339 275 36.0 0.004
DL & 003 | 0.16 0.18 0.0 0.05 0.22
Variation
15M-1 | 1767 | 914 | 5172 0269 1989 129 7300 101 1.67 N/A N/A
15M-2 | 179.1| 895 | 499.7| 0299  172.3 1276 7125  98.8551.6 1.7% 20
15M-3 | 1762 | 942 | 5331| 0309  177.7 13358 75712 804. 593.1 1.5% 28.5
15M-4 | 171.8| 946 | 5506| 0.31%  177.6 1347 7841  809. 639.1 1.3% 24
15M-5 | 1732| 931 | 5375| 0.29% 1854 133.1 7685 102 588.9 1.4% 20
Average 926 | 527.6 | 029% | 182.4 1316 | 750.4 | 103.3| 5889 1.5% 23.1
Sf\‘/?gg‘g?] 196 | 00002 | 104 29.0 325 0.002
C(\’/Zf::gfg‘r: el 0.04 0.06 0.06 0.04 0.06 0.12
20M-1 | 3139 | 1412| 4495| 0.35% 128.4 195.2 62113 156 496.6 1.6% 175
20M-2 | 3079 | 1425| 4628 0.27% 1714 198 643]1 158 13.3 1.5% 275
20M-3 | 304.8| 1422| 4665 0.29% 160.9 198.7 6519 1565118 N/A 185
20M-4 | 3063 | 142.3| 4646 0.28% 165.9 1976 6451 1575126 1.7% 175
20M-5 | 2956 | 1415| 4787 0.30% 159.6 1976 6685 159 537.9 1.4% N/A
Average 1419 | 4644 | 030% | 1572 1974 | 6460 | 1572 | 5144 1.6% 20.3
gtef/?gg‘gﬂ 104 | 0.0003 | 16.8 17.0 14.8 0.001
DL & 002 | 0.10 0.11 0.03 0.03 0.08
Variation
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The reinforcing steel satisfied the minimum requiemts outlined by CSA G30.18-M92
with respect to minimum vyield strength and elorgatof 400 MPa and 13% elongation at
rupture respectively. Figure 3-14 illustrates ageratress-strain relationships for each size of
bar based on strain-gauge measurements.
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Figure 3-14  Stress-strain relationship for reinforéng bars

! CSA G30.18-M92 requires all reinforcement to haveninimum ultimate strength of
540MPa and minimum ultimate elongation of 13%
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Note that some of the strain gauges cease to mbgfore the reinforcing bar being tested
had reached its ultimate capacity. The ultimatesstiand strains were then recorded based on
manual readings taken from an extensometer thatisasattached to each bar.

Maximum average elongation at rupture for the $pstimens varied between 27% and 34%.
The results also indicate that the onset of stnantlening occurs at 1.5% (an average value).
This is less than the maximum tensile strain whithRM column specimens are expected to
be exposed to (2%).

3.3 Test Setup

Since each specimen represented the end zone af,ahe test setup had to consist of a test
apparatus capable of applying axial tension fostéBciently large to cause yielding of the
reinforcement, and sufficiently high compressiomcés to cause either the out-of-plane
buckling of the specimen or its crushing. Also, #pecimens had to be instrumented in such
a way to allow the measurement of axial and theobyiane displacements along the height.
This section describes the details of the testr@bpsand the specimen instrumentation.

3.3.1 Test Apparatus

Since the objective of this phase of the experialestidy was to understand the phenomena
of out-of-plane instability as a mode of failuredato investigate the factors influencing it,
the compression end of the shear walls was repex$dony isolated slender reinforced
masonry panel specimens. As such, each columnsgeximen was subjected to axial
tension and compression loads with semi-rigid tog laottom boundary conditions.

The test apparatus was designed in such a waystreethat axial tension and compression
are applied to the specimen in as uniform mannguaasible. Also, efforts were made to
minimize chances for lateral instability of thettestup as a whole due to eccentric loading.
As such, the test apparatus consisted of two deatilag MTS actuators mounted vertically
on either face of the specimen as shown in Figet6.3The actuators were anchored into the
strong floor at the bottom and attached to a teeldbading beam via extension columns.
These extension columns were steel wide flangeosecthat acted as spacers bridging the
gap between the MTS actuators and the top loaddagnb In this way, the full stroke of the
actuators could be utilized.

Unfortunately, it was not possible to use two id=aitactuators with adequate capacity for
the purpose of this experimental study - the aotsatvere notably different in terms of
dimensions. However, the two MTS actuators usethéntest apparatus were compatible
with one another and with the data acquisitionesystand could be controlled in a master
and slave fashion to ensure their simultaneoudatisment control.
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Two steel pantographs were used to provide latsedility to the test setup during the
experiment. The pantographs used here were a fypechanical linkage consisting of two
pin-connected arms which act in tension to resttiet vertical translational movement, as
shown in Figure 3-16.

O

LIMITED
HORIZONTAL
TRANSLATION

Figure 3-16 Two-dimensional pantograph acting as motion guide by restricting
translation along one axis while allowing translatn in the other

The pantographs were mounted at the two ends ofandoading beam, parallel to one
another, allowing its free movement up and dowthim vertical direction, while restricting
the system to move from side to side in one hotedadirection parallel to the weak axis of
the specimen; this direction coincided with theediion in which the two MTS actuators
were free to rotate at their hinges. Ideally, tbst trig should be restricted against lateral
translation in both horizontal directions. Althougie system was quite stiff in the other
horizontal direction, the horizontal displacememmtghat direction were also monitored in
order to ensure they were minimal.

One steel column was placed in each of the fourerarsurrounding the test apparatus. Each
arm of the pantograph was bolted to a column, as/shn Figure 3-15.

Note that the arms of the pantograph are only ldadetension. For very small vertical
movements, the pantograph acts as a very rigideguallowing negligible horizontal
translation. However, as the range of vertical nnoset increases, the central pivot of the
pantograph begins to undergo some horizontal @#osl The amount of this horizontal
translation increases non-linearly with increasedizal movement as shown in Figure 3-17.
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Figure 3-17 Horizontal translation of the pantogragh (showing a nonlinear increase at
large deformations)

Also shown in Figure 3-15 is a plan view of the stpel loading beam, in the form of an X-
shaped floating steel beam made up of wide flargéian. In one horizontal direction, the
beam extended past each face of the specimen tpoihe of attachment of the actuators,
while in the other horizontal direction it extendaelyond the length of the specimen to reach
the columns which provided lateral support.

All steel components of the test rig were built @sdembled with the help of the trained lab
technicians at UBC. Prior to testing, it was canfid that actuators were mounted in
perfectly vertical position. All components of tiest rig were connected as specified in
design drawings with bolts with nuts and plate veashand each bolt was hand-torqued.

Detailed design and drawings of the test rig ackusted in Appendix D .
3.3.2 Instrumentation

Since all specimens were essentially loaded insdree manner, a single instrumentation
scheme was developed for all experiments. Theumsntation layout was developed such
that all necessary information was obtained usingimal data with some redundancy to
safeguard against potential failure of displacenmearsducers. The main objective of the
instrumentation was to monitor overall vertical dem and compression loads,
displacements, uplift, and rotation.

Prior to the development of the instrumentationesed, conservative estimates of the
deformations of interest were made based on eshkaaliconcepts of mechanics of materials.

With the above estimates, it was possible to sedggropriate instrumentation for the
experiments. A mix of linear potentiometers andngtrpotentiometers was chosen and
installed in such a way to allow bi-directional rmegement of the wall deformations. The
instrumentation scheme is shown in Figure 3-18.
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Channel Description Full stroke & Resolution
1-4 Separation between the masonry and specim&spla 25mm +/-0.1
5-8 Overall deformation and rotation 250mm+/-0.5
9-10 Localized vertical deformation at bedjoint 100mm+/-0.1
13-1& Out-of-plane displaceme 600mm+-0.2
16 Lateral movement of top loading beam 75mm+/-0.1
17 Load applied by short MTS actuator 970 kN
18 Load applied by long MTS actua 97CkN
Figure 3-18 Instrumentation scheme

As shown in Figure 3-18, linear potentiometdrshrough 4 monitored the separation
between the masonry wall element and the specingsh glates welded to its reinforcing
bars at top and bottom. This was intended to ertbatethe failure of steel was not localized
at the specimen end connections to the steel plate.
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String potentiometerd to 8 measured the overall deformation of the panel, alsd
indicated whether the specimen had undergone oatatiiring the test as they were placed
alone the four corners of the specimen. Crackyatyebed joint were measured manually
and documented after each tensile loading cyclaedn potentiometer8 and 10 were
installed on the two sides of the bedjoint at mighe for specimens C3 through C5 to
measure the crack rotation at that bedjoint as gpecimen experienced out-of-plane
displacements. Instrumenisthrough10 were mounted on the specimen using aluminum
angles that were glued onto the specimen with LePBgoxy Steel Syringe Glue, a high
strength, epoxy paste adhesive with equal amounteson and hardener to bond steel and
concrete.

String potentiometerd3 to 15 were used to monitor out-of-plane displacementsgiiher
lateral direction at quarter-points along the speti height. Although the top loading beam
was restrained against lateral translation with tise of pantographs, this motion was
monitored for accidental eccentric loading. Theseicks were mounted on a free-standing
timber frame and were attached to the specimen hothks secured to the surface of the
specimen using mounting pins threaded with 3/16-idiemeter screws drilled 25 mm deep
into the block face.

The uplift of the test rig during the tension cydet loading was deemed very unlikely.
Therefore, the uplift of the bottom of the test mgative to the strong floor of the laboratory
was monitored with a manual dial gauge.

3.3.3 Data Acquisition System

The primary components of the data acquisitionesgstised in this experimental program
were a Digital Equipment Station, real-time datquasition program named DASYLab, and
an analog-to-digital converter. All transducergluiing the linear and string potentiometers
as well as the load cells attached to the MTS &mtsiawere connected to a signal
conditioning unit, and then to an individual channe

Prior to testing, the load cells were calibrated alh channels were balanced. During testing,
the control system offered a real-time digital thypof instrumentation readouts. For each
test, both plots of applied vertical load versudival deformation as well as applied vertical
load versus out-of-plane displacement were displayaultaneously on the control monitor.

Also, the signals from all channels were periodyjcadcanned and saved. After the
experiment was completed, the data file was coademto individual channel files and
downloaded to a personal computer for analysis.

3.4 Testing Procedure
All specimens were tested to failure. Two out effispecimens had identical design and
construction (C1 and C2). One of these specimeh¥ g€rved as the control specimen which

was tested first under compression, with manuatrobof displacement i.e. loading steps
were determined by observation of the respons@éefpecimen as the test progressed. The
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remaining specimens were subjected to alternatydes of tension and compression to
simulate the behaviour of the wall end zone undiral seismic loads.

3.4.1 Loading Protocols

Specimen C1 was tested first under monotonic cosspe while the remaining specimens
were subjected to cyclic axial tension and compoeswith increasing amplitudes of tensile
displacement. The tensile displacements were apigch that at each cycle a target
multiple of the yield deformation was achieved. lBoycles of tension and compression were
displacement controlled in order to ensure thatati®ator arms are displaced at the same
rate and simultaneously. However, while the pealléndes in tension half cycles was
reached with a displacement target, the peak amaglitn compression was achieved with a
load target. In other words, in the compressiorf bgtles, actuator arms were retracted
simultaneously until a total load approximately &quo one-half of the specimen
compression capacity (determined based on thetsesiuthe first experiment) was reached.
The cyclic loading was displacement-controlledhat tate 0.01 mm/second.

The test data obtained from testing specimen Clusad to obtain a realistic estimate for
the masonry modulus of elasticity. This was usedmiodify the loading protocol for
compression load cycles for the remaining specimilaseover, during testing of specimen
C1, potential issues with regards to the lateedbibty of the test setup and consistent loading
of the specimen were observed and resolved. Duhagtesting of all specimens, lateral
displacement in the top beam and the supportingnme$ in both horizontal axes were
closely monitored. Two total stations were usedifits purpose.

Efforts were made to keep the loading protocol Isimfor specimens C2 through C5.
However, there were slight differences in loading do the differences in response of each
specimen. Loading protocols for each specimensisudised in the following sections.

3.4.1.1 Specimen C1

Two short-range tests within the elastic limit log tspecimen were performed before the full-
range test was carried out. These short-range $ested to ensure that the test apparatus
performed as intended and that test equipment waatmisk of being damaged.

At the beginning of the full-range test, axial coegsion was applied by retracting the
actuator arms downwards in increments of 1 mmtanha under displacement control. The
actual displacement of the jacks was confirmed witlinual dial gauges. Both actuators
acted as slaves of a third actuator and as such displacement was simultaneous. The
actuator arms were retracted to apply compresgiarrae of 0.02 mm/second for the first 5
mm and then rate of downward displacement was sladeevn to 0.01 mm/second. After
each increment of downward movement, the test vaasqd and the actual deformation in
the specimen examined.

Each increment of downward displacement in thegamkduced an equal amount of force in
each jack. This indicated that there was no adaitibending moment in the system which
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could contribute to the out-of-plane displacementhie specimen. For this specimen only,
compressive displacements were applied until tleeigpen failed.

3.4.1.2 Specimen C2

Since the main objective of this experimental stu@s to characterize the strain levels at
which the specimen end zone becomes susceptibdeittof-plane displacements causing
lateral instability, it was deemed appropriate pplg each level of tensile deformation only
in one cycle, as opposed to two or three repetitixaes (a conventional approach followed
in reversed cyclic testing). Moreover, based onrésellts of the tests, it was confirmed that
each cycle did not lead to further degradatiorh $pecimen. Reversed-cyclic loading was
applied in a displacement-controlled manner foccspens C2 through C5.

In the tension cycles, the specimen was subjeatedidplacements equal to increasing
multipliers of the yield displacement. The yieldasgt for steel reinforcement of 0.0026 used
in the test was obtained from the tensile testihdpar samples. For example, the tensile
displacement corresponding to yieltl,, was approximately equal to 10 mm for specimen
C2. Compressive displacements were incrementattyeased until a load approximately
close to one-half of the crushing load for the spea C1, (R/2=700 kN) was reached.
Figure 3-19 shows the loading protocol for specifGén
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Figure 3-19 Loading protocol for specimen C2

The loading was stopped after the specimen becastahle.

3.4.1.3 Specimen C3

Efforts were made to use a similar loading prototmpthat used for testing of specimen C2,
shown in Figure 3-19. During the first two cyclése specimen was subjected to just enough
compression load to cause full crack closure (lbss R/4). In subsequent cycles, the
compression load was first increased to approxipaequarter and later to half of the
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crushing strength. Ouwif-plane displacements were clbsenonitored after the tensi
displacements reachedy2 This was done in an effort to close in on theialkctensile strail
level past which the specimen becomes susceptibtei-of-plane instability.Figure 3-20
shows the loading protocol for specimen

35
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Displacement (mm)

v \
Failure
1/4 Pcr 1/2 Pcr

0 1 2 3 4 5 6 7
Cycle

Figure 3-20 Loading protocol for Specimen C3 after the retrofi

3.4.1.4 Specimen C4

The specimen was subjecteda similar loading protocol as specimens C2 andhG@&ever
the amplitude of tension cycles was increased iallsmincrements after the specimen |
experienced close to critical of-plane displacements equal to half the block thiskr
Therefore, out-oplane displacements of the specimen were closelyitored aftel
unloading from tension hecycle with maximum displacements a3 In this casefy was
7 mm. Figure 3-2%hows the loading protocol for specimen
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Figure 3-21 Loading protocol for specimen C-

3.4.1.5 Specimen C5

The specimen was subjected to a similar loadingopabd to that used for the testing

specimensC2, C3 and C4. The estimated yield displané 4Ay) was 5.7 mm. In
compression, maximum displacements correspondedaalfothe crushing strength of tl
specimen (Pcr/2). However, near the end of theraxpat, the specimen was only subjec
to compression until the cracks closed, since thereewsncerns that it would fe
prematurely in local crushinFigure 3-22shows the loading protocol for specimen
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Figure 3-22 Loading protocol for specimen C!
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3.5 Conclusions

To achieve the objectives of this research, five BAumn specimens were constructed,
using the same 140 mm thick blocks, to the sangnaili height. The amount of longitudinal
reinforcement was one of the major design paramdteat initially varied across the test
matrix. However, in order to investigate the eféeaf varying the plastic hinge height, three
of the specimens were later retrofitted with GFR&emal over their top halves, effectively
reducing the height over which tensile cracking wassible (ie. their plastic hinge height).
The mechanical properties of the material usedhe donstruction of the specimens and
potential design issues were evaluated through témsile capacity testing of welded
connections, mortar and grout compression testspnmg prism compression tests, and steel
rebar tension tests.

The analysis of compressive and tensile resistahBM columns was performed to provide

the estimates needed for the full-scale RM coluasting and the test setup design. It was
determined that the maximum tensile and compressapacity for the test specimens are
approximately 520 kN and 1660 kN respectively. Tierementioned tensile resistance
corresponds to that of the largest reinforcing a8 bars) and the compressive strength
corresponds to the compressive strength of the mmagwisms. It is also expected that the
column compressive resistance will be reduced dueversed cyclic loading.
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Chapter 4: Experimental Results

In this experimental study, reinforced masonry xialaspecimens were constructed and
tested under uniaxial tension and compressionderaio simulate the behaviour of the end
zone of RM shear walls subjected to gravity andplame lateral loads. This chapter

summarizes observations associated with the respointhe specimens during the testing,
including test data, a description of the evenecgding the failure, as well as a discussion
on the failure mechanisms.

4.1 Failure Mechanisms

Table 4-1 summarizes the response and failure nfodeall five reinforced masonry
specimens tested.

Table 4-1 Summary of specimen behaviour and failurenodes
Maximum . .
. _ Applied Maxmum Compressive
Yield Tensile : Compressive |[Load at .
Specimen| hit Displacement Tensile Strain Failure Failure
P P P | Strain, : : Mode’
Ay s 8(;, PC
Sm 0,
(%) (%) (kN)
0.71%
C1 27 (3-15M) - - 0.13 1400 1
1.07%
Cc2 27 (3-20M) 10 1.05 0.10 250 2
0.71%
C3 22 (3-15M) 9 0.87 0.21 280 2
0.48%
C4 19 (2-15M) 6.2 1.85 0.05 118 2
0.24%
C5 16 (2-10M) 5.7 1.65 0.13 445 3
Failure Mode:
1. Crushing 2. Out-of-plane Instability 3. Reinforement buckling
Note:
* this compressive strain does not taken into accod the open cracks over which GFRP was

applied and therefore is not a pure compression sain

As can be seen from Table 4-1, three main failuezhmnisms were observed during the
testing of the reinforced masonry uniaxial specisnas follows:

1. Crushing: This failure mechanism is associated with thecspen reaching its axial
compression load capacity without experiencing bogk This failure occurred in
specimen C1, which was subjected to monotonic adaipression, without evidence of
notable out-of-plane displacements.

2. Global out-of-plane instability of the plastic hinge zone This mechanism was observed
in specimens C2 through C4. The instability waseolbsd when the specimens were
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subjected to low compressive loads (relative topine compressive capacity of specimen
C1, see Table 4-1), following a load cycle whemgdaaxial tensile strains were applied.
As can be seen from Table 4-1, the required lef/@lpplied axial tensile strain to cause
out-of-plane instability was reduced with increagsh/t.

3. Reinforcement buckling this failure mechanism was observed in specimnn@ich
contained the lowest reinforcement ratio of 0.248d svas reinforced with the bars of
smallest size compared to other specimens (L0Mvia#insa nominal diameter of 11 mm).
Although out-of-plane displacements were recordethé region where horizontal cracks
developed, the failure took place when a reinfagcbar buckled and the masonry
faceshell in that zone spalled (disintegrated). $pecimen therefore did not experience
global instability, like specimens C2, C3 and CHeTcause for this failure mechanism is
attributed to the small bar size with a small stefarea (10M bars), since the bar buckling
was preceded by significant vertical splitting &=@nd loss of bond with the grouted
portion when the specimen was subjected to higsileestrains.

Detailed observations related to the experimeeatfopmed in this study are discussed in the
following sections.

4.2 Experimental Observations
4.2.1 Specimen C1

Specimen C1 was reinforced with three 15M bars58Hlplaced in every core resulting in
reinforcement ratio of 0.71%. This specimen seresda control specimen and it was
subjected to monotonic uniaxial compression tord@tee its load capacity.

It should be noted that during the initial two gh@nge tests of the specimen, some crushing
had been observed at the interface of the firstlasidcourses of masonry and the top and
bottom specimen plates. Figure 4-1a illustratescthek pattern for specimen C1 before the
full-range test. After the second short-range tegd, vertical cracks were detected. One of

the vertical cracks was along the interface of twasonry blocks and another one was
directly above it, down the middle of the masoragd shell. All these vertical cracks were

less than 0.2 mm in size. Before the start of ftilerange test, a few hairline cracks were

also noticed along the bed joint in the top two omag courses as shown in Figure 4-1a. It

was also noted that the pre-existing crack atnterface of the top masonry course and the
steel plate was slightly widened. These horizoatatks were formed as the specimen was
slightly tensioned while it was being bolted to the loading beam. The horizontal cracks

were 0.4 mm in size.

