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EXPERIMENTAL PERFORMANCE OF CONCRETE MASONRY SHEAR WALLS
UNDER IN-PLANE LOADING
Abstract
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Committee Chair: David I. McLean

This studywasconducted as part of a joint effort between the Universi@alifornia at
San Diego, the University of Texas at Austmd Washington State University.he objective
of the overallprojectis to develop improved performanbased design methodologies and
provisions for reinforced masonry sheealls under seismitading. Theprimary objective of
the regarch reported in this thesis svio investigatethe behavior ofeinforced masonry shear
walls subjected to irplane lateral loading while varyingall aspect ratio, level of appd axial
stress andreinforcementratio. The secondary objective svdo examine the effectef
concentrated reinforcement at the ends of the walls (jambs) compared with evenly distributed
reinforcemenbn shear wall performance

Eight, fully grouted, concrete masonry shealls were designed accordingttte 2011
MSJC Code. \Wlls weretested to failure undesyclic in-plane lateral loading The wallshad
three heightto-length aspect ratiof.78, 1.0 and 2.0), twonagnitudes of axial compressive
streses(0 and 158 psjland two vertical reinforcement ratig9.0033 and 0.0072)In addition,
two of the walls compared the effects ofamb reinforcementvs. evenly distributed
reinforcement

Wall performance was evatedby comparisonof failure modes, predicted vs. actual

load capacity, drift capacity, displacement ductility, height of plasticity, equivalent plastic hinge



length,amount of energy dissipatipand equivalent hysteretic dampind@he walls exhibited
either a flexural failure or a complelexure/shear/crushg failure which dependedpon the
aspect ratio and amount of vertical reinforcemeResults showed thahe amount of drift at
failure was highly dependent upon the aspect taitavas not influenced by the amount of axial
compressive stress or the vertical reinforcement ratio. The displacement dwetdigensitive

to the amount o¥ertical reinforcemenbut not the amount of axial compressive strefkere

were no apparent aa@lations between the plastic hinge length and any of the design parameters.
The performance of walls with jamb reinforcement was similar & dh walls with evenly
distributed reinforcement.Largediameter vertical reinforcement bars with lap splieéshe

base of the wall should be avoided because of their propensityd®alarupt failure.
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CHAPTER 1:
INTRODUCTION

1.1  Background

Masonry has been a popular construction materiahftlennia. It has been used to build
notable historical structures sues the Egyptian pyramids, the Roman coliseum, medieval
castles anadmanymore. The prevalence of masonry construction throughout the world can be
attributed to its relative versatility, its durability and ability to withstand the natural elements, its
costeffectiveness, and its ease of construction. Although masonry had been used for thousands
of years the concept of reinforced masonry has been aroundnigraboutone hundred years.
We continue to learrabout the performanceof masonry structuresinde certain loading
conditions,espeially seismic loading

Reinforced masonry shear walls in seismic regions serve to simultaneously resist vertical
(gravity) and lateral (seismic) loads.This load combination can causkfferent failure
mechanismso ocaur: flexure, shear or a combination of the twelexural behavior isypically
characterized by tensile yielding thfe vertical reinforcement, formation plastic hingse inthe
flexural regionsof the wall and eventualcrushing of the masonry. Sheahavior istypically
characterized by diagonal tensile crackiofythe masonry Flexural failures are preferred
because they generalpre more ductile and dissipate more energhile shear failures are
undesirable because thggnerally exhibit more britle behavior. The wall parameters that
influence which of these failure mechanisms arise includaeightto-length aspect ratio of the
walls, thelevel of axial load, and the amount and distribution of horizontal and vertical
reinforcement. Understading how the performance and failure ofasonryshear wallsare

altered given different combinations dfeseparameterds crucial when designing a structure.



Over the past 40 years, major changes regarding seismic design proceauees
occurred Historically, seismic design procedures weflgasedprimarily on forcesand the
strength necessary to resist thiamgelybecause thas what dead and live loads draditionally
designed far It was believed that the strength of a structure was synony with the
performane of a structure (Priestley, 2000ke sear ch conducted during |
focused ordeterminingthe ductility ofstructural systems and incorporating this into the design
requirementsbut the overall design methods wereg i | | based on resisting
a new design method based on desiegdls ofdisplacementsanstead of forcesvas introduced
and has been thecusof researclsince ther(Priestley et al., 2007)

The new design methodeferred to agperformanceébased designwas developed to
overcomeshortcomings in the previous forbased design metholbgy. One of the problems
with forcebased design arises from having to assume memberasdé¢hus stiffnese the
initial design This is usedo calculate the periodnd distribution of forces withithe structure.

During the design process, if member sizes are modified then the distribution of forces must also
be recalculated, although they rarely are. Fdéased design also incorrectly asges that
different structural elements all yield at the same time. Lastlyashemption that unique force
reduction factors can be applied to specific types of structures and materials is(iPiabtley

et al., 2007)

Forcebased desigmethods a based on thelastic behavior of shear walls while
performancebased desigmethodsrecognizethatthe inelastic behavior afhear walls is a more
accuraterepresentation of their performancdhis is incorporatednto the design method by
taking the stiffness of a shear walbs the secant stiffness obtairedmaximum displacement.

