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ABSTRACT 

Better understanding of the structural behaviour of concrete and masonry structures 

is facilitated through experimental testing. Although some experimental testing of 

reinforced masonry (RM) rectangular walls is reported in literature, little 

experimental data is available on RM walls with flanges or with boundary element. 

Unlike those pertaining to rectangular walls, seismic design provisions of flanged 

and end-confined masonry walls are not available in North American masonry 

design codes. 

In the current study, the response of seven half scale fully grouted RM shear 

walls, all with the same length but different end configurations and aspect ratios is 

investigated. The goal of the study was to evaluate and document the enhanced 

ductile behaviour of rectangular RM shear walls when flanges and boundary 

elements are structurally connected at the wall ends. Another goal was to extract 

specific seismic performance parameters of reinforced concrete-block rectangular, 

flanged and end-confined shear walls based on quasi-static experimental results. 

Finally, nonlinear dynamic analysis was conducted on the test walls to quantify 

seismic force modification factors used in seismic design. 

High levels of ductility accompanied by relatively small strength degradation 

were observed in all walls in general with a significant increase in ductility and 

displacement capabilities for the flanged and end-confined walls compared to the 

rectangular ones. The drift levels attained at 20% strength degradation by the 

rectangular, the flanged, and the end-confined walls were 1.0%, 1.5%, and 2.2%, 

respectively. The ductility values of the flanged and end-confined walls were, 

respectively, 1.5 and 2.0 times that of their rectangular wall counterparts. In addition 

to the enhanced ductility, a saving of more than 40% in the amount of vertical 

reinforcement was achieved using the proposed alternative strategies while maintain 

the lateral resistance. The relationship between the energy dissipation and the ratio 

of the post-yield to the yield displacement was found to be almost linear for the test 

walls. Wall stiffnesses degraded rapidly to about 60% of their gross stiffness at very 
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low drift levels (0.1 % drift). Measured compressive strain at the wall toes were 

almost double those specified in both North American codes. Extent of plasticity 

over the wall height was about 75% of the wall length. Equivalent plastic hinge 

lengths, needed in wall displacement predictions, using theoretical curvatures and 

experimental displacement ductilities varied between 1 7% and 40% of the wall 

length at ultimate load for all the tested walls. The test results indicated that higher 

seismic force modification factors should be assigned to the flanged and end­

confined RM shear walls compared to values currently assigned to rectangular walls. 

The data presented in this study is expected to facilitate better understanding of 

RM wall behaviour under in-plane load to researchers, practicing engineers, and 

code developers. This study aimed at presenting the flanged and end-confined 

categories as cost-effective alternatives to enhance the seismic performance of mid­

rise RM construction in North America. 
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LIST OF SYMBOLS AND ACRONYMS 

The following subscripts are used with the notations: 
y = yield, u = ultimate, 0.8u = at 20% degradation in strength, 1 % = 1 % drift, 
e= elastic, d= design, g = gross, in = inelastic, ex = experimental 

The following superscripts are used with the notations: 
ep = elastic-plastic, I= simplified elastic-plastic idealization 

Ae = Effective shear area; 
As' = Compression reinforcement; 

= Depth of the compression zone under factored load; 
Cd = Deflection amplification factor specified in the ASCE-7 (2008) ; 
dt = Time step for the earthquake record; 
Ed = Dissipated energy; 
Em = Masonry modulus of elasticity; 
Es = Elastic energy; 
.fm = Average compressive strengths of four-course masonry prisms; 
Gm = Masonry shear modulus; 
h gauge = Segment height over the wall height used to measure strains and curvatures; 
hw = Wall height; 
l e =Effective cross section inertia (CSA A23 .3-05); 
l g = Gross cross section inertia; 
k = Shear shape factor; 
ke = Average yield stiffness; 
Ki =Wall stiffness (Q/~); 

lp =Equivalent plastic hinge length; 
Lp = Extent of plasticity zone; 
lw = Wall length; 
m =Equivalent mass of the single degree of freedom system; 
P =Axial compression applied on the wall ; 
Q = Wall lateral resistance; 
R = Force reduction factor used in ASCE-7 (2008); 
Rd =Ductility-related force modification factor in CSA S034.l-04; 
R0 = Overstrength-related force modification factor in CSA S034. l-04; 
t = Wall thickness; 
Td = Period corresponding to elastic stiffness; 
T initial =Period corresponding to the gross stiffness; 
Tnorm =Normalized period ratio; 
v*m = Shear force carried by the masonry inside the plastic hinge region; 
Vm =Shear force carried by the masonry; 
Vs = Shear force carried by the horizontal reinforcement; 
Vus =Maximum shear strength of the wall ; 
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Vus* = Maximum shear strength of the wall inside the plastic hinge region; 
z = Length of the compression zone based on elastic analysis; 
Yw = Wall overstrength factor equal to the ratio of the load corresponding to 

nominal moment resistance of the wall to the factored load on the wall; 
~ = Lateral top wall displacement; 
~Ci =Net measured compression displacement over hgauge; 

~! = Displacement due to flexure; 
L1F =Deflection of the top of the wall due to factored loads; 
~s = Displacement due to shear; 
~st = Displacement due to sliding; 
1'11 = Time step in nonlinear dynamic analysis; 
~Ti =Net measured elongation displacement over hgauge; 

co = Masonry strain corresponding to maximum stress; 
E:cu = Ultimate concrete compressive strain; 
8; = Rotation over segment along the wall height; 
B;c = Inelastic rotational capacity of the wall; 
Bid = Inelastic rotational demand of the wall; 
µL1 =Multiples of yield displacement (M~y); 
µ'P = Curvature ductility; 
(hyst = Hysteresis damping; 
Ph =Ratio of steel reinforcement in horizontal direction; 
Pv = Ratio of steel reinforcement in vertical direction; 
a = Axial compressive stress applied on the walls; 
<p = Curvature; 
Q 0 = Overstrength specified in the ASCCE-7 (2008); 
HBD =Ductility-related hysteresis parameter (IDARC-5, 2002); 
HEE = Strength-related hysteresis parameter (IDARC-5, 2002); 
HC = Stiffness degradation parameter (IDARC-5, 2002); 
HS = Slip parameter (IDARC-5, 2002); 
PGA = Peak ground acceleration; and 
PGV =Peal ground velocity. 
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CHAPTERl 


INTRODUCTION 


1.1 General 

Recent examples of building damage due to earthquake loading have led to the 

adoption of more stringent seismic design requirements in North America. These 

requirements have significantly affected the design of masonry buildings which 

are perceived to be less ductile and thus more vulnerable to seismic loading. The 

common perception that reinforced masonry (RM) cannot provide high ductility 

compared to reinforced concrete (RC) may be in part attributed to the poor 

performance of unreinforced masonry (URM) during a series of earthquakes in the 

19th and the 20th century such as Imperial Valley (1892), San Fernando (1906), 

Long Beach (1933), San Fernando (1971) and Northridge (1994) earthquakes that 

illustrated the seismic vulnerability ofURM structures. 

The need for a more ductile and earthquake-resistant form of masonry 

construction resulted in the development of RM systems. Nevertheless, it seems 

that seismic design of RM structures still adopts a high level of conservatism in the 

National Building Code of Canada (NBCC 2005). Recent experimental 

investigations (Shing et al. 1990, Seible et al. 1993, Eikanas 2003, and Shedid et 

al. 2008) concluded that high levels of ductility and small strength degradation, at 

large drift levels, can be achieved from RM shear walls failing in flexure. 