During the full-range test, it was not possibleafgproach the specimen too closely due to
safety concerns. However, no major cracks wereroedeat lower displacement levels. The
first and final major event was the formation o¥extical crack which started on the south
face of the top masonry course and rapidly progabgatownwards along four masonry
courses (see Figure 4-1b). This was accompaniea lbyd popping sound. A similar event
but with less intensity occurred simultaneouslytba north side of the specimen. Almost
immediately afterwards, the specimen failure tolaic@ in the form of explosive crushing in
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the top six courses and the propagation of thecadrtrack. Face shell spalling occurred on
the east face; this is typical of a crushing f&las shown in Figure 4-1b. Also shown in
Figure 4-1b is the full-height continuous vertisalitting crack which was observed on the
south face. The location of this large splittingak coincided with the head joint between
half-block and full-size (stretcher) block.
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Figure 4-1  Crack pattern for Specimen C1

From the crack pattern in specimen C1 after the &ssillustrated in Figure 4-1b, it can be
seen that most of the damage was concentrateckitofhsix courses, with the top course
remaining intact. The courses below the top co(tSe16, 17 and 18 from the bottom) were
completely crushed. Reinforcing bar in the end eeas exposed in the final stage of testing.
The bar had bent and buckled under the explosiv&hang failure.

It is noteworthy that two reinforcing bars were bemstwards (in the direction of the lateral
deformation of the specimen) as shown in Figure(deht). After the grout hardened , it was
noticed that these reinforcing bars were slightfgei with regards to the centerline towards
west, as shown in Figure 4-2. The third reinfordirag (located closer to the centerline of the
specimen) was bent in the plane of the specimen.
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Figure 4-2  Rebar location within the specimen coréspecimen C1)

Visual inspection of the specimen after the failuespecially the damaged portion,
confirmed the presence of grout in all cores, anddgbond between the grout and the
reinforcing bars. Therefore, it was concluded thatbuckling of reinforcement occurred as
a side effect of the crushing failure (as opposeoeing due to the out-of-plane displacement
of the specimen). This is because for 3-20M barsr the effective length of the specimen
(0.8 x 3800mm =3040mm) the buckling load is veny Ig- 5kN) and for the three bars to
buckle at compressive loads above 1000 kN, thesupported height must be less than the
height of one masonry course. The low strain lewlsvhich the final crushing failure
occurred also confirm this.

Figure 4-3 and Figure 4-4 illustrate the axial laad total axial deformation and axial load
vs. lateral deformation at midheight for specimeh r€spectively. As indicated on Figure
4-3, specimen C1 failed at a compressive load ajubld400 kN (corresponding to
compressive stress of 17 MPa). This stress isfggnily less than the masonry compressive
strength (f,) value of 23.2 MPa obtained through material tgs{see Section 3.2.3.4). The
maximum capacity of the specimen was achieved @napressive strain level of 0.13%.
Based on the compressive response of the specetastic modulus for masonry (E) of 13.6
GPa was calculated.
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Figure 4-5  Specimen C1 at failure: note a continuaivertical splitting crack along
the end block core (left) and disintegration of msonry in the crushed portion of the
specimen (right)
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4.2.2 Specimen C2

Specimen C2 was reinforced with 3-20M bars (onesich core), resulting in a reinforcement
ratio of 1.07%, as shown in Figure 4-6. This sperirhad the highest ratio of reinforcement
of all specimens. According to the literature esvidiscussed in Chapter 2, this specimen
was most likely to experience out-of-plane insiipiinder reversed cyclic loading.

As mentioned previously, reinforcing bars in alesjpnens were welded to top and bottom
steel plates, which were subsequently attachethestrong floor at the bottom and to the
floating loading beam at the top through bolted nemmtions. During the construction of

specimen C2, the reinforcing bars were welded éobbttom specimen plate exactly along
the centerline of the bottom specimen plate. Howevgas noted that masonry blocks were
not perfectly centered on the specimen plate. Eigu6 shows the plan view of the specimen
in relation to the top and bottom specimen plates.

41,27 41/2 % 4 14 4 34" g
e e I mE
- HEEE =
TOP N BOTTOM

Figure 4-6  Specimen C2 cross-section and reinfoncent layout relative to top and
bottom specimen plates

As can be seen in Figure 4-6, two reinforcing lzrthe top were closer to the western edge
of the specimen, while the whole specimen wasedhifty 22" towards north and by the same
amount towards east at the bottom. Note that sushlignment is not unusual for field
applications. For the purposes of our experimahtaas concluded that this offset in the
North-South direction should not affect the outptdne stability of the specimen along its
weak axis. However, there was a concern that asefh the East-West direction might
cause a A effect, thereby increasing chances for out-ofiplmstability. However, the bolt
holes in the connecting plate attached to the tegnbwere modified such that after the
specimen was placed within the test apparatus drablis were tightened, the specimen
remained out-of-plumb by only 0.05 degrees. Theegfat was deemed appropriate to
assume that B- effects due to this offset were negligible. Thisswconfirmed by the
observation that during the experiment, equal dsginents in the actuators created equal
loads in the load cells.

Figure 4-7 shows the plots of applied axial loadasgal strain of the plastic hinge zone as
well as the axial load vs. the maximum lateral Bispments of the plastic hinge zone
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normalized by specimen thickness. The poo throughh identified on these two pts
indicate the important events that were observethga typical loading cycl
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Figure 4-7  Plot of a.applied axial load vs. axial strain over the plastidinge height
and b. gplied axial load vs. maximum normalized lateral déormation at midheight at
€=0.80%

In general, horizontal cracks developed along le&utg during the tension portion of ee
loading cycle, shown iifrigure4-7 as the path along poimsthroughb. Examples of such
horizontal cracks are shown Figure 4-8. Point on the plot of axial load vs. axial str¢
corresponds to the yielding of reinforcert. Although there were no strain guages attac
to the reinforcement, the yielding of reinforcemerats easily identifiable by the onset o
plateau in the loading. At the peak of the tendiatf cycle, identified by poina’, the
horizontal cracks reaed their maximum size. The crack pattern at ttek wé each loadin
cycle is shown in Figuré-9.
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Figure 4-8  Uniformly distributed horizontal cracks developed in specimen C2 along
mortar bed joints during a tension loading cycle

ourse #9

The subsequent compression portion of the loadyeteds shown in Figure 4-7 as the path
from pointb back to poinb through poinh. At the beginning of the compression half cycle,
pointb, the horizontal cracks remained open. As can be Bem the comparison of the two
plots in Figure 4-7, the plateau from pointto d is where most of the out-of-plane
displacements occurred. It must also be notedthinatighout this phase the load levels were
quite low and almost close to zero. The out-of-pldisplacements during this phase led to
rotation of the open cracks. With increasing corspian, masonry compression forces
developed at the edge of the rotated cracks. Ag bs out-of-plane displacements were
smaller than one-half of the wall thickness (70 mrthe development of masonry
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compression forces caused the closure of horizootatks. Therefore, the specimen
eventually restored its original vertical alignmeabhd was subjected to pure axial
compression at the peak of the compression halecyaicated by point.

Application of larger tensile strains led to larg@rizontal cracks at bedjoints and caused the
formation of horizontal cracks through some bloakavell.

Eventually, the out-of-plane displacements expegdnby the specimen during the plateau
between pointd andd in the compression half cycle were too large tovathe specimen to
restore its original vertical alignment. At thisip increasing compression forces led to
increasing out-of-plane displacements, despitdabethat masonry compression forces had
developed at the edge of rotated cracks. Therefbeespecimen became laterally unstable.
This was followed by local crushing of some masoblycks where compression forces
exceeded masonry compressive strength. Figure #lerates the major cracks and the
buckled shape of specimen C2 after instability becurred while Figure 4-11 shows a photo
of the buckled shape. Figure 4-12 illustrates tloation of the masonry crushing near the top
of the specimen (18th masonry course from the bottafter the specimen had already
become laterally unstable.

Table 4-2 summarizes the important observationsendading the testing of specimen C2.
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Table 4-2

Experimental observations for specimen C2

Maximum out-of-

. Range of crack plane .
Loading Cycle widths (mm) displacement Key Observations
(mm)
A=0.21, Uniformly distributed horizontal cracks formed abshbed jointsalong the specimen height. A few
1 T =5mm 0.2-0.3 0 horizontal cracks were discontinuous; for examalesack developed above the mortar bed joint aed th
P=222 kN shifted below the bed joint
C P=-645 kN 0 0 All cracks fully closed and thedpeen restored to its original vertical alignment
A=A, A larger crack developed at the bed joint betwéerbbttom first and second course (0.75 mm width),
T =9.5mm 0.3-0.5 0 and a 2 mm gap developed at the interface of {mem@sonry course and the specimen plate on thie nort
5 P=427kN face.
c P=-40 kN 0-0.5 1r'Tﬁd(§;Sg?] at Most cracks closed, except for a large crack whigth a width that decreased from 0.75 mm to 0.5 mm
P=-716 kN 0 0 All cracks fully closed and specimestored to its original vertical alig_;nment
A=1.5), Horizontal cracks formed at each bed joint
T =15mm 0.5-0.75 0.7
P=437 kN
3 _ 7 (east) at % from the Lateral displacement was observed shortly aftectmepression load was applied, but the cracks @losg
P=-91kN 0-0.4 ; : . .
c base of the we at one end, and the specimen began to resist cesipne ‘ . . .
_ One crack between the first and second coursesdidtiom of the specimen remained open, but ithwid
P=-800 kN 0 0 d
ecreased.
A=2.0,=20 Very small cracks appeared along head joints mestop of the specimen.
T mm 0.75-1.0 5 (west) at midheight
P=445kN
4 _ 29.3 (east) at The specimen began to show out-of-plane displacentewards east at low compressive loads; thigitren
P=-79 kN 0-0.5 N .
C midheigh continued at a slow_er rate after the cracks bagafDSe. _ _
P=-693 kN 0 0 After the compression load was reduced to zergiztwatal cracks opened again and the specimen
experienced 11 mm of eastward out-of-plane disphacgs.
A=3.0\ Lo A few new cracks developed along vertical headtgoiim the tension cycle and the width of the émgst
T P=450kyl\ 1-1.5 5.5 at midheight cracks increased to abou?o.z mmg.’ » y *
P=-60kN 0.5-0.75 65.5 (east) at The specimen star_ted to experienced outjof-plaa;m;tﬁements tow_ards east at low compressive loads,
5 T midheight and these lateral displacements were maintaingtb(agh the magnitude decreased) after the cracks
C began to close at one face.
N At the end of the compression cycle, the specinmost restored its original vertical alignment, rexer
P=-700 kN 0 3.2 atmidheight | \non unloading it experienced westward out-of-pldisplacements on the order of 20 mm before it ré-
aligned again during the tension load cycle.
T A=4.Q0y 2 6.5 at midheight During the tension cycle, the specimen was not @blelly restore its vertical alignment. Howevtre
P=454 kN ' maximum out-of-plane displacement was relativelalat the end of the tension cycle.
6 P=-44 kN 15-2 10(_) (ea_Lst) at The specimen started to move ogt-of-plane t(_)waaidsa low compressi_ve loads.
c ' midheight The specimen became unstable_ln compression mth@ntal cracl_<s failed to close completely, and
P=_250 kN 120 (east) at out-of-plane displacements contlr]u_ed to increasempression until the specimen crushed at the efige
midheight the rotated crack at the east bed joint of thersgéomasonry course from the top.
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Figure 4-10 Specimen C2 at failure



Local crushing

Figure 4-11 Specimen C2 at the end of the test, aftexperiencing out-of-plane instability
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Figure 4-12 Local crushing of the masonry face Ishélthe top of specimen C2 after
experiencing out-of-plane instability

Figure 4-14 shows the hysteretic plot of axial leadtotal axial deformation for specimen C2.
As can be seen from Figure 4-14, the platealishown in Figure 4-7, which corresponds to the
period during which the specimen is experiencingaftplane displacements, gets larger with
increasing tensile strain levels. The increasingréd displacements are indicated on the plot of
axial load vs. lateral deformation in Figure 4-Efgure 4-13 also shows the buckled shape of the
specimen during the cycle corresponding to a terssiin of 0.8%.
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4.2.3 Specimen C3

Specimen C3 was reinforced with 3-15M bars (onesa@th core); this corresponds to a
reinforcement ratio of 0.73%. As with specimen €2yas noted after the construction that the
masonry blocks were not laid perfectly centeredhenspecimen plate at the bottom, and also the
reinforcing bars had moved off-centre at the tdprathe grout was poured. Figure 4-16 shows
the plan view of the specimen and reinforcemenbuayin relation to the top and bottom
specimen plates.

4 1/2 4 1/2”

e

4 3/4”
o~
<
N

4 3/4

4 1/2”

— —

= L= o e ==
TOP N BOTTOM

Figure 4-16 Specimen C3 cross-section and reinf@ment layout relative to top and
bottom specimen plates

However, the modifications made previously to thacdment at the top floating beam allowed
the specimen connection which ensured that loagle wvenly applied from actuators. As a
result, the specimen was aligned in vertical positfter it was put in place, and the chances for
developing PA effects were minimized.

Originally, it was intended that the only differenbetween specimens C2 and C3 and be their
reinforcement ratios. However, this was not possidle to problems with the welding
connection of reinforcement at the top of the gpeai. During the first test run, the reinforcing
bars disconnected from the top specimen plate latively low tensile strain levels. This
transpired through the development of significaettical splitting cracks in the top three
masonry courses, as shown in Figure 4-17. Thisroedbefore the specimen even reached the
expected yield tensile capacity of reinforcemenhede vertical cracks indicated that the
reinforcement had detached from the top specimaite pht different times and had caused
rotation about the specimen's weak axis at the Tbp. testing had to be discontinued at early
tension cycles.

Subsequently, the top half of the specimen wakes#fl using Glass Fiber-Reinforced Polymer
(GFRP) overlay. The reinforcing bars at the topengrinded smooth and re-welded to ensure
an effective connection to the top plate accordmthe original design. The retrofit design and
construction were discussed in Sections 3.2.1 ah@ Bespectively.
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a.West fac . East fac

Figure 4-17 The splitting cracks at the top three courses of specimen C3 befo
retrofitting

As can be seen from the plots of applied axial lesdaxial strain and axial load vs. maxim
lateral deformation (normalized by specimen thidg)eshown irFigure 4-18, the response of
specimen C3 during a typical loading cycle was \s#myilar to that of specimen C
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a. Applied axial load vs. axial strain over t b. Applied axial load vs. maximum latel
plastic hinge region deformation at midheight normalized with respec
thickness

Beginning of cycle in tensic

Yielding of reinforcement

Peak of tension Hacycle (uniformly distributed horizontal crackkag the heigh

Beginning of compression half cycle (most horizbotacks remain open but are reduced in

Most out-ofplane instability has already occur

Peak of compression half cyc(the specimen has restored its original verticginahent and all horizont:
cracks are closed)

Figure 4-18 Plot of a. pplied axial load vs. axial strain over the plastidinge region and
b. applied axialload vs. maximum normalized lateral deformation atmidheight at &=0.8%
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In a similar fashion to specimen C2, specimen C&é&al horizontal cracks along the bed joints
during tension portion of each cycle as shown guFé 4-19. The crack pattern at the peak of
each tension half cycle is shown in Figure 4-28.

Figure 4-19 Horizontal cracks developed along alldd joints in the last tension cycle in
specimen C3

In the subsequent compression portion of each mgadycle (except for the last cycle), these
horizontal cracks eventually closed and the spetiwees subjected to pure axial compression.

It must be noted that the GFRP was applied to pleeimen in its damaged state and horizontal
cracks were not completely closed at the time efrétrofit. As a result, vertical GFRP strips
crossing these cracks would crush during the cossppe load cycles when the cracks in the
retrofitted portion would begin to close as showrkrigure 4-20. Although the GFRP application
increased the stiffness of the retrofitted portithe retrofit was not fully effective in restricgn
the tensile cracking to the bottom half of the walhich was the objective. Also, although the
top half of the wall acted essentially as a rigitk,| it experienced slight bending due to the
presence of open cracks. These observations ageieutd specimen C3, that is, they do not
apply to specimens C4 and C5 which were stiffenatié same manner.
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Figure 4-20 Open cracks underneath the GFRP overlalgd to crushing of the overlay
under compression loads (specimen C3)

As in the case of specimen C2, out-of-plane digstants in the specimen lead to rotation of
open cracks along bedjoints as shown in Figure .4At1higher tensile strain levels, the

specimen experienced an increase in out-of-plasplatiements prior to full crack closure.

Figure 4-25 shows the hysteretic plot of axial leadtotal axial deformation for specimen C3.
As can be seen from Figure 4-25, the platealishown in Figure 4-18, which corresponds to
the period during which the specimen is experienont-of-plane displacements, gets larger
with increasing tensile strain levels. This is eeinhdicated on the plot of axial load vs. lateral
deformation in Figure 4-26.
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Figure 4-21 Rotation of the open cracks at bed joints at low gapression loads during the
compression halfeycle (specimen C:

As mentioned previously, the application of GFRPswat fully effective in restrictingensile

cracking to the lower half of the specimen. Therefou-of-plane displacements were obser

along the entire height of the specimen duringrnigstHowever, the deformed shape along

top half was different from that of the bottom halie t¢p half exhibited a deformed sha

corresponding to a combination of rotation of adrignk and slight ot-of-plane buckling while
the lower half exhibited pure c-of-plane buckling.This is illustrated inFigure 4-22. In this
way, the maximum out-gilane displacements were visibly occurring at tedj@int betweel

the 7th and 8th masonry course from the bottom. é¥@w the instrumentation did not meas

the later&displacement at this location. Therefore, the imaxn measured o-of-displacements
were generally at midheight.
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Figure 4-22 Specimen C3 at the end of the test, aftexperiencing out-of-plane instability
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= LV

Figure 4-23 Local crushing of specimen C3 at the ogpression face where crack closed
after the specimen had become laterally unstable

75



Overall, as long as out-of-plane displacements wess than half of the wall thickness,
horizontal cracks along the bed joints closed urdenpression loading. The specimen was able
to restore its original vertical alignment, andsiseé compression loads without experiencing
lateral instability. However, during the last comgsion cycle, the specimen experienced out-of-
plane displacements greater than half its thickesseventually became unstable. The failure
occurred by lateral instability over the full spaein height as shown in Figure 4-22. This lateral
instability eventually led to local crushing beldwe location of the maximum out-of-plane
displacement (at the seventh masonry course frenbdottom) as shown in Figure 4-23. Figure
4-24 illustrates the buckled shape of specimenndutihe load cycle corresponding to tensile
strain of 0.8%.
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Figure 4-24 Buckled shape of specimen C3, duringdd cycleg;=0.8%
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76



400

200

-200

Load (kN)

-400

70
J
T®

I

-600

2

NORTH END

-800
-20 0 20 40 60 80 100

Lateral Deformation at Midheight (mm)
Figure 4-26 Axial load versuslateral deformation at mid-height for specimen C:

400
200
0
3
= ®
g
S -200
o [E]
S 2
-400 @
=
-600
9
NORTH END
-800
-20 0 20 40 60 80 100

Lateral Deformation at 1/4 from bottom (mm)

Figure 4-27 Axial load versus lateral deformation at ¥4 from thebottom for specimen C:

Table 4-3summarizes major observations during the testirspecimen C:
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Table 4-3

Experimental observations for specimen C3

Loading

Range
of crack
widths
(mm)

Maximum
out-of-plane
displacement

(mm)

Key Observations

A=0.68),
=6.8mm
P=218 kN

0.3-05

17.2 (east) at midheigh

Cracks seemed to be more concentrated in the lporéon of
the specimen, although a few cracks were observétei
retrofitted portion as well.

Some cracks were discontinuous along the bed joint.

A 1 mm gap between the top of the specimen andttes plate
was observed. The out-of-plane displacement inehsion
cycle was related to the reinforcement inside gezisnen
straightening out.

P=-151

All cracks fully closed and the specimen restonggdial
vertical alignment.

A=A,
=9.1mm
P=291kN

0.4-0.75

17.5 (east) at midheigh

Most cracks in the lower half increased in sizeilevthe open
cracks in the upper retrofitted portion remainedhanged.
Larger cracks at the two successive bed joints idiately

t below the retrofitted portion had a width of 1.éhmand 0.75
mm respectively.

The gap between the top of the specimen and tkk ptate
increased to 1.5 mm.

P=-50 kN

All cracks fully closed and specimen restoredoitginal
vertical alignment.

A=1.5),
=14.8mm
P=293 kN

0.5-0.75

17.9 (east)

All crack widths increased in the lower portiontioé
specimen. An average crack width in the bottomiponvas
1.0 mm while the crack size in the retrofitted tbj portion
was much smaller (0.4 mm width).

The two larger cracks immediately below the rettefi half
increased to 1.25 mm in width

P=-41kN

0-04

16.4 (west) at midheig

The specimen began to move out-of-plane at a csapme

P=-518
kN

load of -7 kN. As the compressive load increased to
approximately -19kN, the cracks on the east fagabé¢o
close, but the specimen continued to move out-afigl At a
load close to -88 kN, the specimen began to resforertical
alignment. At the end of the compression half- eyell cracks
fully closed and specimen restored its originajratnent.
When the specimen was unloaded after the comprebaif
cycle, the cracks re-opened and the specimen manignt
experienced out-of-plane displacement in the wastw
direction of 4 mm at approximately the same loadtdath
maximum ou-of-plane displacements hpreviouslyoccurret.