Performancébased design also recognizes that the amount ofpidgmin a structure is



dependent upon the material. Using this information, the effective period at maximum
displacement is found (Priestley, 2000). An iterative design approach is not required.
Performancébased desigmprovides a more consistent and realistic prediction of shear wall

behaviorand may also result in more economical desthaatheforce-baseddesign method.

1.2 Scope and Objective

This project was funded by the National Institute oar&tards and Technology (NIST).

It was conducted as part of a joint effort between researchers at the University of California at
San Diego, the University ofékas at Austinand Washington State University. The objeeti

of the overall projecis to develop improved performanbased design methodologies and
provisions for reinforced concrete masonry shvealls under seismic loading.

The primary objective ofthe researchreported in this thesisvas to investigatethe
behavior of reinforcedoncretemasonry shear walls subjected tepiane lateral loading while
varying thewall aspect ratio, level of applied axigtress and reinforcementatio. The
secondey objectivewas to examine the effects obncentrated reinforcement at the ends of the
walls (jambs) compared with evenly distributed reinforcensenshear wall performancerhe
influence of eactparameter onwvall behavior was evaluated basedfaiiure modes as well as
measured values dftrength, drift, ductility, plastic hingéengths, energy dissipatignand

equivalent hysteretic damping



CHAPTER 2:
LITERATURE REVIEW

2.1Introduction

Numerous experimental studies on the seismic behavior of ¢emuesonry shear walls
have been conducted since the 197060s. The
develop new design methodologies and requiremenibis chapter provides a review of
masonry shear wall behavior under cycliegplane lateraloading including information onthe
different failure modes, drift capacity, displacement ditgtand plastic hinge length Also
included is a review of thapplicableseismic design provisionsf the 2011MSJC Building

Code Requirements for Masonry Structures.

2.2 Failure Modes of Masonry Shear Walls

Reinforced concrete masonry shear walls located in high seismic regions need to
simultaneously resist iplane and oubf-plane lateral loads as well as tiesl loads. Various
loading conditions may cause four distinct failure mechanisms, or a combination thereof, to
arise. These failure mechanisms, depicted in Figure 2.1, include rocking, sliding, flexure and
shear. Rocking and sliding can be preventethaadequate anchoragdeavingflexure and shear
as thedominantfailure mechanisms. Wall behavior is dependapon the heightto-length
aspect ratio of the walthe magnitude of the applied axial laaghdthe amount and distribution

of horizontal andrertical reinforcement
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Figure 2.1 Masonry Shear Wall Failureddes (adapted from Eikanag003)

Flexure is the preferred method of failure because of its ductile nature and effectiveness
at dissipating energy. It is typically characterized bytensile yielding of the vertical
reinforcement, the formation of a plastic hinge zone and crushing of masonry at critical wall
sections (Shedid et al., 2008; Shing et al., 1989). Crushing of the masonry is often accompanied
by vertical splitting of the nsonry in the toe regions. At increased displacements, face shell
spalling and eventual crushing of the grout alscupde the toe regions (Shedid &t 2008).

Flexural wall behavior is negatively affected bygth vertical reinforcement ratiosvhich
comespond to decreased levels of drift and ductility and can result in more brittle failures
(Eikanas, 2003; Sherman, 2011Jhe flexural strength increases as the magnitude of applied
axial stress increaséShing et al., 1989)Walls with heighito-length aspect ratios greater than

1.5 exhibit more flexurelominatel behaviorthan sheadominatel behavior. Masonry shear
walls are typicallydesigned to fail in flexure to ensure a ductile response.

Shear failures are undesirable because they exhibit morietot | e behavi or é
strength degradation soon after the maxi mum
They arecharacterizedby diagonal tensile crackindat often starts as horizontal flexural cracks
that developinto wide-open diagonal racksand extend throughout the masonryVvalls with
heightto-length aspect ratios less than 1.0 aften dominated by shear behavioiThe shear

regstance of a masonry shearwalb mes fr om t he @At en sdowehactionf s hea



of verticalr ei nf or cement , applied axi al stress and
Shear strength can be increased by evenly distributing the horizontal reinforcement up the height

of the wall which helps distribute the streséson and Ingham, 2006 This can also change

the wall dés behavior from a .blLarger amoents ofaartical r e t
reinforcement reducéhe size and amount afrack openingsvhich enhancs the aggregate

interlock system (Shing et. al., 1989). LUystlarger magnitudes of applied axial load increase

the shear strength by delaying the initiation of cracking enhancing the aggregatéeriock

system (Ibrahim and Suter, 1999; Voon and Ingham, 2006)

