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Abstract

Reinforced Concrete (RC) slender shear walls are an integral structural system in modern
mid-rise and higkrise structures. RC shear walls provide digband stiffness to structures
against lateral loads such as wind or seismic events. The capacity of shear walls to dissipate lateral
excitations are affected by many factors, specific to this research however, the amount of axial
loading being one. AXitbading in buildings is generated from gravity loading due to the live and
dead loads of the structure. Higher axial loading requires higher lateral loads to displace the shear
walls, however, during seismic events higher axial loads reduce the sradaralfdities to
dissipate energy. During these seismic events, the hysteretic response of shear walls with axial
loading exhibits a pinching effect. Not only does this signify reduced energy dissipation, but this
pinching effect is also representative lofver residual drifts and higher stored elastic potential
energy. The experimental and numerical testing of a lagge RC slender shear wall was
conducted herein to investigate these behavioural characteristics. The results from testing using
combined &ial loading and reverse cyclic lateral displacements demonstrated that higher axial
loads increased the lateral load required to displace the wall, reduced the residual displacements,
increased the amount of stored elastic potential energy during theit@adycles, and confined
most of the damage within the bottom half of the wall. The numerical analysis and assessment
of the wall required multiple changes and an investigation of various constitutive models to

achieve a satisfactory simulation.
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1 Introduction

1.1 Background

1.1.1 Reinforced Concrete

Understanding the causes of structural failures and how to mitigate them provides a
pathway to progress and improve structural design. It is necessary to use the lessons learned
from these failures to ensure they do not reoccur. One of the core valuegddiom these
failures is the need to safeguard against loss of life. This has led to improvements in design
standards and building codes to aid in mitigating these failures.

Outside of a laboratory setting, the ability to capture the behaviour of adde
Reinforced Concrete (RC) shear wall during a seismic event from an undamaged state to the point
of collapse is impractical nor is it safe to do so. Understanding the response of shear walls
subjected to seismic loading is crucial to observing thelraveour during seismic events. In
previous experimental testing on shear walls, done by Alaa Abdulfidhilohammed Zaidi],

Mena Morcos[3], and Michael Sot¢4], lateral loading was not combined with applied axial
loading. The addition of applied axial loading provides a more realistic representation of the
loading imposed on a shear wall during a seismic evEnis exclusion has createa gap in
understandinghe response of shear walls during a seismic evénhe addition of applie@xial
loadingprovidesa more realistic loading conditidhat will providea better comparisoragainst
shear walls that incorporate emerging structuralaterials and alternative reinforcement
detailing.

The effects of seismic events on reinforced concrete structures can be devasting.
Inadequate understanding of the behaviour of key structural components can result in more than
irreparabledamage. The possibility of structural collapse endangering the livdgeddiuilding
occupants andhose inthe surrounding areas not acceptableDeveloping an understanding of
the deficiencies thatRCstructural componentsexhibit during seismic evestcan allow for
identifying area®f improvement, such as impraad designs or increasing lateral resistance

Figurel.lillustrates astep-by-step understanding oféw RC buildingespondto seismic
events.After low levelsof lateral displacement, reinforced concretéll experiencehe onset of

damage. In terms of a building, it will possess #fdlity to remain operationalAt this stage,
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cracks begin to propagat When lateral displacementsicrease,there will be permanent
cracking, possible delamination, but the building will remain repairable and staiéntually,
the building will reach a stage whea# structural integrity is lost ant is no longer repairable
It will be deemedlife safe. Life safe is the point where the structure needs to be evacuated as it

has reached the onset abllapse Demolition of the structures the only option at thistage

Base
Shear A
Demand

Lateral Deformation

Figurel.l: Level of Damage based on Shear compared to Lateral Defornfation

One of the fundamental concepts used in the analysis of structures is the tributary areas
of beams and slabs and how they transmit their loading towards the vertical support members.
In concrete buildings, the weight of the slab is transferred to the columns and walls. In some
research, the effect of this weight is not captured. This added &aaingaffectsthe stiffness
and strength, and also impacts the transient and residual drifts. Though this is captured in a
laboratory setting, in some situations, these failures can be catastrofexamples of
catastrophic failures are building colgsdue to crushing or bucklingvhich in a controlled
environment does not occur as the testing is halted before collapse can occur. During seismic
events however, this is not possible and collapses like the 2010 Chile earthquake, or the most

recent 2023 Turkeypyria earthquake. Withipher axial loads preserfailures can occur
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Structures in modern construction must conform to area specific seismic design standards
and building design codes. These codes and standards provide a framework for designers to
follow in order to create stiicient structural systems. Although structures, specifically buildings,
can be made with a variety of materials such as timber and steel, reinforced concrete remains
the most widely used construction material. Generally, reinforced concrete is used wialle
of the stairwells and elevator shafts in concrete structures, and many steel and timber buildings.
In one way or another, reinforced concrete is routinely used as the seismic force resisting system
of buildings. In addition, for midse and higkrise buildings, reinforced concrete is attractive due
to its cost and versatility.

Mid-rise and higkrise concrete buildings typically have a variety of concrete walls and
columns. The main reason for this is that concrete lacks the ability to span laagagis given
its low tensile strength. For this reason, significant quantities of reinforcement would be
required. Generally, RC buildings are used in the construction of condominiums as the walls
provide natural dividers between the units. From an engimag point of view, more walls lead
to higher lateral load resistance and increased stiffness. Thus, increasing the seismic performance
of the building if designed properly.

Building codes provide a multitude of systems that are identified as acceptaldmi
Force Resisting Systems (SFRS). Ferigeidnd higkrise structures, shear walls are a prevalent
choice for the SFRS. Since the construction of these types of structures incorporate stairwells and
elevator shafts, shear walls are a natural chdwdéorm part of the SFRS. These walls serve as
gravity loading support as well as lateral loading support. Lateral loading causes these walls to
displace and oscillate laterally. Forms of lateral loading arise from wind and earthquakes. The
walls must disipate these oscillations and return to a state of equilibrium. Should there be

inadequate reinforcement, concrete strength, or design, these walls can fail catastrophically.
1.2 Scope of Research

1.2.1 Reinforced Concrete Shear Walls
Shear walls are the primary &l force resisting system in mige and higkrise
reinforced concrete buildings. Typically, during seismic events, depending on the magnitude,

reinforced concrete will crackDesign standards and engineers will design RC to crack during
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these events. fle reason for this is the economic value in designing and building an RC structure
to remain elastic is undesirabl&€he $iear walls and columns would need to be so large that the
building wouldbe extremely costly and there would be minimal floor arfea.this reason, design
standards and engineers have minimum desrgquirementsthat allow RC to experience

inelastic deformations during seismic events while still remaining serviceable.

1.2.2 Types of Shear Walls

Different types of reinforced concrete shear ligacan be useah buildingsThe two main
types of shear walls seen in typical construction are slender shear walls and squat shear walls.
The determining factor on whether a shear wall is slender or siguiiite aspect ratig the ratio
of height toshearspan lengtibeing less than, equal to, or larger than 2. In this thesis, the aspect
ratio of theshearwalltestedis 2.2 which classifies it as a slender shear wall.
1.2.2.1 Squat Shear Walls

The focus of this research is on slender shear wadlsever a brief review of squat shear
walls is necessary to understand the key differences. Squat shear walls are defined as shear walls
with a height that is less than or equal to two times its length. The responses of these types of
walls are dominated ¥ shearrelated mechanisms as illustrated Figure 1.2. Squat walls
generally experience higher axial and gravity loading than slender walls. Since shear generally

governs, the crack patterns are typically inclined diagonal shear cracks.
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Figurel.2: Squat Shear Wall Failure Modé$

1.2.2.2 Slender Shear Walls

Slender shear walls are defined as shear walls with a height that is greater than or equal
to two times its width. This means that flexuralated mechanisms dominate the response.
Slender shear walls can experience a variation of failures, as shéuguiel.3 below; generally,
they can be classified as, sliding, flexure, compression, or tension failures. Typical slender shear
wall crack patterns are inclined flesaishear cracks which occur in the web and horizontal

flexure-tension cracks which occur in the boundary regions.
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Figurel.3: Slender Shear Wall Failure Modiéls

1.3 Research Objtives
The main objective of this research is to experimentally test a reinforced concrete slender

shear wall under combined reverse cyclic lateral displacements and axial loading. The purpose of
this research is to monitor the response of the wall to camekli loading, to assess the impact of
the axial loading on the recentering of the wall and to develop a better understanding of how
shear walls in migise and higkrise buildings respond to seismic events. The anticipated result
is the development of a tésetup which yields more realistic loading conditions generating data
to give a better understanding of how axial loading impacts the transient and residual drift
capacities compared to prior tests that did not explicitly include imposed axial loadiaghieve
this objective, a largscale reinforced concrete shear wall along with a specialized dual loading

testing frame was constructed.
Secondary objectives of this study are:
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1 To provide test results from a wall that will serve as a control for futeséing that will
incorporate emerging materials such as SMA (Shape Memory Alloy) reinforcing bars and
ECC (Engineered Cementitious Composite) in the plastic hinge region;

1 To provide test data to corroborate numerical models developed through Formwaarks
analyzed withVecTor2to predict the behaviour of RC slender shear walls subjected to
combined lateral and axial loading. The corroborated numerical models will be used as
the foundation for numerical models incorporating emerging materials noted above;

1 To determine whether starter bars should be required in future tests with thisipetnd

loading condition.