A=2.00,
=19.2mm
P=307kN

0.75-1.25

18 (east) at midheight

Very small cracks developed along head joints tieatop of
the specimen.

The gap at the top increased to 2.0 mm at the mordhand 3.0
mm at the south end.

A few minor vertical cracks were noticed along specimen
thickness and along some head joints.

P=54 kN

31 (west at midheigh

The specimen began to move out-of-plane at a cessjwe

pP=-512
kN

load of -8.75 kN. At a compressive load close @kN, the
cracks began to close on the east face, but tloénspe
continued to move out-of-plane. At a load close246 kN, the
specimen began to restore its straightness.

At the end of the compression cycle, when the speciwas
unloaded, the horizontal cracks re-opened andpbeimen
momentarily experienced 6.3 mm of westward outlafip
displacement at around the same load at which maniout-
of-plane displacements had occurred previously
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Loading

Cycle

Range
of crack
widths
(mm)

Maximum
out-of-plane
displacement

(mm)

Key Observations

A=3.0,
=27.5mm
P=318kN

1.0-4.0

18 (east) at midheight

More cracks in head joints developed during theitencycle,
and the size of existing cracks increased to ab@inm
width.

Horizontal cracks developed at mid-course away frioenbed
joints.

Gap at the top increased to 3 mm both at the smdmorth
face:.

P=-11CkN

0.5-0.7¢

64 (west) at miheight

P=-819
kN

1.5 (west) at ¥ from the
base of the wall

The specimen began to move out-of-plane at a caape
load of 7.15 kN. The cracks began to close on #s¢face t at
a compressive load close to 21 kN, . At a loadectos-246 kN,
the specimen began to restore its vertical alignmen
Compression yielding of reinforcement was obseateal
compressive load of -370 kN.

All cracks fully closed at a load of -400 kN, ae tspecimen
almost restored its original vertical alignment.

During the unloading from the compression half-eythe
specimen experienced out-of-plane displacemerttsein
westward direction; the displacement at the miditeigas on
the order of 9.55 mm corresponding to the compvedsiad of
-35kN.

A=3.2Ay
=30.8mm
P=324 kN

2.0-5.0

18 (east) at midheight

New vertical cracks developed along head jointsspiit
some blocks in half along the specimen thicknesdgvthe
width of the existing cracks increased to aboutrir.

More horizontal cracks developed away from thejbets in
the bottom half of the wall.

Gap at the top increased to 4 mm at the southdade® mm at
the northface.

P=-280

1.5-2

80.9 (west) at midheigh

The specimen began to move out-of-plane at a cesspre
load of -6 kN. When the compression load increased5 kN,
the cracks began to close at one end, howeveptwnsen
continued to move outwards.

The specimen became unstable in compression wieen th
horizontal cracks failed to fully close, and outpdfine
displacements continued to increase in compressitihthe
specimen crushed locally near midheight.

Figure 4-28 shows crack patterns along the heifjtiteospecimen at the peak of the tension half-

cycle. It can be seen from the figure that the lcrath in the lower half of the specimen

increased with increasing tensile deformations,levthe crack width in the top half remained
more-or-less unchanged. It was also observed tieatitacks became more uniform in size at
increasing tensile deformations. During the latgcles, horizontal cracks started to develop

away from the bed joints while vertical cracks aqee at head joints.
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Figure 4-28 Crack patterns at increasing tensionidplacements for specimen C3
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4.2.4 Specimen C4

Specimen C4 was reinforced witl-15M bas placed in the end cor corresponding to a
reinforcement ratio of 0.5%.he top half of this specimen was also stiffe with GFRP
overlay n the same manner as specimen C3. This was ddnect&plastic deformations t
the bottom half of the specimen, thereby effectivelducing the height of the plastic hin
This would provide insight into the effect of plasthinge height on o-of-plane
deformations.The reinforcing bars in this specimenre aligned in vertical position, at
there was no offsetith regards to the centerline (unlike specimensa@@ C3)

Figure 4-29shows plots of applied axial loass. axial strain and axial load vs. maxim
lateral deformation (normalized by specimen thigg)eln general, the response of speci
C4 during a typical loading cycle was very simiiathat of specimens C2 and C3. The p
shown in Figure 4-28orrespond to a strain level of about 0.7% in otdallow compariso!
between the behaviour of specimen C4 with thospetimens C2 and (
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0
° b

Z -100 d b
=
< -200
3
= -300 i

-400 i

-500 1

-600 ° }

700 h h 9l

-0.1% 0.1% 0.3% 0.5% 0.7% -0.05 0.00 0.05 0.10
Axial Strain Normalized Lateral Deformation Midheight
a. Applied axial load vs. axial strain over t b. Applied axial load vs. maximum latel
plastic hinge region deformation at midheight normalized w
respect to thickness

o: Beginning of cycle in tensic
a: Yielding of reinforcemer
a'. Peak of tension half cycle (uniformly distributearizontal cracks along the heig
b: Beginning of compression half cycle (most horizbotacks remain open but are reduced in
d: Most out-ofplane instability has eeady occurred
h: Peak of compression half cycle (the specimen hsatoned its original vertical alignment and

horizontal cracks are clost

Figure 4-29 Plot of a.applied axial load vs. axial strain over the plastidinge region
and b. gplied axial load vs. maximum normalized lateral déormation at midheight at

£=0.7%

In a similar fashion to that of specimens C2 and R&izontal cracks developed alo
bedjointsduring the tension portion of each loading cycleven in Figure4-29 as the path
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along pointso throughb. The first difference between the specimens C3 @#dvas that
almost all tensile cracking in specimen C4 wastkahito the bottom half; this was not the
case with the specimen C3. Figure 4-30 shows exasgdlsuch horizontal cracks. The upper
stiffened half of the specimen acted as a rigil &nd there were no visible signs of bending.
Moreover, since the bottom portion of the speciragperienced tensile cracking, the largest
out-of-plane displacements were closer to the frsirter-point (relative to the base of the
specimen), as opposed to the midheight point (wtierdargest lateral displacements were
observed in specimens C2 and C3).

Vertical splitting crack

Figure 4-30 Uniformly distributed horizontal cracks over as well as vertical splitting
cracks at tensile strain level equal to 1.3% (spetien C4)

At the peak of the tension half cycle, identifieg foint a', the horizontal cracks reached
their maximum size. The crack pattern at the pdataoh loading cycle is shown in Figure
4-40. Note that the size of the cracks at the bejoammediately below the stiffened portion
were larger than the rest.

In a similar way to specimens C2 and C3, at thanb@gy of the compression half cycle,
point b, most of the horizontal cracks remained open. H@wnenote that at the time of
application of a similar level of tensile strain0(8%) there was not much of a plateau
between pointsb and d in specimen C4. Subsequently, the correspondirigrala
displacements at this loading cycle were also niesh than that experienced by specimens
C2 and C3. This leads to the conclusion that lawgethe height of plastic hinge, while
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keeping the specimen thickness unchanged, willildatger tensile strains are required to
cause lateral instability.

In later loading cycles, as applied tensile strauwese increased, the path from pdmnto d
became more horizontal similar to that shown inufeg4-7 and Figure 4-18 for specimens
C2 and C3 respectively. The out-of-plane displagemduring this phase led to rotation of
the open cracks as shown in Figure 4-31.

Course #5

€

¥
i i
s

bl
I
!
|

'3,Cpurse #4

Figure 4-31 Rotation at the location of open horizatal cracks when specimen C4
experienced lateral displacements (Loading cycle #5
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Another difference in behaviour between specimera@d specimens C2 and C3 was in the
direction of out-of-plane displacement. Initiallhe specimen seemed to bow laterally
westward at low compressive loads after unloadingnf previous tension half-cycle
characterized by low axial tensile displacements. t&nsile displacement amplitudes
increased in subsequent cycles, (ie. after theicgin of tensile strains larger than 0.75%)
the specimen would initially start to move lateyalh westward direction after it was
subjected to compression, but then its directiolateral displacement would suddenly shift
and it would start to bow in the east directionisTis attributed to two different buckling
modes in this specimen. From the crack patterna/istio Figure 4-40, it can be seen that the
horizontal crack above the 8th masonry course (aqpiately at midheight) was much larger
than the remainder of the cracks. Therefore, gpeculated that there was a plastic hinge
formed at this point which led to the second buaklimode as shown in Figure 4-32c with
increased compressive forces.

N
.

C

L
v, -
a. b. C.
Figure 4-32 a. Specimen in tension, b. first modd buckling, c. second mode of
buckling
Figure 4-33 illustrates the actual buckled shapesmécimen C4 during loading cycle
corresponding to tensile strain of 1.7%.
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Figure 4-33 Buckled shape of specimen C4 during tHead cycleg;=1.7%
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As a result of the changing directions in the badkshape of specimen C4, relatively large
tensile displacements (compared to specimens C2C&)dvere required to cause critical
lateral displacements and instability in this spem. This is shown in the plots of axial load
vs. out-of-plane displacement for specimen midheggid lower quarter point in Figure 4-35
and Figure 4-36 respectively.

Also, note that for the first four cycles of loagjnthe maximum out-of-plane displacement
was measured at the specimen midheight rather ahahe lower quarter point. This is

because during the first few cycles, the rotatiérthe rigid link over the top half of the

specimen exceeded the out-of-plane displacemepiriexnced over the plastic hinge. As in
the case of specimen C2 and C3, the onset of epiaok displacement occurred at low
compression loads.
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Figure 4-34 Axial load versus overall axial deformdon for specimen C4
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Figure 4-35 Axial load versus lateral deformation atthe lower quarter point for
specimen C4
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Figure 4-36 Axial load versus lateral deformation at midheightfor specimen C

In much the same way as specimens C2 and C3, witledsing compression, maso
compression forces developed at the edge of tlaeicracks and as long as-of-plane
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displacements were smaller than one-half of thd ttkness (70 mm), these masonry
compression forces caused the closure of horizootatks. Therefore, the specimen
eventually restored its original vertical alignmeahd was subjected to pure axial
compression at the peak of the compression halecyaicated by point.

Eventually, the out-of-plane displacements expegednby the specimen between poihts
andd in the compression half cycle were too large fovalthe specimen to restore its
original vertical alignment. At this point, incréag compression forces led to increasing out-
of-plane displacements and the specimen becanrallgtenstable. Also, it was noticed that
there was some horizontal translation at the betljpimediately below the stiffened portion
during this final cycle of loading as shown in Higu4-37.

Figure 4-37 Sliding at the bed joint on the north &ce of specimen C4 at the ultimate
stage

Figure 4-38 illustrates the overall buckled shapesmecimen C4 and the location of the

horizontal sliding after instability had occurrechile Figure 4-39 shows a photo of the
buckled shape over the lower half of the specinrén. o
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Local crushing
sliding of bedjoint after
specimen becam
laterally unstable

Figure 4-38 Specimen C4 at the end of the test aftexperiencing lateral instability
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Figure 4-39 Deformed shape of the bottom portion adpecimen C4 after experiencing
lateral instability

Table 4-4 summarizes all major observations madagitesting of specimen C4.
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Table 4-4 Experimental observations for specimen C4

Loading Cycle Range Maximum out-of-plane | Key Observations
of crack displacement (mm)
widths (mm)
Cracks were concentrated in the bottom portioihefspecimen.
There was a 0.7 mm gap between the top of therspeacand the top specimen plate.
A=0.7A Relatively small out-of-plane displacements intiresion half-cycle were associated with the
T _g Y 0.2-04 2.9 (east) at midheight straightening of reinforcing bars in tension.
1 ;_T‘rlg KN - ' 9 The north face of the specimen seemed to be gebjéx higher tension compared to the south
B face. However, a gap observed at the south fatteeafpecimen at the interface of the top
masonry course and the steel plate was largertitizamat the north face. The overall axial
deformatiol wasby about 20% largerlong the nortl face compared t the souttface.
C| P=-296 kN 0 0 All cracks fully closed and the spsen restored its original vertical alignment.
Most cracks in the lower half increased in sizeilevthere were no visible cracks in the top h3lf.
A= A larger crack developed on the north face theltew joints immediately below the retrofitted
=N, X -
1| =8.0mm 0.4-0.75 3.3 (east) at midheight portlon.of the wall (above the 7th and 8th masaayrse from the bottom) and the width was
2 P=194 kN approximately 1.2 mm.
A gap between the specimen and the top steeliplateased to 1.0 mm width.
The overall axial deformation was by about 20%édamg the northern end than the southern end.
P=-600 kN 0 0 All cracks fully closed and the sp®m restored its original vertical alignment.
All cracks in the lower portion of the specimenrgased in size. Hairline cracks developed in
the bed joints in the top half of the specimen.
A=1.5), A large horizontal crack along the bed joint imnagdiy below the retrofitted half (above the 7th
T| =12.0 mm 0.4-1.25 3.3 (east) and 8th masonry course from the bottom) increas@d25 mm in width. o
P=198 kN Stepped cracks developed along the head jointeibattom four courses of masonry. ©
3 The difference in the overall axial displacementasured along the north and the south face
decreased to 15¢
P=-75.8 kKN 0-0.4 7.7 (west) at midheight A crackabthe first course remained open, but its widdls veduced.
All cracks fully closed and the specimen restoteaiiginal vertical alignment.
C P=-607 kN 0 0 When the specimen was unloaded at the end of tprassion half-cycle, the horizontal cracks
- re-opened and the specimen suddenly experiencadm.westward out-of-plane displacement
at the compression load of -22 kN
A few new small vertical cracks were noticed altimg head joints in the bottom half of the
wall.
A=2 A The gap at the top increased to approximately 2r0ainthe north face and 3.0 mm at the south
oy S face.
T I_D{g(())SnllrlIl] 0.75-2.25 3.4 (east) at midheight A few very small vertical cracks developed along #pecimen thickness and at some head
B joints.
4 The difference in the overall axial displacemenameed along the north and the south face
dropped down to 8%.
P=-86 kN 0-0.75 12.1(west) at midheigl When the specimen was unloaded at the end of tprassion half-cycle, the horizontal cracks
c re-opened and the specimen suddenly experiencedr.@estward out-of-plane displacement
P=-607 kN 0 0 at the compression load of -38 kN.




Loading Cycle

Range
of crack
widths (mm)

Maximum out-of-plane
displacement (mm)

Key Observations

A=3.03,
T| =24mm
P=216 kN

1.5-5.0

3.3 (east) at ¥ from the base ¢
the wall

A few very small vertical cracks developed durihg tension half-cycle along the specimen
width in the lower half of the wall.

fThe gap at the top of the specimen increased tm2tihe south face and 1 mm at the north
face.
The difference in the overall axial displacemen¢asured along the north and south face
remainecunchange@t 8%

P=-50.3 kN

0-3.0

19.9 (east) at ¥4 from the base
the wall

ofThe maximum out-of-plane displacements were reabed¢he lower quarter point in the
westward direction, as opposed to previous cyelere the maximum occurred at midheight

5 P=-162.6 kN

0-1.25

13.5 (west) at midheight

Upon unloading from tension, the maximum out-ofaglanovement changed direction, and it

P=-612 kN

1.4 (west) at ¥ from the base ¢
the wall

was recorded at the lower quarter point in thevesrst direction. Interestingly, the direction of
lateral displacement changed again with an incrieefee compression load. Deflection at the
lower quarter point dropped down to zero, but theéhmight point started bowing out-of-plane
fwestward.
At the end of the compression cycle, the specinmost restored its original vertical alignmern
However, the specimen experienced westward optaofe displacements at its midheight
towards the end of the unloading. The maximum disgrhent of 8.55 mm developed at the
compressive load of -43kN.

—

A=3.5,
T| =28.0 mm
P=220 kN

2.0-6.0

3.2 (east) at midheight

A few new vertical cracks developed along headtgoamd split some blocks in half along the
specimen thickness .The width of the existing csdnkreased in size to about 0.4 mm.
Also, a few vertical cracks developed along thd ttitkness, as well as in the middle of the
masonry courses.

A few new horizontal cracks appeared away fronmbi joints in the bottom half of the wall.
The overall axial displacement was almost the saloreg the north and south faces of the
specimen.

P=-64 kN

0-1.75

28.7 (east) at ¥4 from the base
the wal

pfThe specimen experienced out-of-plane displacenadteisunloading from the tension half-
cycle, and the maximum displacement was record#itedbwer quarter point in eastward

P=-185.5 kN

0-0.4

11.4 (west) at midheight

direction. With a further increase in the appliethpression, lower portion of the bottom half

P=-611 kN

2.1 (west) at midheight

the specimen restored some of its vertical aligriménile the middle portion of the wall started
to slightly bow out westwards. All cracks closedtat point of maximum compression, all and
the specimerestored its original vertical alignmt.

Df

A=4.00,
T| =32.0 mm
P=225 kN

2-6.5

3.2 (east) at midheight

The overall axial deformation was almost the saloegathe north and south face of the
specimen.

A few tension cracks appeared in the top portiothefspecimen (which was retrofitted by
applying GFRP overlays), however the average onadih was rather small (0.2 mm).

A few more vertical cracks developed along heautg$pand some horizontal cracks develope
through the masonry courses in the lower half efgpecimen.

o

P=-64.6 kN

0-2.25

37.4 (east) at ¥4 from the base
the wall

pLike in the previous load cycle, the maximum ouptdne displacement was observed at the
lower quarter point towards east after the tenkiad was removed. With an increase in the

P=-199 kN

0-0.4

10.6 (west) at midheight

compression loading, the lower bottom of the specimestored some of its vertical alignment

P=-615 kN

2.1 (west) at midheight

while the middle portion started to slightly bowt evestward. At the point of maximum
compression, all cracks closed and the specimerageis aligned in its original vertical
position.
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Range

Maximum out-of-plane

n

92

Loading Cycle of crack . Key Observations
. displacement (mm)
widths (mm)
A=4.5A The overall axial deformation was almost the saloegthe north and south face of the
=36.0 mm 1580 2.9 (east) specimen.
P:229 KN T ’ The number of horizontal cracks away from the lmént$ increased and cracks developed algng
almost all head joints.
8 P=-793 kN 0-25 46.5 (east)at ¥4 from the base ofSimilar to the previous cycle, the maximum out-tfre displacements were observed at the
' ) the wall lower quarter point in eastward direction after tir@sion load was removed. With an increase i
P=-213 kN 0-0.5 10 (west) at midheight | the compression loading, the lower bottom of trexspen restored some of its vertical
alignment while the middle portion started to stiglibow out in westward direction. At the
P=-615 kN 0 2.8 (west) at midheight point of maximum compression, all cracks closed thedspecimen restored its vertical
alignment.
A=5.0, The number of horizontal cracks at through the kddaway from bedjoints) increased, and the
=40.0 mm 2.0-9.0 2.5 (east) existing cracks increased in terms of the widtlievk new vertical cracks developed along the
P=233 kN specimen width.
P=-93.7 kN 0-3.0 56.6 (east) at ¥ from the base pfThe same trend was followed like in the previowlloycle. The maximum out-of-plane
9 ' ) the wall displacement was observed at the lower quartet pogastward direction after the tension load
P=-234 kN 0-0.€ 10 (west was removed. The lower bottom portion of the specimestored its vertical alignment, while
the middle portion started to slightly bow out wesstd.
_ A In compression, vertical cracks along specimentwiititreased in terms of the width.
P=-616 kN 0 4.25 (west) at midheight At the point of maximum compression, all cracksselb and the specimen was effectively
aligned in vertical position.
A few new horizontal cracks appeared through thelds (away from the bed joints), and the
existing cracks considerably increased in termgidth. A large vertical crack developed
underneath the retrofitted portion of the specirfaove the 8th course of masonry from the
ézS.My 1.8 (east) at % from the base cfbase), which_ was 3 mm wide, and another crack@ter elevation (after 6th masonry course
=44.0 mm 1.0-11.0 the wall was 4 mm wide.
P=236 kN The crack at the bed joint above the 8th masonuysenincreased to 11.0 mm in width.
The gap between the top masonry course and theptpmen plate was 3.0 mm wide at the
north face and 0.7 mm wide at the south face.
10
For the first time during the test, it was notithdt the specimen was almost visibly bowing in
the direction of its strong axis towards North.
The specimen became unstable during the comprelsalboycle as the horizontal cracks failed
P=-1175 kN 0-20 69.7 (east) at ¥ from the base pto fully close before the out-of-plane displacemarthe lower quarter of the wall exceeded half

the wall

the wall thickness. The reinforcing bar exposeithatbed joint directly below the retrofitted
portion of the specimen (above 8th course of masfvom the base) seemed to have
experienced local buckling, as the open crack hddisleways instead of undergoing uniform
rotation like the remainder of open cracks. This lba seen in Figures 4-33 and 4-35.

Figure 4-40 shows crack patterns during each Igadycle for specimen C4. Figure 4-28 shows therosmb axial load versus axial
deformation over the total specimen height. Figdr@® and 4-30 show the axial load versus out-afvpldisplacement at the lower quarter
point and at midheight respectively.
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4.2.5 Specimen C5

Specimen C5 was reinforced with 2-10M bars (oneeach end core), corresponding to
reinforcement ratio of 0.24%.

