
EXPERIMENTAL PERFORMANCE OF CONCRETE MASONRY SHEAR WALLS  

UNDER IN-PLANE LOADING 

 

 

 

 

 

By 

CHRISTINA MARIE KAPOI 

 

 

 

 

 

 

A thesis submitted in partial fulfillment of 

the requirements for the degree of 

 

 

MASTER OF SCIENCE IN CIVIL ENGINEERING 

 

 

 

 

WASHINGTON STATE UNIVERSITY 

Department of Civil and Environmental Engineering 

 

 

MAY 2012  



ii  

 

 

 

 

 

 

To the Faculty of Washington State University: 

 The members of the Committee appointed to examine the thesis of CHRISTINA MARIE 

KAPOI find it satisfactory and recommend that it be accepted. 

 

____________________________________ 

David I. McLean, Ph.D., P.E. Chair 

 

____________________________________ 

J. Daniel Dolan, Ph.D., P.E. 

 

____________________________________ 

William Cofer, Ph.D., P.E. 

  



iii  

 

ACKNOWLEDGEMENTS 

 I would like to acknowledge the financial support I received from the National Institute 

of Science and Technology (NIST).  I would also like to acknowledge The Eastern Washington 

Masonry Promotion Group for their financial support and Mutual Materials and Central Pre-Mix 

for the materials they donated. 

 I want to express my deepest gratitude to Dr. David McLean for selecting me to work on 

this project and for all of the guidance, support and knowledge he has passed on throughout my 

masterôs program.  I would also like to thank Dr. Dan Dolan and Dr. Bill Cofer for serving as my 

committee members.  I value the assistance and knowledge I received from Dr. Benson Shing, 

Dr. Richard Klingner, Farhad Ahmadi and the other project members during the design and 

analysis of my walls. 

 I sincerely thank everyone at the Composite Materials and Engineering Center, especially 

Bob Duncan and Scott Lewis, for all of their guidance and assistance during the construction and 

testing of my walls.  I also thank my fellow WSU students, Jake Sherman and Will Cyrier, for all 

of the time and hard work they contributed to the successful completion of my project, and the 

other students who lent a hand at various stages.  In addition, I want to acknowledge Vicki 

Ruddick and Lola Gillespie in the Department of Civil and Environmental Engineering for all of 

their help. 

 I would especially like to thank my parents for all of their support, guidance and help 

throughout my education.  I canôt begin to express how much love, encouragement, patience and 

time my husband Drew gave me; I could not have done it without him by my side. 

  



iv 

 

EXPERIMENTAL PERFORMANCE OF CONCRETE MASONRY SHEAR WALLS  

UNDER IN-PLANE LOADING 

Abstract 

 

 

By Christina Marie Kapoi, M.S. 

Washington State University 

May 2012 

Committee Chair: David I. McLean 

 This study was conducted as part of a joint effort between the University of California at 

San Diego, the University of Texas at Austin, and Washington State University.  The objective 

of the overall project is to develop improved performance-based design methodologies and 

provisions for reinforced masonry shear walls under seismic loading.  The primary objective of 

the research reported in this thesis was to investigate the behavior of reinforced masonry shear 

walls subjected to in-plane lateral loading while varying wall aspect ratio, level of applied axial 

stress and reinforcement ratio.  The secondary objective was to examine the effects of 

concentrated reinforcement at the ends of the walls (jambs) compared with evenly distributed 

reinforcement on shear wall performance. 

 Eight, fully grouted, concrete masonry shear walls were designed according to the 2011 

MSJC Code.  Walls were tested to failure under cyclic in-plane lateral loading.  The walls had 

three height-to-length aspect ratios (0.78, 1.0 and 2.0), two magnitudes of axial compressive 

stresses (0 and 158 psi), and two vertical reinforcement ratios (0.0033 and 0.0072).  In addition, 

two of the walls compared the effects of jamb reinforcement vs. evenly distributed 

reinforcement. 

 Wall performance was evaluated by comparison of failure modes, predicted vs. actual 

load capacity, drift capacity, displacement ductility, height of plasticity, equivalent plastic hinge 
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length, amount of energy dissipation, and equivalent hysteretic damping.  The walls exhibited 

either a flexural failure or a complex flexure/shear/crushing failure which depended upon the 

aspect ratio and amount of vertical reinforcement.  Results showed that the amount of drift at 

failure was highly dependent upon the aspect ratio but was not influenced by the amount of axial 

compressive stress or the vertical reinforcement ratio.  The displacement ductility was sensitive 

to the amount of vertical reinforcement but not the amount of axial compressive stress.  There 

were no apparent correlations between the plastic hinge length and any of the design parameters.  

The performance of walls with jamb reinforcement was similar to that of walls with evenly 

distributed reinforcement.  Large-diameter vertical reinforcement bars with lap splices at the 

base of the wall should be avoided because of their propensity towards abrupt failure. 
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CHAPTER 1: 

INTRODUCTION  

1.1 Background 

 Masonry has been a popular construction material for millennia.  It has been used to build 

notable historical structures such as the Egyptian pyramids, the Roman coliseum, medieval 

castles and many more.  The prevalence of masonry construction throughout the world can be 

attributed to its relative versatility, its durability and ability to withstand the natural elements, its 

cost effectiveness, and its ease of construction.  Although masonry had been used for thousands 

of years, the concept of reinforced masonry has been around for only about one hundred years.  

We continue to learn about the performance of masonry structures under certain loading 

conditions, especially seismic loading. 