However, there is still a need for applied research with detailed documentation to 

support the proposal that RM walls are indeed ductile. Moreover, fundamental 

research focusing on enhancing the ductility and energy dissipation qualities of 

masonry structures is required to facilitate quantification of seismic design 

parameters. 

As a first step in research to enhance the behaviour of masonry under in-plane 

loading, the differences between typical RM construction practice and the 

detailing of ductile RC shear walls should be identified. A significant difference 
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between RM and RC walls is the presence of closed ties and two layers of vertical 

reinforcement in RC walls which provide a reinforcing cage to confine the 

compression zone. In comparison, due to practical limitations associated with 

concrete block wall cross sections, single horizontal ties and a single layer of 

vertical reinforcement are typically used in RM and, therefore, no confinement is 

provided at the wall ends. In this regards, it is thought that the reinforcing 

arrangement in RM may lead to instability of the compression zone under high 

inelastic strains in the vertical bars during cyclic loading. The instability could 

consist of out-of-plane displacement of the wall and bar buckling in the 

compression zone (Paulay and Priestley 1993). 

An objective of this thesis is to study the performance of RM walls with 

boundary elements or flanges. The presence of boundary elements at the end zone 

of the walls allows the use of more than one layer of vertical bars that can be 

confined within closed ties. Moreover, structurally connecting a rectangular wall 

to a small flange (or an intersecting wall) or to a boundary element could limit the 

damage at the wall ends and increase out-of-plane stability. Also, the increased 

thickness at the wall ends can significantly decrease the required length of the 

compression zone leading to increased curvature at maximum load. Consequently, 

the increased curvature ductility should lead to a corresponding increase in the 

displacement ductility of the wall. In this regard, it is noted that the response of 

rectangular RC walls has been shown to be greatly enhanced when boundary 

elements were added at their ends or when walls are structurally connected to 

intersecting walls (Paulay and Priestley 1992). Surprisingly, very little research 

has been carried out on the lateral loading performance characteristics of flanged 

RM walls and RM walls with boundary elements. 

The seismic design philosophy of current North American codes allows most 

structures to undergo inelastic deformation under strong ground motion. To 

account for ductility and energy dissipation in actual structures, seismic response 

modification factors are used in these force-based design codes to reduce the 

2 
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se1srmc forces from those that would develop if the structures remam elastic. 

These factors are influenced by engineering judgment and observation of the 

performance of various structural systems in previous strong earthquakes (Uang 

1991). Little information is available to justify the use of current values and 

furthermore, as stated in the ATC-63 (2008) document, "Original R factors were 

based largely on judgement and qualitative comparisons with the known 

capabilities of relatively few-seismic-force-resisting systems in widespread use at 

the time. The most recent edition of the NEHRP published as FEMA 450 (2004) 

includes more than 75 individual systems, each having a somewhat arbitrarily R 

factor and many of these individual systems have never been subjected to any 

significant level ofearthquake ground shaking". 

Although, seismic force modification factors are given in North American 

codes for rectangular RM shear walls, no values are provided for flanged and end­

confined walls. In fact, there are no guidelines or provisions included to enable 

advantage to be taken of new systems developed to achieve improved seismic 

performance. It would seem that the reduction values specified and the 

methodology used should be based on a sufficiently sound fundamental approach 

that existing and new systems could be evaluated in a consistent, open, and fair 

manner. 

1.2 Scope of the research 

The aim of this study is to experimentally evaluate and document the ductile 

behaviour of RM shear walls having flanges or boundary elements structurally 

connected at the wall ends. The experimental results are to be analysed to quantify 

seismic performance parameters of the proposed alternative construction 

techniques. It is intended to propose values of the force modification factors to be 

used for the seismic design of the identified alternative types of construction. The 

corresponding factors for the existing rectangular wall configurations currently 

covered in the Canadian and the American codes will also be reviewed. 

3 
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In the current study, seven half-scale fully-grouted RM shear walls were 

designed with the same length but with different end configurations and aspect 

ratios to provide new data. The rectangular, flanged, and end-confined (walls with 

boundary elements) RM shear walls are to be subjected to fully-reversed 

displacement-controlled quasi-static cyclic loading. It is intended that cyclic 

loading be continued up to a 50% degradation in strength in order to obtain 

information on their post-peak behaviour. 

The planned analytical part of this study involves modeling the test walls using 

nonlinear dynamic analysis software to capture the overall wall response under 

actual earthquake records. In this regard, it is anticipated that the wall models 

should be subjected to a wide variety of ground motions to simulate different 

dynamic responses. This will help in determining seismic response modification 

factors for the proposed wall construction categories. 

1.3 Objectives of the dissertation 

The research reported in this dissertation is a part of major ongoing experimental 

and analytical investigations at McMaster University of the response of reinforced 

masonry shear walls having various end configurations and aspect ratios and 

subjected to various levels of axial compressive stress. The objectives of this 

dissertation are to: 

• 	 Evaluate the effect of flanges on increasing the curvature ductility and ultimate 

displacement for RM shear walls. 

• 	 Propose a new boundary-element construction technique for RM shear wall 

construction. This is expected to result in a new seismic force resisting system 

category in the next editions of CSA S304. l and the National Building Code of 

Canada (NBCC). 

• 	 Establish the difference between specimen behaviour with and without 

inclusion of floor slabs, in terms of crack pattern and the relative contributions 

of shear and flexural deformations. 

4 
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• 	 Provide data related to wall stiffness and its degradation as the main factor 

controlling the base shear attracted by a building during seismic events. This 

data is expected to give a clearer picture regarding change in the period with 

increased deformation. Longer period of vibration should result in significant 

reductions of seismic demand for masonry buildings especially if 

displacement-based seismic design approach is considered. 

• 	 Provide estimates for the plastic hinge length to better predict wall 

displacements and displacement ductilities at different performance levels. 

• 	 Quantify and present the variation of hysteresis damping of the proposed wall 

construction, which is needed for both force-based and displacement-based 

seismic design approaches. 

• 	 Determine the contributions of shear and flexural deformations for the 

proposed wall constructions. This will facilitate better prediction of the overall 

building displacement and interstorey drift. 

• 	 Establish ductilities of RM shear walls when flanges or boundary elements are 

structurally connected at the ends of the walls. 

• 	 Propose seismic response modification factors for the Canadian and American 

codes to be used with the proposed wall construction categories. 

1.4 Organization of the dissertation 

This dissertation describes a combination of experimental and analytical research 

used to investigate and document the seismic performance of rectangular, flanged 

and end-confined RM shear walls. This information is used to propose seismic 

response modification factors following the philosophies of the Canadian and the 

American codes. The content is as follows: 

• 	 The scope and objectives of the dissertation as well as background information 

pertaining to RM shear walls are presented in Chapter 1. 

• 	 Chapter 2 contains a description of the experimental program, test matrix, test 

setup and instrumentation, and provides information about the properties of the 

materials used in wall construction. 
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• 	 The details of the hysteresis behaviour, test observations, and failure modes of 

the test walls as well as comparison of the load-displacement responses and 

ductilities of the different wall types tested are presented in Chapter 3. 

• 	 Analysis of the test results and elastic and inelastic characteristics of the walls 

are then presented in Chapter 4. 

• 	 Seismic performance parameters and plastic hinging of the test walls, as well 

as evaluation of the seismic response modification factors following the design 

philosophies of both the Canadian and American codes are presented in 

Chapter 5. 

• 	 The thesis summary, ma3or conclusions and recommendation for future 

research are presented in Chapter 6. 

• 	 Seismic performance parameters of full scale RM shear walls tested by Shedid 

(2006) are quantified in Appendix A. This analytical work, done as part of the 

dissertation research, is used as the basis for comparison for the half-scale RM 

shear walls tested in this study. 