The specimen was retrofitted with GFRP overlay i@opin the top half portion of the
specimen (same as specimens C3 and C4).

Although the masonry blocks were laid centeredhenspecimen plate at the bottom, one of
the reinforcing bars had moved off-centre at thedfier the grout was poured. Figure 4-41
shows the plan view of the specimen in relatiothotop and bottom specimen plates.
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Figure 4-41 Specimen C5: cross-section and reinfoegment layout relative to top and
bottom specimen plates

Figure 4-42 shows plots of applied axial load vdalastrain and axial load vs. maximum
lateral deformation (normalized by specimen thidg)eResponse of specimen C5 was very
similar to that of specimen C4. As can be seentlfersame strain level of about 0.7%, the
link between pointg andc did not result in as much out-of-plane displacenespecimen
C5 as it did in specimens C2 and C3. Hence, treer®i much of a plateau between these
two points on Figure 4-42a, while this segment gguie 4-42b indicates that most of the
lateral displacement is still taking place betwésese points. Also note that the peak of the
tension half cycle, point a', corresponds to reddyi larger lateral displacements in tension
than those seen with specimens C2 through C4.i3hiaused by the off-centre location of
the reinforcement within the masonry core and mayehcontributed to more of a de-
bonding between the rebar and the grout in thi€isp relative to the remainder of the
specimens.
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Figure 4-42 Plot of a. Applied axial load vs. axial strain ovethe plastic hinge region
and b. Applied axial load vs. maximum lateral defomation at midheight normalized
with respect to thickness for specimen (, £&=0.73%

The general response of specimen C5 was simildretoest of the specimens as can be
from Figure 4-42.

Similar to specimens CZ3 and C4horizontal cracksleveloped in the specimalong the
bedjoints during tensiorhalf-cycles as shown in Figure 4-4Bhe horizontal cracking we
mainly concentrated in the low(unstiffened)portion of the specimerSince the tensile
deformation of the specimen was accompanied byiderable oL-of-plane displacements at
the midheight, itbecam obvious early on during the experimahat the rebar was n
completely straight within the core of the specit Note that this misalignment of tl
reinforcement within the concrete core is not thdug have a significa impact on the out-
of-plane instability of the specimen. However, it jgeculated that such misalignme
combined with the small surface area of the rebay nause severe -bonding between the
specimen and the grout core which might contribtdgefailure in local buckling o
reinforcement. This is discussed again in moreildgtartly.

95



Figure 4-43 Horizontal cracks at bed joints uniformly distributed over the bottom
half of specimen C5

As in the case of specimens C2, C3 and C4, ldrgarontal cracks at the bed joints and
additional horizontal cracks through the blocks eleped at higher tensile displacement
levels. Also, cracks at head joints appeared as asdhe specimen was subjected to tension.
A few new vertical cracks developed along the gpeaithickness in the later loading cycles
(corresponding to higher tensile strains).

After the tension half cycle, the reinforcing béesgan to move out-of-plane after they had
undergone some tensile plastic strains at low cesgive load levels. Figure 4-44 shows the
sequence of events from the beginning of the cosspoe half cycle, poinb, to the point of
maximum out-of-plane displacement, paihtor a typical loading cycle during the testing of
specimen C5.
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Figure 4-44 Specimen C5 experienced eastward out-plane displacements after
tensile half-cycle with the maximum axial displacerant of 4.9,

The lateral displacements continued to exist uh#l open cracks rotated sufficiently such
that they began to close on the west face of tleeisgn. Subsequently, the compression
force, resulting from the engagement of masonrycksdoat one corner, caused a bending
moment which restored the original vertical aligminef the specimen.

However, before the out-of-plane displacements meceritical (reaching close to half the

the specimen thickness), a large vertical cracleapgu at the masonry course immediately
above the 8th course of masonry from the wall laasghown in Figure 4-45.
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Figure 4-45 Large horizontal and vertical crack deeloped at the masonry course
below the stiffened portion (above the 8th masonrgourse from base of the wall) of
specimen C5 during load cycle #6A= 4.3Ay)

A subsequent increase in the tensile strains didesult in further increase in out-of-plane
displacements. In fact, the subsequent load cywitts axial tensile displacements of\6
and 6.3, produced smaller out-of-plane displacements thasm displacements which
occurred after a tensile displacement of5.@®uring the larger tensile excursions, the rebar
at the location of the abovementioned large vdrticack began to buckle and push outward
on the face shell, resulting in spalling of theefahell and crumbling of the grout at this
location. This is shown in Figure 4-46.
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Figure 4-46 Reinforcing bar protruding through the block face shell during the
compression half-cycle after the tensile axial disacement of 5.y

It should be noted that (unlike previous specimapgcimen C5 continued to restore its
original vertical alignment even at large tensiteaigs. It was concluded that the local
buckling of the reinforcement was the mode of f&las shown in Figure 4-47.

Figure 4-47 Localized buckling of the reinforcing far, caused spalling of block face-
shells and crumbling of the grout.
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The buckling of reinforcement led to disintegratiminthe grout core and severe spalling of
the masonry faceshell. This lateral buckling ohfeicement was followed by the formation
of a large continuous vertical crack at the northend of the specimen which indicates
crushing of masonry in this part of the specimere Bigure 4-48 and Figure 4-49.

Figure 4-48 Specimen C5 after experienced the faile characterized by localized
buckling of the reinforcement and crushing of the masonry
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Figure 4-49 Continuous vertical splitting crack inspecimen C5 at the end of the test

It is speculated that the smaller amount of recdgarent (reinforcement ratio) played an
important role in determining the mode of failufetiis specimen. A possible explanation is
that, due to a smaller amount of reinforcementnaller compressive load on the edge of the
closing crack is required to restore balance adlesspecimen thickness (compared to other
specimens). In this case, significant tensile straire required to allow the specimen to move
laterally outward beyond the point of return beftlie onset of crack closure. In addition,
larger tensile strains combined with reinforcingsbaith smaller area and moment of inertia
resulted in bond degradation between the groutldebar which resulted in local buckling
of the reinforcement. This is confirmed by compgrihe buckling load of 2-10 bars with the
load at which the specimen began to experiencefplane displacement. If the laterally
unsupported length of the 2-10 bars had been reldiacé00 mm (equivalent to two courses
of masonry), their combined buckling load woulddagial to 9.1 kN which is comparable to
the 8 kN load at which the out-of-plane displacetmaturing the last loading cycle were
observed. From Figure 4-47, it can be seen thatldbal buckling of the bar over two
masonry courses caused disintegration of groutraasonry faceshell close to specimen's
midheight.
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Figure 4-50 illustrates the buckled shape of speni@5 during the load cycle corresponding
to a tensile strain of 1.6%. Figure 4-51 showslthsteretic plot of total axial load vs. total
axial deformation while Figure 4-52 and Figure 4G®w plots of applied axial load vs.
lateral displacement at specimen’s lower quartent @md midheight respectively.
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Figure 4-50 Buckled shape of specimen C5 during ldacycleg=1.6%
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Figure 4-51 Axial load vs. overall axial deformatio for specimen C5
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Figure 4-52 Axial load vs. lateral defarmation at lower quarter point for specimen Ct
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Figure 4-53 Axial load vs. lateral deformation at midheight for specimen Ct

Table 4-5summarizes majoexperimental observations relatedthe testing of specime
C5.

103



Table 4-5

Experimental observations for specimen C5

Range Maximum out-of-
Loading Cycle of crack plane displacement Key Observations
widths (mm) | (mm)
The GFRP caused the specimen to experience almasgrtical deformation until it failed in tension
(brittle failure) at a load of 54 kN
Cracks were concentrated over the lower portiaim@fspecimen, and there was no evidence of ten
A=0.84, cracking over the top half of the wall which hagbdiber-reinforced
=5 mm 0.0-1.0 10 (west) at midheight One headjoint crack had formed on the east fatleedbth masonry course from the bottom
P=98.5 kN There was noticeable out-of-plane displacement thestower half (10 mm) in the tension cycle
indicating that the reinforcement was significaraffrcentre
The size of horizontal cracks over the lower particere uniform except for one considerably large
crack immediately below the point at which the GRRBp stopped
When the specimen was unloaded, it did not expegi@my lateral movement
P=-497 kN 0 0 At the end of the compression half-cycle, all ceaftkly closed and specimen restored original
straightnes
A=1.8, :\1/IOIfSt cracks over the lower half had increasedzr sihile there were still no visible cracks in thp
: e al
;i(iggg KN 05-1.0 -11.7 (west) at midheight On the northern end, the larger crack at the betlisimediately below the retrofitted portion of the
) wall had widened to abou mm in widtl on thenorthern end and 1 mm on the southern
P=-17.15 kN 0-05 9.44 (east) at midheight Almost immediately after being put in compressite, specimen began to move laterally outward
' ' 7.15 (east) at % from bottom towards east to a maximum of 9.44 mm at midheight
P=-611 kN 0 0 All cracks fully closed and specimestored original straightness
All cracks in the lower portion had increased iresiThere were hairline cracks starting to appear i
A=2 1A the bedjoints over the top half of the wall.
oy The large crack at the bedjoint immediately belbe rietrofitted half had grown to 4 mm in width or]
=12.0 mm 1.0-1.75 12.22 (west)
P=110.9 kN the northgrn end and 2 mm on the southern end. S
The specimen had already started forming stepmaksmlong the headjoints in the lower four
courses of masoni
P=-19 4 kN 0-0.4 13 (east) at midheight Upon being put in compression, the specimen bemamtve laterally eastward as before, this time
' ' 10 (east) at ¥z from bottc a maximum of 13 mm at midheight at a compressiad fuf -19 kN
All cracks fully closed and specimen restored ofjstraightness
P=-608 kN 0 0 At the end of the compression cycle, when the speciwas unloaded, the horizontal cracks re-
opened and the specimen momentarily experienceahB@f eastward out-of-plane displacement 4
almost zero loa
A=2.84, The specimen experienced larger lateral displacesamidheight in tension (maximum of 13mm)
=16.0 mm 0.75-2.25 13 (west) at midheight More small cracks had appeared along the remawofdbe head joints in the lower half of the wall.
P=11E kN Some very thin vertical cracks along the specirhigkhess and at some headjoints were noticed
P=_35 kN 0-0.75 21.7 (east) at midheight Upon being put in compression, the specimen bemamtve laterally eastward as before, this time
) 16.6 (east) at ¥ from bottom a maximum of 21.7 mm at midheight at a load ofkB5
At the peak of the compression half-cycle, all keasad closed and the specimen restored its
straightness
P=-607 kN 0 0 At the end of the compression half cycle, whensghecimen was being unloaded, the horizontal

cracks re-opened and the specimen momentarily iexped 7.4 mm of eastward out-of-plane

sile

(@]

—

(]

displacement at almost zero load
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Loading Cycle

Range
of crack
widths (mm)

Maximum out-of-
plane displacement
(mm)

Key Observations

A=3.547,
T| =20 mm
P=117.7 kN

1.5-3.0

13.7 (west) at midheight

result of reinforcing bars straightening themselves

The large crack at the bedjoint immediately belbe ietrofitted half had grown to 5.4 mm in width
the northern end and 2.5 mm on the southern end.

Some very thin vertical cracks started appearinggthe specimen thickness in the tension cycle i
the lower half of the wall

Consistent with previous cycles, the wall expereghincreasing lateral displacements in tension ag a

ol

P=-41kN

0-0.75

30.2 (east) at midheight
24.4 (east) at % from botton

P=-603 kN

0

The maximum out-of-plane displacement was stithatheight and grew to 30.2 mm towards east
n Although at the peak of the compression cycle sifecimen had almost restored its original
straightness, when it was unloaded, it experiemeestward out-of-plane displacements at its
midheight as large as 8.57 mm at almost zero load

A=4.24,
T| =24.0 mm
P=121 kN

2.0-55

14.34 (west) at midheight

The specimen experienced yet larger lateral dispi@nts in tension as a result of reinforcing bars
straightening themselves out.

More vertical cracks along headjoints and downntiiddle of some blocks along the specimen
thickness started appearing while the width ofetkisting ones grew in size to about 1 mm.

Some horizontal cracks away from the bedjointhehottom half of the wall appeared.

Also, some vertical cracks along the thicknessefwrall as well as in the middle of the masonry
courses started appearing.

Before being completely unloaded from the tensialfi tycle, the specimen began to move laterally
outward (with the maximum at midheight) at neaoZeads. During this short time, it did not seem
pick up any compressive load, creating a smalkplabn plot of load versus vertical deformation
diagram (this plateau, as discussed in the nexttehacorresponds to the reloading strain)

to
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P=-50 kN

0-1.75

38.4 (east) at midheight
32.8 (east) at ¥ from bottc

P=-605 kN

Similar to the last cycle, the maximum out-of-platigplacement was observed at midheight.

The lateral movement continued to increase evanm #fe specimen began picking up compressive
load.However, as before, the specimen eventuafigtéo restore its straightness with increased
compression.

again. However, when the specimen was unloaded dmmpression, it experienced westward out-
plane displacements at its midheight as large@mén at almost zero load

At the point of maximum compression, all cracks blaged and the specimen was effectively plumb

f-

A=4.9A,
T| =28.0 mm
P=225 kN

2-6.5

14.9 (west) at midheight

Some tension cracks had started appearing in therygortion but their width was generally much
smaller than those in the lower half

More headjoint cracks and some horizontal crackérmiddle of masonry courses in the lower ha
of wall had started appearing.

Before being completely unloaded from the tensialfi tycle, the specimen began to move laterally
outward (with the maximum at midheight) at neaoZeads. During this time, it did not seem to pic
up any compressive load. This time, this portiothefvertical strain was slightly larger than timat
the last loading cycle

P=-54 kN

0-2.25

47.9 (east) at midheight

42.5 (east) at ¥4 from bottom towards east (with the maximum at midheight)

P=-703.8 kN

The specimen eventually began to pick up compredsad while still moving laterally outward

However, as before, the specimen eventually begesstore its straightness with increased
compression.Some relatively large vertical cratégted forming on the southern end of the specin
along the thickness and on the east face. Thisatvie® masonry course immediately below the FR
(course 9)At the point of maximum compressioncedcks had closed and the specimen was
effectively plumb again. However, when the speciwas unloaded from compression, it experien

westward out-of-plane displacements at its midhteagHarge as 10.2 mm at almost zero load

red




Loading Cycle

Range
of crack
widths (mm)

Maximum out-of-
plane displacement
(mm)

Key Observations

A=5.64,
=32.0 mm
P=124.1 kN

15-7.0

15.22 (west) at midheight

The number of horizontal cracks away from the bietchad increased

More vertical splitting cracks were forming alomg thickness on the northern and southern end.
The horizontal crack at the bedjoint immediateliohethe retrofitted portion was now 7 mm in size
on both northern and southern ends

More horizontal and vertical cracks above this bedjseemed to be leading to spalling of the
faceshell

Similar to last cycle, some reloading strain totdcp near zero load as the specimen was being
unloaded from tension. This was the beginning ¢faftplane movement.

P=-60.7 kN

0-2.5

59.23 (east)at midheight
55.5 (east) at ¥ from botic

P=-326.5 kN

The specimen continued to move laterally outwari pieked up compression and cracks began
closing at one end.

As before, the maximum out-of-plane displacemert alzserved at midheight. Though, again, with
increased compression, the specimen restoredatgtsiness. At the point of maximum compressio
all cracks had closed and the specimen was efédgtplumb again.

The reinforcement on the southern end seemed ® Unradergone local buckling as it slightly pushe
out through the broken face-shell. This happenedidieight on the eastern face.

jeN

A=6.00,
=34.0 mm
P=123 kN

3.0-9.0

14.9 (west) at midheight

The crack widths became more uniform with the eioapf the largest crack still being at the
bedjoint immediately below the retrofitted portidrhis is also where the face-shall on the easta
was beginning to spall.

More vertical cracks were developing along the Bpen thickness and on both faces. Horizontal
cracks were also appearing away from the bedjoints.

While the specimen was being unloaded from tensk@rebar on the southern end buckled out
towards east, causing severe face-shell spallittgeanasonry course immediately below the
retrofitted portion

It was evident that the grout pour had pushedebarroff-centre such that it was resting agairest th
faceshel

P=-69.3 kN

0-3.0

54.7 (east) at midheight
59.5 (east) at ¥ from bottc

P=-215.9 kN

As before, the maximum out-of-plane displacemert alzserved at midheight. Though, again, with
increased compression, the specimen restoredatgtsiness. At the point of maximum compressio
all cracks had closed and the specimen was efédgtplumb again.

In compression, the width of the vertical craclkangl specimen thickness increased.

At the point of maximum compression, which was rlisignificantly to ensure the specimen doe
not experience crushi, all cracks had closed and the specimen was effectpretyb agair

10

A=6.3),
=36.0 mm
P=121.7 kN

4.0-9.0

15 (west) at midheight

The specimen was put in tension one last time sarenthat its failure mechanism was in fact local
buckling of reinforcement and not out-of-plane afslity. As before the crack widths had become

more uniform and increased with increased tendibe.buckled rebar which was now clearly visible

straightened itself out in tension. However, assgpecimen was being unloaded from tension, it
buckled out again while the specimen was also ngpwir-of-plane. This happened at near zero log

=}

D

P=-59.8 kN

0-2.0

53.5 (east) at midheight
-61.87 (east) at ¥a from
bottom

P=-445 kN

2.5 (east) at midheight

Although the specimen moved significantly outwardiards east at midheight with increased
compression, it never became laterally unstablewiffs previous cycles, it restored its straightness
and started to resist loads in pure compressioweder this time, at a load much lower than its
crushing capacity, a large vertical crack splitshecimen over its lower half. This happened cltse
the northern end and was a result of the reduaesbesectional area after the face-shell spalliy an

crumblingof grout in the previous cycle

1d.
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4.3 Summary of Experimental Results

From the results of the experimental study, it @ppehat the level of applied tensile strain as
a function of the height and thickness is a ustholl in characterizing out-of-plane instability
as a mode of failure. Even though specimen C1 wite glender with a h/t ratio of 27, it
failed in pure crushing in the absence of precedipglication of tensile strains. In specimen
C2, horizontal cracks formed at every bedjoint whahjected to tensile strains. The size of
the cracks increased and their distribution becamoee uniform with increasing tensile
strains. Beyond the steel yield point, the specint@gan experiencing out-of-plane
displacements even at low compressive loads. Howéweher application of compressive
loads caused the rotated cracks to close at oneaetidnasonry blocks were engaged in
resisting compression. For as long as this crackuce occurred before the specimen had
moved out-of-plane an amount close to half itskigss, the engagement of masonry blocks
in resisting compression caused the specimen torréd its original straight shape. Beyond
an out-of-plane displacement equal to half the ispexc thickness, crack closure at one face
resulted in out-of-plane instability of the specimand local crushing of masonry.

A similar behaviour was observed in specimens C8,a8d C5 with the difference that
tensile cracking was limited to the lower half betspecimen through the application of
GFRP over the top half of these specimen. Thergibveas expected that the location of the
maximum out-of-plane displacement would also bdteshito the bottom quarter of these
specimen. However, this was only the case for spatiC4 and C5. In specimen C3, due to
existing cracks in the upper half of the specimedeuneath the applied layers of GFRP, the
plastic hinge was much larger than half the spegiheght. Though, it must be noted that in
specimen C5, the out-of-plane displacements medsatrenidheight were quite similar to
those measured at the lower quarter point. It ies @bserved that the lower height of the
plastic hinge required the application of largersike strains to cause out-of-plane instability
in these specimen.

It also appears that reinforcement ratio playsla iro determining whether the wall will fail
in out-of-plane instability. This is because the@gmen with the least amount of reinforcing
ratio (specimen C5 withp=0.24%) and the smallest bar size failed in loaatkting of
reinforcement as opposed to general lateral ingtabi

These observations will be taken into account iaratterizing out-of-plane instability as a
failure mode in the next chapter.
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Chapter 5: Characterization of Lateral Instability

The axially loaded uniaxial specimens tested in éxperimental portion of this study
represent the idealized end-zone of a reinforcedomg shear wall subjected to in-plane
reversed cyclic lateral loads during an earthquake. experimental results indicate that the
out-of-plane instability of such shear walls is medictable mechanism. Therefore, as a
starting point, an effort has been made to chanaetghe instability of axially loaded
reinforced masonry columns discussed in the prevatiapter, bearing in mind that the strain
gradient expected across the section of a reallvealinot been taken into account. For ease
of description, the specimens will simply be rederto as columns in this chapter.

5.1 The General Behaviour of Reinforced Masonry ColumnsSubjected to Cyclic
Axial Tension and Compression Loading

As is evident from the results of the experimestally, all specimens subjected to reversed
cyclic axial tension and compression loading, feltd a general pattern of behaviour. A

similar behaviour pattern was previously observgdCihai and Elayer (1999), and before

that by Paulay and Priestley (1993), in reinforcedcrete columns and walls respectively,

subjected to cycles of axial tension and compresdio a similar approach to that used by
Chai and Elayer (1999), the plot of the axial foveesus nominal axial strain, as shown in

Figure 5-1 is used to describe the basic behawbtine columns tested for this study. For

purposes of comparison, efforts were made to usesdime notation and the same labeling
system for pertinent points, as that used by tlweainentioned authors.