2.3 Ductility

Ductility is a measure of inelastic deformations such as displacement, curvature and
strain. It is defined as the ratio gimaximum toeffective yield deformationg (Priestley et al.,
2007). The difficulty in determining ductility arises when trying to define when yield and
ultimate deformations occur. The point of initial yielding hasheen defined as (1) the
intersection of the line through the origin with init&iffness and the nominal strength; (#)e
displacement at first yield3) and the intersection of the line through the origin with secant
stiffness through first yieldand the nominal strength.The ultimate deformation has been
defined as (4) dispacement at peak strength; @splacement corresponding to 20% or 50%
degradation from peak strength; (@8nd displacement at initial fracture tie transverse
reinforcement{Priestley et al., 2007). Figure 2.2 contains a falisplacement curve witpoints
corresponding to the above definitions for yield and maximum displacerfi@stvalue for the
ductility factor is highly dependent upon which points are chosenhfoyield and ultimate

deformations. This can lead to considerably different dtyctipacitieseing reported fothe



same structurePriestley et al(2007)define the yield displacement at point 3 and the ultimate

displacement at point 5.
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Figure 2.2 Yield and Ultimate Displacement Definitiofierf Priestley et al., 2007)

2.4MSJC Code Provisions

Seismic design requirements for reinforced concrete masonry shear walfisearen
Section 1.18 of the 201Ruilding Code Requirements and Specification for Masonry Structures
reported by the Masonry Standards Joint Committee (MSJQ)e MSJC establishethree
classifications of reinforxd concrete masonry shear watladinary, intermediate and special.

The discussiornerewill focus solely on the provisions for special reinforced masonry
shear walls Reinforcement detailing is fodnin Section 1.18.3.2.6 of the MSJC Code

Provisions state thahe minimum areaof vertical and horizontal reinforcement shall not be less



than 0.2 in® or 0.0007 multiplied by the gross cressctional area of the wallThe vertical
reinforcement mustlso be greater than oitlird of the required shear reinforcement. The sum

of the vertical and horizontal reinforcement must be greater than 0.002 multiplied by the gross
crosssectional area of the wall. The maximum spacing of vertical and horizomfaircement

shall bethe smallest of onthird the length of the wall, orird the height of the wall or 48 in.

The MSJC Code provisions require a shear design capacity checkghens Section
1.18.3.2.6.1.1 This check decreases the probabilibat shear failureswill occur prior to
flexural failures. For walls being designed according to strength design requirements, the design
shear strength sli exceed the shear corresponding to the development of 1.25 times the nominal
flexural strength. However, he nominal shear strengtbomputed in accordance with Section
3.3.4.1.2 of the MSJC Codeeednot exceed 2.5 times the required shear strength.

Strengthdesign requirements for reinforced concrete masonry shear walgvarein
Section 3.30f theMSJCCode The maximunsizeof reinforcement shall ndoe greater than a
No. 9 bar. In addition, the nominal bar diameter shall not exceedeagteh of the nominal
member thickness, orguarter of the least clear dimension of the cell or foucqre of the cell
area. Specific provisions for the maximum area of flexural tensile reinforceraengiven in
Section 3.3.3.5 and axescribed in detail in the commentary section. The limitatainthe
provisionsensure thathe tensile reinforcementields prior to crushing of the masonry in the
compression zone. This is accomplishedcigating a strain distribution, shown in Figurg, 2.
where the tensile stra(lli}) is equal to a factol[= 4 for special reinforced masonry shear walls)
multiplied by the reinforcement yield straiand the masonry compressive str@iR) is equal to
0.0025. The corresponding stresses and forces are then determined and used to find the

maximum vertical reinforcement ratio which is given in Equation 2.1
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” Equation 2.1
Where:
f'm = masonry compressive strength (ksi)
f, = reinforcement yield strengilksi)
2.5 Shing et al.

Shing et al. (1989ested and evaluated 22 masonry shear va@lisvestigate the effects
the amount of horizontal and vertical reinforcememd the applied axiadtresshad onthe
inelastic behavior of masonry shear wallBhe analysis focused on thafluence these design
parameters had on the flexural and shsd@ngths, ductility and energlyssipation capacitiesf
masonry shear walls Sixteen of the 22 walls were constructed with concrete masonry blocks
andarethe focusof the remaining discussion. The vgallere nominally 72 in. tall, 72 idong,

6 in. thick and were fully grouted.The horizontal and vertical reinforcement were uniformly
distributed every 16 inThe walls were subjected to varioosgnitudes of constant axistress
and a prescribed 4plane lateral displacement sequence.

The flexural strength of each wall specimen was evaluated using mouareature
analysis developed by the computer program UNCCIAl compared to the experimdnta

results The analytical and experimental results showed good correlation for walls with a vertical



reinforcement ratio of 0.38%heir failure mechanism was primarily flexural or a combination of
flexural and shear. Walls with higher vertical reinfareent ratios, 0.54% and 0.74%, showed
less correlation between the anmlal and experimental resultd)dr failure mechanism was
dominated byshear. The momenturvature analysis was based on the assumption that plane
sections remain plane.This assumioon is not valid when shear provides a significant
contribution to thedeformationsand explains the poor correlation between the analytical
predictions and experimental results for walls with higher reinforcement ratios.

Test results showed thktrgeramounts of vertical reinforcement increaskd flexural
and shear strengthed the walls Increasing theamount ofhorizontal reinforcemenhad little
influence on shear strength but it was observed to change the faddedrom sheardominated
to flexureedominated Increasing the magnitude of the applied axial load tended to change the
behavior of the wall from a more ductile flexural/shear mode to a brittle shear mode. The
authors concluded that the axial load had a more significant influence dlextheal strength
than on the shear strength of a waResults showed thavalls failing in flexure were more
ductile and had higher levels of energy dissipation than walls failing in sA@aong the walls
failing in shear, those with larger amountsvertical and horizontal reinforcement were more

ductile and capable of dissipating more energy.