1.5 Literature review 

The literature review presented in the following section focuses on the 

performance of rectangular, flanged, and end-confined RC and RM wall under 

cyclic loading. It also contains a discussion of the basis for ductility calculations 

and background pertaining to the calculation of seismic response modification 

factors. 

1.5.1 Introduction 

The increase use of masonry shear wall systems was accompanied by experimental 

investigations; a significant portion of the masonry research conducted to date has 

been dedicated to studying the in-plane behaviour of masonry under different 

combinations of axial load and lateral shear force (Priestley 1977; Paulay 1980; 

Paulay et al. 1982; Sveinsson et al. 1985; Tomazevic et al. 1986; Shing et al. 

6 




Marwan Shedid McMaster-Civil Engineering 

Ph.D. Thesis Introduction 


1989a; Seible et al. 1993; Yoon and Ingham 2004; Miller et al. 2005; Shedid et al. 

2008). These studies identified flexural and shear failures as the main failure 

mechanisms. Shear failure was characterized by either diagonal tension cracking 

across the length of the wall or shear slip along mortar bed joints. Walls failing in 

a predominantly brittle shear failure mode exhibited rapid strength degradation 

after the ultimate strength was reached. Flexural failure was characterized by 

yielding of the vertical reinforcement, formation of a plastic hinge zone at the 

bottom of the wall and, eventually, crushing of the masonry at the critical wall 

region. This mechanism is generally considered to be a more favourable failure 

mode, compared to shear failure, because of its ductile nature and its effectiveness 

in dissipating energy by yielding of the vertical reinforcement. 

Most of the research conducted on masonry shear walls (Shing et al. 1990; 

Brunner and Shing 1996; Ibrahim and Suter 1999; Miller at al. 2005 ; Yoon and 

Ingham 2006) focused on evaluating the shear failure mechanism and the 

behaviour of walls failing in shear rather than walls failing in flexure. This might 

be attributed to the complexity of predicting the capacity of walls failing in shear 

compared to walls failing in flexure or perhaps it was because the flexural 

behaviour of RM shear walls is well understood. The flexural capacity was shown 

to be easily calculated with a reasonable degree of accuracy (Priestley 1986; Shing 

et al. 1989b ). However, the ductility supply and energy dissipation capabilities of 

such walls are not well quantified, despite being the main factor needed to predict 

the structural performance under earthquake excitation. To better predict wall 

displacements at ultimate loads, wall ductility and plastic hinge length, lp, need to 

be accurately determined. 

1.5.2 Plastic hinge length 

The flexural lateral displacement of cantilever walls can be easily predicted based 

on the approach described by Paulay and Priestley (1992) and illustrated in Fig. 

1.1 . Inelastic rotations of cantilever masonry walls, failing in flexure, tend to be 

concentrated at the base of the wall within what is called the plastic hinge zone. 
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Within this zone, large curvatures, compared to the curvature at yield stage, occur 

and significantly contribute to the top lateral displacement of the wall. Although, 

the moment varies linearly over the height, hw, of a cantilever wall as a result of 

the concentrated force at the top, the actual curvature profile over the wall height 

is not linear and large inelastic curvatures occur at the base. 

Elastic curvature 

Concrete 
····· f'oundatioD.1\1-'-...--'-T-'-~rl 

<py 

Plasti(; JJJrige 

Elastic curvature 

Extent ofplasticity 

Inelastic curvature 

\Yield penetration 
inside the foundation (/Ju 

Fig. 1.1: Elastic and inelastic deformation 

In order to idealize the actual curvature profile, Paulay and Priestley (1992) 

suggested representing it by an elastic region and a plastic region (within a length 

of Ip as the plastic hinge) to facilitate rotation calculation. The plastic rotation in 

this approach is assumed to act at mid-height of the equivalent plastic hinge 

length. The following equation, relating curvature ductility, displacement ductility, 

and equivalent plastic hinge length was proposed by Paulay and Priestley (1992) to 

predict lateral displacement ofwalls at ultimate load. 

Ip Ip
µLJ = l+ 3 x (µ91 -1) x - x (1-0.5 x-) Eq. 1.1 

hw hw 
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In the above expression, the curvature ductility, µ"' = <flu ; <py, is the ratio between 

the curvature at ultimate load, <flu, and the curvature at yield, <fly· The displacement 

ductility, µLJ, is the ratio between the displacement at maximum load, L1u, and the 

displacement at yield, L1y, assuming an elastic-plastic load-displacement 

relationship for the wall. If the equivalent plastic hinge length is assumed to be 

constant, an increase in the curvature ductility in this equation will result in an 

increase in the displacement ductility, µLJ . As will be explained later, this is related 

to the force modification factor used in design. 

Plastic hinge length (or more correctly, equivalent plastic hinge length) is an 

important factor in modelling the inelastic response of shear walls subjected to 

earthquake loading since it influences the displacement at maximum load, L1 u, and, 

consequently, affects the curvature ductility, µ"', required to attain a target 

displacement ductility, µLJ. 

Flexural plastic hinging of masonry shear walls is not well quantified (Paulay 

and Priestley 1992; Drysdale and Hamid 2005; and Drysdale and Hamid 2008) 

where the scarcity of data related to this subject is evident from the widely 

differing, arbitrary, and changing expectations regarding the plastic hinge length. 

For this critical feature of seismic response, Paulay and Priestley (1992) reported 

equivalent plastic hinge lengths, lp, between 30% to 80% of the wall length, lw, 

whereas the USA Masonry Standard Joint Committee code (MSJC 2008) specifies 

that lp is to be taken equal to lw. The Canadian Standard Association in CSA 

S304.1 (CSA 2004) "Design ofMasonry Structures " recommends the use of the 

smaller of lp = lwl2 or hwf6 for walls with limited ductility but up to lw for shear 

walls with moderate ductility, where hw is the wall height. The Federal Emergency 

Management Agency document (FEMA-273/274, 1997) sets lp equal to half the 

flexural depth of the wall cross section with an upper limit of one storey height. 

These ambiguities in estimating a parameter as fundamental as the equivalent 

plastic hinge length lead to inaccurate prediction of the wall displacement 

ductility, which is a major factor in determining the wall seismic demand (design 

force) . 
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1.5.3 Intersecting walls 

Despite the common occurrence of intersecting structural walls in buildings (see 

Fig. 1.2), little research has been carried out on the lateral load-displacement 

characteristics of flanged RM walls. For both RM and RC shear walls, the 

responses of I, T, L-shape walls are significantly different than that of rectangular 

walls (Priestley and Lirnin 1990; Thomsen and Wallace 2004; Orakcal and 

Wallace 2006). 

Flanges 

Boundary 
element 

Fig. 1.2: Plan of a wall bearing building 

Compared to rectangular walls, shear walls with flanges are characterized by a 

smaller compression zone which results in a significant increase in curvatures at 

ultimate load. The presence of flanges not only increases the curvature at ultimate 

load, but also reduces the curvature at the onset of yield of the vertical 

reinforcement. This can have a significant impact on the curvature ductility and 

subsequently on the displacement ductility. The flanges also increase the overall 

wall stability against out-of-plane buckling, and delay the occurrence of 

reinforcement buckling at the outermost end of the wall under compression. 
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Orakcal and Wallace (2006) indicated that the plane sections remaining plane 

assumption, which assumes that the entire flange is effective in compression, is 

appropriate. Alternatively, the measured tensile strains followed a nonlinear 

distribution across the width of the flanges. This is also consistent with the 

observations by Thomsen and Wallace (2004). The latter observation indicated 

that peak moment strength of walls with the flange in tension did not develop until 

high drift levels were reached. This is due to gradual yielding of the tension 

reinforcement within the flange, with reinforcement closest to the web-flange 

intersection yielding first. Subsequently, yielding of bars away from the web­

flange intersection progressed as lateral drift levels increased. This observation 

implies that the assumption of a constant strain along the flange in tension is not 

correct and would lead to overestimation of the tensile strains of the reinforcing 

bars in the flanges resulting in overestimation of the lateral load capacity of the 

wall when the flange is in tension. In contrast, the measured compressive strains 

along the flange were nearly uniform for all drift levels. Orakcal and Wallace 

(2006) also indicated that the measured tensile strains in concrete tend to decrease 

suddenly at the web-flange intersection due to the abrupt change in cross section 

geometry. 