The nominal axial strain is the average strain @ltre height of the column over which

tensile cracking is possible. This height for spem C2 corresponds to the whole height of
the column (3800 mm). Although it was intended timatspecimens C3 through C5 this

height would correspond to the un-stiffened halftleé column, from the results of the

experimental study, it is evident that some craglkaso took place in that portion of the

column that was retrofitted with GFRP. Thereforéthvthe knowledge that the reinforcing

steel yielded at 0.26% of tensile strain, (see f@@+14) an effective plastic hinge length is
determined from the column deformation that resuite tensile yielding. Note that even

though strain gauges were not used to measurextet point at which yielding occurred,

this point was easily identifiable from the platdatmed on the real-time plot of axial load

versus axial deformation displayed on the data iatopn system during testing. For

simplicity, this height is referred to as the plasinge height hereafter.

The normalized out-of-plane displacement is theimarm measured lateral displacement of
the column divided by its thickness. It must beedothat tension is taken as positive force
throughout this document. It must also be noted #wmis the case for most masonry
structures, the figures shown here and the subsédiszussion are based on the assumption
that there is one layer of reinforcement in theugwoil. This is a distinct and important
difference between this study and that describe@hmi and Elayer (1999).

As seen in the previous chapter, the loading podtéar specimens C2 to C5 consisted of
incrementally increasing cycles of tension followsdcycles of compression that loaded the
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specimen up to a fraction of its compressive stteagjwhich point all cracks closed and the
specimen restored its straightness. As such, thergebehaviour of the column can be
described as a series of events, identified onrEigtl, as points throughh.

A Large, uniformly distributed
horizontal cracks along the
plastic hinge height

Tensile yielding of

reinforcement

--Oooogon—-

Onset of out-of-plane
(] displacements at

o Axial Force, (Tension Positive)

Qut-of_—plant_e ) small compression
instability without T2 |0ads
closure of cracks %

—

L] Axial Strain
All cracks % .
closed, and O Due' to residual
specimen % strains, cracks
]

restores its Onset of remain open after

crack closure

straightness in ?‘ unloading
pure
compression
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Figure 5-1  Axial reversed cyclic response of a refarced masonry column with point
(e) only occurring during the loading cycle correspnding to lateral instability

The column is loaded in tension through the pa#ll, and after passing through poemt
which corresponds to the tensile yielding of it;i@cement, begins to experience plastic
tensile strains and a degree of strain hardenintg tire end of the tension half cycle
indicated by pointa’. At this point, large, uniformly distributed hooiatal cracks have
appeared over the plastic hinge height. Also, sitheehypothetical column discussed here is
assumed to be ideal, the out-of-plane displacensumsto straightening of the misaligned
reinforcing bars inside the column are consideredligible. However, in reality, as was
discussed in Section 3.4.1.5, severe misalignmergioforcement may lead to de-bonding
of rebar from grout in tension cycles and increiagepossibility of failure by local buckling
of reinforcement.

Upon unloading from the large tensile peak (paitthe reinforcing bars will recover some
of their elastic strain, as expected, resultingetiuced size of the open cracks at the bedjoints
(pointb). It is assumed that contraction of masonry amditgduring this phase is negligible.

Upon reloading in compression, the size of crackdwather reduced as the column is loaded
through the pathb-c. During this phase, the reinforcing bars will hate carry all
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compression across the cracks. Since there is andyngle layer of reinforcement and
grouted units will only provide additional bendistjffness between cracks, at very low
compressive loads reinforcing bars, and hence miieeewall, will begin to move out of
plane (i.e. buckle) over the full length of the gtie hinge. This out-of-plane displacement
essentially causes the rotation of the horizontatls during a downward movement as
shown in Figure 5-2.
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Figure 5-2  Vertical forces across the wall thicknes

With added compression, along the petti the entire column will follow the out-of-plane
deformed shape of the reinforcing bars until opextks begin to close at one end as shown
in Figure 5-2. This is because the transverseiootatcross the open cracks increases. If the
size of the open cracks are sufficiently small,taonhwill be achieved at one end of the
rotated crack (as shown in Figure 5-2). Compres$mwoes will develop at the point of
contact, as shown in Figure 5-2, creating a resgomoment which leads to further closure
of cracks as indicated by patkh.
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As can be seen, both concrete and steel are engagedisting the applied compression
force or:

C=Cp+ Cs 5-1
Taking moments about the centre-point along theraolthickness gives:
Cn(yt) = C6 where & =¢&t 5-2

With increasing out-of-plane displacemenis,the location of the total compression force
gets closer and closer to the location of the tastiimasonry compression force developed
along the edge. At the extreme case whéje= C, the leaver arm for the masonry stress
block approaches half the column thicknesg er ¢ = 0.5. Therefore, from Figure 5-2, it is
evident that the column will become unstable if the-of-plane displacemend, exceeds
half the thickness of the column (i.e.&f= 0.5). This out-of-plane displacement causing
instability will be referred to as critical dispEment hereafter.

Note that this critical displacement is relatedhe location of the reinforcement along the
thickness of the wall. For example, if the reinfogcbars are placed exactly centered over
the column width, then this critical out-of-plansmlacement will be half the thickness of the
column.

If the masonry compression forces develop at orge ed the crack prior to the point at
which out-of-plane displacements exceed critidad $pecimen will continue to restore its
straightness with increased compression, leading coonpression yielding of the

reinforcement (poing). At the end of the compression half cycle, allaks are closed and

the masonry cross-section is fully engaged in tiegicompression forces. This is indicated
by pointh.

If out-of-plane displacements are larger than aragtp critical prior to closure of cracks, the

column will continue to move laterally, even afteacks start to close at one corner, until the
compressive stress on that corner exceeds the esmipe strength of masonry and the
column crushes locally. This is represented by tpgiim Figure 5-1, and corresponds to the
ultimate limit state where crushing of the concr@teurs under the combined axial force and
the PA moment.

However, if the cracks are too large at parguch that under increased compressive loads
no contact at one edge of the crack is achieveld auit-of-plane movement of the wall, the
wall will become unstable as indicated by pdint

It must be noted that although there are substasitiailarities between the hysteretic of
response of reinforced masonry specimens testeddmel the reinforced concrete specimens
tested by Chai and Elayer (1999), there is one rtapb difference and that is the level of
load at which the plateau between poiatandd occurs. Chai and Elayer argue that for
reinforced concrete with two layers of reinforcemesuch a plateau is linked to the
compression yielding of steel reinforcement. Howegas mentioned previously, in the case
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of the reinforced masonry specimens tested hegepliteau occurs at very low compressive
loads (near-zero) which clearly rules out reinfone@t compression yielding. Instead, this is
attributed to the global out-of-plane displacemeithe column which occurs because the
reinforcement bars, being the only components exdjag resisting compression forces at
point b, begin elastic buckling over the entire lengthhed plastic hinge at low compression
loads. Refer to Figure 5-3 for a chart of critibakkling load vs. Unsupported height for the
different reinforcement schemes present in theispats tested.
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Figure 5-3  Elastic buckling load of rebar for the dfferent reinforcement schemes

From the above Figure, it is confirmed that for wpported heights larger than 1500 mm,
which was the case for all specimens, the reinfoesrg will start to buckle at very low loads

(close to zero). This is consistent with the expental results presented in the previous
chapter.

For purposes of characterizing the out-of-planetalnity of reinforced masonry
columns/walls, the maximum tensile strain, afteriavhthe column will be vulnerable to
lateral instability can be determined in terms ofumn physical parameters such as its
thickness, height, its boundary conditions andltication of reinforcement along its width.
In other words, the goal is to determine the maxmtansile strain corresponding to poant
which will lead to the column moving to poihin compression. This tensile strain leading to
wall instability, which we will calksy, can then be compared to the tensile strain desnamd
a wall based on ductility demands anticipated fiBCC (2010) seismic design forces.

5.2 Strain-Based Design Criteria

The inelastic tensile strain demand in the end zdreereinforced masonry wally, implied
by 2010 NBCC can be determined based on the rebdivetility level, expressed as the
product of the ductility and overstrength factd®gand R in NBCC. Comparing this strain
demand with the maximum tensile straggy, which will lead to out-of-plane instability can
lead to the development of a design criteria devid
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€d < Esm

This would be similar to the ductility check forimforced concrete shear walls as per CSA
A23.3 Cl. 21.6, except that the concrete code pie=t a rotation check.

The inelastic strain demand,y, can be determined based on the lateral displatsme
corresponding to the design loads and an assunastigphinge length. In general ternag,
can be estimated based on the given wall propeatidgshe expected/desired ductility levels.

In the remainder of this Chapter, Section 5.3.1llags an approach to estimatisgy,
according to the mechanism described in section Wwiile Section 5.4 discusses the
approach to determiningy based on reinforced masonry wall properties ardréguired
ductility level.

5.3 Characterizing Out-of-plane Instability of Reinforced Masonry Columns

As discussed previously, after a cycle of largakansion, the axial force-strain response of
an idealized reinforced masonry column will eitf@low pathc-d-eor c-f, in compression,
as shown in Figure 5-1a. What happens in the casafme half cycle largely depends on the
magnitude of the preceding tensile strains impasethe section. Therefore, tensile strains
endured by the end-zone of a reinforced masonrarshall in an earthquake event are
believed to govern the wall lateral stability. Inist section, an effort has been made to
estimate the magnitude of the maximum tensilerstfzat would lead to lateral instability of
reinforced masonry columns representing the shalirernd zone.

To avoid lateral instability of reinforced masonmalls, the magnitude of the maximum
tensile strain must be such that, in the subsequempressive cycle, the horizontal cracks
formed along the height of the plastic hinge in thal end zone can close before the
maximum out-of-plane displacements, caused by ®6ptame movement of the
reinforcement, have become critical. This will alldhe section to restore its original
straightness and develop its full crushing capadiy discussed in Section 5.1, it can be
assumed that the critical out-of-plane displaceneetual to half the wall thickness, unless
the reinforcing bars are placed off-center.

Beyond this tensile strain limit, the end zone loé wvall will experience excessive out-of-
plane displacements caused by bar buckling ovefultheight of the plastic hinge and will
either

a) become unstable as a result of continued latesglattement without crack closure
(pathc-f in Figure 5-1a) or

b) crush at the corner of closed cracks due to thebowed effects of the applied axial
compressive load and its associatefl €fect, prior to reaching the full compressive
strength of its cross section (patil-ein Figure 5-1a).

In order to estimateg, we will focus our attention on scenario (a).
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5.3.1 Determining Maximum Tensile Strain which Leads to lateral Instability, &sm

In an approach similar to that employed by Chai Btaer (1999), the maximum tensile
strain was written in terms of its constituentsadang to Figure 5-4.
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Figure 5-4  The maximum tensile strain in terms ofts constituents
The maximum tensile straias,, can be expressed as a sum of

1) elastic recovery strairge, indicated in Figure 5-4 as the distance betwegntpa'
andb.

2) reloading straing,, which corresponds to the downward vertical disphaent of the
column associated with out-of-plane displacementoangitudinal bars under small
axial compressive loads up to the onset of cragg&urk, indicated in Figure 5-4 as the
horizontal distance between poibtandd.

3) residual axial strain at the onset of crack cloghet remains throughout the plastic
hinge height in the form of open but rotated craeks represented in Figure 5-4 as
the horizontal distance between padrdnd the vertical axis

or

Esm =€ T & + & 5-3

115



The first term corresponds to the elastic recoyacess. For an elastic-perfectly plastic
tensile response, would be equal to the yield strain. However, gitkat there may exist
some strain hardening, the valuesgfmay be larger than yield strain. Assuming that the
contraction in masonry is negligible during unloagie. can be expressed as proportional to
the yield strain of reinforcing steel as follows:

€e = M€y 5-4
wheren; > 1.0.

The reloading strairg,, is the strain needed, in addition to the elasttovery strain, to cause
critical out-of-plane displacements. Note that ttisin is essentially a portion of the total
tensile strain. However, in compression it is agged with the downward displacement of
the column as its reinforcing bars buckle out-afrg, leading to the rotation of the open
horizontal cracks until the point of first crackosure. As discussed previously, when the
column is unloaded from its tensile excursion, ehstill remain large cracks at bed joints
along the specimen height. Therefore, any appliedl acompression must be entirely
resisted by the reinforcing bars. Since these &&end the whole height of the plastic hinge
of the column and have relatively small cross seeti area and moment of inertia, they
almost immediately begin to move laterally outwdr@. buckling over the full length
occurs). It is assumed that this continues ungildhset of crack closure due to rotation of the
section. Based on this mechanism, the reloadirinstran be approximated based on an
idealized buckled shape.

Assuming fixed-fixed boundary conditions and igngrithe fact that the reinforcing bars
more or less remain straight through the heigtihefblocks in which they are encaletie
deformed shape can be determined by solving thendeorder differential equation
corresponding to the curvature of the column alissmbeight,p, as follows

d’y M Cy 5.5

-4
=4z T EI T E

Where,M is the applied momenE is the material modulus of elasticityjs the moment of
inertia of the cross section along the weak aRiss the applied compressive load ands
the varying out-of-plane displacement. The te@y corresponds tdP-4 effects. For
simplicity, equatiors-5 will be solved for two separate boundary condgigmesent during
the experimental study as follow:

! This assumption is justifiable since at largeisgastrain penetration into grout will lead to
bond failures within the grouted blocks and horiabrracks may form along the height of
individual masonry courses as well as at bedjoints.

116



4.4934x 4.4934x
y(x) =6 [sin( X ) — 4.4934 cos( x )

a) 4.4934x 5-6

+4.4934 — (— )]

h
X
é 21X
b =-(1- 5-7
> 00-4s-en ()

C
Figure 5-5  The assumed deformed shape of the walie&tzone under pinned-fixed
and fixed-fixed boundary conditions

Based on the assumption that the buckled shaple,itsimaximum amplitude equal to half
the column thickness (corresponding to the onseraxtk closure), the reloading strain can
be determined by calculating the vertical displagetr(h-h’) due to the assumed buckled
shape. This is done by determining the change ighhef the column from the point the
elastic recovery is complete (poimin Figure 5-1) and the point where cracks begioldése
(pointd in Figure 5-1). Assuming that the deformed shapetermined by equati@n7, this
height change can be written as follows:

sh=h-t=[ 1+ @y ax—w=[" 1+(5n '<2ﬂx))2d i >8
= _J; (dx) x —fo - Sin {7 X

Note that, since the total height of the deformleapge was assumed to be equal to h' at the
time when the equation of the deformed shape wig lokeveloped, the arclength calculated
based on the deformed shape is naturally larger thaand is assumed to correspond to
h(1+&nr&). Furthermore, the term in the integral in equabe® can be written more simply
as the first two terms of its Taylor series as:
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flx) = \/1 + [(Z—T,T.sin <Zhi,x>]2 =1 +%[i—7,r.sin <2hL,x>]2 5-9

Substituting equation 5-9 into equation 5-8 gives

118w 21mx\1° 2.5 82
Ah=| 1+=|—.sin(==)| dx—n' = 5-10
fo 2w Sm( n )] * X

Therefore, the reloading strain which is the vailtistrain required to cause the unloaded
column to move out-of-plane an amount equal to ¢hical out-of-plane displacement
(leading to the closure of cracks at one edge)beanritten as

Ah 2.5 62
& =57 = 5-11
Assuming that the difference betwdemandh' is small, the reloading strain can be rewritten
in terms of the critical lateral displacement as

2

Ah t
& = T = 125€m (ﬁ) 5-12

where, as discussed in Section .1, is the normalized out-of-plane displacement legdi
to lateral instability, and is related to the lacat of the reinforcement along the wall
thickness. For example, if the reinforcement isciyacentered along the of the wall width,
thené,, = 0.5.

It must be emphasized that the reloading straircimated as above is based on the
idealization that the reinforcing bars, which aoesidered to be homogeneous material, will
have a smooth deformed shape whose curvature ®lbbwinusoidal distribution with the
maximum at midheight. As mentioned previously,&ality this is not the case, since the bars
will be more straight along the height of each nrmaga@ourse. Also, it is assumed that at the
time when the out-of-plane displacements have eghdtalf the thickness of the wall, the
cracks have just begun to close.

With the above assumption, the remainder of thetiglastrain may be approximated from
what residual strain still remains at the rotatedljbints. Two different approaches were
employed to do this as follows:
1. Estimating residual strains based on an assumedibiebtation distribution
2. Estimating residual strains based on an assumedtaue distribution with maximum
at midheight

These two approaches are discussed in Sectiordslbahd 5.3.1.2 respectively.
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5.3.1.1 Estimating residual strains based on an assumed bt rotation
distribution

In a reinforced masonry wall, the residual stramtsthe onset of crack closure are
concentrated mostly at the bedjoints. This is #ecsince even though horizontal cracks do
form away from bedjoints at high tensile straitgyt are relatively few in number and thin
compared to those that form at bedjoints.

Under low compressive loads, the reinforcing bbegin to experience out-of-plane
displacements which cause the rotation of operksras shown in Figure 5-6a. This process
eventually results in the overall buckled shapehaf column which is dependent on the
boundary conditions (see Figure 5-5). A downwardie@ displacement takes place during
this phase to allow for the rotation of the craeksl formation of the buckled shape. This
downward vertical displacement was presented inptiegious section as being associated
with the reloading strairg;. At the end of this downward displacement, thenopecks at
bedjoints have experienced a vertical rotation lesmve in Figure 5-6a. Therefore, if the
distribution of these bedjoint cracks can be edeahathe total residual strain corresponding
to the critical out-of-plane displacement can beedrined based on geometry of the rotated
bedjoint cracks.

From Figure 5-6b it can be seen that the relatiteral displacement of each masonry course,
§;, can be written as

61' = [91 + 61’—1 + Gi_z + -+ eo]Hb 5'13

whereHy, is the height of one masonry block afdis the angle of rotation of the bedjoint
that precedes the point at which lateral displace#nsebeing considered.
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Figure 5-6  Rotation of bedjoints related to residubplastic strains

The sum of these relative lateral displacements bak the panel's plastic hinge height will
give the maximum lateral displacement as follows:

G ()

Omax = 6; = Oty = (6,460, + 63+ -+ 0,)H,
i=1 i=1

5-14

where the tern@) /H, corresponds to the number of bedjoints from thigobo of the plastic
hinge zone to the mid-height, where maximum ouplafie deflection occurs.

Assuming that the bedjoint rotations vary linealgng the height of the plastic hinge, and
that the rotations at the boundaries are propat®to the maximum rotation at midheight
by a constant (i.e. 8, = 6,5 = « 6,,4,), gives the following relationship for bedjoint ratat
distribution:

26
6= @ Opax + — = (1= H,(( 1) for 1<is< (—) /H, 5-15
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wherei corresponds to the number of bedjoints from thigobo of the plastic hinge length.

Recognizing that the rotations in equation 5-14ratated to each other through equation
5-15, the expression for maximum lateral displacemdénm@height can be rewritten as

follows:

h 26 1/h h ]
Smax = 2, 6;H, = <ﬁ) Hp@ Opmay +%(1 - a)HbZE (ﬁ) (( )— 1) 5-16
i=

From the above it can be seen that

(

NS

)/Hb

(N 20max o g LR (R 5-17
9"‘(211)0{9"‘“"+ p (AT @Hy <2Hb) ((ZHb) 1)

On the other hand, the height of the rotated cractlse location of reinforcing bar along the
wall thickness is related to the residual straiat ttemains in that bedjoint. This discrete
vertical deformation, shown in Figure 5-6¢, canviséten in terms of the crack rotations as
follows:

i=1

h h
(2)/H (n)/Hp (2)/H

AR = Z Sh = Z 0, .t =2 2 0, &, t 5-18
i=1 i=1 i=1

Substituting equatioB-17into 5-18 gives

s =26t | or-) o+ - (1) ()1 519

Finally, assuming thaf,,,, = % is the critical out-of-plane displacement at whikbk plastic

hinge zone becomes laterally unstable, and alsdidiyAh by the height of the plastic hinge
to get strainsg*, can be written as

e =2kt (1) o+ 220, () () -1 )| 520

whereé,,, = 0.5. Note that with this approach, it is necessargdtermine the discrete sum
of all the bedjoint rotations up to the point of xilmum deflection. To do this, the
distribution of bedjoint rotations along the heighiist be known.

Unfortunately, during the experimental portion letstudy, crack rotations and in particular
the maximum crack rotations were not measured.specimens C3, C4, and C5, linear
potentiometers were installed on either side ofirgls bedjoint, from which insight is

provided into the nature of crack rotations. In cpmen C3, this instrumentation was
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installed at the lower quarter point, while the maxm rotation seemed to occur closer to
midheight of specimen. In specimens C4 and C5, itissrumentation was installed at
midheight while the maximum rotation occurred close the lower quarter point of the
specimen.

Figure 5-8, Figure 5-9, Figure 5-10, and Figurel5al the end of the next section illustrate
the assumed distribution of crack rotation and toeresponding deformed shape for
specimens C2, C3, C4 and C5 respectively.

In the abovementioned figures, the plot to the iefthe plot of crack rotation distribution
over the plastic hinge height of the specimen. &s lbe seen, for specimen C2, this height
corresponds to the full height of the specimen avfokr the remainder of the specimens, the
plastic hinge is assumed to be concentrated oeelother half. To obtain the plots of crack
rotation distribution, the magnitude of the maximuwatation and the factoe had to be
assumed. It was also assumed that the maximum oogation occurred at the midheight of
the specimen plastic hinge.