2.61brahim and Suter

Ibrahim and Suter (1999) tested and evaluated five concrete masonry shear walls to
investigate the effects the applied axial strelss, @amount of vertical reinforcemerand the
heightto-length aspect ratio had on the behavior of masonry shear walls. The analysis focused

on the influence these design parameters had on the shear strength and ductility of masonry shear
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walls. The wallshadthreeheightto-length aspect ratio®.467, 0.636 and 1.0) atao vertical
reinforcement ratio0.004 andd).006) The horizontal reinforcemem&tio was0.002 for all the
walls. Walls were subjected tovo magnitudes of constant axial stress and a prescribgie
lateral displacement sequence.

The failure node for one of the walls was governed by a mixture of flexure/shear
behavior and the remaining four walls were governed lyrittle sheardominatel failure. The
authors note that despite failing in shear, these walls esthibited considerable ducttly
capacity. This was likely due to the vertical reinforcement increasing the masonry confinement
and the axial stress enhancing the aggregatddokeforces. Test results showed that as the
magnitude of the applied axial stress was incredbedshear strength and displacement ductility
increased while the drift decreased. It was also evitlet the shear strength, drift and
displacement dutity increased with larger amounts of vertical reinforcement. Lastly as the
heightto-length aspect ratio increased the level of drift and the displacement ductility increased

while theshear strength decreased

2.7 Eikanas

Eikanas (2003) tested andadyrzed severfully grouted concretenasonry shear walls to
investigate the effects the amount of vertical reinforcement and the -teiginigth aspect ratio
had on the inelastic behavior of masonry shear walier inplane lateral loadingThe analysis
focused on the influencedbe design parameters hadtloa definition of failurethe rate of load
degradatiorafter toe crushingnddrift, and the plastic hinge length. The walls had four height
to-length aspect ratiog0.72, 0.93, 1.5 and 2.1and two vertical reinforcement ratios

(approximately} max and approximatel®} may. Enough horizontal reinforcement was provided
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to ensure a flexural failure sde The walls were subjected ®constant axiaktressand a
prescribed irplane lateral displagnent sequence.

The experimental results were compared to the provisions set forth by the 2000 IBC
(ICC, 2000) The code requirements limit the maximum vertical reinforcement ratio to produce
a 1% wall drift and attain a specified tensile reinforcemeratirs before reaching a itical
masonry strain of 0.002%vhich the 2000 IBC definesastoe crushindailure. However, st
results showedhat critical masonry strain was reachetgnificantly before 1% drift, toe
crushingand 20% load degradatiomere achieved Dirift increased by at least 210% fraime
point of reaching critical masonry strain tlee onset of toe crushingnd an additional 20% prior
to failure. It was concluded that much greater drift capacities are attainable prior to failure than
is implied by the 2000 IBC.

Test resultsndicatedthat an increase in the heigiotlength aspect ratio correspattio
larger drift capacities at failure. It was observed that the aspect ratio also influenced wall
behavior; smaller aspect ratios led to increased shear behavior along with decreased drift
capacities. Increasing the aspect ratio corresponded to a dexn@athe plastic hinge length.
Theresults of thewall tests showedhat largervertical reinforcement ratgoresulted in smaller
drift capacities at failure. The wall behavior was also influenced by the vertical reinforcement
ratio; walls with lower réios experienced more sliding while walls with higher ratios tended to
increase the amount of shear contribution in squat walls.was observed that larger
reinforcement ratios corresponded to a decrease in the plastic hinge [€hgtBR000 IBC does
not associatehe aspect ratio with wall behavi@and uses the same requirements for determining

thevertical reinforcementatio in alltypes ofwalls. It was concluded that the aspect ramuld
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be considered when determining the vertical reinforcemaiat because both parameters greatly

influence wall behavior.

2.8 Voon and Ingham

Voon and Ingham (2006) tested aevbluateden masonry shear walls to investigate the
effects the amount and distribution ladrizontal reinforcementhe applied axiattress and the
heightto-length aspect ratibad on theshear strength of masonry shear waltsght of thewalls
were nominally 72 inlong and 72n. tall (heightto-length aspect ratio 1.0)hile the other two
walls provided heighto-length aspect teps of 2.0 and 0.6. Eight of the walls were fully
grouted while the remaining walls were partially groutéche vertical reinforcemerih each
wall wasconsistent in amount ardistribution The horizontal reinforcementaried in amount
and distributio. The walls were subjected to various magnitudes of constantsireakand a
prescribed irplanelateral displacement sequence.

The shear strength of each wall was predicted using the design requirements specified in
the National Earthquake azardsReduction Program (NEHRP,997) and compared to the
experimental results.The predicted shear strength values were reasonably accurate for walls
with a heightto-length aspect ratio less than or equal to 1.0 and were overestimated for walls
with a heightto-length aspect ratio equal to 2.0.