 Reinforced masonry shear walls in seismic regions serve to simultaneously resist vertical 

(gravity) and lateral (seismic) loads.  This load combination can cause different failure 

mechanisms to occur: flexure, shear or a combination of the two.  Flexural behavior is typically 

characterized by tensile yielding of the vertical reinforcement, formation of plastic hinges in the 

flexural regions of the wall, and eventual crushing of the masonry.  Shear behavior is typically 

characterized by diagonal tensile cracking of the masonry.  Flexural failures are preferred 

because they generally are more ductile and dissipate more energy, while shear failures are 

undesirable because they generally exhibit more brittle behavior.  The wall parameters that 

influence which of these failure mechanisms arise include the height-to-length aspect ratio of the 

walls, the level of axial load, and the amount and distribution of horizontal and vertical 

reinforcement.  Understanding how the performance and failure of masonry shear walls are 

altered, given different combinations of these parameters, is crucial when designing a structure. 
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 Over the past 40 years, major changes regarding seismic design procedures have 

occurred.  Historically, seismic design procedures were based primarily on forces and the 

strength necessary to resist them largely because that is what dead and live loads are traditionally 

designed for.  It was believed that the strength of a structure was synonymous with the 

performance of a structure (Priestley, 2000).  Research conducted during the 1970ôs and 1980ôs 

focused on determining the ductility of structural systems and incorporating this into the design 

requirements, but the overall design methods were still based on resisting forces.  In the 1990ôs, 

a new design method based on desired levels of displacements, instead of forces, was introduced 

and has been the focus of research since then (Priestley et al., 2007). 

 The new design method, referred to as performance-based design, was developed to 

overcome shortcomings in the previous force-based design methodology.  One of the problems 

with force-based design arises from having to assume member size and thus stiffness in the 

initial design.  This is used to calculate the period and distribution of forces within the structure.  

During the design process, if member sizes are modified then the distribution of forces must also 

be recalculated, although they rarely are.  Force-based design also incorrectly assumes that 

different structural elements all yield at the same time.  Lastly, the assumption that unique force-

reduction factors can be applied to specific types of structures and materials is invalid (Priestley 

et al., 2007). 

 Force-based design methods are based on the elastic behavior of shear walls while 

performance-based design methods recognize that the inelastic behavior of shear walls is a more 

accurate representation of their performance.  This is incorporated into the design method by 

taking the stiffness of a shear wall as the secant stiffness obtained at maximum displacement.  

Performance-based design also recognizes that the amount of damping in a structure is 
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dependent upon the material.  Using this information, the effective period at maximum 

displacement is found (Priestley, 2000).  An iterative design approach is not required.  

Performance-based design provides a more consistent and realistic prediction of shear wall 

behavior and may also result in more economical designs than the force-based design method. 

 

1.2 Scope and Objective 

 This project was funded by the National Institute of Standards and Technology (NIST).  

It was conducted as part of a joint effort between researchers at the University of California at 

San Diego, the University of Texas at Austin, and Washington State University.  The objective 

of the overall project is to develop improved performance-based design methodologies and 

provisions for reinforced concrete masonry shear walls under seismic loading. 

 The primary objective of the research reported in this thesis was to investigate the 

behavior of reinforced concrete masonry shear walls subjected to in-plane lateral loading while 

varying the wall aspect ratio, level of applied axial stress, and reinforcement ratio.  The 

secondary objective was to examine the effects of concentrated reinforcement at the ends of the 

walls (jambs) compared with evenly distributed reinforcement on shear wall performance.  The 

influence of each parameter on wall behavior was evaluated based on failure modes as well as 

measured values of strength, drift, ductility, plastic hinge lengths, energy dissipation, and 

equivalent hysteretic damping. 
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CHAPTER 2: 

LITERATURE REVIEW  

2.1 Introduction  

 Numerous experimental studies on the seismic behavior of concrete masonry shear walls 

have been conducted since the 1970ôs.  The knowledge gained from these studies has helped 

develop new design methodologies and requirements.  This chapter provides a review of 

masonry shear wall behavior under cyclic in-plane lateral loading, including information on the 

different failure modes, drift capacity, displacement ductility and plastic hinge length.  Also 

included is a review of the applicable seismic design provisions of the 2011 MSJC Building 

Code Requirements for Masonry Structures. 

 

2.2 Failure Modes of Masonry Shear Walls 

 Reinforced concrete masonry shear walls located in high seismic regions need to 

simultaneously resist in-plane and out-of-plane lateral loads as well as vertical loads.  Various 

loading conditions may cause four distinct failure mechanisms, or a combination thereof, to 

arise.  These failure mechanisms, depicted in Figure 2.1, include rocking, sliding, flexure and 

shear.  Rocking and sliding can be prevented with adequate anchorage, leaving flexure and shear 

as the dominant failure mechanisms.  Wall behavior is dependent upon the height-to-length 

aspect ratio of the wall, the magnitude of the applied axial load, and the amount and distribution 

of horizontal and vertical reinforcement. 
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Figure 2.1 Masonry Shear Wall Failure Modes (adapted from Eikanas, 2003) 

 Flexure is the preferred method of failure because of its ductile nature and effectiveness 

at dissipating energy.  It is typically characterized by tensile yielding of the vertical 

reinforcement, the formation of a plastic hinge zone and crushing of masonry at critical wall 

sections (Shedid et al., 2008; Shing et al., 1989).  Crushing of the masonry is often accompanied 

by vertical splitting of the masonry in the toe regions.  At increased displacements, face shell 

spalling and eventual crushing of the grout also occur in the toe regions (Shedid et al, 2008).  