1.4 Research Novelty

The specific RC shear wall presented herein will be used as a control wall for future
experimental test programs that will be ddeped with emerging materials such as ECC and SMA.
Though those walls will be novel based on the incorporation of the emerging materials, the
novelty of this research is partly in the experimental setup and partly on the high level of axial
loading imposedn the wall, which is at the high end for slender shear walls. The inclusion of
axial loading is evident for different types of RC structural components; however, there is
substantially less breadth on articles regarding shear walls. The novelty ofedgarch is
investigation of the effect of combined axial and lateral loading on a{scgke slender RC shear
wall. Using axial loading on shear walls subjected to reverse cyclic loading is an understudied area
and this research will aid in developing ebfuture work. In addition, the novelty of this research
extends to the complementary numerical modelling. The modelling demonstrates how combined
loading should be considered, the impact of explicitly modelling tHe éffect, and the
importance of locakffects at a crack given that the longitudinal reinforcement in the boundary
elements fractured during testing. From a modelling perspective this includes a testgfening
model that considers and recalculates the fracture strain at a crack, thend#uof strain gauges
on the reinforcing bars, and a reinforcement hysteretic model that considers the accumulation

of reinforcement strain at the crack.
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1.5 Thesid.ayout

The following thesis has been formulated into a sequence of seven (7) chapters. IChapte
1 introduces the research topic and concepts that have guided the study of RC shear walls
subjected to combined lateral and axial loading. Chapter 2 encompasses an extensive literature
review that focuses on RC slender shear walls subjected to comlumadohg and the different
procedures considered by other researchers. Chapter 3 explains the construction of the shear
wall, the test set up, and the instrumentation. This is followed by the testing program which was
developed to test the wall. Chapter #ustrates the results of the experimental program. Chapter
5 provides a discussion of the experimental results. Chapter 6 provides complementary and
preliminary nonlinear finite element modelling of the wall prior to and following the testing.

Finally, Chater 7 concludes the thesis and provides some insight on future work.
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2 Literature Review Testing and Modelling of Reinforced Concrete Shear Walls

2.1 Introduction

The main focus of this thesis is on reinforced concrete shear walldit@iagure review,
however, also includes shear wall research that involves novel and emerging materials. The
purpose is that this research will serve as a control wall for a larger experimental program which
will include novel and emerging materials. R&wng experimental studies containing these
materials will aid in identifying areas for future research on this topic.

This chapter will encompass four main sections of the literature review. The first section
covers research conducted on reinforced comershear wall buildings following earthquakes.
The second section will be on seismic testing and behaviour of shear walls without applied axial
loading. The third section presents research pertaining to the behaviour of shear walls with
combined loading, rad the fourth section will be on shear walls with novel and emerging

materials.
2.2 Reinforced Concrete Shear Walls in Buildings

2.2.1 Introduction

Understanding structural systems can help in identifying areas of weakness prior to the
occurrence of seismic eventshis knowledge can aid in reducing the economic damages as a
result of these seismic events. As discussed throughout this thesis, shear wall systems provide
added stiffness and resistance to lateral loading. Reinforced concrete structures are designed to
experience plastic response rather than remain elastic. The reason for this is that the economic
cost and member sizes would not be feasible for an elastic design. This section reviews systems
subjected to seismic events and will highlight areas of conaedrareas of confidence with these
systems.
2.2.2 RC Buildings After Earthquakes

In 2010, an 8.8 magnitude earthquake occurred in Chile. In a case study by Wallace et al.
(2012), it was noted that the majority of damage was experienced in newer buildings wére
less stiff than older buildings. The observed damages included crushed concrete, spalled
concrete, buckled vertical reinforcing bars, opening ofd@Qree stirrups, and crack localization.

In the majority of these cases, thin walls were an issuebse the cover to wall thickness was
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large, and when the cover concrete spalled off it greatly reduced the axial capacity of the wall
[8].

Research by Massone et @] provides a comparison of @é&an buildings and codes to US
buildings and codes Though the codes are not the focal point of this thesis, the findings found of
Massone et al. provide important lessons. The stiff shear wall structures in Chile performed well
with little to no damage dung the 1985, 7.3 magnitude earthquake. The main reason for this
performance is attributed to the buildings containing a large number of W@li&Vhen walls are
built thinner and taller, they experience higher axial loads. After the 2010, 8.8 magnitude
earthquake, many of the newer and taller buildings in Chile experienced more severe damage
than the older buildings. This is due to the thinner aalter walls of the newer buildings having
a higher axial load ratio than the older buildings. This is something that requires further analysis,
but due to the reduced width of walls, more floor area and weight needs to be supported by the
reduced numbenf walls. The axial compressive capacity of shear walls is primarily a function of
the compressive strength of the concrete and the crssstional area, assuming that slenderness
is not an issue. If the crosectional area is reduced, the axial compressiapacity of the wall is
reduced or the axial load ratio on the wall increases.

Lagos et a[10] published a paper in 2021, 9 years after the above paper. It references the
2010 earthquake in Chile with some new findingstwigen 1985 and 2010, 9970 residential
buildings were erected in Maule, Chile. This area was affected by the 2010 earthquake. Out of
these buildings, specifically buildings between 4 and 18 stories, 40 were severely damaged and
needed to be demolished, anticollapsed10]. The article does not state the type of SFRS used
within these buildings. This is less than 1%. This paper providesdaptim analysis on the need
for lateral stiffness for seismic resilience. A solutiorréduce lateral displacement demand is
using walls with high lateral stiffness.

This research is supported with the findings in 2019 by Ozkul diHl. This article
reviewed two buildings that were damaged from the 7.2 magpét Van 2011 earthquake in
Turkey. The research on these two buildings was performed with SAP2000. Both buildings were
constructed with poor material properties which resulted in low ductility and strength. A

parametric study conducted on the twauildingsconsidered the actual material properties, and
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what is deemed good material properties. The model with the better material properties

improved the buildings damage resistance in some areas but the better material properties did
not resolve the inadequatshear wall design. A SAP model with properly designed shear walls
provided significantly improved seismic performance of the building. Part of the study considered
improving the design of the shear walls but not the columns; this alone improved the seismic

performance of the building.

2.3 Early Shear Wall Research

Shear wall research has significantly enhanced within the last fifty years. This area of study
has been continuously improved upon as willdiscussedn the following sub sections.Early
researty wasconductedby Oesterle et al[12] on three RC wall configurations. A total of nine
walls (rectangular, barbell, and flangexhapes)with aspect ratios of 2.4 were constructed and
tested. The walls were loaded laterallythé midheight of the top beam and were not subjected
to imposed axialoads. One of the key differences between the walls were the confinement
within the boundary region. In some of the walls, the boundaries were unconfivade in
othersthey werecorfined. This study highlightedthat confinement providedmprovementsto
the displacement ductility but did not affect the rotational ductility. As well, inelastic
performance was increased due tbe confinementby delayingthe reinforcingbar buckling
within the boundary regions.

A second paper by Oesterle et HI3] was published a few years later with seven more
shear wall tests. The new walls were subjected to constant axial compressivegahding
testing. Five different failure modes were observed between the seven new tests and the nine
previous tests: bar fracture, bar buckling, instability of the compression zone, web crushing, and
boundary crushing. These papers and another pap&80 by Oesterle, Fiorato, and Cor&¥]
on reinforcement details and design recommendations for earthquake resistant structural walls

aided in creating the framework that the following papers used to research and test wiadlar

2.4 RC Shear Wall Research without Axial Loading
Research has been conducted on reinforced concrete shear walls without the inclusion of
axial loading for a multitude of reasons. Many of which are due to: lack of resources, lack of

available space, or lack of research on the topic. Though the basissaksearch presented
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herein is on combined loading, it is important to review the responses of shear walls without
applied axial loading. In this section, the recentering characteristics, residual crack widths, and
damage to the vertical reinforcement Wile the specific focus.

There is a wide range of research that has been performed on the behaviour of slender
reinforced concrete shear walls when subjected to seismic loading conditions. More focus is
being placed on the behaviour of these types of salhen subjected to combined lateral and
axial loading. Since the research presented in this thesis is a continuation of a larger ongoing
research study, it is important to identify how this research has been conducted and to present
the results that havebeen reported. Reviewing current studies that incorporate combined
loading is important to establish a baseline and to determine any knowledge gaps. An extensive
literature review of shear wall tests conducted by Blén@nd Bonet{15] aids in providing a list
of the slender and squat walls that have been researched in recent years.

The current research is part of a larger experimental program. It continues from the work
of Abdulridha[l], Ziadi[2], Morcos[3], and Soto[4]. Each study included a control, steel
reinforced wall, and a superelastic SMA reinforced wall. Abdulridha and Morcos built original
walls, s KSNEIFa %AFRA YR {202 NBLIANBRI NBaLISOUACL
AyOfdzaAizy 2F &dzLISNBf I adA0O {a! oO0FNAR Ay GKS 02dz
a specialized coupling mechanism for the SMA bars to address issues @oupling system
noted in the study from Abdulridha. The original coupling mechanism imposedgmage to
the SMA bars through the screw locks. In testing of the wall, one of the SMA bars fractured at
the location of the coupler. The study by Morcogds forging technique with screw couplers
that eliminated damage to the SMA bars.

Both Abdulridha and Morcos used quasi static reverse cyclic loading to test their walls.
The loading protocol remained the same for both of their sets of walls; howevemtude of
failures were slightly different for the control walls. The walls tested by Abdulridha included
added starter bars that extended from the foundation to 300mm into the wall over the web
section. This resulted in a larger crack to form during tggtist above the starter bars. The walls
tested by Morcos did not include starter bars and the dominant crack surfaced at the base of the

walls. Aside from this, both control walls experienced horizontal flexural cracking in the boundary
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regions and inclied cracking in the web region. The walls experienced crushing of the concrete
in the toe regions. The vertical reinforcement in the boundary regions experienced buckling and
ruptured during testing. Buckling and rupturing of reinforcement occurred in dieerégions of

the wall, and this can be attributed to loss of confinement and fatigue of the reinforcement.
Similar behavioural characteristics are expected to arise when axial loading is applied; however,

enhanced crack recovery is also expected. Therobmtalls at the end of testing are shown in

Figure2.1.