Eight of the walls exhibited characteristics of a skmminated failurewhile two
exhibited a mixture of flexure/shearResults showed thahcreasingthe amount of shear
reinforcement directly influenced the sheapacity by improving the pestacking performance
of the walls. Distributing the reinforcement up the height of the wall using smaller diameter bars

was advantageous when compared to concentrating the reinforcement in a fewliéarger
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bars. By difibuting the barsthe shear stresses were more evenly distributed throughout the
wall which preventedhe initial diagonal cracks from wideniragnd caused new diagonal cracks

to form which resulted in a more ductile behavior and higher energy dissigatiailities.
Results showed that increasing the magnitude of the applied axial stress delayed the initiation of
cracking and increased the shear strength of the wall. The authof®ewisithat the shear

strength increased as the heigltength aspet ratio of the walls decreased.

2.9 Shedid et al.

Shedid et al. (2008ested and analyzed six masonry shear walls to investigate the effects
the amount and distribution of vertical reinforcement and the applied stkésishad on the
inelastic behavioof masonry shear walls. Thealls werenominally 72 in.long, 144 in.tall, 8
in. thick and were fully grouted. The vertical reinforcement was uniformly distributed every 8
in. or 16 in. Enough horizontal reinforcement was provided to ensure a flefail@e mode
The walls were subjected to various magnitudes of constantstedatand a prescribed iplane
lateral displacement sequence.

The vyield strength and ultimate flexural strength of each wall specimen were predicted
and compared to the parimental results. The predicted strength values were calculated using
thedesignrequirements specified in tl2®04Canadian Standards Associati®804.1 (CSAand
the2005Masonry StandasdJoint Committee (MSJC The strength predictisrwere calculated
twice for each ®ndard:once neglecting the influence of compression reinforcenagct once
including the influence of compression reinforcemertie experimentalalues for the yield and
ultimate strengths were very similar to those fourgingt the CSA and MSJC design

requirements. It was found that neglecting the effects from compression reinforcement resulted
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in predicted values slightly less thanpeximental values while including the effects from
compression reinforcement resulted negicted values slightly greater than experimental values.
The authors concluded that flexural strength predictions using beam theory are accurate for walls
with low magnitudes of axial load.

All of the wallsexhibitedcharacteristicsypicd of a flexumal failure. Results showethat
the lateral load capacity increased as the vertical reinforcement ratio increased and the axial
stress was held constarit.was also found that tHateral load capacitglightly increaseds the
axial stresgncreasedrd thevertical reinforcement ratio wdseld constant Resultsshowed that
the yield displacement increased with larger amounts of vertical reinforcement and axial stress.
It was found that the displacement ductilitgcreased significanthyith increasiig amounts of
vertical reinforcemenrdnd only slightly decreaseudth increasingamountsof axial stress. tiwas

concluded thaall of thewalls behaved in d@uctilemanner.

2.10Sherman

Sherman (2011) tested and evaluated eight fully grouted comsastenry shear walls to
investigate the effects the heigbtlength aspect ratjadhe applied axial stresthe amount of
vertical reinforcementandthe presence of lap splicdsad on the inelastic behavior of masonry
shear walls. The walls hadthree heightto-length aspect ratiof0.78, 1.0 and 2.0and two
vertical reinforcement ratio0.0033 and0.0072) Enough horizontal reinforcement was
provided to ensure a flexetrdominated failure The walls were subjected to various magnitudes
of constant axilestressand a prescribed iplane lateral displacement sequence.

Connections between the test parameters and the effects they had on wall performance

were evaluatedAll eight walls exhibited behaviors typical of a flexedeminated failure.The
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expermental results indicateitiat on average, the total drét failure decreased with an increase

in aspect ratio. For the specimens with larger aspect ratios, larger yield displacements and
smaller average ultimate displacements correlated to a reductisplacement ductility.The

aspect ratio did not have a significant effect on the height of plasticity or the plastic hinge length.
Results showed that when the magnitude of applied axial stress decreased the height of plasticity
and the plastic hingkength increased. The magnitude of applied axial stress did not have a
significant effect on the displacement ductility, average drift or total energy dissipatiatis

with larger vertical reinforcement ratios had smaller values for average driftacdisgent
ductility, height of plasticity and plastic hinge length. The vertical reinforcement ratio did not
have a significant effect on the total energy dissipatleaktly, the presence of lap splices in a

wall wasassociated with decreased values foit,ddisplacement ductility, height of plasticity,
plastic hinge length and energy dissipation. It was concluded that greater drift capacities can be
achieved prior to failure than is implied by the 2008 MSJC and that walls with lap splices

perform poory and should be avoided in high seismic regions.