1.5.4 Effect ofdetailing and bar buckling 

Poor detailing of the connection between the web and the flange and lack ofproper 

understanding of the role of the web and the flange can, however, results in an 

inferior response of walls with flanges as opposed to rectangular walls. Because of 

the reduced compression zone, flanged walls failing in shear can be more seriously 

affected by sliding shear than rectangular walls (Paulay et al. 1982). Sliding shear 

displacements can seriously affect the integrity of the flanges for shear walls 

responding beyond the elastic stage, as indicated by Paulay and Priestley (1992), 

due to increased crack size and reduced shear resistance. However in the elastic 

range, they concluded that as long as the cracks remain small, the shear strength is 

primarily due to aggregate interlock action which will be in excess of the diagonal 

tension or compression load-carrying capacity. 
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Observations of the responses of masonry shear walls indicated that the lateral 

load capacity of RM walls can be maintained for high drift levels well beyond the 

levels corresponding to maximum load (Shedid 2006). Almost no degradation of 

the lateral load capacity was observed even though toe crushing and spalling of the 

face shells of the end blocks occurred and minor cracks in the outermost grout 

columns were observed. Shedid et al. (2008) reported that it was only when 

splitting of the outermost grout column and buckling of the end reinforcing bars 

occurred that strength degradation became significant. The strength degradation 

was mainly due to damage in the masonry compression zone as well as the 

reduction of the strength due to buckling of the vertical bars in compression. 

Based on experimental results, Bae et al. (2005) indicated that the post-buckling 

strength of a reinforcing bar can be as low as 20% of the yield strength and was 

associated with high lateral displacement of the bar. Moreover, the increase in the 

lateral displacement of the vertical bars accelerated the deterioration of the 

masonry compression zone with additional crumbling of the grout columns and the 

blocks observed. 

Due to cyclic loading of flexural walls, high inelastic tensile strains occur in the 

vertical bars and result in wide horizontal cracks. During wall unloading 

(corresponding to changing the direction of load), tensile stresses in the bars 

reduce to zero, while the crack width remains large, as a result of plastic tensile 

strains that had been developed in the bars. As shown in Fig. 1.3, until the cracks 

close, the internal compression force, C, within the wall section, b, must be 

resisted solely by the vertical reinforcement. Paulay and Priestley ( 1993) indicated 

that even for RC walls with two layers of reinforcement as shown in Fig. 1.4 (a), 

the compression force, not being aligned with the centroid of the two vertical bars, 

would cause higher stresses on one bar compared to the other until closure of the 

horizontal crack occurs. In the case of RM walls (see Fig. 1.4 (b)), with a single 

layer of reinforcement, the situation is more extreme as there is no apparent 

stability provided by the reinforcement until the crack closes on one side of the 
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wall, which leads to out-of-plane displacement of the wall. The use of flanges (by 

connecting intersecting walls) or enlarged boundary elements to stabilize masonry 

walls by preventing the out-of-plane displacement is, therefore, very beneficial for 

wall performance. 

Fig. 1.3: Curvature and buckling of masonry walls (Paulay and Priestley 1993) 

( )( ) 
~ 

a) Reinforced concrete b) Reinforced masonry 

Fig. 1.4: Cross section of typical shear wall in a building 

1.5.5 Walls with boundary elements 

Walls with boundary element are rectangular walls with an enlarged thickness at 

the ends (see Fig. 1.2). Boundary elements for masonry walls, can be in the form 

'' T 
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of pilasters (or columns) at the ends of the walls. A pilaster can be constructed 

using additional blocks at the wall end or by using a pilaster unit. 

Walls with boundary elements have the same previously discussed benefits of 

flanged walls. The behaviour is characterised by a small compression zone which 

decreases curvatures at the onset of yield of the vertical reinforcement and 

increases curvatures at ultimate conditions. This dual action, as explained earlier, 

will increase the curvature ductility and subsequently enhances the displacement 

ductility. Also, the enlarged wall end delays buckling of vertical bars, increases the 

stability of the compression zone and preserves the flexural strength of the wall. 

This further increases the ductility of the walls which in turn, increases the 

ductility modification factor of the wall which reduces the earthquake design load 

and thus achieves more economical masonry buildings. 

In addition to all the aforementioned benefits, the use of a boundary element 

allows forming a closed tie instead of the typical 180° hook formed by the 

horizontal shear reinforcement in a RM wall. This accommodates more than one 

layer of vertical bars to provide a reinforcing cage to confine the region subjected 

to the high compressive stresses at failure, and prevent the buckling of the vertical 

wall reinforcement. The confinement provided by the transverse reinforcement can 

also increase the maximum compressive strain and strength of masonry and thus 

result in a more ductile behaviour, as will be explained in the following section. 

1.5.6 Confining effect oftransverse reinforcement 

The available research on the confining effects of transverse reinforcement has 

been conducted on RC walls and columns. Lack of similar research on RM 

elements may be due to the typical use of rectangular RM walls having a single 

layer of reinforcement as opposed to walls with boundary elements. Since the 

general responses of RM and RC elements are similar, somewhat similar 

performances of RM and RC walls with attached boundary element would be 

expected. 
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In RC shear walls, the existence of more than one layer of vertical steel and 

closed transverse reinforcement in the form of rectangular ties provides 

confinement for the concrete and enhances the buckling resistance of the vertical 

reinforcement. Closely-spaced transverse reinforcement in conjunction with 

longitudinal reinforcement also restrains the lateral expansion of concrete inside 

the reinforcing cage. This enables higher compressive stresses and, more 

importantly, higher compressive strains to be sustained by the compression zone 

before failure occurs as opposed to unconfined concrete under uniaxial 

compressive stresses. A secondary purpose of closely-spaced closed transverse 

reinforcement is to delay the buckling of the vertical reinforcement in walls or 

columns and to enable the compression reinforcement to remain effective after the 

concrete cover has spalled. In the case of RM walls, almost no confinement of the 

zones under compression is achieved by having a single layer of vertical 

reinforcement and a single leg of horizontal reinforcement. Thus the common 

perception is that, compared to the confined concrete, the ultimate compressive 

strain of the unconfined masonry may be inadequate to allow the wall to achieve 

high levels of ductility without extensive spalling and deterioration of masonry 

units and grout columns. 

When unconfined concrete 1s subjected to compressive stress levels 

approaching the crushing strength, high lateral tensile strains develop and result in 

the formation of longitudinal rnicrocracks at peak-stress (see Fig. 1.5). The 

propagation of these cracks beyond peak stress results in instability of the 

compression zone, and eventually leads to failure. However, despite this eventual 

behaviour, for design purposes, strain at failure is not represented by the strain at 

peak-stress as relatively high compressive stresses can be maintained at much 

larger strains. 