= STERY —

Figure2.1: Reinforced Concrete Walls used by Abdulrjdhéeft) and Morcog3] (right)

Similar research that predates the above was conducted in Iran by Ta@miThis
research involved four identical, 1/8 scale shear walls with aspect ratios of 3. The shear walls
were all tested using lateral load reversals and no applied axial loading. However, a difference to
the research discussed above was the absence repetitionscti#scin the study by Tasnimi. The
only difference between this set of walls was the rate of loading. The repetition of cycles allows
for an investigation of cyclic strength degradation and increases crack development at each
distinct displacement level. lthis study, the cracking observed was horizontal in the boundary

regions and diagonal in the web region of each of the wRlesearch by Sosa et Hl7] on a
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slender barbellshapedwall with an aspect ratio a.8, was alsperformed with no repetitions
of cycles. Though the wall was barbell shaped, it experienced the same form of cracking:
horizontal in the wider boundary region and diagonal through the web. Sosa et al. also used the

results of this shear wall test to verib numerical model developed with SeismoStruct.

2.5 RC Shear Wall Research with Axial Loading

In recent years an increased amount of research has focused on the effeetsforced
concrete shear walls when subjected to lateral and axial loading. As dgrated in the above
section, when axial load is not present, there are specific failure modes and patterns which would
likely change with the presence of compressive axial loading. It is important to understand how
and why this additional loading parametaffectsa shear wall. The presence of axial load creates
a more realistic loading case that shear wall in a building within a seismic region would
experience.

Pushover and cyclic tests were conducted in research by Rama Rafil8t il.2014 on
three identical shear walls with aspect ratios of 1.92. These walls were laterally loaded with an
actuator and had an 8:8on mass applied to the top of the wall to impose a 160 kN axial load as
shown inFigure2.2. One of the three walls was subjected to a monotonic pushover load, while
the two other walls were cyclically tested. The walls subjected to the monotonic pushover
experienced a higher lateral peak load and a larger displacement than the two cyclically tested
walls. This is due to progressive damage and ductility of the walls. During cyclic loading, the walls
were stressed and strained in two directions which camaase fatigue, damage, and stiffness
degradation due to the loading repetitions. In pushover tests, the wall was loaded in one
direction and, thus, not many secondary cracks formed and fatigue did not play a role. The
presence of axial loading in this texy did cause a slight pinching to arise in the lateral 4oad
displacement response. Buckling was also evident in reinforcing bars located in boundary

elements as a result of the axial loading.
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Figure2.2: Test Seup used by Rama Rao et [dl8]

Research by Tran and Wallgd®] on cyclic testing of five moderate aspect ratio (&.5
2.0), one half scale, RC structural walls was conducted in arsimgtaod to the one presented
in this thesis; however, pogéensioned rods were used to apply axial load rather than an hydraulic
actuator. Four walls were subjected to 10% of the axial load capacity, and one was only subjected
to 2.5%. An elevation viewf dhe wall with reinforcement details is shown kgure2.3. The
results of this research demonstrated horizontal cracks in the boundary regiogendibcracks
in the web region, and crushing in the toe regions of all the walls Fspe&e2.4). Buckling and
rupturing of the boundary principal neforcement was also observed (sEgure2.4). Not all the
walls failed in the same manner; diagonal tension failure, slidingpatdf-plane wall buckling
were some of the observed failures. Consistent, however, was the boundary zones yielding at
approximately 0.5% to 0.7% drift for all walls. The same can be noted for the loss of lateral load

capacity at approximately 3.0% drift all walls.
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Research following the 2010/2011 earthquakes in Chile and New Zealand sparked serious
interest in the effect of compressive forces on shear walls. This arose due to Hezved

damage in shear walls in the form of crushing of concrete and buckling of longitudinal
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reinforcement. The research by Shegay ef24l] consisted of four halécale walls with axial load
varying from 10%, 14%, and 20% and aspect ratios around 1.6. The changes among the walls
included an increasing amount of transverse reinforcement. In all wals, of lateral load
carrying capacity wadeemed the primary failurenodel and axial failure was considered a
secondary failure mode as it occurred after loss of lateral load carrying cagacityased axial

load resulted in increased concrete damage up the height and along the length ofalhe w
Behaviour of all wallwasdominated by flexure. Stirrighad fractured during testing, and cross

ties opened Although these walls are considered squat walls, the failure modes and patterns are
similar to slender walls with applied axial load.

Jiarg, Wang, and Lj21] studied seven walls witthtee different wall configuration@, T,
and rectangular secti®), dl with the same aspect ratio of 2.0. Axial load ratios varied from 0.1
¢ 0.30f the axial capacity of the waSome differences between the walls also inctlidéferent
transverse reinforcement ratios. All walleere designedbased on theChinese seismic design
code.Theseven walls were tested under lateral cyclic loading an apphétloading.This study
observedthat the damage sequence for dte wallswere similarincludingcrackedconcrete
yielding ofthe longitudinal reinforcement, spallingf the concretereinforcementbuckling,and
finally reinforcementfracture. Again, horizontal cracks were olged in the boundary regions
and diagonal cracks were observed in the web regions. Yielding occurred between €.8mm
12.5mm of lateral displacement; approximately 0.4% and 0.625% d\dt.stirrups were
fractured during testing. Increasing the axial loatio, increased the damage progression and
ultimately the shear effectiveness increased.

Wall shape can play a significant role in the response of a shear wall to seismic loading.
Research by Hizizy, Shedid, lakhakhni, and Drysda]l22] studied this parameter on six half
scale shear walls with different wall shapes and aspect ratios of 2. The cross sectional shapes
included rectangular-$haped, and barbell shaped walls. The set had two walls with different
reinforcement details. All walls were subjected to lateral and axial loading. Flanged walls
demonstrated an enhanced seismic performance compared to the rectangular walls. Delayed
concrete crushing at the toe of the wall and reduced crack localization were observid in t

flanged walls. The larger confined area in flanged walls increased the compressive force
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resistance. Increasing vertical reinforcement in the boundary region aided in initiating secondary
cracks instead of larger localized cracking. All walls expedecreeshing and spalling in the toe
regions of the walls as well as boundary bar buckling prior to rupture.

Three identical walls were testdsy Alarcon, Hube, and De La LIg3], with details from
5 buildings damaged durinige 2010 M8.8 earthquake in Chile. High axial loads resulted in brittle
concrete crushing failure after cover spalling. This researckaimreproduce brittle failure of
walls by using a high ALRxial Load Ratio)The walls were rectangular in shaps they
represented 32% of the walls in the five seriously damaged buildifgsvalls had an aspect
ratio of 2.3 had unconfined boundary regiom@sdlongitudinal reinforcemensurrounded byd0-
degree bendsn the boundariesThe ALR ratios were 15%, 25%, and 35% respeciivayfirst
cracking occurred at 0.5% drift and first yielding occurred at 0.6% @hi&.reinforcing bars also
yielded in compression which is likely due to the high compressive strd3ggag testingthe
walls with higher axial loadexperiencedreinforcement yieldingand failure at smaller lateral
displacementsOut-of-plane buckling occurred in all three walls dueofmening of thehorizontal
reinforcement this was a result of the combination ofwoconfinement and high axial loaas
shown inFigure2.5 and Figure2.6. Unlike the buildings that were being replicated, the vertical
bars did not fracturewhichwas likely due to the test beirtgrminatedwhen significant stiffness

losswas observed.

a) Wl b) W2 c) W3
Figure2.5: Failure due to crushing and buckling of: (a) W1; (b) W2; and (¢§23V/3
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Figure2.6: Damage at the Base of (a) W) W2, and (c) WR3]

Hube Marihen, De La Llera, and Stojadind\@4] studied six haliscale RC walls and
subjected them to quasi static cyclic loading with constant axial loading of Ti¥84dest setup
used for these experiments is shownHigure2.7. Wall W1 from Alarcon, Hube, and De La Llera
[23] was referenced as the control wall for these six walls. The walls tested were labeledww4
W4 had a wall thickness @bmm, whereas the rest of the alls were 100mnthick. W5was only
1180mmin height whereas the rest of them were 1600mim height Aside fromW4 and W5,
the only variations in the walls were the reinforcement detailing. Walln&8 similaritiego the
wall tested inthe researchpresented herein, refer td-igure2.8. The resultdllustrated that in
each wall the reinforcement buckled after compressive failure of the wall. The height
thickness ratio of the wall is impamt sincewalls which are thin and tall are more susceptible to
lateral instabilities this paper recommened the use of a more conservative ratio than is
currently used in the Chilean code comparingWall W8 toWall W1, the addition of closed
boundary stirrupsn Wall 8aided in increaisgthe ultimate displacement of the wall and reducing
the probability of bar bucklingThis also aided in confining the concrete cores in the boundary
regions. As referenced in thpaper by Hube et al., Kuang and [A6] alsonoted that closed
stirrups in boundary regions provgénhancedseismic performance througimprovedductility
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and ability to dissipate energyhe use of cross ties in Wall W9 inFigure2.9, was effective

in improving energy dissipation, however, it did not restrain the buckling of the boundary bars as
well as the full stirrups used in & W8. Possible reasons for the buckling in Wall W9 could be
similar to the results from by Shegay et[2D] where the cross ties in their walls opened during

testing.

Figure2.7: Test Set Up used by Hube e{24]

P5@90 3+3¢8

Ve

& s s N4
#5@90 —Z/'

2+2¢10

2+2¢10

Figure2.8: Wall W8 Cross Secti{2v]

2+2¢10 a8 $5@90 2+2¢10
1 7 #7 - ﬁ
|L./ 2/ k/.\ o e
TV

Cross-ties $5

Figure2.9: Wall W9 Cross Secti{@v]
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Su and WongR6] investigated three tall slender shear walls with aspect ratio of 4, where
the effects of high axial load ratios was tfecus. The first two walls consisted of the same
amount of reinforcement, however, the third wall contained twice the amount of transverse
reinforcement. The axial load ratios were 25% for Wall W1 and 50% for Walls W2 and W3. The
loading for this test wasot applied laterally, instead moments were applied, $egure2.10.