Flexural wall behavior is negatively affected by high vertical reinforcement ratios which 

correspond to decreased levels of drift and ductility and can result in more brittle failures 

(Eikanas, 2003; Sherman, 2011).  The flexural strength increases as the magnitude of applied 

axial stress increases (Shing et al., 1989).  Walls with height-to-length aspect ratios greater than 

1.5 exhibit more flexure-dominated behavior than shear-dominated behavior.  Masonry shear 

walls are typically designed to fail in flexure to ensure a ductile response. 

 Shear failures are undesirable because they exhibit more brittle behavior and ñrapid 

strength degradation soon after the maximum strength is reachedò (Voon and Ingham, 2006).  

They are characterized by diagonal tensile cracking that often starts as horizontal flexural cracks 

that develop into wide-open diagonal cracks and extend throughout the masonry.  Walls with 

height-to-length aspect ratios less than 1.0 are often dominated by shear behavior.  The shear 

resistance of a masonry shear wall comes from the ñtension of shear reinforcement, dowel-action 
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of vertical reinforcement, applied axial stress and aggregate interlockingò (Shing et. al., 1989).  

Shear strength can be increased by evenly distributing the horizontal reinforcement up the height 

of the wall which helps distribute the stresses (Voon and Ingham, 2006).  This can also change 

the wallôs behavior from a brittle failure to a more ductile failure.  Larger amounts of vertical 

reinforcement reduce the size and amount of crack openings which enhances the aggregate-

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

the shear strength by delaying the initiation of cracking and enhancing the aggregate-interlock 

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

 

2.3 Ductility 

 Ductility is a measure of inelastic deformations such as displacement, curvature and 

strain.  It is defined as the ratio of ñmaximum to effective yield deformationsò (Priestley et al., 

2007).  The difficulty in determining ductility arises when trying to define when yield and 

ultimate deformations occur.  The point of initial yielding has been defined as: (1) the 

intersection of the line through the origin with initial stiffness, and the nominal strength; (2) the 

displacement at first yield; (3) and the intersection of the line through the origin with secant 

stiffness through first yield, and the nominal strength.  The ultimate deformation has been 

defined as: (4) displacement at peak strength; (5) displacement corresponding to 20% or 50% 

degradation from peak strength; (6) and displacement at initial fracture of the transverse 

reinforcement (Priestley et al., 2007).  Figure 2.2 contains a force-displacement curve with points 

corresponding to the above definitions for yield and maximum displacement.  The value for the 

ductility factor is highly dependent upon which points are chosen for the yield and ultimate 

deformations.  This can lead to considerably different ductility capacities being reported for the 
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same structure.  Priestley et al. (2007) define the yield displacement at point 3 and the ultimate 

displacement at point 5. 

 

Figure 2.2 Yield and Ultimate Displacement Definitions (from Priestley et al., 2007) 

 

2.4 MSJC Code Provisions 

 Seismic design requirements for reinforced concrete masonry shear walls are given in 

Section 1.18 of the 2011 Building Code Requirements and Specification for Masonry Structures 

reported by the Masonry Standards Joint Committee (MSJC).  The MSJC establishes three 

classifications of reinforced concrete masonry shear walls: ordinary, intermediate and special. 

 The discussion here will focus solely on the provisions for special reinforced masonry 

shear walls.  Reinforcement detailing is found in Section 1.18.3.2.6 of the MSJC Code.  

Provisions state that the minimum area of vertical and horizontal reinforcement shall not be less 
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than 0.2 in
2
 or 0.0007 multiplied by the gross cross-sectional area of the wall.  The vertical 

reinforcement must also be greater than one-third of the required shear reinforcement.  The sum 

of the vertical and horizontal reinforcement must be greater than 0.002 multiplied by the gross 

cross-sectional area of the wall.  The maximum spacing of vertical and horizontal reinforcement 

shall be the smallest of one-third the length of the wall, one-third the height of the wall or 48 in. 

 The MSJC Code provisions require a shear design capacity check that is given in Section 

1.18.3.2.6.1.1.  This check decreases the probability that shear failures will occur prior to 

flexural failures.  For walls being designed according to strength design requirements, the design 

shear strength shall exceed the shear corresponding to the development of 1.25 times the nominal 

flexural strength.  However, the nominal shear strength, computed in accordance with Section 

3.3.4.1.2 of the MSJC Code, need not exceed 2.5 times the required shear strength. 

 Strength design requirements for reinforced concrete masonry shear walls are given in 

Section 3.3 of the MSJC Code.  The maximum size of reinforcement shall not be greater than a 

No. 9 bar.  In addition, the nominal bar diameter shall not exceed one-eighth of the nominal 

member thickness, one-quarter of the least clear dimension of the cell or four percent of the cell 

area.  Specific provisions for the maximum area of flexural tensile reinforcement are given in 

Section 3.3.3.5 and are described in detail in the commentary section.  The limitations of the 

provisions ensure that the tensile reinforcement yields prior to crushing of the masonry in the 

compression zone.  This is accomplished by creating a strain distribution, shown in Figure 2.3, 

where the tensile strain (Ůy) is equal to a factor (Ŭ = 4 for special reinforced masonry shear walls) 

multiplied by the reinforcement yield strain, and the masonry compressive strain (Ůmu) is equal to 

0.0025.  The corresponding stresses and forces are then determined and used to find the 

maximum vertical reinforcement ratio which is given in Equation 2.1. 
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Figure 2.3 Prescribed Strain Distribution (MSJC, 2011) 

”
Ȣ ǋ

   Equation 2.1 

 Where: 

  f'm = masonry compressive strength (ksi) 

  fy  = reinforcement yield strength (ksi) 

  

2.5 Shing et al. 

 Shing et al. (1989) tested and evaluated 22 masonry shear walls to investigate the effects 

the amount of horizontal and vertical reinforcement and the applied axial stress had on the 

inelastic behavior of masonry shear walls.  The analysis focused on the influence these design 

parameters had on the flexural and shear strengths, ductility and energy dissipation capacities of 

masonry shear walls.  Sixteen of the 22 walls were constructed with concrete masonry blocks 

and are the focus of the remaining discussion.  The walls were nominally 72 in. tall, 72 in. long, 

6 in. thick, and were fully grouted.  The horizontal and vertical reinforcement were uniformly 

distributed every 16 in.  The walls were subjected to various magnitudes of constant axial stress 

and a prescribed in-plane lateral displacement sequence. 