2.11Summary

This chapter provided a review thie two main failure mechanisre shear walls under
in-plane loadingflexure and shear.lt also includeda discussion on ductility and tleairrent
seismicdesign provisions regarding the minimum and maximum amount of reinforcement given
in the 2011 MSJC Building Code Requirements for Masonry Structm®3C, 2011). Several
experimental studies that examined the behavior of reinforced concrete masomryvalea

under cyclic inplane lateral loading were alseviewed
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CHAPTER 3:
EXPERIMENTAL PROGRAM
3.1Introduction
Eight concrete masonry shear wall®re constructedn this studyto investigatethe
effectsof varyingwall design parameteimn theseismic performance of the wallhis chapter
provides a detaileddescriptionof eachwall specima, how they were constructedesting

methods instrumentatiomnddata acquisitiosystems useduring testing

3.2 Footing Description

The wall specimensgvere all built on heavily reinforced oorete footings. There were
threesizes of footings The footings were all 24 invide, 18 in.deep and had lengths of 68,in.
86 in.and104 in.for wall lengths of 40 in.56 in.and 72 in.respectively Reinfarcement inall
of the footings consisted of No. 4 shear stirrups at ®nncenter. The footingalso included
longitudinal barsconsistingof eithernine No. 5barsfor wall lengths of 40 in.nine No. 7 bars
for wall lengths of72 in.or twelve No. 7 karsfor wall lengths of 56 in.all evenly spacedithin
the footing. The flexural(vertical) reinforcement was anchored iretfootings with90 degree
hooksandextendedabove the footingitherthe required lap splickengthor thetotal height of
the wall. Wall Specimes C7 and C#ad alditionalshear stirrups anldoops spaced every 3 in.
vertically, within the footingthat encompassed each of the feertical reinforcingbarslocated
in the enccellsof the walls

The footings were @kigned to act as a rigid support for the wall specimdiss was
achieved by anchoring the footings teeactionfloor througheightor twelve bolt tubescast into

the footingfor wall lengths o#0 in.or wall lengths 066 in. and72 in, respectively BentNo. 4
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barswere placedin each of the four corners as a lifting hook to move the specimens with an
overhead crane.Figure 3.ldepictsa typical footing designwithout the extra reinforcement

added toNall Specimes C7 and C8

flexural splices

SN

longitudinal —— lifting hook
shear ~ D2rs _ / \
stirrups H \ = N
\ pe—r / W , *
RS li 18"
'hi*-li —— __

e 68", 86" & 104" =I L— 24" —>‘

Figure 3.1 Typical Footing Design

3.3 Wall Specimen Description

The wall spenens were constructed of fulprouted concrete masonry units laid in
running bond. All the walls had a nominal thickness of 8 in. while the length and height varied
to provide aspeécratios of 0.78, 1.0 and 2.0.The bar size and spacing of thwertical
reinforcement variedmong the wall specimenswall Specimes C1 through Céad evenly
distributed vertical reinforcemenwhile Wall Specimes C7 and C&ad concentrated vertical
reinforcement at the ends of the walls (jambs$)igures 3.2 and 3.3 depichow the evenly
distributed vertical reinforcemeraind the jambreinforcement are arranged within the masonry

cells respectively For Walls C1 through C7, the provided verticahfercement ratiq” v prov)

was less than the maximum vertical reinforcement (&tionay) determined from the provisions
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in Section 3.3.3.5 of the 2011 MSJC Code. For Wall C8, the provided vertical reinforcement
ratio was greater than the maximum veatieinforcement ratio permitted/Vall Specimes C1

and C2 and C3 through @f&ad lapsplices at the base of the wall that were 16 in. and 4®ng,
respectively The length of each lap splice was determined from the prosisiorSection

3.3.3.3 of tle 2011IMSJCCode Wall Specimes C6throughC8 did not havéap splices.

Figure 3.3JambReinforcement

Shear (horizontaljeinforcementvaried among the wall specimens. It wasvuled to
ensurethat thenominal shear strgth was greater than tm@minal flexural strength predicted
with momentcurvature analysis. The horizontal reinforcememisisted of one No. 4 bar in
every course fowall Specimes C1 through C3 and C&vo No. 4 bars in evg coursefor Wall
Specimen C4andC5, and two No. 3 ars in every course for 8l Specimes C7 and C8 The
horizontal reinforcement was anchored around the outermesical reinforcement bars with
180 degree hooks.The cktails previously discussedre listed in Table 3.Xor each wall
specimen Figures 3.4 and 3.5 showa typical wall spcimenwith evenly distributedvertical

reinforcement and a wadpecimen with jambeinforcement, respectively
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Table 3.1 Details of Wall Specimens

Nominal | Nominal . . Splice
. Aspect| P/ Vertical . . Horizontal
Wall L(Eni?lth, Hﬁlignht, Ratio | ( £A9) | Reinf. (") v_prov vma | Reinf. (1) Leinngth,
C1 40 80 2.0 0 #4 @ 8in. | 0.0033| 0.0115| #4 @ 8in. 16
C2 40 80 2.0 | 0.0625| #4 @ 8in. | 0.0033| 0.0067| #4 @ 8in. 16
C3 40 80 2.0 | 0.0625| #7 @ 16in.| 0.0059| 0.0067| #4 @ 8in. 46
C4 72 56 0.78 | 0.0625| #7 @ 16 in.| 0.0055| 0.0067| 2 #4 @ 8 in. 46
C5 72 72 1.0 | 0.0625| #7 @ 16 in.| 0.0055| 0.0067| 2 #4 @ 8 in. 46
Cé6 56 112 2.0 0 #6 @ 8 in. | 0.0072| 0.0115| #4 @ 16 in. NA
Cc7 56 112 2.0 0 8 #6 0.0087| 0.0115| 2#3 @ 8in.| NA
C8 56 112 2.0 | 0.0625 8 #6 0.0087| 0.0067| 2#3 @ 8in.| NA
Horizontal . )
* Rein\f. Vertical Reinf.
5.
B ENEnD
L Loading Beam
H
1 Footin
Lap|Splice .
l / \