The walls with 50% ALR vyielded and failed at smaller displacements than the wall with 25% ALR.
Essentially, Wall W1 exhibited ductile behaviour/failure, whereas W2 and W3 exhibited brittle
behaviour/failure. An important detail observed was the flexural cracking that appeared in the
wall with 25% ALR, however, cracks were not observed until thddmalstage for the walls with

50% ALR. As stated in the paper, a limited degree of damage was observed until the final stage,
which ultimately demonstrates the crack closing properties of high compressive loads. All walls
failed due to outof-plane bucklng. Walls W2 and W3 also experienced a higher rate of strength
loss compared to W1. Comparing Walls W2 and W3, W3 exhibited better flexural strength but
failed at approximately the same displacement as Wall W2. Considering the transverse
reinforcement wasdoubled, the results illustrate that the benefits were negligible. Another
finding in this study is that the effectiveness of confinement is based on orientation and
arrangement. As noted in some of the previous papers, establishing a boundary region can

significantly enhance the confinement and strength of a shear wall.
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Figure2.10: Testing Orientation used by Su and W]

At ETH Zurich, Dazio, Beyer, and Bachnjaiihtested six RC walls under quasatic
cyclic loading. The walls were modeled at half scale with aspect ratio of 2.0 and had different
reinforcement configurations. Two cycles weused for each displacement level and each
displacement was incremented in terms of the yield displacement. The loading protocol was slow
to minimize dynamic effects. Failure in these tests was defined by a 20% drop in lateral load
resistance. With the exaption of the first wall that was tested, the other five walls exhibited
concrete cracking before spalling and bar buckling before rupture. One of the walls tested had
poor confinement and bar buckling occurred at the same instant as concrete spallingratke
patterns in all walls included horizontal cracks in the boundary regions and inclined cracks in the
web region (sedigure2.11). Crushing and spalling was rmpsevalent in the toe regions of the
walls; the areas of that experienced the highest compressive stresses during the loading cycles.
Although it is not a direct focus of this research, the ductility of the reinforcement used in the

first wall was considably low and, this in turn, resulted in overall low wall ductility.
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Figure2.11: Crack Patterns of Walls after failJ&¥]

Aghniaey, Saatcioglu, and Aouf8] investigated the effects of high strength steel
(Grade 690 MPain shear walls with aspect ratios of 2.0 and 3.0. Both walls were constructed
with a barbell cross sectiorwith heavily reinfeced boundary regiongsee Figure2.12). The
purpose for this research was to investigate the seismic response of shear walls with high
strength steel. As noted in éhpaper, the Canadian CSA standgidses restrictions®n the use
of high strength steel due to the reduction in ductility and the uncertainty of its yield plint.
comparing the high strength wall to th&all with Grade 400 MPateel, the high strengthwall
had a bar rupture at 1.8% drjfivhereas the Grade 400 MPa walkperiencedrupture at
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approximately2.5% drift. Thisllustratesthat the high strength steel results in a less ductile
response.This research highlighted that steel with poor ductilegerties results in brittle
failure. Much like concrete, the stiffer the steel, the more brittle it behaves. Thus, for shear walls,
increasing stiffness will not result in increased ductility and may hinder the seismic performance
of the wall. The damagaf the wall with high strength steel is illustratedrigure2.12 andFigure

2.13.
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Figure2.13: Boundary Regions &fgure2.12 after completion of testingR8]
From the above literatureaview, it is apparent that when shear walls are subjected to
combined lateral and axial loading, they generally react in a flexure dominant pattern with some
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shear failures arising. This is also dependent on the aspect ratio and axial load ratio oflthe wal
In terms of specific damage, concrete spalls off in the boundary regions above the toes of the
walls which leads to a reduction of confinement. Concrete will crush at the toes of the walls and
due to the compressive loading, the boundary longitudinakekbuckles. Buckling occurs after

the onset of yielding to the steel on the compression side of the wall, specifically when the steel
is in a strain hardening phase; it also is affected by the reduction of confinement due to cover
spalling. Repeated cydavill cause the steel to fatigue and eventual rupture under tension stress.
When the steel in the boundary regionsiptures the overall wall stiffness and strength
significantly reduce. As additional reinforcement ruptures, the overall stiffness and strength
continually reduces. The inclusion of axial load does enhance crack closing ability. Understanding
the behaviour of R€hear walls can lead to methodologies to increase the ductility and recovery
from seismic forces. Adding emerging materials into the plastic hinge region of shear walls can
lead to enhanced ductility of shear walls and potentially increase the transiehtesidual drift

capacities without a significant loss in strength and stiffness.

2.6 Shear Walls with Emerging Materials

This section discusses research on novel and emerging materials with a view to determine
if it is possible to implement such materialgarconstruction practices. Previous research by
Abdulridha[1], Ziadi[2], Morcos[3], and Sotd4] involved shear walls with superelasticape
memory alloy. Specifically, they used a nickel titanium alloy (Nitinol) with excellent recovery
properties. Unlike shape memory SMA, superelastic SMA can return to its original shape without
heat. The observed results from Abdulridha and Morcos indicéhat the presence of SMA
provided improved recentering properties; this was illustrated through the inelastic
displacement recovery. Abdulridha noted that the control steshforced wall exhibited
approximately 24% crack width recovery, whereas tMASeinforced wall experienced 88%
crack recovery. A potential issue with SMA bars is their smooth surface, which resulted in wider

cracks forming along the length of the bar in the boundary regions.

2.6.1 ECC and SMA
Another emerging material used in the above noted experimental research was

Engineered Cementitious Composites (ECC). This material was implemented by Soto in the repair
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methodology of the original walls tested by Morcos. ECC is constituted from smalatgs
(sand), cement, super plasticizer, and Polyvinyl Alcohol (PVA) fibres. More details of this material
are available elsewherd]. ECC is a type of concrete with superior tensile and flexural capacity
in comparison to nanal strength concrete. ECC relies farers to bridge concrete cracking,
which improves the tensile strength and ductility of the material. Therefore, this material will
experience micro cracking that is controlled by the presence of the fibers. Thisrfjyr@lews

ECC to experience modeformationthan normal concrete without significantly large cracks.
However, this property is not always achieved as a large crack can form and reduce this bridging
effect. In terms of shear walls, this material is exeelcto increase ductility and strength of the

wall given that ECC is a more ductile concrete and can retain some strength at the cracks due to
fiber bridging.

Zheng, Liang, and DefP]F NB Y - A QI y | y A @S NEedhidobgyiThidaNO K A {
report on 6 rectangular shear walls with aspect ratio of 2.1. All six walls were subjected to
combined lateral and axial loading. This aspect ratio of these walls is considered intermediate
and they are influenced by flexural and shémhaviour. These walls were constructed with
HPFRCC (Higterformance FibeReinforced Cement Composites) in the plastic hinge or inelastic
deformation critical region. Based on the mix design, the HPFRCC contained PVA fibres and can
ultimately be classiéd as a form of ECC. The ratio of fly ash to cement for this mix proportions
was 1:1. All walls were tested with varying axial loads ranging fromg 8820 kN, and the heights
of the HPFRCC varied from 40800mm. In some of the walls, different lengiteel sleeves were
added around the boundary region steel to prevent buckling, however, due to their smooth
surface, the HPFRCC did not bond to them. All the walls in this experiment experienced similar
crack patterns, with horizontal cracks in the boungaegions and diagonal cracks in the web
regions. The overall results from this research illustrated that the addition of HPFRCC increased
the ductile performance of the walls when compared to RC walls with normal concrete.

Almedia, Steinmetz, Rigot, ai@bck[30] investigatedshape memory alloy bars for their
ability torecover residual displacemenasd damagen shear walls. Two shear walls at 2:3 scale
were tested. The walls were 2000mm tall, 200mthick, and 1200mm longlThe comparison of

the two walls wadpased on the performance of the contmmbrmalconcreteRC wall ta RC wall
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with SMAbarsin the boundary regionsA constant axial load of 7.3% was applied consistently
throughout both wall tests. In comparing the cyclic responses of the two walls, the- steel
reinforced RC wall exhibited a stiffer initial response as the peak load during testing was 10%
higher than thewall reinforced with SMANoted during the tests, the RC wall failed prematurely
and without the expected ductile response desired. Aside from the premature failure, the
comparison does demonstrate that thealls which includedhe SMA bars providd supetor
energy dissipation and ductility compaisonto the walls with onlydeformed barsThe residual
displacement recovery observed was much better from the SMA wall as expected. An important
feature of the SMA bars to note is that the ability to proviéeovery is only activated after the
material reaches its yield point. Thus, it would only be activated when the concrete cracks. This
material would only be implemented in high seismicity zones were concrete cracking and
reinforcement yielding are expesdl. In areas of low seismicity, the cost of SMA and the lack of
need for it would outweigh its usefulness. This paper provides a benchmark that should be used
in future shear wall tests with combined loading. Hoult and Alm¢§slidfollowed up on these
tests with further analysis of the SMA wall in more detail. This specific research provided new
experimental results on the crack distribution, longitudinal strains, and plastic hinge lengths.

Similar research was performed biaK and CrudNoguez[32] on four shear walls (one
control wall) with aspect ratio of 2. The materials used in their study were SMA, Fiber Reinforced
Cementitious Composites (FRCC) aladgbiber ReinforcedPolymer(GFRP) bar§he FRCC used
were ECC and SFRC. These walls were tested with lateral reverse cyclic loading and without
applied axial loading. Similar findings of improved-selitering and residual drift recovery were
reported for the ECC walls and parallels the reskeabove.