 The flexural strength of each wall specimen was evaluated using moment-curvature 

analysis developed by the computer program UNCOLA and compared to the experimental 

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

Ůmu=0.0025 

Ůy 

ŬŮy 
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reinforcement ratio of 0.38%; their failure mechanism was primarily flexural or a combination of 

flexural and shear.  Walls with higher vertical reinforcement ratios, 0.54% and 0.74%, showed 

less correlation between the analytical and experimental results; their failure mechanism was 

dominated by shear.  The moment-curvature analysis was based on the assumption that plane-

sections remain plane.  This assumption is not valid when shear provides a significant 

contribution to the deformations and explains the poor correlation between the analytical 

predictions and experimental results for walls with higher reinforcement ratios. 

 Test results showed that larger amounts of vertical reinforcement increased the flexural 

and shear strengths of the walls.  Increasing the amount of horizontal reinforcement had little 

influence on shear strength but it was observed to change the failure mode from shear-dominated 

to flexure-dominated.  Increasing the magnitude of the applied axial load tended to change the 

behavior of the wall from a more ductile flexural/shear mode to a brittle shear mode.  The 

authors concluded that the axial load had a more significant influence on the flexural strength 

than on the shear strength of a wall.  Results showed that walls failing in flexure were more 

ductile and had higher levels of energy dissipation than walls failing in shear.  Among the walls 

failing in shear, those with larger amounts of vertical and horizontal reinforcement were more 

ductile and capable of dissipating more energy. 

 

2.6 Ibrahim and Suter 

 Ibrahim and Suter (1999) tested and evaluated five concrete masonry shear walls to 

investigate the effects the applied axial stress, the amount of vertical reinforcement, and the 

height-to-length aspect ratio had on the behavior of masonry shear walls.  The analysis focused 

on the influence these design parameters had on the shear strength and ductility of masonry shear 
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walls.  The walls had three height-to-length aspect ratios (0.467, 0.636 and 1.0) and two vertical 

reinforcement ratios (0.004 and 0.006).  The horizontal reinforcement ratio was 0.002 for all the 

walls.  Walls were subjected to two magnitudes of constant axial stress and a prescribed in-plane 

lateral displacement sequence. 

 The failure mode for one of the walls was governed by a mixture of flexure/shear 

behavior, and the remaining four walls were governed by a brittle shear-dominated failure.  The 

authors note that despite failing in shear, these walls still exhibited considerable ductility 

capacity.  This was likely due to the vertical reinforcement increasing the masonry confinement 

and the axial stress enhancing the aggregate interlock forces.  Test results showed that as the 

magnitude of the applied axial stress was increased, the shear strength and displacement ductility 

increased while the drift decreased.  It was also evident that the shear strength, drift and 

displacement ductility increased with larger amounts of vertical reinforcement.  Lastly as the 

height-to-length aspect ratio increased the level of drift and the displacement ductility increased 

while the shear strength decreased. 

 

2.7 Eikanas 

 Eikanas (2003) tested and analyzed seven fully grouted concrete masonry shear walls to 

investigate the effects the amount of vertical reinforcement and the height-to-length aspect ratio 

had on the inelastic behavior of masonry shear walls under in-plane lateral loading.  The analysis 

focused on the influence these design parameters had on the definition of failure, the rate of load 

degradation after toe crushing and drift, and the plastic hinge length.  The walls had four height-

to-length aspect ratios (0.72, 0.93, 1.5 and 2.1) and two vertical reinforcement ratios 

(approximately ɟmax and approximately 2ɟmax).  Enough horizontal reinforcement was provided 
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to ensure a flexural failure mode.  The walls were subjected to a constant axial stress and a 

prescribed in-plane lateral displacement sequence. 

 The experimental results were compared to the provisions set forth by the 2000 IBC 

(ICC, 2000).  The code requirements limit the maximum vertical reinforcement ratio to produce 

a 1% wall drift and attain a specified tensile reinforcement strain before reaching a critical 

masonry strain of 0.0025, which the 2000 IBC defines as toe crushing/failure.  However, test 

results showed that critical masonry strain was reached significantly before 1% drift, toe 

crushing and 20% load degradation were achieved.  Drift increased by at least 210% from the 

point of reaching critical masonry strain to the onset of toe crushing and an additional 20% prior 

to failure.  It was concluded that much greater drift capacities are attainable prior to failure than 

is implied by the 2000 IBC. 

 Test results indicated that an increase in the height-to-length aspect ratio corresponded to 

larger drift capacities at failure.  It was observed that the aspect ratio also influenced wall 

behavior; smaller aspect ratios led to increased shear behavior along with decreased drift 

capacities.  Increasing the aspect ratio corresponded to a decrease in the plastic hinge length.  