Since the early work by King (1946) on the effect of transverse reinforcement 

on RC columns, the amount of lateral confinement has been well recognized as an 

important factor affecting ductility of RC columns. Several research programs 

[Ozcebe and Saatcioglu 1987; Sakai and Sheikh 1989; Saatcioglu 1991; Wehbe et 
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al. 1999; Sittipunt et al. 2001; Lam el al. 2003] were conducted later to investigate 

the effect of the amount, configuration, shape, and anchorage of transverse 

reinforcement on the response of RC column under axial load. Data from these 

programs indicated that confinement of the concrete core significantly improves 

column deformability and that longitudinal bars, if not enclosed by a comer of a 

hoop or a hook of a cross-tie, were incapable of providing sufficient confinement 

to enhance the deformability ofplastic hinge regions. 

a 

I 

D 

lc:c~inder strength ' 

minimum volume level 

1---longiludinol strain 

-4 -J -2 -1 2 J 4 

slrain-mm/m 

Fig. 1.5: Typical stress-strain curves of concrete cylinders tested under uniaxial 

compression (Park and Paulay 1975) 

Confining transverse reinforcement may only be required in the highly stresses 

zones since the need to confine the entire section of a wall or a column would 

rarely arise. For the confinement to be effective, the vertical spacing of hoops 

should be limited to delay buckling of the longitudinal bars. During construction, 

the longitudinal reinforcement must be placed tightly against the transverse steel 

because the transverse steel provides confining reactions to the longitudinal bars. 

When movement of the longitudinal bars is necessary to bring them into effective 

contact with the transverse steel, the efficiency of the confinement is reduced. 
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1.5. 7 Behaviour ofconfined and unconfined concrete 

Prior to reaching the peak-stress for a uniaxilly loaded RC column, the stress­

strain relationship is almost identical to a uniaxially loaded plain concrete column 

after excluding the increased capacity due to the compression reinforcement. 

However, at strains beyond the peak-stress, the response is quite different. For a 

uniaxially loaded plain concrete column, the most significant feature of the 

behaviour is the larger increase of lateral expansion that the specimen undergoes 

when the vertical strain exceeds the strain at the peak load, as seen in Fig. 1.5. In 

the absence of confining elements, this lateral expansion leads to rapid failure. 

This behaviour is quite different from that of an axially loaded confined RC 

column as several variables influence the descending curve, as explained by Park 

and Paulay (1975). Confinement restrains lateral dilatation (volume increase) of 

the concrete beyond peak-stress. Triaxial compression loading of plain concrete 

illustrates this effect. In the case of reinforced concrete elements confining 

reinforcement achieves some confinement (Lefas et al. 1990). 

Based on tests of 25 RC columns, Scott et al. (1982) found that the appearance 

of vertical cracks in the concrete cover was always the first sign of distress in a 

columns and that these cracks spread rapidly as compression failure of the 

concrete cover caused it to spall. However, after the concrete cover spalled, a 

higher load could be achieved as the concrete core became confined by the hoops 

and longitudinal bars. Failure of the columns was associated with fracture of the 

hoops and buckling of the longitudinal bars at much higher strains. As the hoops 

failed, the now unconfined core concrete in their near vicinity was reduced to 

rubble. 

The concrete strength, and the amount, spacmg, yield strength, and size of 

transverse reinforcement have significant influences on the response of the 

specimen during the post-peak loading stage. Low strength concrete produces a 

more ductile behaviour than high-strength concrete, as the former is characterized 

by a less steep descending branch allowing for larger strains associated with a 
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more sustained capacity (Park and Paulay 1975). A larger amount of transverse 

steel will produce an increase in lateral force to confine the concrete core. 

Reducing the spacing between the transverse steel hoops leads to more effective 

confinement of the concrete by reducing the total volume of unconfined concrete 

per hoop. As seen in Fig. 1.6, more closely spaced hoops also provide more 

uniform confinement and reduce the size of the less confined concrete between 

hoops. 

Confined zones 

~ Longitudinal reinforcement 

Transverse reinforcement 

~ 
Concrete column 

Fig. 1.6: Effect of spacing of transverse reinforcement on the confinement 

efficiency (redrawn from Park and Paulay 1975) 

The yield strength of the transverse reinforcement determines the upper limit of 

the confining pressure on the core. As recommended by Priestley and Park (1987), 

the usable concrete compressive strain corresponds to the strain in the concrete 

when the transverse confining steel first fractures. In the case of rectangular 

stirrups or hoops, higher ratios of the diameter of the transverse bar to its 

unsupported length between the comers of the hoops lead to more effective 
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confinement. Transverse bars of small diameter have low flexural stiffness and 

typically bow outward reducing the confined zone. 

It is worth noting that axially loaded concrete cylinders or masonry prisms, 

having longitudinal reinforcement and widely spaced transverse reinforcement or 

no transverse reinforcement, can experience a steeper descending curve with less 

strain during the post-peak stage as opposed to unreinforced concrete cylinders or 

masonry prisms. This finding is explained by Priestley and Elder (1983) based on 

testing masonry prism with longitudinal reinforcement. They indicated that, if the 

reinforcement has yielded in compression when vertical splitting of the masonry 

face shells begins, the assemblage may be unable to restrain the steel from 

buckling laterally. This situation would create additional instability of the cracked 

assemblage and result in a more brittle failure. They also indicated that initiation 

of failure for prisms with longitudinal reinforcement was similar to unreinforced 

prisms; both failures resulted from vertical splitting of the face shells. The 

subsequent loss of lateral stability of the bars yielding in compression resulted in 

their tendency to buckle at high strains, causing more apparent damage to the 

prisms at the end of test than to prisms without reinforcement. On the other hand, 

significantly less damage and less steep descending branches are expected when 

closely spaced ties are provided to confine the vertical reinforcement and concrete 

core for RC elements. 

1.5.8 Displacement ductility 

For members and structures that exhibit near ideal elastic-plastic load-deflection 

behaviour as shown in Fig. 1.7 (a), it is generally agreed that calculation of 

displacement ductility, µIJ = L1u I L1y, can be carried out with little error either by 

using the actual yield displacement or by defining an effective yield displacement, 

11/ P, at the point where the elastic portion intersects the plastic portion of the load­

displacement curve. However, for walls containing several reinforcement layers, 

load-displacement curves typically have yielding of the outermost tension bar at 

loads well below ultimate load, as illustrated in Fig. 1.7 (b ). 
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(b) Alternative definitions of displacement ductility 

Fig. 1.7: Displacement ductility definitions 

There are several useful discussions in the literature regarding the appropriate 

definition of displacement ductility (Park and Paulay 1975; Shing et al. 1989a; 

Paulay and Priestley 1992; Priestley et al. 1996; Tomazevic 1998), but there is no 
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general consensus at this time. Therefore, some of the alternatives subsequently used 

to calculate ductility values from the test results are briefly discussed here. 

Option I. This option ignores the part of the load-displacement curve above yield 

strength and any post-peak capacity and uses an elastic-plastic idealization 

intersecting at the yield point, µLiu= L1ul L1y. 

Option 2. A very conservative alternative to Option 1 would be to define an effective 

yield displacement, LJ/P1 = L1y (Qu i Qy) corresponding with the point where extension 

of the elastic line through the yield point reaches the maximum load, Qu. 

Option 3. A somewhat less conservative value of displacement ductility is to locate 

and define effective yield displacement so that the idealized curve has the same total 

energy under the curve as the actual data up to the displacement at maximum load. 

Option 4. Displacement ductility can be related to a specific limit on displacement 

where it can be argued that additional ductility beyond that point cannot be taken 

advantage 0£ For example, if 1 % drift is the stipulated limit, a simple approach is to 

use the yield displacement, L1Y• with this definition of ultimate displacement L1 1% to 

give µLJ J%· 

Option 5. This option is similar to Option 4 except that an effective yield 

displacement, LJ/P2, is defined to provide equal energy under the curve up to the 

limiting displacement. 