Hoult and Almeidd33] reviewed a variety of different shear wall testsn rectangular
walls For conventional RC walls, thggthered andplotted 76 different results with varying axial
loads, wall widths, and refarcement ratios to determine the average drift which corresponds
to an allowable residual drift of 0.5%. Essentially, on average 1.5% is the maximum drift that
corresponds to a residudkrift of 0.5%. According to allowable limits, after a seismic evetite
building returns to no more than 0.5% drift, then it is deemed operational. Other findings from

werewalls with larger amounts of reinforcement had lower inelastic tensile strains compared to
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lightly reinforced walls. As noted, axial load also piestia recentering effect.This paper
referred to several other studies on shear wall tests which incorporated SMA. This study
reconfirmed that the inclusion of SMA aids in returning walls that have experienced more than
1.5% drift back to a residual driftithin the 0.5% limit. This article provided an extensive review
of finite element modeling of SMA reinforced walls, which is useful for the experimental program
presented in this thesis. In a similar approach, Abraik and Yo[&$ghvestigated steeland
SMAreinforced shear wall and the varying level of fragility that each type of material experiences
during testing.

2.7 Other Research

This section reviews research that is more related towards shear walls in construction and
improving their ductility, stiffness, and lateral load resistance. With the addition of cross braces
or steel sections in the boundary regions, the performance of shear walls can be enhanced.
Althoughimplementing some of these concepts in construction may not always be possible or
feasible, it is an area of shear wall research that should be reviewed to better understand how to
improve the seismic performance.

Wang and Gud35] from Hunan University in Chinavestigated’, scale shear walls
subjected to different axial load ratios. The waltgorporated X-shaped steel plate bracing
(SRCXS\WgeeFigure2.14, and onewall had a castin-place section at the base of the wall which
wasimplementedwith an enhanced damping concrete in the plastic hinggeFigure2.15. Tte
intent was to improvethe connection performance of the assembly joinT$he walls hal an
aspect ratio of 1.625. Higher ALR lead to concrete spalling and vertical crack propagation
smaller displacementHigher ALR also lead trdger axial deformations and compressive stress
before lateral loadingSmaller inclined crack®f shorterlengthwere observed with larger ALR.
Ultimately, larger ALResulted inbetter shear characteristics. Thebxaceswere effective at

overcomngthe concrete crushing, and thus impexythe loadbearing performance.
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Massone, Sayre, and Wallai36] studiedthree slender reinforced concrete walls with
the inclusion of structural steel in the boundary regions The aspect ratio for these walls was 4.0
as they were intended to represent 4 stories of a buildiagial loadingon the first two walls
(SRCW1 and SRE)Was 10% andas increasetb 18%for the third wall (SCRW3vhichwas a

replica of the first wall.The transverse reinforcement spacirig SRCW2was doubled in
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comparison toSRCWI1These walls contained W6 steel beams in their boundary repwakis
RCWBNASRCWE I R 2 cEmMcQH | YR ¢6lff (62 KIR 2cEdPQad ¢
that was anchored into the base foundation of the walls. Holes were drilled into the W sections

to allow for transverse reinforcement to be passed through. Consistetit other research,

SRCW1 experienced an earlier onset of buckling compared to SCRW2 due to larger sffaing in
transverse reinforcement. Slip of the steel sections was obserratlertical cracks or splitting

occurred at the locations of the webs tfe steel sections. The slip of the steel sections was

observed in all three walls and this reducedith@verallstiffness.
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3 Experimental Program

3.1 Introduction

An experimental program was conducted to capture the behaviour of a -Ergle
reinforced concrete shear wall subjected to combined lateral and axial loading. This study is the
continuation of previous research Abdulridfig, Zaidi[2], Morcog[3], and Sotd4]. This chapter
contains the design of the shear wall, the materials and their properties, the construction
process, the test setup,na the testing program used for the experimental testing and
evaluation. The wall was tested using gustsitic reverse cyclic loading and continuous axial

loading.

3.2 Design of Shear Wall

The shear wall built in this study, named SFW (Shear Watiion), has been modified
from previous studies bpbdulridha[1] and Morcoq3]. The wall was designed according to the
CSA A23:84 standard37] and verified to becompliant with the CSA A23131 standard38].

This wall was designed previously as a ductile slender shear wall, which remained the same for
this experimental program. The wall was geometrically the same as the previousssthdving

a width was 150mm, length of 2000mm, and the height of 2200mm, as shokigure3.1. This
resulted in the same aspect ratio of 2.2. The foundation aswained the same at 1600mm long,
1000mm wide, and 500mm deep with six anchorage points. There were three anchorage
locations on either side of the wall with a center to center spacing of 600mm.

The lifting points were also modified to be closer to the exigéthe foundation to avoid
crane chains contacting the cap beam. Due to the modified test set up, with the inclusion of axial
loading, the cap beam dimensions were changed to account for the larger actuators. The original
dimensions used biylorcos[3] were 1600mm long by 400mm wide by 400mm deep. The new
dimensions were 1200mm long by 520mm wide by 590mm deepHigege3.1). These charep
were incorporated to ensure the actuators would be at half of the 500mm stroke when in contact
with the wall at the start of testing. The increased widths also allowed for maximum contact area
with the larger actuator heads.

The reinforcement within the cap beam was modified to accommodate these dimensions.

The clear concrete cover remained at 50mm. Instead of eight pairsSifdped stirrups along
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the length of the cap beam, only six pairs eSblaped stirrups were used ingtcurrent wall.
Along the length of the beam, instead of ten longitudinal bars, twelve longitudinal bars were
used. These changes were necessary to facilitate proper reinforcing details for the cap beam and

to allow for adequate reinforcement in the capdra to maintain its stiffness during testing.
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Figure3.1: Shear Wall Dimensions and Cross Section (all dimensions in millimeters)

3.2.1 Reinforcement Details

The wall was reinforced with conventional deformedestén the foundation of the wall,
a top and bottom cage of haped 15M bars were used. A total of six PVC pipes were cast into
the foundation for the anchorage bolts. The cap beam reinforcement consisted of 10M bars,
twelve in the longitudinal directiorsecured to two kshaped bars creating a stirrup. There were
six total stirrups or twelve dhaped bars in the cap beam. Four PVC pipes were cast into the cap
beam and along the length to allow for a location for threaded rods to pass through and secure
the horizontal actuator. The clear cover on all sides for both the foundation and cap beam was
50mm (sed-igure3.2).
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In the wall, the concrete cover was 20mm on all sides. The wall was reinforced with 10M
deformed bars. The wall was separated into three sections, including two boundary regions and
one web region. In the longitudinal direction fourteen 10M hooked bars (90 degrees) were
present, six in the web of the wall, and four in each boundary region of the wall. This resulted in
seven longitudinal bars on the front face of the wall and sevegitadinal bars on the back face,
with two in each boundary and three in the web. In the boundary regions, closed ties were placed
at 75mm center to center to a height of 12100mm from the base of the wall to ensure adequate
anti-buckling ties within the pld& hinge region. Above 1100mm in height, the spacing increased
to 150mm center to center. Large stirrups were used to encase the longitudinal reinforcement in
the boundary regions and the web at a spacing of 150mm center to center throughout the entire
wall. Using Clause 21.5.2.1.2 of CSA A23,3he plastic hinge length was estimated to have a
height of 720mm(Equation 3.1 The reinforcement details for the plastic hinge were extended
to approximately 1100mm to ensure there were adequate ties placédeilboundary regions in
the event the plastic hinge was higher than 720mm. In addition, the intent was also to have

similar reinforcement details as the walls previously tested by Abdulridha [1] and Morcos [3].

Equation3.1

™Zau THzZD
™®Za0 TPzD TZP TP ZC ¢ T TYK CAatd

Note that there are no lap splices at the base of the wall which is common among buildings
within low seismic regions in Canada. However, in higher seismis zlapeslices are normally
not permitted while the plastic hinge region of shear walls and the reinforcement would extend

the entire length from the foundation to the first floor.

3.3 Material Properties

The following sulsections discuss the properties oktimaterials used in the construction
of the shear wall. Deformed reinforcing steel and normal concrete were the main materials used
to construct the wall. In addition, this section will also identify the type of testing used to quantify

the properties of he materials.
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3.3.1 Reinforcing Steel

The wall was reinforced with deformed steel bars #mely were provided by Halton Rebar
Inc. The steel was classified as black rebar Grade 400W and it came in two size specifications,
10M and 15M. The steel was subject toiamal tensile testing according to the ASTM A370
standard[39]. Three coupons of similar length for both diameters of steel were tested to
determine the mechanical properties. The steel was not subject to cyclic tensiongtestin

The uniaxial tension tests were performed on three coupons of each steel size used. For
the 10M bars, a length of approximately 475mm was used, and for the 15M bars, a length of
600mm was used. A 50mm extensometer was placed at the length of theobaapture the
change in length and strain during rupture (d&gure3.3).

The clamped lengths of the 10M coupons were approximately 315mm and the clamped
lengths of the 15M coupons were about 440mm. The speed of the testing was dependent on the
gauge length. Fio the start of testing to yielding, a speed of 1.5% of the gauge length per minute
was used, and after reaching the yield plateau, the speed was increased to 5% of the gauge length

per minute until rupture occurred. This is showrTiable3.1.

Table3.1: Uniaxial Coupon Test Specifications

Speed (mm/min)

Bar ID Length (mm) | Clamped Length (mm) 1.5% Length 5%Length
10.1 477 320 4.8 16
10.2 477 315 4.73 15.75
10.3 478 315 4.73 15.75
15.1 604 440 6.6 22
15.2 600 436 6.54 21.8
15.3 602 440 6.6 22
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Figure3.3: Uniaxial Tension Test Beinforcement

3.3.2 Concrete

The concrete was provided by CeMix. Unlike other companies, CeMix mixes batches
onsite using an automated system which allows for multiple batches to be created by one truck.
The wall was cast in two stages, first the foundation p@asred and then the wall and cap beam
were poured in tandem. To ensure steps were taken for an adequate concrete mix, the first batch
from the mixing truck was poured into a wheelbarrow and was then tested for slump. In both
instances, the slumps from théirst batches were inadequate and the concrete in the
wheelbarrows were discarded. Prior to pouring both the foundation and cap beam/wall
combination, the second batches were again poured into a wheelbarrow and had their slumps
measured. The adequate mavere then poured into the wall components. This ensured a
proper slump and flowability were achieved as generally the first mixes appeared to have too
many coarse aggregates.