The results of the wall tests showed that larger vertical reinforcement ratios resulted in smaller 

drift capacities at failure.  The wall behavior was also influenced by the vertical reinforcement 

ratio; walls with lower ratios experienced more sliding while walls with higher ratios tended to 

increase the amount of shear contribution in squat walls.  It was observed that larger 

reinforcement ratios corresponded to a decrease in the plastic hinge length.  The 2000 IBC does 

not associate the aspect ratio with wall behavior and uses the same requirements for determining 

the vertical reinforcement ratio in all types of walls.  It was concluded that the aspect ratio should 
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be considered when determining the vertical reinforcement ratio because both parameters greatly 

influence wall behavior. 

 

2.8 Voon and Ingham 

 Voon and Ingham (2006) tested and evaluated ten masonry shear walls to investigate the 

effects the amount and distribution of horizontal reinforcement, the applied axial stress, and the 

height-to-length aspect ratio had on the shear strength of masonry shear walls.  Eight of the walls 

were nominally 72 in. long and 72 in. tall (height-to-length aspect ratio 1.0), while the other two 

walls provided height-to-length aspect ratios of 2.0 and 0.6.  Eight of the walls were fully 

grouted while the remaining walls were partially grouted.  The vertical reinforcement in each 

wall was consistent in amount and distribution.  The horizontal reinforcement varied in amount 

and distribution.  The walls were subjected to various magnitudes of constant axial stress and a 

prescribed in-plane lateral displacement sequence. 

 The shear strength of each wall was predicted using the design requirements specified in 

the National Earthquake Hazards Reduction Program (NEHRP, 1997) and compared to the 

experimental results.  The predicted shear strength values were reasonably accurate for walls 

with a height-to-length aspect ratio less than or equal to 1.0 and were overestimated for walls 

with a height-to-length aspect ratio equal to 2.0. 

 Eight of the walls exhibited characteristics of a shear-dominated failure while two 

exhibited a mixture of flexure/shear.  Results showed that increasing the amount of shear 

reinforcement directly influenced the shear capacity by improving the post-cracking performance 

of the walls.  Distributing the reinforcement up the height of the wall using smaller diameter bars 

was advantageous when compared to concentrating the reinforcement in a few larger diameter 
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bars.  By distributing the bars, the shear stresses were more evenly distributed throughout the 

wall which prevented the initial diagonal cracks from widening and caused new diagonal cracks 

to form which resulted in a more ductile behavior and higher energy dissipation capabilities.  

Results showed that increasing the magnitude of the applied axial stress delayed the initiation of 

cracking and increased the shear strength of the wall.  The authors also found that the shear 

strength increased as the height-to-length aspect ratio of the walls decreased. 

 

2.9 Shedid et al. 

 Shedid et al. (2008) tested and analyzed six masonry shear walls to investigate the effects 

the amount and distribution of vertical reinforcement and the applied axial stress had on the 

inelastic behavior of masonry shear walls.  The walls were nominally 72 in. long, 144 in. tall, 8 

in. thick and were fully grouted.  The vertical reinforcement was uniformly distributed every 8 

in. or 16 in.  Enough horizontal reinforcement was provided to ensure a flexural failure mode.  

The walls were subjected to various magnitudes of constant axial stress and a prescribed in-plane 

lateral displacement sequence. 

 The yield strength and ultimate flexural strength of each wall specimen were predicted 

and compared to the experimental results.  The predicted strength values were calculated using 

the design requirements specified in the 2004 Canadian Standards Association S304.1 (CSA) and 

the 2005 Masonry Standards Joint Committee (MSJC).  The strength predictions were calculated 

twice for each standard: once neglecting the influence of compression reinforcement, and once 

including the influence of compression reinforcement.  The experimental values for the yield and 

ultimate strengths were very similar to those found using the CSA and MSJC design 

requirements.  It was found that neglecting the effects from compression reinforcement resulted 
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in predicted values slightly less than experimental values while including the effects from 

compression reinforcement resulted in predicted values slightly greater than experimental values.  

The authors concluded that flexural strength predictions using beam theory are accurate for walls 

with low magnitudes of axial load. 

 All of the walls exhibited characteristics typical of a flexural failure.  Results showed that 

the lateral load capacity increased as the vertical reinforcement ratio increased and the axial 

stress was held constant.  It was also found that the lateral load capacity slightly increased as the 

axial stress increased and the vertical reinforcement ratio was held constant.  Results showed that 

the yield displacement increased with larger amounts of vertical reinforcement and axial stress.  

It was found that the displacement ductility decreased significantly with increasing amounts of 

vertical reinforcement and only slightly decreased with increasing amounts of axial stress.  It was 

concluded that all of the walls behaved in a ductile manner. 

 

2.10 Sherman 

 Sherman (2011) tested and evaluated eight fully grouted concrete masonry shear walls to 

investigate the effects the height-to-length aspect ratio, the applied axial stress, the amount of 

vertical reinforcement, and the presence of lap splices had on the inelastic behavior of masonry 

shear walls.  The walls had three height-to-length aspect ratios (0.78, 1.0 and 2.0) and two 

vertical reinforcement ratios (0.0033 and 0.0072).  Enough horizontal reinforcement was 

provided to ensure a flexure-dominated failure.  The walls were subjected to various magnitudes 

of constant axial stress and a prescribed in-plane lateral displacement sequence. 

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

were evaluated.  All eight walls exhibited behaviors typical of a flexure-dominated failure.  The 



16 

experimental results indicated that on average, the total drift at failure decreased with an increase 

in aspect ratio.  For the specimens with larger aspect ratios, larger yield displacements and 

smaller average ultimate displacements correlated to a reduction in displacement ductility.  The 

aspect ratio did not have a significant effect on the height of plasticity or the plastic hinge length.  