Figure 3.4Typical Wall Specimen
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Figure 3.5Jamb ReinforcemeiVall Specimen

3.4 Load Beam Description

Concrete beams were built on top of the wall specimens as a means to applylane
lateralload to the walls. There were thragieges of load beamsThey were all 12 inwide, 16 in.
deep and had lengths of 44 in60 in.and 76 in.for wall lengthsof 40 in, 56 in.and 72 in,
respectively Reinforcement in all of thiwad beamgonsised of No. 4 shear stirrups air8 on

center and siNo. 5 longitudinal bars that were evenly spaced around the perimeteriufatine
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The flexural reinforcemengxtended 14.5 ininto the load beam. Figure 3dépictsa typical

load beandesign.

- 44", 60" & 76" — 12" —

/
/
/
/
:
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longitudinal stirrups
bars \ /

flexural reinforcement

Figure 3.6TypicalLoad Beam Design

3.5Material Properties

The masonry blocks used in thmoject were nominal 8x8x1n. standardhollow
concrete masonry unitand nominal 8x8x8in. hollow concete masonryhalf blocks Bond
beams were used taccommodatelacement of the horizontal shear reinforcemeiitiree
standard blocks werset asidefor testing later capped withgypsumcement and then tested
according t)ASTM C14011. Type S mortar was mixeen-site and used to construct the wall
specimens. Tiee mortar test cylindemsere madeluring constructiomnd later testedccording
to ASTM C78011. Eight-sack, fne aggregate groutpmplying withASTM C47610, was used
in all thewall specimens.Three grout prisms were made during constructiater capped with
gypsum cement, and then testactordingto ASTM C101911. Threetwo-block prisms

conforming to ASTM C1314 werelsd made during constructioand capped with gypsum
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cementfor latertesting The average compressive strengthdachmateral is given in &ble

3.2.
Table 3.2 Average Material Compressive Strengibis
Masonry Units Mortar Grout Masonry Prisms
Walls C1C2 3 465 3,220 5,528 3,038
WallsC3-C8 ' 3,330 4,770 2,279

The reinforcementused in all of the wall specimens was Grade 60. Véwical
reinforcemenconsisted of No. 4, No. &dNo. 7 bars. Théorizontalreinforcement consisted
of No. 4and No. 3bars. The yield strength$or each size ofrertical reinforcemenbar were
obtained from the mill reporfzrovided bythe manufactureand are listedh Table 33.

Table 3.3Vertical Reinforcementield Strengthsks

No. 4 No. 6 No. 7
Walls C1 65.3
Wall C2 66.0
Walls C3-C5 66.0
Wall C6-C8 67.5

3.6 Construction of Wall Specimers

All eight wall specimens were constructed at the Composite Materials and Engineering
Center at Washington State UniversityThe walls were constructed i#wo groups. The
procedures for constructing the footingglls and load beams were the same for egrciup of
walls. The footing reinforcemerdages were tied and placed inside wooden forms alithghe
verticalreinforcement and bolt tubesoncrete was orderdebm a local readynix supplierand
as itwascastinto the brms it wasconsolidated with a vibratohe surface was smoothed with

a trowel and then slightly roughenedthin the expectedootprint of the wall by scoring the
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surface with the trowel Care was taken to minimize damage to the strain gages within the
footing andthoseattached to the startbars while the concrete was being pour@&tie next day,

the forms were removed from the footiagd thevertical reinforcement was tied to the start
barswhen applicable.

All eight wall specimensvere constructedby professional massnusing running bond
with face shell and web beddin@he horizontal reinforcement was placed in the bond beams at
their respective coursesThe wall specimens wereonstructed over two days. ixSto eight
courses were laid on the first dayhe remaining courses welad on the second dagndthen
grout was pumped into the cells and consolidated with a vibr&tal Specimes C1 through
C5 were grouted in one tiatndWall Specimes C6throughC8 were grouted in two lifts

The formwork for the load beams was assembledop of the wall specimens amdis
supported by small stud walls. The reinforcement cgebe load beamwere tied and placed
within the foms. Concrete was ordered from a local reauly supplierand placedinto the
formwork for theload beam. The concrete was consolidated with a vibrator andisorface

was smoothed with a trowel.

3.7Test Setup

The wall specimens were designed with a fixed base to represent a cantilever shear wall.
The footings were anchored toraactionfloor with 1.25in. diametersteel bolts. Footing
anchorsweresecuredo thereactionfloor at eachendof the footing andsteel plates were used
to distribute the forcébetween thdooting anchorsand thefooting. This seip preventedthe

footing from slidingon the reactionfloor during testing.
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Three identical hydraulifacksprovided the axial (vertical) load for the Mvapecimens.
Eachjack has a ratedapacity of 10,000 pswhich corresporsito 120 kips of applied forceper
jack. Thejacks were connected iparallel thus maintainingequal pressure to each jacKhe

pressure that was applied to each wall specimedetermined according Eguation3.1.