The black squares on the plots on the right sideach figure represents the actual measured
lateral displacements. As can be seen from théneutlf the measured lateral displacements
represented by the black squares, in specimensC&3nd C5, there was a considerable
amount of rigid body rotation over the top halftbése specimens. Therefore, the magnitude
of the maximum crack rotation and the factowere assumed such that they produced the
maximum lateral displacements measured during tkperament minus the lateral
displacements caused by the rigid body rotation thestop half of specimen.

The plot on the right side of each figure also shdie buckled shape of each specimen
according to various possible models. Namely, e represented by the solid blue line
corresponds to the buckled shape as determineddatgoto the linearly varying crack
rotations shown on the plot to the left. The vasionodels represented on this figure will be
discussed in more detail at the end of the nexiaec

Given the linearly varying crack rotations showntba plots of Figure 5-8 through Figure
5-11, residual plastic strains}, were calculated according to EquatiérR0 for the
normalized lateral displacements listed in Tabte Bor the same lateral displacements, the
elastic recovery strain and the reloading strairevedso calculated according to 5-4 and 5-12
respectively. The calculated magnitude of eachheée strain components as well as their
calculated sum are listed in Table 5-1 under thadimg Calculated The lateral
displacements listed correspond to the last cyalénd testing of each of the specimens.
From the test data during that cycle, the saméenstamponents were approximated from the
average measured axial deformations and are atedl lin Table 5-1.

The elastic recovery straig, was determined as the total displacement betweepdint of
maximum tensile deformation and the point of zeaxl after unloading from the tension half
cycle divided by the height of the plastic hingdeTreloading strain was determined as the
total deformation between the point where the casgion half cycle began and the point at
which compressive loads started to develop morélsaphan the lateral displacements

122



divided by the height of the plastic hinge. Thotigis approach is taken since theoretically it
corresponds to the distance between pom@ndd on the plot of axial load vs. Axial
deformation in Figure 5-1, it still is an approxitia@. Note also that the model proposed to
in Section 5.3.1 is highly idealistic and assuntest tat pointd, all cracks simultaneously
begin to close at one end and that this point sporeds to the point where the critical lateral
displacement has already occurred. In reality ihisot exactly what happens and not all
cracks close at once and therefore the criticatddisplacement occurs slightly beyond the
plateau between pointsandd. The residual plastic strain was then taken as¢mainder
of the applied tensile strain during the same logdiycle.

Table 5-1 Comparison between experimental total tesile strain leading to lateral
instability and calculated maximum tensile strain kased on crack rotations

ho | ém Experimente Calculate:
Specimen 5
P (mm) | = n;ax & & €% & iemey & il &
c2 3800 0.44 0.30% 0.109 0.39] 0.79% | 0.31% | 0.08%| 0.41% 0.80%

C3 3462 0.46 0.319 0.089 0.40] 0.80% | 0.31% | 0.10%| 0.93%| 1.34%

0
0

C4 2385 0.40 0.39% 0.18% 1.13] 1.69% | 0.31% | 0.17%| 0.99% 1.47%
0

C5 2192 0.42 0.32% 0.099 1.05] 1.46% | 0.31% | 0.22%| 0.99% 1.52%

Table 5-1 indicates that the elastic recovery s#;age, calculated according to Equation 5-4

are a relatively good match for the elastic recpwrains measured during the experiment.
The biggest discrepancy between the experimerdatielrecovery strains and that calculated
is the 21% difference for specimen C4. The caledlateloading strain also matches the
experimental reloading strains for specimens C@uidjin C4 but reveals a 144% discrepancy
for specimen C5. The biggest difference betweencHieulated and experimental residual

plastic strains exists for specimen C3. These @jEoicies for specimens C3 through C5 are
in part attributed to the extra complexity introddcin the behaviour of these specimens
through the application of GFRP over their top haHis is specially the case for specimen

C3 which was retrofitted with GFRP applied oversgixig open cracks.

However, in the case of specimen C2 whose behavias least influenced by external
factors, all three calculated strain componentsnseeproduce a close match to the strains
measured during the experiment. This suggeststiigatnodel proposed in Section 5.3.1,
though idealistic, is applicable to the predictadrmaximum tensile strains leading to out-of-
plane instability in the end zone of RM shear wallewever, the disadvantage of estimating
the residual plastic strains through the applicatba discrete sum as presented here is that
information about the size and number of blocksva§ as specific information about the
distribution of crack rotations (i.e. maximum craackation, etc.) must be available to the
designer. Since this information is not usuallyiade, another approach which relies on an
assumed curvature distribution to estimate resiglegdtic strains is proposed in the next
section.
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5.3.1.2 Estimating residual strains based on an assumed cumture distribution

With this approach, it is assumed that the totaldual plastic strain that remain in the
buckled shape of the specimen in the form of opacks can be estimated based on the
maximum transverse curvature, in the reinforcing steel, occurring at midheiglfttioe
plastic hinge as follows:

€' = 0.5t Ppax 5-21

Note that the above equation is valid based oragisemption that horizontal cracks through
the specimen plastic hinge height are equal. Geeumal height of blocks, the total strain
over the plastic hinge height is therefore equath strain at the location of maximum
curvature at midheight. There are several diffeggroaches in estimating the maximum
curvature based on the assumption of the buckledestFor example, if the deformed shape
is assumed to be circular, then curvature is tisted uniformly. With the assumption of the

deformed shape ag(x) =%[1 — cos (2%)] radius of curvature at midheight can be
determined as

2 27X 2 2 3/2
d 2 3/2 h2 1 5max Sin (T)
1+ (7 h?
dx 1 ( h?2 )
R p=t——"1 | = =— 5-22
_h a2 2mx 2n2 \ 6.
xz & ) 2 6max o5 () w2 e
x=2
Lo
2
Rearranging the above equation gives
_ g2 (Omax 5-23
Pmax = 4T T

where maximum out-of-plane displacement leadinghstability, dmax, Can be written as a
proportion of the wall thickness, depending on liheation of reinforcing bars along wall
width, or 6,4, = &nt. Substituting equation 5-23 into equati®al gives

mwt\?
- <7> 5-24

The residual plastic strain using the above approaas been calculated for different
curvature distribution models as listed in Tabl@,5«~here coefficient &/ refers to the

constant multiplied by the ter 62‘;"6) to give @,ax-
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Table 5-2

Residual plastic strain based on differdrcurvature models

Curvature Distribution
Uniform Linear w Qpnay at h/2 Sinusoidal Based on deformed shape
h/2 h/2
h/6 1me 1/2m
h h h - h

Boundary condition |pin-pin pin-pin pin-pin fixed-fixed
c= 0.13 0.08 0.10 0.05
Specimen C2 3 c4 c5 C2 3 C4 C5 C2 c3 c4 c5 C2 c3 C4 c5
Em= 0.435 0.459 0.404 0422 0.435 0.459 0.404 0.422 0.435 0.459 0.404 0422 0.435 0.459 0.404 0422
5max= 60.9 64.26 56.56 59.08 60.9 64.26 56.56 59.08 60.9 64.26 56.56 59.08 60.9 64.26 56.56 59.08
h= 3800 3462 2385 2192 3800 3462 2385 2192 3800 3462 2385 2192 3800 3462 2385 2192
0.8*h= 3040 2769 1908 1754 3040 2769 1908 1754 3040 2769 1908 1754
€ *p= 037% 047%  0.87% 1.08% 0.55% 0.70% 131% | 1.61% 046% | 058% | 1.07% | 1.33% 058% 074% 137% 1.70%
€ *p experimental™ 0.39% 0.40% 1.13% 1.05% 0.39% 0.40% 1.13% 1.05% 039%  040% 1.13% 1.05% 039% 040% 113%  1.05%
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Note that in Table 5-2, the effective height ovdrich the curvature was integrated was
taken as 80% of the plastic hinge length to accéamboundary conditions. From Table 5-2,
it appears that using a circular curvature distrdyy integrated over half of the effective
height gives more consistent results £0f with experimental values. However, it must be
noted that the circular curvature distribution ist rtonsistent with the assumption of a
siusoidal buckled shape. Though, it must also hechthat a circular curvature distribution
was used by Paulay and Priestley (1993) in thdortsf to characterize the instability
phenomena in reinforced concrete and reinforcedmgshear walls.

Equation 5-25 relates residual plastic strain basedhe circular distribution of curvature
along the plastic hinge height.

t 2
£, =4%&n (E) 5-25
Therefore, as a preliminary approach, the abovetesu will be used to predict residual
plastic strains. Substituting equations 5-4, 5&ft] 5-25 into back into equatiérs gives an
estimate of the maximum tensile strag, as follows:

£\2
&m = 5.25&, (ﬁ) + 118, 5-26

where, n; is related to the amount of strain hardening. Baeadthe results of the
experimental studyy; is assumed to be equal to 1.2.

Table 5-3 Comparison between experimental total tesile strain leading to lateral
instability and calculated maximum tensile strain lased on linear curvature
distribution

Experimental Calculated
Specimen h | ém £
(mm) | = 8paxt & & &y & =en1sy & £ Em
Cc2 3800 0.44 0.30% 0.10% 0.39 0.79% | 0.31% | 0.08%| 0.37% 0.76%
C3 3462 0.46 0.31% 0.08% 0.400 0.80% | 0.31% 0.10% 0.47%| 0.88%
C4 2385 0.40 0.39% 0.18% 1.13 1.69% | 0.31% | 0.17%| 0.87% 1.35%
C5 2192 0.42 0.32% 0.09% 1.05 1.46% | 0.31% 0.22% 1.08% 1.61%

Note that the only difference between Table 5-1 &alle 5-2 is in the calculated residual
plastic strains and consequently the calculated efirthe strain components giving the
maximum tensile strain leading to instability. Retie Section 5.3.1.1 for details on how the
experimental strain components were determined. édew note that there is some error
associated with the experimental strain componbstisd above as they were interpreted
from experimental data. It must also be kept indrtimat the approaches employed here in
estimation of ¢, and ¢, are highly idealistic since not all cracks begilosig
simultaneously. Moreovers®, is determined based on the assumption that there i
continuous distribution of curvature over the efife height of the plastic hinge despite the
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fact that due to the nature of masonry constructioere are discrete rotations at bedjoints as
opposed to a continuous curvature.

However, for the purposes of estimating tensilaistievels leading to lateral instability, and
in the absence of more test data, this is deemedppropriate preliminary step. Further
experimental studies on reinforced masonry coluamts particularly on reinforced masonry
walls are required to improve the accuracy of prialy the limiting tensile strain levels

So far in Sections 5.3.1.1 and 5.3.1.2, two difier@pproaches to estimating the residual
plastic strains were introduced. Together with e¢hastic recovery strain and the reloading
strain, the estimate of the residual plastic stkaiih help predict a maximum tensile strain
beyond which the column specimen becomes suscetitfhilure in out-of-plane instability.

The plots of Figure 5-8 through Figure 5-11 illasér the buckled shape of specimens C2
through C5 obtained based on the discrete sum dfoiné¢ rotations compared with
experimental data as well as the buckled shaperdieied based on the sinusoidal mode
shapes introduced in Section 5.3.1. As was merdianéhe previous section, the plot on the
left side of each Figure represents the assumedbdison of crack rotations. The square
black markers on the plot to the right indicate lditeral displacements measured during the
experiment.

Also, note that as mentioned previously the hegglthe plastic hinge for each specimen was
determined according to the point at which thefogogement yielding was observed. Figure
5-7 illustrates the impact that the assumed leafithe plastic hinge (as a proportion of the
specimen height) has on the predicted valuegf
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Figure 5-7  Variation of the residual plastic strainvs. assumed length of plastic hinge
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From these plots, it can be seen that the deforshege predicted by the sinusoidal mode
shape y(x) = ‘S";ﬂ[l — cos (2%)] with 8., €qual to the actual maximum lateral

displacement recorded at the midheight of the igldshge zone, gives reasonable results
when compared with experimentally measured latdigplacements. For specimens C3
through C5, this is the case if the rigid body tiota of the retrofitted portion of the panel is

taken into account.

For specimen C3, the mode shape of a pinned-fis&dr under axial loads also produces
reasonable results. This is because the uppeofitetd portion of this specimen was still
somewhat flexible due to existing cracks underneghin GFRP. Moreover, since the
reinforcement was re-welded to the top, the andefrfar the GFRP at the top had to be
removed which further allowed rotation at the top.

However, the most obvious comparison between tdéssrent approaches to predict the
deformed shape is for specimen C2. This reveals dlthough most of the horizontal
cracking occurs at the bedjoints between masoruyses, the final deformed shape is better
approximated with a sinusoidal smooth function.

5.4 Determining the Inelastic Strain Demand gy

For design purposes, the inelastic tensile stramahd can be compared against the
estimated maximum tensile strains leading to oytlahe instability. Codes and standards
typically indirectly specify displacement ductilitgemands for design of structures.
However, to estimate inelastic tensile strain demsancurvature ductility factors
corresponding to specified ductility demands mestélculated.

For a cantilever wall subjected to lateral loads, total displacement demand can be written
in terms of the sum of the elastic and inelastierkd displacements as shown in Figure 5-12.
Assuming a linearly increasing strain along thepleme length of the wall, the elastic
deformation can be expressed in terms of the yeldvature as shown in Figure 5-12a.
Similarly, assuming a uniform strain distributioitea formation of plastic hinge, the inelastic
deformation can be expressed in terms of the plastivature.

Rearranging the expressions for lateral deformatiaderms of curvature gives

+ 2h? A 2h?
_Pu_Py TP <P> (-1 +1 5-27

Po =—= = Ll+1=—7"-"—

oy 9y 3lp(2h-1,)\4, 31p(2h — L,)
where }, is the length of plastic hinge and can be writiera proportion of the total height of
the wall. (Anderson and Brzev, 2009) In the above expresgip is the curvature ductility,
@y, is the ultimate curvature whilg, andg,, are elastic and inelastic curvatures respectively.

! In another recent study on the in-plane behavadurinforced masonry walls, efforts were made efate
plastic hinge length to the wall length, howevaéis tstudy concluded that plastic hinge length sthawdt only
be related to wall dimensions that further investiign be conducted (Shedid, et al., 2010)
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Figure 5-12 Displacement demand in a cantilever wiadubjected to lateral loads

The yield curvature for a cantilever wall secti@m e written as

@, = ‘ssy;rﬁ 5-28
w

Wheree,, and ¢, are elastic strain of steel and masonry respégtivéhile [, is the in-
plane length of wall, as shown in Figure 5-13. Nibtat in Figure 5-13, it is assumed that
both masonry and steel yield at the same time ifmplgcity as is done for reinforced
concrete according to CSA A23.3-04, Clause. 2136.7.
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Figure 5-13 Strain profile across the length of alsear wall subjected to overturning
moment

b. ultimate curvature
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Therefore, the ultimate curvature becomes

2h? Egyt+Em
] (up — 1) + 1] (u) 5-29

Oy = .Uq;(ﬂy = I—3lp(2h — lp lw

The maximum tensile strain imposed on a wall wité specified curvature ductility, based
on Figure 5-13b, can then be determined as follows

Sid 2h? (esy + smy>
= = - 1)+1||{———— 5-30
=T, —c I3zp(2h e ] L

Solving equatiors-30for the inelastic tensile demand gives

2h? l, —c
gig = [— — 1)+ 1 (& + smy)(wl—) 5-31
w

3L, (2h— 1) 1

wheree,, = 0.0026, &, = 0.001. Assuming that = 0.15/,, (lower-bound prescribed by the
CSA S304.1-04, as per code clause 10.16.5.2.3 ddenately ductile walls), gives

2

&4 = 0.85 [ )(,uA -1+ 1] (esy + smy) 5-32
P

3L,(2h—1

5.5 Minimum Wall Thickness
For purposes of design, it can be said that tlanstimit state must be satisfied as follows
Eid < Esm 5-33

Therefore, equations 5-26 and 5-32 can be comhimgive

t> |l0.85 2h* (Rg—1) + 1| (esy + &my) n 5-34
= 7 Br—1) Fsy T Emy) Ty |5 625

where it is assumed thdt, = 0.5 and uy, = R;. According to the above equation, a
moderately ductile ()&2.0) squat wall of height, h, equal to 3800 mm anplastic hinge
length, },, equal to 1/6 of its height, (Anderson and Br2809) (J ¢;; = 0.97%) must have

a minimum thickness of about 190 nirfthis is equivalent to a h/t ratio of 20. Reducihg
plastic hinge length would result in an increasatsile strain demand, and therefore, a larger
height to thickness ratio. Figure 5-14 illustratas relationship.

! Calculation is based on &5y = 0.0026, ¢,,, = 0.001 and ¢, = 0.0025
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Chapter 6: Summary and Conclusions

The findings presented in this thesis are baseéxperimental studies conducted on five
reinforced masonry (RM) uniaxial specimens subpk¢tereversed cyclic axial tension and
compression. These uniaxial specimens are intetadexpresent the end zone of a reinforced
masonry shear wall subjected to gravity loads amglane lateral loads. Based on the
hysteretic response of these specimens, an aralgimdel has been proposed to estimate the
magnitude of the maximum tensile strain that |le¢adsut-of plane instability in the end zone
of reinforced masonry shear walls. Note that tiststen the above specimens do not take
into consideration the effects of strain gradiestbas the wall length due to in-plane bending
and neither do they fully capture the boundary @k that exist on the end zone of a RM
shear wall. However, in the absence of previousesgntal research and an analytical
model that would help predict the behaviour of RMar walls, the experimental study here
is deemed an appropriate first step towards uralaisig the factors influencing the out-of-
plane instability phenomena and its characterinatio

The different failure modes encountered during éxperimental study and the factors
contributing to each are first summarized. Then #malytical investigation aimed at
characterization of the most important parametengchv govern out-of-plane stability in

reinforced masonry columns is discussed. Finakgommendations are made for future
research.

6.1 Failure Mechanisms of Axially Loaded Reinforced Masnry Columns

The specimens tested in this study varied in tle@nforcement ratio, the height-to-thickness
ratio of their plastic hinge zone and the mannewinch they were loaded. The different
combinations of these parameters affected theréarhechanism as follows:

Pure Crushing

Although, only one of the specimens was subjeatechdnotonic compression loading, the
results of this test combined with the observatioragle during the remainder of the tests,
reveals that for height-to-thickness ratios of o27, unless relatively high levels of plastic
tensile strain is experienced by the reinforced anas uniaxial element, it will not
experience out-of-plane displacements leading terda instability. Instead, even a very
slender wall section, when subjected to monotoamopression loads will simply fail in pure
crushing by forming vertical cracks and materialufe. Having experienced tensile strains
prior to experiencing compression in and of itseétfes not necessarily lead to lateral
instability either. If the tensile strain levelsplipd to the wall section are not sufficiently
large, the horizontal cracks formed during the iterexcursion will eventually close and the
uniaxial specimen restores its straightness anéxected to fail in pure crushing at
maximum compressive loads similar to those leadingnilure of a monotonically loaded
specimen.
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Local Buckling of Reinforcement

It is not possible to arrive at definitive concluss about what factors will lead to this mode

of failure since only one specimen failed with tiiechanism and there was no evidence of it
in any other specimen. The fact that the reinfaydiars in this specimen were not centred
over the thickness of the specimen, also makesersathore complicated. However, there

may exist a link between the size of reinforcingsband the reinforcement ratio and this

failure mode. Namely, reduced reinforcement surf@a@a and smaller reinforcement ratio

are thought to contribute to debonding betweernr¢ihrdorcement and the grout core during

the tension half-cycle. The misalignment of thearshwithin the grout core is also thought to

exacerbate this problem. And larger tensile deftiona produce larger horizontal gaps at
the bedjoints and will result in more severe delrgpdetween steel and concrete. Hence
increasing the likelihood of local buckling in reancement.

Out-of-plane Displacements Leading to Lateral Ibgtty

The remaining three specimens failed by becomibgrddly unstable. This occurred when

the specimen had been subjected to large plasigileéestrains before being subjected to
compression. From the results of the experimentsn be said that with increased height-to-
thickness ratio of the plastic hinge zone, smabeasile strains are required to cause lateral
instability in the specimen.

As explained in Section 5.1, under tensile straumsformly distributed horizontal cracks
form along the height of the plastic hinge in tipecdmen. At the peak of the tension half
cycle, once the specimen has experienced signifiearsile strains beyond the point of
yielding, these uniform horizontal cracks are atirtHargest. Upon unloading from the
tension peak, their size is reduced but they reropén due to the presence of plastic strains.
Therefore, at the beginning of the compression-éyafe, exposed reinforcing bars have to
transfer all compressive loads across the crackshéogrout core. During this phase,
reinforcing bars act essentially as thought theyewaterally unsupported for the entire
height of the plastic hinge and begin to experiemgeof-plane displacement due to their low
lateral stiffness and small moment of inertia. &gjoently, the whole specimen experiences
lateral displacements, causing the transverseigotat the horizontal cracks at bedjoints. If
the horizontal cracks that remained after the tenbalf cycle are large enough, these lateral
displacements will exceed a critical limit (typilgalequal to half of the thickness of the
specimen) and the specimen will become lateralstabie. However, if the cracks are small
enough, the lateral displacement of the specimem the subsequent rotation of the
horizontal cracks will lead to the development @&fsonry compressive forces at one edge of
the specimen before the critical lateral displaceimeare reached and a counteracting
moment develops across the specimen thickness. Willidead to the restoration of the
specimen’s original vertical alignment and prearitof-plane instability.