Results showed that when the magnitude of applied axial stress decreased the height of plasticity 

and the plastic hinge length increased.  The magnitude of applied axial stress did not have a 

significant effect on the displacement ductility, average drift or total energy dissipation.  Walls 

with larger vertical reinforcement ratios had smaller values for average drift, displacement 

ductility, height of plasticity and plastic hinge length.  The vertical reinforcement ratio did not 

have a significant effect on the total energy dissipated.  Lastly, the presence of lap splices in a 

wall was associated with decreased values for drift, displacement ductility, height of plasticity, 

plastic hinge length and energy dissipation.  It was concluded that greater drift capacities can be 

achieved prior to failure than is implied by the 2008 MSJC and that walls with lap splices 

perform poorly and should be avoided in high seismic regions. 

 

2.11 Summary 

 This chapter provided a review of the two main failure mechanisms for shear walls under 

in-plane loading: flexure and shear.  It also included a discussion on ductility and the current 

seismic design provisions regarding the minimum and maximum amount of reinforcement given 

in the 2011 MSJC Building Code Requirements for Masonry Structures (MSJC, 2011).  Several 

experimental studies that examined the behavior of reinforced concrete masonry shear walls 

under cyclic in-plane lateral loading were also reviewed.  
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CHAPTER 3: 

EXPERIMENTAL PROGRAM  

3.1 Introduction  

 Eight concrete masonry shear walls were constructed in this study to investigate the 

effects of varying wall design parameters on the seismic performance of the wall.  This chapter 

provides a detailed description of each wall specimen, how they were constructed, testing 

methods, instrumentation and data acquisition systems used during testing. 

 

3.2 Footing Description 

 The wall specimens were all built on heavily reinforced concrete footings.  There were 

three sizes of footings.  The footings were all 24 in. wide, 18 in. deep and had lengths of 68 in., 

86 in. and 104 in. for wall lengths of 40 in., 56 in. and 72 in., respectively.  Reinforcement in all 

of the footings consisted of No. 4 shear stirrups at 8 in. on center.  The footings also included 

longitudinal bars consisting of either nine No. 5 bars for wall lengths of 40 in., nine No. 7 bars 

for wall lengths of 72 in. or twelve No. 7 bars for wall lengths of 56 in., all evenly spaced within 

the footing.  The flexural (vertical) reinforcement was anchored in the footings with 90 degree 

hooks and extended above the footing either the required lap splice length or the total height of 

the wall.  Wall Specimens C7 and C8 had additional shear stirrups and hoops, spaced every 3 in. 

vertically, within the footing that encompassed each of the four vertical reinforcing bars located 

in the end cells of the walls. 

 The footings were designed to act as a rigid support for the wall specimens.  This was 

achieved by anchoring the footings to a reaction floor through eight or twelve bolt tubes cast into 

the footing for wall lengths of 40 in. or wall lengths of 56 in. and 72 in., respectively.  Bent No. 4 
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bars were placed in each of the four corners as a lifting hook to move the specimens with an 

overhead crane.  Figure 3.1 depicts a typical footing design without the extra reinforcement 

added to Wall Specimens C7 and C8. 

 

Figure 3.1 Typical Footing Design 

 

3.3 Wall Specimen Description 

 The wall specimens were constructed of fully-grouted concrete masonry units laid in 

running bond.  All the walls had a nominal thickness of 8 in. while the length and height varied 

to provide aspect ratios of 0.78, 1.0 and 2.0.  The bar size and spacing of the vertical 

reinforcement varied among the wall specimens.  Wall Specimens C1 through C6 had evenly 

distributed vertical reinforcement while Wall Specimens C7 and C8 had concentrated vertical 

reinforcement at the ends of the walls (jambs).  Figures 3.2 and 3.3 depict how the evenly 

distributed vertical reinforcement and the jamb reinforcement are arranged within the masonry 

cells, respectively.  For Walls C1 through C7, the provided vertical reinforcement ratio ( v́_prov) 

was less than the maximum vertical reinforcement ratio ( v́_max) determined from the provisions 
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in Section 3.3.3.5 of the 2011 MSJC Code.  For Wall C8, the provided vertical reinforcement 

ratio was greater than the maximum vertical reinforcement ratio permitted.  Wall Specimens C1 

and C2 and C3 through C5 had lap splices at the base of the wall that were 16 in. and 46 in. long, 

respectively.  The length of each lap splice was determined from the provisions in Section 

3.3.3.3 of the 2011 MSJC Code.  Wall Specimens C6 through C8 did not have lap splices. 

 

Figure 3.2 Evenly Distributed Vertical Reinforcement 

 

Figure 3.3 Jamb Reinforcement 

 Shear (horizontal) reinforcement varied among the wall specimens.  It was provided to 

ensure that the nominal shear strength was greater than the nominal flexural strength predicted 

with moment-curvature analysis.  The horizontal reinforcement consisted of one No. 4 bar in 

every course for Wall Specimens C1 through C3 and C6, two No. 4 bars in every course for Wall 

Specimens C4 and C5, and two No. 3 bars in every course for Wall Specimens C7 and C8.  The 

horizontal reinforcement was anchored around the outermost vertical reinforcement bars with 

180 degree hooks.  The details previously discussed are listed in Table 3.1 for each wall 

specimen.  Figures 3.4 and 3.5 show a typical wall specimen with evenly distributed vertical 

reinforcement and a wall specimen with jamb reinforcement, respectively. 
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Table 3.1 Details of Wall Specimens 

Wall  

Nominal 

Length, 

L in.  

Nominal 

Height, 

H in. 