01 Qi M@N6MN0 GO Q Q0 zp i "'Q  (Equation 31)

The pressure from the hydraulic power supply system was maintained at a constant level,
and therefore the specified axial loadmained constant as thieree actuatorextenckd and
retraced with the vertical deflection of the wallThe upward pressuredim theactuatorswvas
resisted by a box beam attached &iding trolley system The trolleyslid onthe main reaction
frame through a set of 18w-friction bearingghat rodeagainsta stainless steel plate attached to
thecrossbeam in theeactionframe setup. This arrangement enabledablesto move with the
wal | whil e maintaining a constant vertical
condition

A 220-kip capacity hydraulic actuator provided theplane load for the wall specimens.
The actuator was operated under displacement corfi@. actuator was connected to thain
reactionframe and to a steel emdate. The load was applied to the wall thréutyvo steelend
plates that were affixed the North and South ends of thead beam and attached to each other

by threaded rods. The test setuphswnin Figure 3.7(North direction on the left)
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Figure 3.7TypicalWall Specimen Test Setup

3.8Instrumentation

Strain gagesdisplacemenipotentiometersa load celland a dial gaugewere used to
monitor and acquire datahile thewall specimensvere tested The locations of the strain gages
areshownon the right side of Figure 3.8Two strain gages were placed within the footing on
the outermosterticalreinforcement bars. Strain gages were also placed orvegdal bar just
abovethe footing. The outermosertical reinforcementad additional strain gages placed at the
top of the first, second and third coursekastly, strain gages were placed on the horizontal
reinforcement in the first and fifth courses.

The locationsof the displacemenpotentiometersnumbered 3 through 20, are shoam

the left side of Figure 3.8 The locations of some of thdisplacemenpotentiometers varied
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when theaspect ratio of the alls changed. The displacemenfpotentiometers were used to
measure the vertical displacements, sliding displacements and shear displacements at several
locationson each wall specimenA displacemenpotentiometekvas used to measure the global

wall displacement in the direction of loading. was placedn a rigid framethat wasseparate

from themain reactiorframe setupandthenconnectedo the loading bearat theheight of the

load application Anotherdisplacemenpotentiometewas attachd to the hydraulic actuator to
measurehe actuatorpiston displacementA load cell was attached to the hydraulic actuator to
measure the applied -plane lateral load. A dial gaugewas placed against the footing to

measure any sliding that occurred between the footing andahgonfloor.
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Figure 3.8DisplacemenPotentiomete(Left) and Strain Gagé€Right) Locations
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3.9System Control & Data Acquisition

The systemcontrol and data acquisition was obtained usiwg computers. One
computer controlled the lateral load application by sendirspexified load or displacement
patternto the hydraulic controller. The second computentrolled thedata acquition
software it collected one scan signalper secondrom the load and displacement cells, the
displacemenpotentiometersand the strain gagedrigure 3.7 illustrates how the signals from

the computewere transmitted and how the datasvpsocessedra sent back to the computer

Current End Value

& Load Rate
. Computer
Load & Displacement (Load Application)
MTS 793 Software
Scan Command *
Feedback v
Computer v Servocontroller
N F k
(Data Acquisition) eedbac Data Scanners (Flex Test SE)
StrainSmart Software '

Data at Current Positior

| Feedback
Specimen : |
Instrumentation Hydraulic Servo &
(Potentiometers & Actuator Manifold

(220 kips)

Strain Gages)

Figure 3.9System Control &ata Acquisition Flow Chartadapted fronSherman 2011

3.10Test Procedures
All of the wall specimens were tested under displacement confroé crosssectional
analysis program XTRACT was used to obtain the moroentaturerelationshipfor each wall

specimen based onnaonotonic pushover tesiThe maximum moment obtained from XTRACT
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was divided by the height of the wall (H) to obtain &xpectedbeak load. This peak loadvas
equivalent tadheappliedlateralload neededo cause fatlirein each wall.

The preliminary testprotocol consisted oftwo completecycles ofthe actuator (both
negative and positive directignat loads corresponding to 25 50% and 796 of the expected
peak load as determined by XTRACT The preliminary cyclic loading protocol is shown in
Figure 3.10. The displacements at 7566 peak load (in the negative and pipge directions for
both cycles) were extracted from tpesliminarydataset Thesedisplacements were multiplied
by 4/3 andavera@d to obtain a value for delta (pY), whereq Yis the predicted displacement
at peak load. The primary test protocoinsisted oftwo complete cyclegboth negative and
positive directions) displacements at increasing multiplesopfY. Figure 311 shows cyclic
patterns of displacement for the primary test. Displacement lege¥ \Were sequentially
increased until theesultantin-plane lateral loadvas reduced t&0% of the maximum irplane
lateral load that was recorded duriegrlier displaement levelsor until loss of structural
integrity (failure)of the wall specimen, whichever occurred firghe displacement ratesedfor

all of the wall specimens during the preliminary and primary t@ats0.3 in./min

3.11 Summary

This chaptemprovidad a detailed description of theall specimes and how they were
constructed. It also describehe test setip and test protocol that was used for thiall

specimes. Lastly, an account of the instrumentatéord data acquisition systems wgreen.
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