Option 6. It has been argued by some that there is considerable benefit of ductility 

that exists even when there is some degradation of capacity. A reasonable limit to 

strength degradation under such circumstance may be taken as 80% of Qu and, 

simplistically, the displacement ductility µLJo.su= L1o.su lL1y may be calculated. 

Option 7. An alternative to Option 6 is to redefine an effective yield displacement, 

LJ/P3, as the value that produces equal areas under the curves up to the displacement 

L1o.Bu· 

In summary, there are several discussions in the literature regarding the 

appropriate definition of displacement ductility for behaviours that are not ideally 

elastic-plastic. However, as highlighted by Priestley (2000) and Priestley et al. 

(2007), there is no general consensus or a unified definition for the yield and the 
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ultimate displacements. Shedid et al. (2010) showed that, for RM shear walls 

failing in flexure, the average wall capacity based on an elastic-plastic 

idealizations of the actual load-displacement responses using an the equal area 

approach was 97% of the measured capacities. Therefore setting the plastic 

strength of the idealized bilinear load-displacement relationship to be equal to the 

ultimate wall strength would simplify the evaluation of ductility and result in a 

slightly conservative approximation. 

1.5.9 Seismic response modification factor 

To account for the effects of ductility and energy dissipation through inelastic 

behaviour, seismic design can be carried out using prescriptive requirements that 

allow for a reduction in seismic design forces that were calculated based on elastic 

behaviour. In the USA, the calculated elastic force is divided by a force reduction 

factor, R, (ASCE-7, 2008), whereas, in the National Building Code of Canada 

(NBCC 2005), the elastic force is divided by the product of the ductility-related 

force modification factor, Rd, and the overstrength-related force modification 

factor, Ro. To determine the inelastic displacements based on the elastic design 

displacement, in the NBCC (2005) the elastic displacements are amplified by the 

product RdxRo, whereas, in ASCE-7 (2008) the elastic displacements are amplified 

by a deflection amplification factor, Cd. In the ASCE-7 (2008), an R value of 5.0 is 

assigned to Special reinforced concrete shear wall buildings and to Special 

reinforced masonry shear wall buildings. However, in the NBCC (2005), 

reinforced masonry shear wall construction is considered to be relatively brittle 

compared to reinforced concrete shear walls. The Canadian code assigns a 

maximum reduction factor Rd x R0 of2.0xl.5=3.0 for what is considered the most 

ductile system: Moderately ductile reinforced masonry shear wall buildings, 

whereas, for Ductile reinforced concrete shear wall buildings, the maximum 

assigned reduction factor Rd x R0 of 3.5xl.6=5.6. Therefore, based on the 

Canadian code, the seismic demand for reinforced masonry shear wall buildings 

will result in significantly higher design forces (87% higher) compared to similar 
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reinforced concrete shear wall buildings. This preferential treatment of RC is not 

found in the American code provisions (ASCE-7, 2008). 

The response modification factors were generally based on engmeenng 

judgment and on observation of the performance of different structural systems in 

previous strong earthquakes (Uang 1991). That study also suggested that it is 

difficult to justify the relative values of the factors R and Cd proposed in the 

American code, and that the factor R should be smaller than the factor Cd for 

various structural systems. Similarly, as stated in the ATC-63 (2008), little 

information is available to justify the use of these values and, furthermore, 

somewhat arbitrarily R factors were assigned to individual systems that have never 

been subjected to any significant level of earthquake ground shaking. 

Many studies [Newmark and Hall 1973; Riddell and Newmark 1979; 

Elghadamsi and Mohraz 1987; Riddell et al. 1989; Nassar and Krawinkler 1991; 

Paulay and Priestley 1992; Vidic et al. 1992; Miranda 1993; Chopra 2000; and 

Drysdale and Hamid 2005] were conducted to quantify the effect of the structure's 

parameters on the ductility modification factor, Rµ- In general, for rigid structures 

having very short periods, the system will behave essentially elastically and thus 

Rµ = µ;J = 1 (i.e., no modification), [Paulay and Priestley (1992), Chopra (2000), 

Drysdale and Hamid (2008)]. 

For structural systems having a long period of vibration, elastic and inelastic 

systems will have approximately the same displacement wherein the equal 

displacement principle (Fig. 1.8 (a)) is used to determine the relationship between 

µLJ and Rµ as Rµ = µLJ > 1. For structures with short or moderate vibration periods, 

the principle ofequal energy can be used in which case the energy under the load­

displacement diagram of the elastic system up to the maximum displacement is 

equated to that of the elastic-perfectly plastic system subjected to the same 

excitation which will yield Rµ =~(2 µ {:,. -1 (see Fig. 1.8 (b)). 
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Fig. 1.8: Equal displacement and equal energy principles for calculation of response 

modification factors 

1.6 Summary and conclusions 

The literature survey showed that limited experimental data are available for flanged 

RM shear walls and almost no data related to RM shear walls with boundary element 

(end-confined walls) was found. 

The values of equivalent plastic hinge length, lp, found in the literature were quite 

scatter and were associated with rectangular walls. No separate guidelines available 

for flanged and end-confined shear walls were found. Previous work conducted on 

reinforced masonry shear walls indicate that ductile behaviour was achieved when 

rectangular shear walls were properly designed and detailed. However, ductilities of 

flanged and end-confined walls need to be quantified and compared to rectangular 

walls. Seismic performance parameters associated with this type of construction are 

also needed. 

Values of seismic reduction factors in North American seismic codes were 

found to be, in many cases, based on previous experience or judgement. There is a 

great need to follow a more rational method to determine these values in order to 

provide uniform safety in design and equitable conditions for competing structural 

systems. 
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CHAPTER2 


EXPERIMENTAL PROGRAM 


This chapter contains a detailed description of the experimental program and the 

wall test matrix used in this study. Material properties, specimen design and 

construction, reinforcement detailing, and predicted capacities and displacements 

were presented and discussed in detail. In addition, descriptions of the test setup 

and instrumentation are provided. The wall test matrix was based on two phases of 

testing. The first phase was comprised of three walls, Wl, W2, and W3 

(Rectangular, Flanged, and End-confined) tested under reversed cyclic loading, 

and the second phase of testing was comprised of four walls, W4, W5, W6, and 

W7, (Rectangular, Flanged, and two variations of End-confined) designed and 

constructed taking into account the observations and results from the walls tested 

in the first phase. 

2.1 Introduction 

Better understanding of the structural behaviour of concrete and masonry 

structures can be obtained through experimental testing. As discussed in the 

previous chapter, although some experimental testing of reinforced masonry 

rectangular walls is reported in the literature, little experimental data is available 

on reinforced masonry walls with flanges or with boundary elements. 

The experimental program adopted in this study was designed to investigate the 

cyclic flexural response of reinforced concrete masonry rectangular walls, walls 

with flanges, and walls with boundary elements. The test matrix was developed to 

allow direct comparisons to evaluate the expected enhancement of wall ductility 

when flanges or boundary elements were added. An associated criterion was to 

investigate the influence of adding flanges or boundary elements on the stability of 

the compression zone. It was intended that all the test walls would be subjected to 

fully reversed displacement-controlled quasi-static cyclic loading with loading 

continued up to 50% degradation in strength in order to obtain information on the 
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post-peak behaviour. Monitoring the propagation of damage and plastic 

deformation into the base was also an objective to assess the impact of this 

behaviour on overall wall ductility (Paulay and Priestley 1992). The effects of the 

various test parameters on the extent of plastic deformation over the wall height 

were also of interest. 