Prior to pouring, a location in the high bay lab was selected and checked to ensure it was
level to cast cylinders. The level location was next to the location of the wall and was adequate
to facilitate properly leveled cylinders. During the casting,. 4 i@ in. cylinders were cast to be
tested for compressive strength. Cylinders were cast for the foundation and cap beam/wall
mixes. These cylinders were placed in a water bath for 28 days following removal of formwork

and were tested at various times thughout the hardening process.

36| Page



3.4 Wall Construction

The wall was constructed in stages and is described in the following paragraphs.

The construction phase began with the building and designing of formwork. The foundation
and wall formwork were repaired a@reused from the construction of the walls by Spth Due
to the change in design of the test set up, the cap beam dimensions were changed and, therefore,
the previous formwork was not used. The addition of extra suppoitiéoexisting wall formwork
was used to ensure adequate coverage under the cap beam and to support the formwork.

The construction began with setting up the formwork for the foundation and marking the
locationswhere PVC pipe needed to be placed. This P& m the foundation of the wall
provided the 6 locations where the anchor rods would secure the wall to the stlooig Blocks
of wood, the same diameter as the PVC pipe, were cut and fastened into the bottom formwork
of the foundation. This was follad by assembling the bottom portion of the foundation rebar
cage (sed-igure3.4). Due to the shape of the bars used in the foundation, the top cage had to

be placedafter the wall cage was erected.
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Figure3.4: Bottom Foundation Reinforcement Cage

Prior to building the reinforcement cage for the wall, some of the ribs on the bars were
grinded and sanded to create smooth, flat contact surfaces for the strain gauges. The strain
gauges were wired and soldered at the same time as the grinding procegtade the strain

gauges, Kapton tape was used to keep the strain gauges secured to the sanded surface of the
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reinforcement. A few zip ties were used to secure the lead wires of the gauges to the
reinforcement above/ or below the sanded area and to pravéiem from moving while the
installation of the strain gauges was carried out. To ensure that the strain gauges were
adequately attached to the bars, the following process was completed. First, a small piece of
black electrical tape was placed down on sended area of the reinforcement to ensure that

the metal ends of the strain gauge did not ground out on the reinforcing bar. Then the Kapton
tape and strain gauge were placed with the exposed wires on the electrical tape as the gauge
was on the bare stdeNext, the tape was lifted along with the gauge and a thin layer of super
glue was placed on the steel to allow for proper bonding of the strain gauge. This also allowed
for the removal of the Kapton tape so that the gauge was directly on the bare 8tegt, a
rubberized coating was applied to the gauge to cover it, and a thin layer of Teflon tape was placed
over the gauge. A generous layer of epoxy was then placed on top of the entire gauge to ensure
maximum protection during the casting process.

After the strain gauges were placed at the gitetermined bar locations, the wall cage
was assembled. Prior to building the cage, all the longitudinal bars were marked to identify the
locations of the stirrups. In the plastic hinge region, the markings wesgaly 75mm and above
this region they were marked at every 150mm. The large web stirrups were also marked with the
locations of the longitudinal bars to ensure they were placed properly. Due to the size and
amount of steel, the wall cage was built horizalty to allow the stirrups to be placed with ease,

as shown irFigure3.5.

38| Page



Figure3.5: Constructing Wall Reinfonceent Cage

The wall cage was then placed on top of the bottom layer of the foundation
reinforcement, followed by placing the top layer of the foundation cage into the foundation. At
the interface of the wall cage and foundation cage, 4 in x 4 in timbeused to secure the base
of the wall cage from moving. In addition, several 2 in x 4 in timber were cut to stabilize the wall
cage while the foundation cage was tied together. The locations of the PVC pipe were capped
with 2 in x 2 in timber that had woodeblocks fastened to them and spaced to match the
locations of the perforations in the strong floor. This ensured that the rods used to secure the
wall foundation to the floor were aligned. The foundation was then casted, as illustrakegure

3.6.
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Figure3.6: Foundation Formwork Bracing (before pouring left, after pouring right)

The foundation wasastfirst so thatthe wall formwork could be erected directly on top
of it. The wall formwork consisted of two bulkheads placed at the ends of the wall and two panels
placed on the front and back sides of the whklgure3.7 provides an elevation view of the wall

formwork.

Figure3.7: Wall Prior to Placing all Formwork
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The existing formwork was designed for a smaller lwag@m therefore, additional 2 in x
4 in timber was attached to support the change in width of the new cap beam. The cap beam was
redesigned, and new formwork had to be constructed. In the new formwailk; fioles were
drilled at either end to allow for PVC pipe to be put in place for the threaded rods which would

be secured to the horizontal actuator (segure3.8).

Figure3.8: Cap Beam Formwork and Cage

The wall dimensions were marked at the interface of the wall and foundation to provide
a placement guide for the placement of the formwork. This ensured the walimte middle
of the foundation. Thereafter, 2 in x 4 in timber was cleated to the exact width of the foundation
and was placed just behind the bulkhead formwork. This ensured there was no movement of the
bulkheads. To minimize movement of the wall pan@sn x 4 in timber were fastened to the
cleated timber, effectively making a frame which was fixed in place. This frame at the base of the
formwork was intended to prevent the base of the wall from opening during casting. The cap
beam reinforcement cagevas built outside of the formwork and then placed on top of the wall
formwork. The cap beam formwork was then mounted, and the PVC pipe was placed through the

formwork and secured with tape at either end to restrict movement during casting. An extra
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pieceof plywood was cut to the width of the cap beam, with holes cut out of it for the-itast
place threaded rods. After the concrete was poured, this extra piece of plywood was fastened
into place and 4 threaded rods were driven into the wet concrete. Thedewere used to secure

the actuator which would impose the axial load on the whrithure3.9 illustrates the wall before

and after casting.

Figure3.9: Wall and Cap Beam Formwork before (left) and after (right) Casting

The wall and cap beam were poured together, exactly one month after the foundation
was poured. A concrete bucket was used to cast these sections. Multiple layers were poured and
vibrated to ensure adequate consolidation and distribution within the higbigforced regions
of the wall. After several days, the wall formwork was removed from the wall and cap beam.
After casting, there was some honeycombing at the base of the wall, the deepest portions being
11mm into the wall. Sel€onsolidating Concrete (SCwas used to fill the voids. After the SCC
had hardened, the wall was covered in wet burlap and wrapped in plasticHigeee 3.10).
Wetting of the burlap was pesfmed every few days. The cylinders were also placed in a water
bath.
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Figure3.10: Wetting Process for Wall and Cylinders (bottom left in black bin)

The wetting process took place for 28 days after the formwork was removed and filling of
the voids. After 28 days, the burlap was removed from the wall and the cylinders were removed
from the water bath. Once the wetting had been completed, any concretgrysions were
chipped and sanded to make an adequate surface to paint. The wall was then coated in a few
layers of white acrylic paint. The acrylic paint was watered down to create thin layers to allow for
cracks to appear. The smooth wall surface alldaegrid to be imprinted using a blue chalk line
on the painted surface of the wall. The spacing for this grid matched the sizing of the finite
elements used in the development of the numerical model in FormWorks and analyzed through
VecTor2. The majoritgf the grid was 50mm x 50mm; however, in the boundary sections of the

wall, the grid width was either 40mm or 60mm due to the longitudinal bar spacing.

43| Page



3.5 Test Setup
Three major components constituted the test set up for this shear wall: the
instrumentation consisting of different potentiometers, the test frame equipped with two

hydraulic actuators; and the data acquisition units.

3.5.1 Instrumentation

The internal instrumentation for the wall consisted of 33 strain gauges, and the external
instrumentation wasmade up of a total of 15 cable potentiometers and two linear
potentiometers. There were five of each type of cable potentiometer3Q® CF600, and CP
1250, and two LR00. The majority of the CPs were mounted to a rigid steel frame that was fixed
to the foundation block. This ensured that the readings were relative to the wall and were not

influenced by rigid body movements of the wall, such as base sliding or base overturning.

3.5.1.1 Cable and Linear Potentiometers

The CPs were numbered from 1 to 15, withtedémcation having a specific purpose. The
locations of the CPS are shownFigure3.11. CP 1 was placed at the midpoint of the cap beam
to capture the lateral displaamment of the wall due to the lateral load from the actuator. CP1 was
used as the control measurement in determining when a loading cycle was reached before
unloading and loading in the other direction. CP 2 was placed just below the cap beam and
underneaththe actuator to capture the lateral displacement of the top of the wall. CP 3 was
placed at the midpoint of the wall to record the lateral displacement at that location. CP 4 was
placed at the base of the wall to capture sliding of the wall relative ¢ofttundation. Together,
these CPs can be used to develop a lateral displacement profile along the height of the wall from
the foundation level to the midpoint of the cap beam and applied load.

CP 5 and CP 6 were used to capture the elongation or slipeoivall in the boundary
regions, just above the base of the wall. CP 7 and CP 8 were used to measure the vertical
displacement from the bottom of the cap beam and the top of the foundation. CP 9 through CP
12 were used to create an approximate 800mm by r@@0square in the plastic hinge region.