6.2 Analytical Approaches in Characterization of the Laeral Instability Phenomena

Based on the results of the experimental studyat concluded that the magnitude of the
tensile strain applied to the uniaxial specimenirduithe tension excursion of its cyclic
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loading plays a key role in determining whethewitl become laterally unstable in the
subsequent compression cycle. Therefore, the fottise analytical portion of this research
was to find meaningful ways to predict the magretud the critical tensile strain beyond
which the uniaxial specimen is expected to expedaeut-of-plane instability. This was done
by defining the maximum longitudinal tensile strairterms of its components as follows:

Esm = & T &+ & 5-3

The equation above is based on the cyclic respoinbee uniaxial specimens as identified in
Figure 5-1 and the break-down of the maximum tersilain as shown in Figure 5-4. Where
€. is the longitudinal strain associated with elasticovery and given that there may exist
some strain hardening, it is expressed as propaitio the yield strain of reinforcing steel as
g =m¢&, Wheren; = 1.2 is selected based on the experimental sesiilte terme,,
corresponds to the reloading strain and is theitodigal strain needed, in addition to the
elastic recovery strain, to cause out-of-plane ldgments that lead to lateral instability.
Typically this out-of-plane displacement is equalHhalf the wall thickness as shown in
Section 5.3 assuming that the reinforcing barscardred over the wall thickness. Such out-
of-plane displacement will be referred to as caiticut-of-plane displacement hereafter.

Assuming a sinusoidal deformed shape with fixeédbboundary conditions, the reloading
strain was predicted as

&, = 1.25&, (%)2 5-12

Whereé,, is the critical out-of-plane displacement normadizy the specimen thickness, or
ém = % and is typically equal to 0.5 if the reinforcerhencentered within the grouted cells.

The terme, corresponds to the longitudinal residual plastiais that remain in the open
cracks after the specimen has experienced outamieptlisplacements equal to the critical
limit. Two different approaches were employed itineating ¢, as follows:

1. Estimating residual strains based on an assumegdibiebtation distribution
2. Estimating residual strains based on an assumedtaue distribution with maximum
at the plastic hinge midheight

The first approach assumes a linear distributiowratk rotations across the height of the
plastic hinge with the maximuré,,,,, occurring at midheight of the plastic hinge. lgca
assumes that the bedjoint rotations at either dniheo plastic hinge can be written as a
proportion of the maximum rotation & = « 6,,,,. Based on this assumption the residual
plastic strain was determined to be

e =2t |(or) 0w+ 22 -0 () () -1 520
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WhereH,, is the height of one masonry block. The above gguas based on a discrete sum
of bedjoint rotations over the plastic hinge heighimust also be noted that the magnitude of
Omax@nda are highly uncertain.

The second approach used to predict the residw@stipl strain,s,, was based on the
assumption that the plastic strain at the locatibomaximum curvature is equal to the plastic
strain over the full height of the plastic hingdigis a reasonable assumption given that all
cracks over the plastic hinge height are of eqim. SThe plastic strains based on several
different curvature distributions with the maximuat midheight were calculated and
compared with experimental results. It was revedled a uniform curvature distribution
produced the most accurate results. This would niegnall cracks not only would have to
be equal in size but the onset of their closureldvbave to occur simultaneously leading to a
circular buckled shape. However, from the boundamyditions, this is clearly not the case.
Nevertheless, this approach is deemed an appreppigliminary step given the good
correlation with the test data.

2
Adopting the second approacty, is estimated to be equal 4¢,, (%) , Whereé,, is the out-

of-plane displacement normalized with respect toktiess. With this approach, maximum
tensile strain leading to out-of-plane instabiityreinforced masonry columns is estimated
as

t 2
Esm = 5.25 &, (ﬁ) + 118, 5-26

The above expression for maximum tensile strain d@n be compared to the strain
demands on the end zone of a shear wall. Thisrie 89 relating the maximum tensile strain
imposed on a wall given the required displacementility as follows

2

&g = 0.85 [ )(,uA -D+1 (esy + smy) 5-32
P

3L,(2h -1

wherep, is the displacement ductility demand which carrddated to the code prescribed
force-reduction factor R €, = 0.0026 is the yield strain in steel, angl,, = 0.001 is the
yield strain in masonry. It can be seen that reuythe length of the plastic hingg, &s a
proportion of the wall height will result in incrgiag tensile strain demands.

By ensuring the tensile strain demands are lessdh&qual to the maximum tensile strains
that lead to out-of-plane instability, (Equationr38) the minimum wall thickness can be
written as

2h? h?
> 85| ——— — — —_— 5-34
t> \][0 85 [3lp(2h — lp) (Rg—1+1 (esy + emy) M&y 2625
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In the above equation, is the height of the plastic hinge and can betenwigs a proportion
of the wall height. As such, the expressed relatigncan be said to provide limits on height-
to-thickness ratio of reinforced masonry shear svt a given ductility demand®,. Based

on this relationship, it can be said that increamsstile strain demands result in reduced
height-to-thickness ratios. Though this assessnseoabnservative in nature, at this point it
gives relatively consistent height-to-thicknessostwith those prescribed by the Canadian
Standard Association, CSA S304.1 and NBCC 2010.

6.3 Recommendations for Future Research
Experimental

Experimental data from more specimens are requivedonfirm the observations made
during this study. Also, the influence of other graeters contributing to out-of-plane
instability of reinforced masonry columns/walls glibbe investigated as follows:

» The impact of different height-to-thickness ratims the lateral instability should
further be investigated. It is recommended that ki@ done through the use of shorter
specimens or increasing the longitudinal reinforeetration over a portion of the
wall which is a more realistic way to represent piastic hinge region in an actual
wall.

* The effect of varying reinforcement ratios shouldtlier be examined. Variation of
this design parameter may be more useful when domell specimens rather than
column specimens. It is recommended that rebaepgiatders be used to ensure that
the rebar remains straight within the core of tbkimn/wall after the grout has been
poured. Ensuring that the rebar is placed verticstfaight allows the investigator to
ignore the out-of-straightness effects on the paintwhich the panel begins to
experience lateral displacements. It will also lemd a more straightforward
comparison between experimental and predictechdeaels.

* It is recommended that the instrumentation be nexdiSuch that more localized
deformations can be recorded. For example, additimstrumentation placed along
the specimen height would assist in more accunaéigion of the deformed shape.
Similarly, placing instruments that measure thes $f each horizontal crack along
the specimen height will provide better insightoiritow these cracks rotate as the
specimen undergoes lateral displacements and heiwv ttbtations are distributed
along the height. Similarly, measuring vertical atefations over segments of the
panel as well as over the entire height will revediether there are strain
concentrations over the wall height.

» The effects of realistic boundary conditions on dléof-plane phenomena should be
investigated. Therefore, it is recommended thal s@cimens with longer in-plane
length be constructed on concrete footings andestdy to lateral loads to simulate
earthquake motions. The embedment of the dowebndixig from the footing into
the wall will represent a more realistic boundaopdition at the bottom while the in-
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plane extension of the wall will result in more ligt&c strain gradient and boundary
condition along the height of the wall end zone.

Analytical

» Better understanding of the distribution of the ibamtal cracks formed along the
plastic hinge height will help improve the analglienodel especially with regards to
predicting the reloading strairg,., and the residual plastic strainj,. Namely,
developing a relationship between the buckled staquethe maximum rotation as
well as assessing the sequence of crack closurikgireatly help in predicting these
two strain components.

* The effects of reinforcement ratio on the requineakimum tensile strain leading to
out-of-plane instability should be incorporatedoirthe relationship between the
inelastic strain demand and the maximum strain @apane approach in doing this
may include investigating the limits that the craghcapacity of the masonry in
relation to the forces developed in the reinfordiags has on how the wall end zone
behaves beyond the point of critical out-of-plarsplhcement.

Note that as the title of this thesis implies, éxperimental and analytical studies presented
here are part of a larger experimental study. Basetthe experimental and analytical results
presented here, another set of experimental stodidsll size reinforced masonry walls have
been designed and are currently being conductdtedtniversity of British Columbia. This
set of experiments are aimed to further understiwed factors influencing out-of-plane
instability and further improve the analytical mbgessented here in predicting the onset of
this failure mode. They also aim to eliminate asgues related to the representation of the
boundary conditions that were present during tiséstdescribed here. An analytical model
representing the hysteretic response of reinfornadonry walls using multiple vertical line
elements was developed for the purposes of the please of studies which will also be
calibrated according to both the test results ef first and second phase of experimental
studies. The results of the next phase of invetsbigas expected in 2013.
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Appendix A Design of Specimen Cap Plates
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Sizing the specimen plates:

Sizing the bolt:

Plate dimensions (séaror! Reference source not found)

W= 15 inch 381 mn
L= 32 inch 812.8 mm
t= 1.5 inch 38.1 mm
bolt diameter = 1 inch

hole size = &, + 1/16"= 17/16
edge distance =
min = 44mm
max = 12xt=
< 150mm
impact wrench clearance = 11/8 inch use
Checking for bending resistance
base plate properties: ASTM 44ksi
f,= 303 MPa
cross section = 14516 mm®
Avg. force = 2199 kN
moment arm = 13 mm
M,= Avg. force x moment arm
M, = 28 kN.m
T, on each rebar
T,= 650MPa*300mm’ = 195 kN

Using only four bolts at the four corners
Along the short direction, W-Dimension

L= 11 inch
P,=3T,= 585 kN
M, .= 40.86kN.m
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Figure A- 1 Steel specimen plate

Along the long direction, L-Dimension
L= 28 inch

P|:P1=P3=Tu= 195kN
My = 69.34 KN.m

The bending across the width will govern due tgéambolt spacing.

x
(n) © 5.5 11.
Load Diagram
= Loads =0 Fieachons =
Chck or-an pea lor more delads [ T @
292.50 1292;
0.00
292.50
-292.50
5 | |
(in)
N v| Shear Diagram
40.86
D-ODA
5 | B
(in) |
h-m -| Moment Diagtam o]

Figure A- 2 Shear and moment diagrams along the witl of specimen plate
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Figure A-3 Shear and moment diagram along the spaunen plate length

Plate with 3-20M bars Plate with 3-15M bars Plate wh 2-10M bars
Along the short direction z:limg the sholr: (.hre}(: tion Along the short (?irection
L= 11 inch b 3T o me 7 kN L= 11 inch
P, =3T,= ssSkN | T P, =3T,= 210N
M, = 40.86 kN.m max = A0 KA My = 2333 kN.m
.. . Solver for minimum thickness Solver for minimum thickness

Solve for minimum thickness
Mo 7ef M,=  S*f M,= S,

rd . (bdzy)/ét but S = 1/(d/2) but S = I/(d/2)
an and I = (bd’)/12 and I = (bd’)/12
solverd,d=  [(4*Mr/(b*f)]"0.5 _ % S TA

T solverd,d= [(4*Mr/(b*{)]*0.5 solverd,d= [(4*Mr/(b*f,)]"0.5
short direction: T .

B short direction: short direction:
rr‘ ‘"}-22 kN.m M,= 3465 kN.m M,= 2333 kN.m

min mm din = 24 mm doin = 20 mm
use 1.5 inch use 1 inch use 1 inch
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Appendix B Development of the Reinforcement Wel@€onnection Detail
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Checking for bending failure:
I. Sizing the Welding:
From "Handbook of Steel Constructions", page 3-39:

Base Metal, V, = 0.67@,AF, Plate 300w
Weld Metal, V, = 0.67@,,A,,X,(1.00+0.50sin"°8) t= 0.5 inch = 12.7 mm
for 8 = 90° (1.00+0.50sin°8) = 1.5 F,= 450 MPa
@,= 0.67
Fillet Welding E49XX
Rebar yield stress Xy = 490 MPa
F,= 500 MPa maximum weld size = 10.7 mm
T, = DAF, @B.=1
T, = 1.25T,

Table B-1  Weld sizes considered for connecting rabto steel plates

size = 10 mm for 10M
Base Weld |Governed
|Rebar|D, (mm) A, (mm?) |cir. (mm) [T, (kN) [T, (kN) [A, (mm®)|A, (mm?) | V, (kN) | V,(kN) | V,(kN)
10M 11 100 35 50.0 62.5 346 244 €69.8 80.6 69.8
15M 16 200 50 100.0 125.0 503 355 101.5 1173 101.5
20M 19.5 300 61 150.0 187.5 613 433 123.8 142.9 123.8
size = 14 mm for 15M
Base Weld [Governed
[Rebar|D, (mm) [A, (mm?) [Cir. (mm) [T, (kN) [T, (kN) [A, (mm?)[A, (mm®) | V. (kN) [ V. (kN) [ V,(kN)
10M 11 100 35 50.0 62.5 484 342 97.7 112.9 97.7
15M 16 200 50 100.0 125.0 704 498 142.2 164.2 142.2
20M 195 300 b1 150.0 187.5 858 606 1733 200.1 1733
size = 16 mm for 20M
Base Weld |Governed
|Rebar|D, (mm)  [A, (mm?®)  |Cir. {mm) [T, (kN) To (kN) A, (mm?)|A, (mm?) V. (kN) V, (kN) V, (kN)
10M 11 100 35 50.0 62.5 553 391 111.7 129.0 111.7
15M 16 200 50 100.0 125.0 804 569 162.5 187.6 162.5
20M 195 300 bl 150.0 187.5 980 693 198.0 228.7 198.0

After considering several different sizes, the walte selected for each type of rebar was as
listed inError! Reference source not found.

Table B-2  Weld size results

Reinforcement Weld Size
10M 10 mm
15M 14mm
20M 16mm

All welds to be applied around the entire perimefethe rebar.
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Il. Check Pullout Failure while Lifting
Masonry Block

height, h = 3.6m density, p = 2100 kg/m’
wide, w = 0.6 m g= 9.81 mfs2
dept, d = 0.14 m
weigh, W, = 6.230 kN
Reinforcement
3-20M (worst case when using 20M bars) density, p = 2.355 kg/m
total L 10.8 m
weigh, wy, = 0.025 kN

Total weight of the column, w 6.255 kN

The weight of the column is less than the smaltasie of the weld strength. Therefore, the
column will not cause pull-out of the weld conneatiduring lifting.

11l. Bolt Selection

using the maximum weld strength, T, = 187.5 kN

the worst case when there are 3-20M bars,

therefore, the required yield strength is Teq= 562.50 kN

4 bolts will be used, so the required yield strength on each bolt Treq = 140.63 kN
Using Handbook of Steel Construction, Table 3-4,

@3/4" bolt can be used while the allow force is Ty = 141 kN

IV. Performing Weld Test and Checking for Bending & Steel Plate
The weld connections were testing in the BaldwincMae as shown iirror! Reference

source not found.

Opening of testing Welding Specimen
machine's head

4" x 7" x 12"
Steel plate
l T/2

Rebar locatjon

T/2

" T
Plan view of the Baldwin Machine Loadingrofile of the Baldwin Machine Loading
Head Head

Figure B-1 Loading of the weld connection samplaithe Baldwin Machine
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Consider 15M rebar:
T,=  100.0 kN
To= 1.25%T= 125.00 kN

L=9"= 228.6 mm
M= 7.1 kN.m

Yield moment for the plate
F,= 300 MPa
M, = 2.2 kN.m <M

The plate will bend under the Tu
There shorter length of L is required

Try L= 3"
the new M value is
M= 2.4 kN.m

Welding Test Photos

c A d
Figure B- 2 a. Specimens after the testing, b. Tygal failure, c. Typical weld detail, d.
Necking of the rebar
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Weld Capacity Test Results:

Weld Type 1, W1: Drilled plate then applied fillseld on top and plug weld at bottom

Weld Type 2, W2: Applied fillet weld on top of tipdate only without drilling hole
Weld Type 3, W3: Drilled a countersunk hole inte fflate and filled it with weld

Table B-3  Results of welding capacity tests
Fracture .

Spec. Bar Weld Size |P, P, P, f, f, f; Strain Inspection

Weld Type|Type Ay, mm’  [mm kN kN kN MPa MPa MPa % Failure
Wi-1 15M 200 12 86 122.4 87 430 612 435 10.3 rebar / plate bent
Wi-2 Type 1 15M 200 10 86 120.7 90.1 430 604 451 18.5 rebar
W1i-3 10M 100 11{N/A N/A 57.5[N/A N/A 575|N/A rebar fabove weld
W1-4 10M 100 11{N/A N/A 57.1|N/A N/A 571|N/A rebar / above weld
Ww2-1 15M 200 12 87 122.2 90 435 611 450 18.0 rebar
Ww2-2 20M 300 10 133 188.1 150 443 627 500 19.5 rebar / plate bent
W2-3| Type2 [15M 200 9 86 123.2 90 430 616 450 19.0 rebar
W2-4 10M 100 9 47 63.3 60 470 633 600 9.4 weld
W2-5 10M 100 11|N/A N/A 61.5|N/A N/A 615|N/A pull out
W3-1 Type 3 15M 200 10 86 120.7 88 430 604 440 9.4 rebar
W3-2 15M 200 10 96| 121.64 89 480 608 445 17.5 rebar

Note: W1-1 strain was estimated based on the overall length, because failure was outside the marking range.
Observation:
All failures occurred within the rebar section, thus the tested weld types and sizes are suitable for use in the actual column specimens.

Table B-4  Results of welding capacity tests for omection of 10M bars with 2mm tip

dia. = 10.3 mm area = 83.3229 mm’

Welding . Yield Yield Str. Ultimate [Ultimate [Failure Failure Stress Fracture Strain Failure Location
Spec. Weld Size

type Load, kN  |MPa Load, kN |Stress, MP4Load, kN MPa mm,/mm From Weld, mm

W4-2 [2mm root 18 40.2 482 56.7 680 49 586 18.5 250
W4-3 |2mm root 15 42.6 511 57.6 691 52 619 out of range 150
W4-4 |knife edge 10 42.6 511 57.9 695 52 624 out of range 120

Note: W4-4 weld with stainless steel weld material.
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Appendix C Design of Specimen Retrofit with GlassFiber Reinforced
Polymer



FRP Design: SIKAWrap Hex 100G, Cured Laminated with Sikadur Hex 306 Epoxy

In Tension:
Ast = 200mnf
fy := 558MPa
¢grp :=0.75
ffrp := 514MPa

Efrp := 25300MPa
efrpu = 0.0214

N:=1

tfrp == 1mn

bfrp := 2{1225nm) = 0.6m

Afrp := NdHrpbfrp = 6 x 10 4m2

Area of one 15M bar
Yield strength of 15M bars

Yield strength
Elastic Modulus

Specified Tensile Elongation
Number of vertical layers
FRP ply thickness

In-plane length of FRP

Area of FRP in tension

Applied tensile strain based on maximum tensile displacement expected in the specimen

efrp = M =0.02
2000mm

Tfrp := ¢rp [EfrplEfrp Afrp = 227.7kN

Development length?
fc := 23MPa

k :=0.184

bw := bfrp =0.6m

kd ;:(bfrp) v |- g024—2
bw /| kG (fcMPa)

Ifrp := kd [Efrpfrp = 0.614m

"OK" if frpu >¢efrpp  ="OK"
"NOT OK" otherwise

"OK" if Tfrp >Astlly ="OK"
"NOT OK" otherwise




Appendix D Design of the Test Apparatus



Determine the required strength of the test rigedasn the predicted strength of the

specimens:

e ] .
llF
| ] ] | ] i
| ]

Figure D-1 Specimen cross section

Cross-sectional and material properties:

t:= 140mm
fm:= 29MPe

Lw := 600mm
fy := 450QviPe

hi= 12.51225.4nm= 3.81x 10mm
Em:= 850fn = 2.465« 10MPa

Es:= 20000MPa
K= 0.8

Ab-= 300nn?
As:= 3@b = 900mm?

4
Agross= Lwi=8.4x 10 mm?
3

8
Igross := LWEZIIE =1.372 x 10 mm4

Thickness of the

dgal on preliminary tests on the compressive
strength of concrete masonry blocks

Maximum predicted yield strength of
reinforcing steel

Total height of specimen

Predicted elastic modulus for amag

Elastic Modulus of steel

Effective height of specimen based on semi-
rigid boundary conditions

(Assume partial fixity for conservatism)

Area of one 20M bar
Maximum areaeibar in cross section

Determine the crushing strength of column:

Pcrushing= Agrossfm 2.436x 18kN

Porushing_ 548.649 kips
4.440N

Determine the Euler buckling capacity of column:

(T[Z[EEmEIgros:J

(KB)?

Pcr:= =3.593x% lSkN
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D3Pt _ 464,602 kips
4.44N

Design compressive force:

Pcompressive= (Pcr)f  Per  Pcrushing: 2.436 x 18kN

Pcrushing

Test apparatus and the actuators must be capabkxesfing at least this amount of

downward force if the specimen buckled accordindetder buckling. However, since the

buckling capacity of a cracked section is much thas the Euler buckling capacity, (i.e. lcr
~ 0.5Igross) then the buckling capacity of theiseds determined to be about 1776 kN (400
kips). This is the governing capacity for which taset rig will be designed.