Sections 2.2 to 2.5 describe the criteria for wall design, wall construction, 

reinforcement details, and wall design, respectively. The results of auxiliary tests 

on masonry assemblage and constituent materials are presented in Section 2.6. 

This is followed by details of the test setup and instrumentations in Sections 2.7 

and 2.8. The chapter concludes with documentation of the test procedure and final 

comments. 

2.2 Criteria for wall design 

2.2.1 Selection of shear wall dimensions 

For a typical mid-rise (e.g. 5 storeys) masonry building, wall lengths can vary 

between 2 m to 8 m resulting in an aspect ratio of at least 1.5, and an axial 

compressive stress ranging, on average, from 1 MPa to 2 MPa (i.e., 0.2 to 0.4 MPa 

per floor). 

Laboratory testing of full scale masonry walls can be impractical due to space 

limitations, construction and testing constraints, and financial restrictions. Even 

with the 10 m head room and the strong structural floor in McMaster University's 

Applied Dynamics Laboratory (ADL), testing of full scale structures is limited. An 

alternative solution is to model full scale elements using reduced scale masonry 

units. Half scale versions of reinforced concrete masonry shear walls failing in 

flexure were tested by Long (2006) and compared well with the full scale versions 

tested by Shedid (2006), in terms of strength and displacement. 

The idea of testing a wall having a compression zone depth greater than one 

block long was an important criterion in wall dimension selection in order to 

ensure that compressive strength and damage to the compression zone would have 
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significant effects. Similarly, it was important to have the whole area of the 

boundary elements and the flanges and possibly even several layers of 

reinforcement under compression. In addition, to realistically represent shear wall 

behaviour when governed by flexure, a reasonable aspect ratio was also a 

controlling condition in the selection of the wall dimensions. Since squat or near 

squat walls (hwllw=l.0) are special case for behaviour, an aspect ratio above this 

was desired. 

Due to test facility limitation in the ADL, a reasonable height limit for testing, 

that does not raise concerns with regard to safety or require a complicated 

procedure to stiffen the reaction frame, is about 5.6 m. Based on this value, it was 

desirable to limit the height of the test specimen in Phase I to be about 4.0 m. This 

dimension along with the wall foundation (400 mm), the base slab (600 mm), and 

the top loading beam (200 mm), resulted in the highest point of the test specimen 

being close to the 5.6 m height. 

Using half scale blocks, a reasonable number of storeys to model was 3, 

assuming a floor height of about 1.2 m (2.4 m in full scale construction). Based on 

both the compression zone and aspect ratio consideration, the wall length was 

selected to be 1.8 m (representing a 3.6 m long wall) containing 19 cells which 

allowed for several possible uniform arrangements of vertical reinforcement (e.g., 

every cell, every other cell, and every third cell). Therefore, in Phase I, the aspect 

ratio of the test walls was hwllw= 2.2. However, based on the test results in Phase I, 

discussed in Chapter 3, it was observed that the third storeys sustained almost no 

cracking and, based on the analysis of strains and curvatures, it was found that the 

third storeys of the walls behaved in a linear elastic manner. Therefore, it was 

decided that, in Phase II, the wall cross sections would be kept the same as those 

of Phase I but two storey high walls with aspect ratio of 1.5 would be tested. This 

change of the wall height would also facilitate investigating the effect of the wall 

aspect ratio on the extent of the plastic hinge zone. 
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2.2.2 Blocks used and wall cross-section 

The standard 2-cell hollow 20 cm concrete block (190x190x390 mm) widely used 

in Canada was scaled to 50 percent and used for construction of the test walls 

[Note that the actual scale was 47.2 percent due to using a 90 mm height 

corresponding to the height of a full scale units]. Full scale and half scale block 

dimensions were presented in Fig. 2.1. The pilaster units, shown in Fig. 2.1, were 

used in one of the end-confined walls constructed in Phase II. 

a) Full scale b) Half scale c) Half scale pilaster block 

Fig. 2.1: Overall dimensions of block (all dimensions in mm) 

To achieve the selected wall length (1.8 m), each course of the rectangular 

walls (WI and W4, in Table 2.1) was constructed using nine and one half blocks, 

as shown in Fig. 2.2. The flanged walls (W2 and W5) had the same total length as 

the rectangular walls and were constructed using eight and one half blocks along 

the web and one and one half blocks (282 mm) placed perpendicular to the web 

(90 mm) at each wall end, as shown in Fig. 2.2. The end-confined walls (W3, W6, 

and W7) had the same overall length as the rectangular and the flanged walls, and 

were constructed using seven and one half blocks along the web. The boundary 

elements for Walls 3 and 6 were composed of two blocks (185 mm x 90 mm each) 

placed adjacent to each other and rotated 90° in successive courses. For Wall 7, a 

pilaster unit (185 mm x 185 mm) was used. 

Steel D4 deformed wires (25.4 mm2
) were used as horizontal reinforcement and 

were fitted within the existing 30 mm notch in the webs of the half scale blocks. In 

the flanged and end-confined walls, the face shells of the blocks located in the 
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boundary element units were saw cut to a depth of 20 mm to accommodate the 

shear reinforcement. This construction detail formed a continuous horizontal cell 

that accommodated the shear reinforcement along the entire length of the wall and 

provided full embedment of the horizontal wires in the grout. 