Aspect 

Ratio 

P/ 

(fômAg) 

Vertical 

Reinf. ( v́) 
v́_prov v́_max 

Horizontal 

Reinf. ( h́) 

Splice 

Length, 

in. 

C1 40 80 2.0 0 #4 @ 8 in. 0.0033 0.0115 #4 @ 8 in. 16 

C2 40 80 2.0 0.0625 #4 @ 8 in. 0.0033 0.0067 #4 @ 8 in. 16 

C3 40 80 2.0 0.0625 #7 @ 16 in. 0.0059 0.0067 #4 @ 8 in. 46 

C4 72 56 0.78 0.0625 #7 @ 16 in. 0.0055 0.0067 2 #4 @ 8 in. 46 

C5 72 72 1.0 0.0625 #7 @ 16 in. 0.0055 0.0067 2 #4 @ 8 in. 46 

C6 56 112 2.0 0 #6 @ 8 in. 0.0072 0.0115 #4 @ 16 in. NA 

C7 56 112 2.0 0 8 #6 0.0087 0.0115 2 #3 @ 8 in. NA 

C8 56 112 2.0 0.0625 8 #6 0.0087 0.0067 2 #3 @ 8 in. NA 

 

 

Figure 3.4 Typical Wall Specimen 
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Figure 3.5 Jamb Reinforcement Wall Specimen 

 

3.4 Load Beam Description 

 Concrete beams were built on top of the wall specimens as a means to apply the in-plane 

lateral load to the walls.  There were three sizes of load beams.  They were all 12 in. wide, 16 in. 

deep, and had lengths of 44 in., 60 in. and 76 in. for wall lengths of 40 in., 56 in. and 72 in., 

respectively.  Reinforcement in all of the load beams consisted of No. 4 shear stirrups at 8 in. on 

center and six No. 5 longitudinal bars that were evenly spaced around the perimeter of the beam.  
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The flexural reinforcement extended 14.5 in. into the load beam.  Figure 3.4 depicts a typical 

load beam design. 

 

Figure 3.6 Typical Load Beam Design 

 

3.5 Material Properties 

 The masonry blocks used in this project were nominal 8x8x16-in. standard hollow 

concrete masonry units and nominal 8x8x8-in. hollow concrete masonry half blocks.  Bond 

beams were used to accommodate placement of the horizontal shear reinforcement.  Three 

standard blocks were set aside for testing, later capped with gypsum cement, and then tested 

according to ASTM C140-11.  Type S mortar was mixed on-site and used to construct the wall 

specimens.  Three mortar test cylinders were made during construction and later tested according 

to ASTM C780-11.  Eight-sack, fine aggregate grout, complying with ASTM C476-10, was used 

in all the wall specimens.  Three grout prisms were made during construction, later capped with 

gypsum cement, and then tested according to ASTM C1019-11.  Three two-block prisms 

conforming to ASTM C1314 were also made during construction and capped with gypsum 
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cement for later testing.  The average compressive strength for each material is given in Table 

3.2. 

Table 3.2 Average Material Compressive Strengths, psi 

 Masonry Units Mortar  Grout  Masonry Prisms 

Walls C1-C2 
3,465 

3,220 5,528 3,038 

Walls C3-C8 3,330 4,770 2,279 

 

 The reinforcement used in all of the wall specimens was Grade 60.  The vertical 

reinforcement consisted of No. 4, No. 6 and No. 7 bars.  The horizontal reinforcement consisted 

of No. 4 and No. 3 bars.  The yield strengths for each size of vertical reinforcement bar were 

obtained from the mill reports provided by the manufacturer and are listed in Table 3.3. 

Table 3.3 Vertical Reinforcement Yield Strengths, ksi 

 No. 4 No. 6 No. 7 

Walls C1 65.3 --- --- 

Wall C2 66.0 --- --- 

Walls C3-C5 --- --- 66.0 

Wall C6-C8 --- 67.5 --- 

 

3.6 Construction of Wall Specimens 

 All eight wall specimens were constructed at the Composite Materials and Engineering 

Center at Washington State University.  The walls were constructed in two groups.  The 

procedures for constructing the footings, walls and load beams were the same for each group of 

walls.  The footing reinforcement cages were tied and placed inside wooden forms along with the 

vertical reinforcement and bolt tubes.  Concrete was ordered from a local ready-mix supplier and 

as it was cast into the forms it was consolidated with a vibrator. The surface was smoothed with 

a trowel and then slightly roughened within the expected footprint of the wall by scoring the 
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surface with the trowel.  Care was taken to minimize damage to the strain gages within the 

footing and those attached to the starter-bars while the concrete was being poured.  The next day, 

the forms were removed from the footing and the vertical reinforcement was tied to the starter-

bars when applicable. 

 All eight wall specimens were constructed by professional masons using running bond 

with face shell and web bedding.  The horizontal reinforcement was placed in the bond beams at 

their respective courses.  The wall specimens were constructed over two days.  Six to eight 

courses were laid on the first day.  The remaining courses were laid on the second day and then 

grout was pumped into the cells and consolidated with a vibrator.  Wall Specimens C1 through 

C5 were grouted in one lift and Wall Specimens C6 through C8 were grouted in two lifts. 

 The formwork for the load beams was assembled on top of the wall specimens and was 

supported by small stud walls.  The reinforcement cages for the load beams were tied and placed 

within the forms.  Concrete was ordered from a local ready-mix supplier and placed into the 

formwork for the load beam.  The concrete was consolidated with a vibrator and then the surface 

was smoothed with a trowel. 

 

3.7 Test Setup 

 The wall specimens were designed with a fixed base to represent a cantilever shear wall.  