Determine the tension capacity of the column:

Notes :

The tensile resistance of masonry is ignored.

It is assumed that the reinforcement undergoemdieadening.

Fs:= 700MPa Maximum ultimate strength or reinforcement
predicted

Assumed stress at large tensile strains
Ptensile:= F$]Ass 630kN

The test apparatus and the actuators must be eapéldxerting at least this amount of
upward force.
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D.1  Design Calculations

List all design values and strength factors forinsgalculations:

BOLT DATA:
BoltGrade:= "A325"

j=1.E
BoItDiameteE =

E[25.471m
8

E[25.411m
4

125.4nm
1.12525.4m
1.525.4nm

15.875
19.05
BoltDiameter=| 25.4 |mm
28.575
38.1

Fuj := |if BoltGrade= "A325"
825vPa if BoItDiameteJr < 25.4mm

725MPa otherwise
1035vPa otherwise

Threadsintercepted "Yes"

(or := 0.67
@® = 0.¢
@:=0.C

Unit shear resistance

fs:= |0.700.6(h Bu if Threadsintercepted"Yes"

0.6» Bu otherwise

ks:= 0.3

Choose between A325 or A490 Grade

=.. [S16-01 Table 3-3]

[S16-01 Cl.13.2.1]
Steel resistance factor

277.2

277.2
=| 277.2|MPa [816-01 Table 3-3]

243.6
243.6

Class A surface, clean mill scale, [S16-01 &€&blLO]
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cl:= |0.82 if BoltGrade= "A325" =0.82 [S16-01 Table 3-10]

0.78 otherwise

Unit slip resistance for 5% probability of slip

118.32
118.32

fslip:= 0.5301KsBu=| 118.32 |MPa on Class A surface, single shear [S16-01 Taldl2]3

103.978

103.978
495

495
ftoolt := 0.75Qp Bu = | 495 |MPa
435

435
Unit tensile resistance

Abolt. = (BoItDiameter)Zd-l— = ..
J 14

Vrbolt. := fs. [Abolt, = ...
J ] ]
Vsbolt] = fslipj mboltj =..

Trboltj = ftboltj Bkboltj =..

WELD DATA:

Shear resistance per bolt in single shear [316able 3-4]
Slip resistance per bolt in single shear

Tensile resistance per bolt in single shear {@lLGable 3-4]

Minimum and maximum size of weld
WeldSizeMin(t):= | WeldsizeMin— 3mm if t <6mm [Handbook of Steel Construction, 6-170]

WeldSizeMax(t)= | WeldSizeMax-

WeldSizeMin « 5mm if t >6mm Ot <12mm
WeldSizeMin — 6mm if t >12mm Ot <20mm

WeldSizeMin —~ 8mm otherwise

tif t <6mm

t - 2mm otherwise

Shear resistance of weld [S16-01 CI.13.13.2.2]:

G@v = 0.67
Xu:= 490MPa
Fu:= 450MPa

Vrweld(Am, Aw, ) := min|:0.61[w BmBu, 0.6 7Qv [Z\W[Xu&l + O.Sﬂsin(e))l'S:H

STEEL DATA:
¢.= 0.C

A
;= 350MPa
fyp := 300MPa

fup:= 450MPa
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Design the x-shaped top floating beam:

— i -

Z

[ T [ —

Vmax Mmax

Figure D- 2 Top floating beam shear and moment diagm

o= 1776

R:= < - 888N
MW

x:= 2(1225.4nm = 609.6mm
L1:= 0.5511325.4nm = 762mm

L2:=2M01 = 1.524x% 18mm

Choose W610x140:
Ix := 1120]1(?mm4

ly:= 45.1[1].C?mm4

hw:= 617mm

Asection= 1790®r1m2
tw:= 13.Imm

bf := 230mm
tf == 22.2mmr

Aw = hwiw = 8.083x 10mm?2

Af = bf f = 5.106x 10mm?

IX

Sx:= =3.63x 1(§mm3

2

2x:= 4150 10mnt
fygrade:= 350WPa

Es=2 x 105MPa

G:= 77000MPa
3= 21802 6mm”

cw:= 399071 Omnt

Artop:= hwiw= 8.083x lS’mm2

Check Moment Resistance of W610x140:
My := Sxffy = 1.271x 18kN-m

Mp:= Zx[y = 1.452x 13kN-m
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Design compressive force
Reactions at each actuator location

Length of half of top beam
Total length of top beam

Moment of inertia about X-X axis

Moment of inertia about Y-Y axis
Height of web

Area of cross section
Web thickness
Width of flange
Flange thickness

Area of web
Area of one flange
Section modulus

Plastic section modulus
Section yield strength

Section Young Modulus
Shear modulus of steel

Torsional constant
Warping torsional constant

Elastic moment resistance of section
Plastic moment resistance of section



Check lateral torsional buckling

we:=1.C

2
Mu := ((AE%) E/Es@y[@ﬂ + (T[éf;s) IyCw=1.168x 161kN-m

Determine the class of section:

Class= |1 i hw < 1100 =1
tw fy
MPa
2 i hw . 1100 DM < 1700
tw fy tw fy
MPa MPa
3 otherwise

Mr = |1.15(0Mp @%1 - %}

(@Mu otherwise

My = 1.271x lgkN-m

Check the effect of thin webs

Mr {11 - 0.00055%
Af | tw Mf

Mr ;=
MW
Sx

Mr otherwise

"OK" if Mr >Mf ="OK"

"NOT OK"

otherwise
Fos:= 2 -1 878
Mf

Check deflection:

— & -3.268m
(EmlAgros¥
h
Atotal := Amax + Aspecimen= 3.567mm

Aspecimen=

Check Shear Capacity:

StiffenerSpacinge Omm
StiffenerSpacing 0

AspectRatio=
hw

1900’ 1kNh
3
hw mm

[S0B6Cl.13.6]
When bending moments at ends of the

unbraced length are zero [S16-01 CI.13.8.5]

Critical elastic moment

it Mu>067Mp =1.451x 10KkN-m

[S16-01L€.3.4]

- 1.451x 10kN-m

" hw 1900
tw 3
(M_f) nm
Sx /) kN

Factor of Safety

No shear stiffeners provided
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1

kai= —o——-——=1
1' 1+ (AspectRatiy)2

kv:= |5.34 if (AspectRatio: 0) =534 Web Yielding Factor

4+ i if AspectRatio> 0 O AspectRatio< 1

AspectRatio
4 )
5.34+ ——— otherwise
AspectRatio
wy = [—_-0.124
MPa

Fsheaf h X:= |Fshear~ 0.66y if % < 439wy

Fshear 290@@ if % > 439wy D% < 502wy
Dy
Fnear. 200V Pa 1o oo 0,866 200 YV IPa | % >502WY m% <621y

g 2

Fshear . 1800065%MP2 , 1at0 58 - 0.8660180004YMP2 || otherwise

(Y o

Fsheaf hw ty = 231MPa
Vr := (PBsheat hw tyBw = 1.68 x 18kN

Fos= -2 - 1.892

Check to see if stiffeners are needed:

Shear stiffeners:

fshear= X—f - 109.8641Pa Applied shear stress
\W

StiffenerNeeded | "Stiffeners Required"if fshear> Fs = "Stiffeners NOT Required"
"Stiffeners NOT Required"otherwise

Bearing stiffeners:

Check web crippling: [S16-01 Cl.12]3.
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We 10

Figure D- 3 Free body diagram of top floating beam

N,;= 2(25.4nm = 50.8mm
(i = 0.€
(e := 0.7

Length of bearing along the length of beam
Intermediate bearing
End bearing

Bri= |qi fwiN + 10 B if Qbi BW(N + 100) fy < 1.45qbi T & TyEs = 1.001x 16k
1.45qi [ﬂNzaffy[EEs otherwise

[S16-01 CI.14.3.2 & Cl.14.4.1]

. 1100
BStiffenerNeeded | "B Stiff. Req'd" if LN
tw fy
MPa
"B Stiff. NOT Req'd" otherwise

0 Br < Ptensile ="B Stiff. NOT Req'd"

Add bearing stiffeners at the location of pointdeanyway! Try 2 plates:
ts:= 12.5mm

Thickness of stiffener, 1" width of stiffener basmdmax width-to-thickness ratio [S16-01 Table 1]
bmax= |2008—S— if 2008—=— < (ﬁj ~tw =101.9nm

b /L
MPa MPa
bf )
— | — tw otherwise
%

peff:= 2sBmax+ 25Emm) = 2.875x 10mm? [S16-01 CI. 14.4.2]

Figure D- 4 Cross section of top floating beam
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2 3 4
Istiffener.= Z%Smmaxé br;ax +ﬂ] + tsgm:| + 25% =1.069x 1(3mm4

2 12
r= /%! 60.973nm [S16-01 Cl. 14.4.2]
e
k:= 0.7¢
A= KW E/L - 0.101 [S16-01 CI. 13.3.1]
r T[Z[Es
ni= 1.3¢ For hot-rolled, fabricated structural seasio

[S16-01 CI. 13.3.1]
Axial compressive resistance of doubly symmetrapss, [S16-01 Cl. 13.3.1]:
-1
n
Cr(Area A) := (PArealfy E(]l + N2 )
Cr(Aeff, A1) = 904.17%N

Check bearing at point load locations:

Lcrop:= 25mm Assumed

Abearing= 2[(bmax— Lcropis = 1.923x 1C’)§mm2
Br2:= ([ Bbearing= 605.587kN [S16-01 Cl.13.10]

Choose a suitable weld size for attaching stiffeterbeam web:

WeldSizeMin (ts)= 6mm
WeldSizeMax (ts)= 10.5mm
D:= 6mm

Check the effect of combined shear and moment:

Note: interaction of shear and moment is criticabw V{>0.6Vr

MnVinteraction:= [[if Vf >0.6Vr ="0OK"
"NOT OK" if 0.727% + o.4559¥ir >1.0

"OK" otherwise

ok it M 2100 <1.0 otherwise
Mr Vr
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Design the connection of the top w610 cropped beam the continuous w610 beam:

T
| :@
I
4 1 R
1
' :
T
[
17 1
1
| — S e R—
1
Plan Cross-section of the connection at center

Figure D-5 Welded connections to the top floatingeam
Assume plate thickness (3/8"):

tplate1:= 10mm

tw = 13.1mm Thickness of web for W610
t1:= max tplatel tw= 13.1mm

WeldSizeMin (t1)= 6mm

WeldSizeMax (t1)= 11.1mm

D2:= 12.5mmr Weld Size

.= 529w The height of the cropped portion of the
beam

Am1:= D20{2T)= 1.323x 16 mm? Area of weld parallel to the direction of loaglin

Awl = D2EEL = 9.351x 10mm2
i

01:=C

VrWeldTopBeam= VrWeld Am1 Aw101) = 2.057 x lgkN

Check shear resistance of web after welding:

Viwebl:= (p[(]T - 2[[D2)[ﬂN[Eshea( hw ty=1.373x lgkN
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Design plates attached to the ends of floating beato support pantographs:

tplate:= 12.5mm Assume the thickness of the plate

Check bearing capacity:

BoItDiameter3 = 25.4mm

PantographWeight= 100kN
[ PantographWeigfj
2

foearing= —— = = 157.48uPa
thatdZBoItDlameteé

Check bolt shear capacity:

Vrbolt,, = 140.459N
Check End Plate Shear Block:

Lp := 925.4nm = 228.6mm
Edge:= 1.5[25.4nm = 38.1mm

Apgv2:= Lpplate= 2.858x 10 mm? Plate gross area in shear
Apns2:= Apgv2- ZEQBoltDiameteg + 2mm> fplate= 2.172x 1(§mm2 Plate net area in shear

[S16-01 CI.13.11]
VrBlock2 := 0.6BApns2fyp = 351.945%N

Check End Plate Tension and Shear Block:

Plate net area in shear under tension

Apgv22:= (Lp- Edgpiplate= 2.381x 1(§mm2
Apns22:= Apgv22- (1 - O.é [@BoltDiamete% + 2mm) fplate= 2.21 x 1(3;mm2

BoltDiamete

Apnt2:= {Edge— - 2mmJ fplate= 292.5nm?

TSBlock := (¢ Bpnt2fup + 0.6 mpgv22[ﬂ/p) if Apgv22yp < Apns2ZTup = 504.22%N

@Bpnt2fup + 0.60Bpns22fup otherwise
Evaluate Tension and Shear Block Failure at thetElsevel:

TSBlock2 := @Bpnt2fyp + 0.6PApns22fyp = 436.995%N
Check the weld connection of the plate to the énld¥®10 floating beam:

WeldSizeMin( max tplate t)) = 6mm
WeldSizeMax mak tplate tyy = 11.1mm
D4:= 6mm

WeldSize
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Am4:= 2D4lp=2.743x% l(?mm2

Aw4 ;= Amd _ 1.94 x logmm2

1z
04:= C

VrWeldTopPlate4:= VrwWeld Am4 Aw404) = 426.666N
Check shear resistance of web after welding:

Vrweb:= (plﬁLp - 2[D>4) fwBsheal hw ty = 589.90&N
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Design plates welded to the top and bottom of flo&ig beam attached to specimen:

T | Lpi2
[
[
o 1 F

1 Mmax

1 _| |

: \\I Vmax

14 1 Bl

1

[

[ ]
Figure D- 6 Moment and shear diagram for plates
xp3:= (2)25.4nm = 50.8mm Maximum moment arm off the edge of the beam
Length of plate perpendicular to the specimen lengt
bp3:= (9.75 25.4mm = 247.65mm
Vmax3:= £ 888kN
Mmax3:= Vmax3kp3= 45.11kN-m
Determine the thickness of plate to provide reguir®ment resistance:
tplatemina= 6éfcmTfj‘X§= 60.358nm Minimum plate thickness to meet moment

pBp

requirements (based on elastic moment)
tplate3:= 38.Imm

3
Iplate3:= bpt{:s% =1.141x 18mm4

Iplate3

tplate3
2

Mrplate3:= fyp[ISplate} = 17.975%N-m

Splate3= =5.992x 1(‘)1mm3

Check for shear:

Vrplate3= %meﬁplatek 3.036x 18kN
3

Check for bearing:

4
Awall:=tOw = 8.4 x 10 mm2

fbearing3= < . 21.143/Pa
Awall

Check the weld that connects the top plate toldsifg beam:

WeldSizeMin( max tplate3 ) = 8mm
WeldSizeMax mak tplate3 Yj = 36.1mm
D= 8mmr Weld size
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Am3:= DAN125.4nm = 8.941x 10 mm?

Az = 218 - 6322 16mm?

1z
93= 1
2

VrWeldTopPlate= Viweld Am3 Aw303) = 1.806x lgkN
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Check capacity of lateral stability system:

Check tensile capacity of pantograph arms:

P:= 0.09T = 159.84N Assume that maximum lateral force is equal@&ol
of maximum compressive force

ArmDiameter.= (1.5) 25.4nm = 38.1mm

ArmDiamete%
B—

4

Aarm:= TU

Tensile Strength of Pantograph Arm:

Tr := ¢BAarmiy = 359.12%N

Pantograph arms work in tension only. Thereforerehis no need to check for buckling of the
pantograph arm in compression.

Check moment capacity of W310x158 existing colmdrthe base connection:

hcolumn:= 151225.4nm = 4.572x 18mm
Mcolumn := PChcolumr= 730.78&N-m

Sxcolumn:= 2360:]13mm€
Mrcolumn:= ¢ Sxcolumniy = 743.4kN-m

di:= 327mm Depth of the W310x158 section
bfl:= 310mmr Flange width of the column section
tf2:= 25.1mir Flange thickness

Check the moment resistance of the weld connelgyidhe coupling action of the welds at flanges

Tension:= '(V('jcl"—"”?;: 2.421x 10kN Tension/compression force developed in the #ang
-t

of the column due to applied moment

WeIdSizeMin( ma£75mm, tf2)) =8mm
WeldSizeMax mak tplate3 tf2 = 36.1mm

D5:= 16mm
Am5:= 2[D5Bf = 7.36 x l(');mm2
aws = A1 -5 204 16 mm?
2
05:= ﬂ
2

VrWeldColumnflange=  Vrweld Am5 Aws05) = 1.487 x 18kN

WeldSizeMin( ma£75mm,15.5nm)) =8mm

WeldSizeMa)e( ma(<75mm,15.5nm)) =73mm

D5 = 16mm Weld size

Am6 := 2[ID5&U1— tf2[2) = 8.858x 1gmm2
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w6 = A1 _ 6263 16mm?

2

B6:= C
VrWeldColumnWeb=Vrweld Amé AwgBe) = 1.378x 18kN
Although the welded connection in the perpendicdiegction to the applied moment is calculated as

insufficient, this is ignored since the appliedttal load was calculated in a very conservative
manner.
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Design bottom plate attached to strong floor:

e Vmax

N

S

Figure D- 7 Shear and moment diagram for bottom plee
Design values:

Ptensile= 630kN

Vmax5:= 18N

Mmax5 := 30kN [t

bp5:= 15(25.4nm = 381mm Width of the plate anchored into the strongfflo

Determine the thickness of plate to provide requirment resistance:

Minimum plate thickness to meet moment requiremérdsed on elastic moment)
tplatemin5= 6M=39.684nm
fypBp5

Minimum plate thickness to meet moment requiremg@rased on plastic moment)

tplate5:= 50mm Choose plate thickness
3
Iplate5:= bpfé% =3.969x 1(‘jmm4

Splate5= _lplateS _ 1.588x 1(fl)_>mm3
tplate5

2
Mrplate5:= fypl( Splated = 47.625%N-m
Check for shear:

Vrplate5:= ﬂEEDpS[fplateS: 1.634 x lSkN
3

Check bolt requirements:

Tensile capacity of bolts

BoItDiameter5 = 38.1mm

VrboIt5 =277.72&N
TrboIt5 = 495.94&N
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Check development length of threads for bolts:

Ashear,nut = d meff)/P - [P/2 + (d - D2)/3]
meff:= 50mm

ThreadPitch= 2 =2.083
24

Fine threads at 12 threads per inch

ff
Ashear.= TIBoltDiameter. EIL_ =2.873x 1(§mm2
5 ThreadPitch

VrThread= Asheaﬂfy— =580.488&N

T3
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Design the specimen plates:

Lp2
= =
cle‘ csz" M max
== ey ‘&‘
"~ Ymax
=
c £
ol

Figure D- 8 Shear and moment diagram for specimenlates

Design values:

Xp6:= [%] 25.4mm = 139.7mm Length of plate perpendicular to the specimen
bp6:= (2012 + 4.5) 25.4mm = 723.9mm Length of plate parallel to the specimen length
fyp;= 300vPa Yield strength of plate

Vmax6:= Ptensile= 63CkN
Mmax6:= Ptensilézi%pfi) = 44.005%N-m

Determine the thickness of plate to provide requm®ment resistance:

Minimum plate thickness to meet moment requiremg@rased on elastic moment)

tplateming= /6é\/|m_ax6 = 34.868nm
fypBp6

Minimum plate thickness to meet moment requiremérdsed on plastic moment)

tplate6:= 1.5[25.4nm = 38.1mm

3
Iplate6:= bpé% =3.336x% 1(?mm4

Splate6= =1.751x% 1(§mm3

Iplate6
tplate6
T2
Mrplate6:= fypl( Splatep = 52.541kN-m
Check for shear:

Vrplate6:= ﬂ[B;:)B[ﬂ:)lateB: 4777 % 18kN
3

Check for bearing:

Awall ;= tOw = 8.4 x 1(§1mm2

. Pcompressive
fbearing3= ————— = 29MPa
AR Awall
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Design the columns to support actuators:
Hcolumn:= (9[12+ 8) 25.4nm = 2.946x 1Gmm Height of columns

Choose W310x97:

d:= 310mm
b:= 254mm

Area:= 11000)1m2
Ix2:= 199[]].06mm4

2 = 44.510mn’
rx:= 134mm
ry:= 63.6mmr

K 2

Check Tension/Compression Capacity of the Section:
Tr2:= QBreafy = 3.465x 18kN

Tensile resistance of the gross cross-sectioreatldstic level

A2x = (K Hcolumn) fy - 0586
~ Ij T Es

K Hcolumn=5.893x 18mm

Aoy = (K Hcolumn) fy -1.234
v TP Es

Cr2:= min( C AreaA2x),Cr(Area A2y)) = 1.626x 18KN

Fos.= MN(Cr2 T2 _ 4 g3q
Pcr2:= @ =1.012x l(lekN
(Hcolumn

DETERMINE BASE PLATE DIMENSIONS:

Brconcrete= 15MPa

AreaPlate= S | 1.161x 1(§mm2
0.8500.8Brconcrete

B := 4/ AreaPlate= 340.703nm
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D.2  Design Drawings

REVISIONS
F1 F2 F3 F4 F5
3 | 05.01.28 REVISION
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'o‘ S8
™
A - - o) T ot E9) RO}
~ AR
o 1!
’\ 0‘ ‘0
~
+| ]
= - “ L o - “

7

> g

S @H ®
‘% g}z PLATE

| 2-0" | 2-0" |
il il 7
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Figure D- 9

Plan view of test apparatus
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Figure D- 10 Profile view of test apparatus
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REVISIONS

No. DATE DESCRIPTION
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Figure D- 16 Specimen plates detail