Two CPs measured the vertical displacements and the other two the diagonal displacements. This
was used to calculate the shear strain in the plastic hinge region, a method used in previous

theses. Due to the placemenft the stirrups, the vertical spacing was 850mm.
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CP 13 was mounted to the exterior columns of the test frame to just below the top of the
foundation to record sliding of the wall relative to the strong floor. CP 14 was attached to the
exterior columns bthe test frame, in line with the top set of threaded rods, to measure the total
displacement, including the effects of rigid body motions of the entire wall. CP 15 was attached
on the back face of the wall at the same height from the foundation as TRiSwas used to
gauge owof-plane displacements of the wall during testing. LP 1 and LP 2 were used to measure

uplift of the foundation from the strong floor at either end of the foundation.
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Figure3.11: Potentiometer Locations

3.5.1.2 Strain Gauges

The internal instrumentation consisted of 33 strain gauges all located within the plastic
hinge region, as shown ikigure3.12. The bulk of the strain gauges were placed on the
longitudinal reinforcement in the boundary regions of the wall; three gauges per bar, for a total
of 24. They were placed at 50mm above the base, 400mm above the base5@min7above
the base. Only the back face of the wall had strain gauges on the reinforcement within the web
region, and they were located at 50mm above the base (S&329) and 400mm above the base

(SG14, SG16) for a total of six gauges (5égure3.12). The final three strain gauges were located
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on the long stirrups in the middle of the wall.

the wall had strain gages.
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Figure3.12: Strain Gauge Map

3.5.2 Test Frame

The testing frame that was designed and built for this experimental testing was developed
from the frame used by MorcoB3] and Soto[4].The main portion of the frame that was
previously designed had four, six meter tall W310x107 steel columns equipped with a bottom
plate to allow them to be bolted to the strong floor. The holes in the strong fl@e also spaced
at 600mm center to center. From the center line of the foundation of the wall, the columns were
located at the corners of the foundation. In the short direction, the columns were 1200mm apart,
center to center. In the long direction, tlelumns were 3000mm apart, center to center. These
columns were located around the foundation of the wall and connected together by two short
direction beams and two long direction beams. In the short direction of the wall, the short beam

was placed attaokd at 3350mm from the laboratory floor, which is above the cap beam to not
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interfere with the threaded rods. Prior to attaching the short beams, a loading beam was

fastened to the strong wall to which the actuator was connected fSgare3.13).

(N

Figure3.13: Loading Beam (blue) and Lateral Actuator (right)

The actuator that was used to apply the lateral load was then secured to the loading beam
on the strong wall. Two lifting hooks were attached above the loading beam to provide locations
to connect chains and turnbuckles. These chains were then connectigtirtg points on the
actuator to restrain it from moving prior to testing (refer Fagure3.13). The height of the head
of the actuator was later adjusted using th&nbucklestoo. After this was completed, on the
side with the actuator, the short beam was attached 150mm higher to provide clearance above
the actuator. In the long direction, two long beams were located at 3000mm above the
laboratory floor, which coicided with the center of the cap beam. Modified C150xiché@nnels
with casters were fastened to the long beams to act as rollers to resistofgpiane

displacements of the cap beam (sEigure3.14).
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Figure3.14: Side View of Wall to Observe Casters

Column extensions were bolted to the existing corner columns to erect the vertical

actuator that was used to impose the axial loading (Segire3.15 andFigure3.16).

Figure3.15: Attaching Long Direction Beams (left, back beams) (right, all long beams done)
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Figure3.16: Test Setup Prior to Lowering Actuator (left, entire set up) (@i actuator)

After the two-meter long column extensions were attached to the top of each column,
the remainder of the test set up was comfg#d. Long beams were bolted first at a height of
approximately 7200mm above the floor level; these beams were the same size as the lower
beams but were not equipped with rollers. After securing the two ldirgction beams, the
vertical actuator was attaed to a short W360x216 beam and secured underneath the two-long
direction beams (refer to the image on the right ligure3.16). Once the W360x216 cross
member was abched to the middle of the long beams, the three beams and actuator were
lowered 250mm. This ensured that the actuator could be connected without contacting the
threaded rods protruding out of the cap beam. In addition, this ensured that the actuatoidwoul
be at half stroke or extended out 250mm of 500mm stoke capacity prior to testing-{geee
3.17). The short direction cross beams were then placed above the long direction cross beams at
approximately 7200mm above the floor. Further information and figures on the test set up can

be found inAppendix H
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Figure3.17: Actuator at Lowered Location

3.5.2.1 Actuators

Two Series 201.70 Hydraulic Actuators were used to complete the test set up, one
horizontal to apply the lateral load, and one vertical to apply the axial load. These actuators have
maximum tensile gaacities of 965kN and compression capacities of 1460kN. In the following
section, the anchorage system for both actuators will be discussed, and here how they were
secured to the wall will be presented. Both actuators applied the loading thrstegibearng
plates (10mm thick, 520mm x 520mm) for adequate load dispersion. The vertical actuator was
anchored to four casin-place threaded rods and bolted to ensure there was no uplift during
testing and to maintain a constant axial load. The lateral actuagad was bearing against a
steel plate, and on the side opposite of the actuator another steel plate was used to disperse the

load from the nuts and washers attached to the threaded rods during pull cycles. A layer of
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mortar was placed under the plate tosure that there is a level surface for the plate to rest on
and to ensure the actuator applied the load on a level and surface.

Both actuators were very tight due to factory torque specifications and had to be
loosened such thathey could rotate accordig to the rotation of the wall. This was completed
using an Allen key and a spanner wrench. The super nut of the actuator was loosened which
allowed the spherical washers to be loosened. The super nut was then retightened. This ensured
that there would beno backlash in the actuator head but would allow it to rotate freely during

testing

3.5.3 Data Acquisition

The data acquisition for the shear wall was collected using four data acquisition units
(DAQs) and two different computer software (refer Eogure 3.18 for the data acquisition
flowchart). Computer program Catman controlled and collected all the data from the DAQs. The
strain gauges, cable potentiometers, linear pdiemeters, and the actuators connected to the
DAQs.

MTS Multipurpose Elite was the software used to control and run the actuators. Catman
also collected the displacement and load of the actuators, however the actual test program was
designed and executaasing Multipurpose Elite. The load cell of the actuators was connected to
one of the DAQs to measure their force output as well as the displacement readings.

Due to the amount of instrumentation attached to the DAQs and only one computer to
collect all he data, the strain gauges and linear potentiometers were set to a refresh frequency
of 1 Hz to ensure the computer did not malfunction during testing.

The instrumentation included 33 strain gauges,15 cable potentiometers, and 2 linear
potentiometers. Thewo actuators occupied 4 ports in the DAQs. In total, out of 56 available

ports between the four DAQs, 54 were used.
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Figure3.18: Data Acquisition Flowchart
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3.6 Test Program

The purpose of this experimental program was to construct and test a slender reinforced
concrete shear wall to serve as a control wall for a larger experimental program. This experiment
is also a continuation dhe previous shear wall researchith the rovelty of adding an applied
axial load in addition to reverse cyclic lateral loading. The reverse cyclic-Sjaksi
displacements simulated seismic loading, and the applied axial loading simulated the gravity load

of slabs on shear walls in reinforcedncoete structures.

3.6.1 Loading Protocol

The loading protocol used for this testing was altered slightly from previous work by
Morcos[3] and Sotg4]. Due to changes in the dimensions for the caprbed the shear wall,
the displacements were approximately 1.04% largeéable 3.2). The displacement against
number of cycles is shown kigure3.19.

To keep as much congruency as possible, the drifts and number of repetitions used in the
original loading protocol were kept the same. The original loading protocol was a disglaicem
controlled protocol modified from ATZ4 [40]. ATC24 pertains to steel structures but was
modified for these tests due to the relevance of the protocol. For this test, the loading protocol
was forcecontrolled rather thandisplacemenicontrolled. The displacement of the cap beam
was monitored using CP1, in doing so, when the desired displacement was achieved, the load
was paused and reversed. From 0.05% drift to 1.0% drift, the displacements were repeated 3
times in the pogive and negative directions. The loading rate and unloading duration were
relative to the desired displacement. The purpose for changes in loading rate was to ensufe quasi

static lateral loading.
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Table3.2: Testing Displacement Sequence

Displacement Loading Unloading
No. Drift (%) P Cycles Rate Duration
(mm) . :
(mm/min) (min)
1 0.05 1.25 3 1.25 0.4
2 0.1 2.50 3 2.5 0.8
3 0.2 5.00 3 3 1.6
4 0.3 7.50 3 3 2.4
5 0.4 10.00 3 (yield @ 0.37% 3 3.2
6 0.5 12.50 3 3 4
7 1.0 25.00 3 6 4
8 1.5 37.50 2 6 6
9 2.0 50.00 2 6 8
10 2.5 62.50 2 15 4
11 3.0 75.00 2 15 4.8
12 3.5 87.50 2 15 5.6
13 4.0 100.00 2 15 6.4
14 4.5 112.50 2 15 7.2
15 5.0 125.00 2 15 8
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Figure3.19: Reverse Cyclic Displacement Protocol {A1[@0])
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4 Experimental Results of Shear Wall

4.1 Introduction

This chapter presents the experimental results that was recorded during testing of the
steetreinforced concrete shear wall SFW. This wall was subjected to-spadisi load reversals
and a constant applied axial load. This chapter will include the resoitscylinder compression
tests for the concrete and reinforcement tension tests for the two different bar sizes. The data
captured from the instrumentation attached to the wall also be presented, including: the lateral
load-displacement response, the ains in the reinforcement from the recorded by strain gauges,
the wall displacements obtained from the linear and cable potentiometers, and the data
recorded from the actuators. The posterior face of the wall was photographed to analyze crack

patterns forcomparison to the numerical models and for failure identification.