The footings were anchored to a reaction floor with 1.25-in. diameter steel bolts.  Footing 

anchors were secured to the reaction floor at each end of the footing, and steel plates were used 

to distribute the force between the footing anchors and the footing.  This setup prevented the 

footing from sliding on the reaction floor during testing. 
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 Three identical hydraulic jacks provided the axial (vertical) load for the wall specimens.  

Each jack has a rated capacity of 10,000 psi, which corresponds to 120 kips of applied force per 

jack.  The jacks were connected in parallel thus maintaining equal pressure to each jack.  The 

pressure that was applied to each wall specimen was determined according to Equation 3.1. 

 

ὖὶὩίίόὶὩ ὋὥόὫὩ ὶὩὥὨὭὲὫ
   

 
ρzπȟπππὴίὭ  (Equation 3.1) 

 

 The pressure from the hydraulic power supply system was maintained at a constant level, 

and therefore the specified axial load remained constant as the three actuators extended and 

retracted with the vertical deflection of the wall.  The upward pressure from the actuators was 

resisted by a box beam attached to a sliding trolley system.  The trolley slid on the main reaction 

frame through a set of 12 low-friction bearings that rode against a stainless steel plate attached to 

the cross-beam in the reaction frame setup.  This arrangement enabled the jacks to move with the 

wall while maintaining a constant vertical load.  This effectively created a ñfreeò boundary 

condition. 

 A 220-kip capacity hydraulic actuator provided the in-plane load for the wall specimens.  

The actuator was operated under displacement control.  The actuator was connected to the main 

reaction frame and to a steel end-plate.  The load was applied to the wall through two steel end-

plates that were affixed to the North and South ends of the load beam and attached to each other 

by threaded rods.  The test setup is shown in Figure 3.7 (North direction on the left). 
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Figure 3.7 Typical Wall Specimen Test Setup 

 

3.8 Instrumentation 

 Strain gages, displacement potentiometers, a load cell and a dial gauge were used to 

monitor and acquire data while the wall specimens were tested.  The locations of the strain gages 

are shown on the right side of Figure 3.8.  Two strain gages were placed within the footing on 

the outermost vertical reinforcement bars.  Strain gages were also placed on each vertical bar just 

above the footing.  The outermost vertical reinforcement had additional strain gages placed at the 

top of the first, second and third courses.  Lastly, strain gages were placed on the horizontal 

reinforcement in the first and fifth courses. 

 The locations of the displacement potentiometers, numbered 3 through 20, are shown on 

the left side of Figure 3.8.  The locations of some of the displacement potentiometers varied 
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when the aspect ratio of the walls changed.  The displacement potentiometers were used to 

measure the vertical displacements, sliding displacements and shear displacements at several 

locations on each wall specimen.  A displacement potentiometer was used to measure the global 

wall displacement in the direction of loading.  It was placed on a rigid frame that was separate 

from the main reaction frame setup and then connected to the loading beam at the height of the 

load application.  Another displacement potentiometer was attached to the hydraulic actuator to 

measure the actuator piston displacement.  A load cell was attached to the hydraulic actuator to 

measure the applied in-plane lateral load.  A dial gauge was placed against the footing to 

measure any sliding that occurred between the footing and the reaction floor. 

 

Figure 3.8 Displacement Potentiometer (Left) and Strain Gage (Right) Locations 
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3.9 System Control & Data Acquisition 

 The system control and data acquisition was obtained using two computers.  One 

computer controlled the lateral load application by sending a specified load or displacement 

pattern to the hydraulic controller.  The second computer controlled the data acquisition 

software; it collected one scan signal per second from the load and displacement cells, the 

displacement potentiometers, and the strain gages.  Figure 3.7 illustrates how the signals from 

the computer were transmitted and how the data was processed and sent back to the computer. 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 System Control & Data Acquisition Flow Chart (adapted from Sherman 2011) 

 

3.10 Test Procedures 

 All  of the wall specimens were tested under displacement control.  The cross-sectional 

analysis program XTRACT was used to obtain the moment-curvature relationship for each wall 

specimen based on a monotonic pushover test.  The maximum moment obtained from XTRACT 
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was divided by the height of the wall (H) to obtain the expected peak load.  This peak load was 

equivalent to the applied lateral load needed to cause failure in each wall. 

 The preliminary test protocol consisted of two complete cycles of the actuator (both 

negative and positive directions) at loads corresponding to 25%, 50% and 75% of the expected 

peak load, as determined by XTRACT.  The preliminary cyclic loading protocol is shown in 

Figure 3.10.  The displacements at 75% of peak load (in the negative and positive directions for 

both cycles) were extracted from the preliminary data set.  These displacements were multiplied 

by 4/3 and averaged to obtain a value for delta-Y (ȹY), where ȹY is the predicted displacement 

at peak load.  The primary test protocol consisted of two complete cycles (both negative and 

positive directions) of displacements at increasing multiples of ȹY.  Figure 3.11 shows cyclic 

patterns of displacement for the primary test.  Displacement levels (ȹY) were sequentially 

increased until the resultant in-plane lateral load was reduced to 50% of the maximum in-plane 

lateral load that was recorded during earlier displacement levels or until loss of structural 

integrity (failure) of the wall specimen, whichever occurred first.  The displacement rate used for 

all of the wall specimens during the preliminary and primary tests was 0.3 in./min. 

 

3.11 Summary 

 This chapter provided a detailed description of the wall specimens and how they were 

constructed.  It also described the test set-up and test protocol that was used for the wall 

specimens.  Lastly, an account of the instrumentation and data acquisition systems were given. 