4.2 Concrete Properties

The wall tested in this experiment was cast in two pours. The foundation was poured
initially, with the wall foundation interface roughened for adequate bond. Thersg@@mur was
for the wall and cap beam. The desired concrete strength for both pours was 30 MPa after 28
days. The cylinder size used was four inches in diameter by eight inches in height. Cylinders were
tested at 7 days, 28 days, and day of testing. Cgtimavere tested the day before testing to
ensure the numerical model could be analyzed and the axial load could be calculated. Note that
the axial load was based on 10% of the cremsstional strength of the walf, Q OWhé&e¥ @& the
compressive strerty of the concrete andAgis the gross sectional area. Due to delays in the
experimental program, the wall was tested 160 days after casting. The compressive strength of

the concrete is provided iable4.1. The concrete strength is based on the average of 4 cylinder

tests.
Table4.1: Dates of Casting and Concrete Compressive Strengths
f@[MPa]
Location Date ofCasting Date of Testing 28 Days | Day of Testing

Foundation March 7, 2022 | September 14, 2022/ 43.2 43.2 (191 Days
Wall/Cap beam| April 7, 2022 | September 14, 2023 29.4 38.3 (160 Days
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There were several repair locations in the wall. After casting the wall had some light
honeycombing due to improper consolidation around the toes at the base of the wall as well as
along the base on the front face of the wall. These locations are depittadure4.1, Figured.2,
and Figure4.3. Along the back of the wall there was no honeycombing along the base. None of
the locations required chipping and recasting as the deepest voids were under 10mm in depth.
To rectify these imperfectionan SC@ix was prepared and used to fill the voids. The wall was
then covered in wet burlap and plastic. It was routinely wet for 28 days after the repair. The
repair took place on April 13 2022. The SCC was not tested as the volumetric amount used was

RSSYSR y2i adzZFFAOASYylG G2 KF@S || aAx3ayAFAOlyi

Figure4.2: Locations of Poor Consolidation at the Toe Opposite the Actuator Side
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Figure4.3: Locations of Poor Consolidation along Base of the Front Face of the Wall

4.3 Reinforcement Properties

Three, 10M and three, 15M steel coupons were subjected to uniaxial tension tests to
rupture to determine the mechanical properties of the reinforcement. These coupon tests took
place on May 20, 2022.

The results obtained from the tension tests were averaged to determine the properties
of the 10M and 15M reinforcing bars. The yield strength (fy) was determined by the location of
the yield plateau. The ultimate strength (fu) was determinedngsrhaximum force output of the
actuator divided by the original area of the bar. The modulus of elasticity (E) was calculated from
the slope of the elastic region prior to yielding. The strain da¢es recorded by an external
extensometer. For the 10M barthe modulus of elasticity (E) was determined to be 204 GPa.
The yield strength (fy) and yield strain were calculated to be 440MPa and 0.23%, respectively.
The ultimate strength (fu) and corresponding strain were determined to be 597MPa and 13.88%,
respedively. No cyclic tests were conducted on the steel reinforcement. Two of the three bars
ruptured within the extensometer for both sets of bars. When bars rupture outside of the
extensometer, a sudden drop occurs. This is evident by the rapid declinexahara by bar 10.1
in Figure4.4. The results for the uniaxial tension tests are listediable4.2.

Table4.2: Uniaxial Tension Test Results

Type of Bar Ml Ml Modulus of UL Ultimate
F)ngbar Diameter Strength Strain Elasticity (MPa) Strength Strain (%)
(mm) (MPa) (%) (MPa)
10 M 11.3 440.0 0.23 204077.5 597.0 13.88
15M | 160 | 4379 | 018 | 1948300 | 6194 | 13.23
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Figure4.4: Uniaxial Tension Test Results for 10M Bars

4.4 Shear Wall Testing

4.4.1 General Response

This sectiorfocuses on the major points identified on the ledidplacement response of
the shear wall. Section 4.4.2 Cracking Sequence provides abgycyele analysis of the cracking
during testing. The wall experienced cracking at different drifts, and they ¢pedifferent
lengths and widths. Only the most important cracks will be presented within this section, while
the detailed cracking will be resented in Section 4.4.2

The complete lateral loadisplacement hysteretic response of the wall was recorded
using acable potentiometer located at the mikdeight of the cap beam, CP1, and the load
recorded from the actuator. CP1 was secured to the instrumentation frame, which was anchored
onto the foundation block to ensure rigid body motions of the overall wall wooldaffect the
results. The displacement readings recorded by CP1 were monitored during testing to determine
when to pause loading, unload, and reload. Using the data recorded from CP1 and from the force
output of the actuator, the performance points (yebisplacement, peak load, and ultimate

displacement) were established. The performance points were derived from the averages
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between the positive and negative cycles of loading. The test commenced with the application
of axialloading. This resulted in ¢hlocalization of cracks within the bottom half of the wall and

is consistent with research reported in the literature. It was hypothesized that the damage of the
concrete would be localized within the bottom half of the wall.

The first two displacementsf 1.25mm (0.05% drift) and 2.5mm (0.10% drift) did not
cause cracking, as illustrated kiigure4.5. [Note that Push refers to the positive direction of
loading andpull the negative direction of loading.] Cracks began to develop during the third
displacement of 5mm (0.20% drift). On both sides of the wall, four flexural cracks developed
below a height of 650mm above the base. These cracks were all horizontal dwdssundary
region of the wall (refer td-igure4.6). Cracks also developed at the construction joint between
the wall and the foundation. After unloading from therhicycle of 5mm (0.20% drift) all cracks
closed, and this can be attributed to the appli@xialloading and the reinforcement responding

in the elastic range.

Figure4.5: Wall at 0.1% Drift (Push on theft, Pull on the Right)
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Figure4.6: Wall at 02% Drift(Push on the Left, Pull on the Right)

The cracks were able to close during unloading until after the displacement cycles of
25mm (1.0% drift). Durmthe fourth displacement of 7.5mm (0.30% drift), more flexural cracks
appeared on the tension faces of both the push and pull cycles (refégtoed.7). These creks
appeared at a maximum height of 850mm above the base and the lower cracks became diagonal
in the web section of the wall. These were identified as shear cracks. The fheme cracks
only occurred in one crack on either side of the wall at a hea§BO0mm above the base. Some
spalling surfaced at the toe of the wall in the SCC surface repair region on the push side. The fifth
displacement of 10mm (0.4% drift) saw the development of flexalmear cracking up to a height
of 850mm above the base ofe¢hwall (refer toFigure4.8). Cracks were observed and measured
at heights of half of the height of the wall. Yielding was expected to occur during the fifth
displacement cycle. This cycle saw the largest increase in crack lengthening. During the sixth
displacement of 12.5mm (0.5%ift), more cracks appeared on the tension face of the pull cycles,
however no new cracks formed on the tension face of the push cyclesH{gee24.9). The
existingcracks continued to widen and lengthen diagonally through the web. Spalling continued

to develop at the toe of the wall in the SCC repair region on the push side.
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Figure4.7: Wall at 03% Drift(Push ontie Left, Pull on the Right)

Figure4.8: Wall at 04% Drift(Push on the Left, Pull on the Right)
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Figure4.9: Wall at 05% Drift(Push on the Left, Pulhdhe Right)

The seventh displacement of 25mm (1.0% drift) saw the development of the last new
cracks on the wall (seeigure4.10). The cracks on both sidestbe wall were all located within
1250mm above the base; only on the tension face of the pull side of the wall was there a crack
at 1400mm above the base. Also, during the seventh displacement cycles, the cracks began to
merge in the web. The extent of tlkamage at this point was maintained within the bottom half
of the wall, however the cracks at 1250mm on both sides developed diagonally into the web from
the boundary regions. The cracks along the base began to widen significantly compared to
previous cy@s. The residual drift at this point in the test was noticeable; the cracks on the
tension side of the push cycle did not fully recover and close, however the same was not true for
the pull side. On the pull side, the cracks located within 200mm abovedbke only recovered
slightly and remained open. The spalled section at the toe of the push side during the pull cycles
began to develop as some concrete had spalled off. On the toe of the pull side for the pull cycles,

the concrete began to spall off up i®Omm above the base.
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Figure4.10: Wall at1.0% Drift(Push on the Left, Pull on the Right)

The eighth displacement of 37.5mm (1.5% drift) lead to widening of the cracks; however,
the further crack lengtldevelopment was not apparent (séégure4.11). On both compression
sides of the push and pull cycles the concrete began to crush, and spalling began to occur on the
compression side of the push cycles. Large pieces of concrete spalled off, but no steel was
exposed at this point of the test. Crack recovery was evident for the cracks located above 450mm
from the base. All cracks below 450mm had unrecoverable widthsnpartant note, however,
is that all cracks appeared to have an even distribution of widths with no cracks opening

significantly more than the others.
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Figure4.11: Wall at 15% Drift(Push on thé.eft, Pull on the Right)

The ninth displacement of 50mm (2.0% drift) resulted in crushing on the compression
sides of both push and pull cycles ($8gure4.12). Thecompression side of the push cycle had
significant loss of concrete cover up to a height of 300mm from the base. The cracks along the
base began to widen. On the tension side of the push cycle, the cracks at 250mm and 300mm
above the base were noticeablgrger and wider into the web of the wall than the other cracks;
the flexural and shear cracks appeared wider along the entire crack rather than solely in the
boundary region at this point of the test. The same was also noticed on the tension side of the
pull cycle for the cracks at 150mm, 200mm, and 300mm above the base. When the lateral load
was removed, only the cracks above 550mm from the base closed; cracks below 550mm from

the base of the wall did not recover fully.
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Figure4.12: Wall at2.0% Drift(Push on the Left, Pull on the Right)

The tenth displacement cycle of 62.5mm (2.5% drift) was the last cycle where cracks were
recorded as the wall ultimately failed during the second cycle of this dispkate(aeeFigure
4.13). During this cycle, the majority of the concrete cover on the boundary regions spalled
leaving the stirrups and longitudinal bars exposed for approximately 200mm above the base at
both toesof the wall. The concrete within the boundary region at the toe of both sides of the
wall was crushing. The concrete within the boundary regions was beginning to reduce in area and
stiffness. At this point, rebar buckling was visible in the boundary reg@uaring the second push
cycle, the longitudinal bar near the end of the wall in the boundary region on the back of the
tension side ruptured. During the following pull cycle, the longitudinal bar in the boundary region
on the back of this tension sidesal ruptured. During the 75mm (3.0% drift) and 87.5mm (3.5%
drift) cycles, spalling and crushing continued as the lateral strength reduce#itgeed.14 and
Figure4.15). The test was continued until the lateral load capacity reached 50% of the maximum

lateral load (sed-igure4.16).
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Figure4.13: Wall at2.5% Drift(Push on the Left, Pull on the Right)

Figure4.14: Wall at3.0% Drift(Pushon the Left, Pull on the Right)
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