•=ol'
•°'-l 
1802 

~~~I

Flange/ 

1802 

b) Flanged walls (W2 and W5) 185 
,L-----7' 

1802 


d) End-confined wall (W7) 


Fig. 2.2: Cross-section of the test walls (all dimensions in mm) 


2.3 Shear wall construction 

The construction of the test walls up to the first storey was divided into four stages 

starting with pouring the reinforced concrete foundation, then building the walls 

up to the storey height, followed by grouting the walls solid, and finally by the 

construction of the reinforced concrete slab portion representing the storey floor. 

For the remaining storeys, a similar procedure was followed. 
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2.3.1 Wall foundation construction 

Reinforced concrete foundations were designed to provide fixed end conditions at 

the bottom of the walls. These foundations were designed to remain uncracked 

during testing and had dimensions of 2,300 mm long x 500 mm wide x 400 mm 

deep. As shown in Fig. 2.3, to provide a fixed end condition at the base of a wall, 

the vertical reinforcement was anchored in the reinforced concrete foundation, 

based on the requirements specified in CSA A23.3 (2005). Additional longitudinal 

and web reinforcement were provided in the foundation as a precaution in the 

event that cracking occurred 

Vertical 

Longitudinal 
reinforcement 

249 1,802 249 

2,300 

Fig. 2.3: Details ofwall reinforcement in the foundation (all dimensions in mm) 

In Phase I, the concrete was poured in the forms with the vertical reinforcement 

for the walls extending up to about 2.0 m above the foundation (mid-height of the 

wall). After the construction of the first half of the second storey was completed, 

2.4 m long bars were welded to the existing vertical reinforcement using an extra 

90 mm splice bar on each side of the spliced bar. For the 2.6 m high walls in Phase 

II, the reinforcement extended to the entire height of the walls. Although it caused 

some complications in construction due to threading the blocks over the 

reinforcement, this method of reinforcing was required to avoid lap splices in the 

expected plastic hinge region which would complicate interpretation of the test 

results. [Existence of splice lengths in reinforcement in the plastic hinge region is 

outside the scope of this research.] As the photograph in Fig. 2.4 shows, a 
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temporary wooden frame was constructed to hold the vertical steel bars in place 

during placing of the concrete in the foundations. 

Fig. 2.4: Temporary support of vertical steel during concreting of the foundations 

Ten plastic tubes (50 mm outer diameter) were placed vertically in each 

foundation to create openings in the foundation to accommodate the post­

tensioning rods. These rods were used to fasten the foundation of the wall 

specimen onto a reusable concrete floor slab used in testing. Figure 2.5 contains 

the details of the wall locations on the reinforced concrete foundations as well as 

locations of the holes for post-tensioning. All tubes were carefully secured inside 

the wooden forms prior to concrete pouring in order to accurately maintain their 

locations and prevent filling the tubes with concrete. 

2.3.2 Wall construction 

An experienced mason constructed all wall specimens in a running bond pattern 

with face shell mortar bedding using half scale (5 mm) mortar joints. The 

properties of the mortar were controlled by drying the sand and preparing the 

mortar batches using proportions by weight including the water. Flow tests on 

each mortar batch provided a measure of the workability and served as an 

indicator of any differences in mix proportions. During construction, the concrete 

blocks were threaded over the vertical reinforcing bars extending over 2.0 m above 

the foundation. 
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350 400 400 400 400 350 

2,300 

Fig. 2.5: Details of the foundation and location of wall (all dimensions in mm) 

The height of the walls in Phase I consisted of 39 block courses (13 courses per 

storey) and 3 reinforced concrete slabs (100 mm each), and in Phase II consisted 

of 26 block courses and 2 reinforced concrete slabs. The walls were constructed in 

single wythe construction, except at the end zones for the flanged and end­

confined walls. All specimens were fully grouted and the vertical and horizontal 

reinforcement were uniformly distributed over the walls. 

The horizontal reinforcement in the rectangular walls formed 180° hooks 

around the outermost vertical reinforcement. As shown in Fig. 2.6 (a), the 200 mm 

return leg of the hook extended to the third last cell to provide adequate 

development length. For the flanged wall in Phase I, the horizontal reinforcement 

along the web was bent 90° in the flanges and an additional length of bar was 

added along the width of the flanges. Based on the observed failure mode of the 

flanged wall during Phase I, the horizontal reinforcement in Phase II, was bent 90° 

in the flange and then 180° around the outermost reinforcement in the flange, as 

shown in Fig. 2.6 (b). 
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For the end-confined walls, the horizontal reinforcement along the web was 

developed inside the boundary zone using a 90° bend around one of the outermost 

vertical bars. For the boundary elements composed of half scale blocks in the end­

confined walls, closed ties were provided around the 4 end bars as shown in Fig. 

2.6 (c), whereas, 6 mm spiral reinforcement (Fig. 2.6 (d)), having a 30 mm pitch, 

was used within the pilaster units. 

D4 (Horizontal reinforcement) = 
19#10 (Vertical reinforcement) 

)0c:Jc:J¢c:Jc:J¢c:Jc:J¢c:Jc:J¢c:Jc:J¢c:Jc:J¢c:Jc:J¢c:Jc:J¢c:Jc:J( 
a) Rectangular walls (Wl and W4) 

Horizontal 
reinforcement 
used in Phase II 
(D4 wires) 

0 [ D4 (Horizontal reinforcement) ] D 

__.- ~ 11#10 (Vertical reinforcement) ~ 


Close~ ties BBioo¢oc:J¢00¢oc:J¢00¢0c:J¢000tn8J Closed ties 

(D4 wrres) (D4 wires) 


c) End-confined walls (W3 and W6) 

. Or D4 (Horizontal reinforcement) 10 ~Spiral
S~rral~ fiRj1 11#10 (Vertical reinforcement) fiRj1 reinforcement 

(~~1~e::~; t[Joo¢0G¢00¢oc:J¢00¢oc:J¢000t:J (3 .6 mm bars) 
d) End-confined wall (W7) 

Fig. 2.6: Details of horizontal and vertical reinforcement in the test walls 

2.3.3 Grouting of the walls 

Grouting of the walls was accomplished using fine grout having, on average, 280 

mm slump. The grout was mixed in the laboratory and grouting for each storey 

was conducted in two stages to ensure complete filling of the cells (construction 

and grouting of the frrst 7 courses in stage 1 followed by construction and grouting 

of the remaining six courses in stage 2). Rodding of the hollow cells before 
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grouting was important to clear the path for the grout from any small amount of 

hardened mortar obstructions created during construction. The high workability of 

the grout as well as the vibration of the vertical reinforcement (No. 10 bars) of the 

wall was employed to ensure grout filling of the cells. For the cells not containing 

vertical bars, a No. 10 bar was used to rod the grout and was also vibrated to 

insure consistency; it was gradually removed as grouting progressed. 

2.3.4 Floor slabs 

Reinforced concrete slabs were cast at the specified wall heights to represent the 

floor at each storey. The slabs were 100 mm thick (200 mm in full scale 

construction) and extended the whole length of the wall with an overhanging width 

of 150 mm on each side of the wall. The floor slabs were also used to anchor the 

out-of-plane bracing as will be discussed in Section 2.7. The slabs were reinforced 

using 2 No. 10 bars in the longitudinal direction and No. 10 bars spaced at 300 mm 

in the transverse direction. Once the construction and grouting of the wall 

representing each storey was completed, formwork for the slab was constructed 

and the slab reinforcement was placed (See Fig. 2.7). Then the concrete was cast. 

storey 

Slab 

First 
storey 

Fig. 2.7: Slabs representing the storey floors 

2.4 Details of shear wall test specimen 

This section provides details of each test specimen regarding wall dimensions and 

reinforcement. The predicted flexural and shear strengths and top deflections of all 

walls are presented in the next section. As closely as was practical, the walls in 
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each phase were designed to have nearly the same flexural capacity under constant 

axial load. 

Details of the reinforcement for the walls are shown in Fig. 2.8. All walls in 

Phase I were 3,990 mm high x 1,802 mm long resulting in an aspect ratio of 2.2, 

whereas, all walls in Phase II were 2,660 mm high x 1,802 mm long resulting in 

an aspect ratio of 1.5. 
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b) Walls in Phase II 

Fig. 2.8: Reinforcement details for the test specimens 
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The test wall reinforcement ratios, numbers of bars, and levels of applied axial 

stress are listed in Table 2.1. The areas of the vertical and horizontal reinforcement 

are also described as percentages of the gross areas of the horizontal and vertical 

masonry cross section, respectively. The horizontal reinforcement indicated in 

Table 2.1 was reduced to half over the upper storeys for Walls WI, W2, and W3 in 

Phase I, as will be explained later. Two D4 wires were used in every course for 

Walls W4, W5, W6, and W7 in Phase II compared to using a single D4 wire for 

the walls in Phase I. 

Table 2. I: Matrix for test walls 

s::: s::: 
0Q) ....... 

s ...... ro ....... 
Sbu 

Q) ....... 
0... 00 

lZl Q) 
-0 

00 
s::: 
0- .......- 00ro s::: 

~ Q) 

s:.a 

Vertical 

reinforcement 

Horizontal 

reinforcement 
Axial 

stress 

(MPa) 
Number and 

size ofbars 
Pv (%) 

No. D4@ 

spacing (mm) 
* Ph(%) 

-Q) 
00 ro 
~ 
A.. 

Wl 

W2 

W3 

I,802mm 

x3,990mm 

(Length x 

Height) 

I9 No. IO 1.I 7 I @95 0.30 1.07 

11 No.IO 0.55 I @95 0.30 0.89 

I I No.IO 0.55 I @95 0.30 0.89 

--Q) 
00 ro 
~ 
A.. 

W4 

W5 

W6, W7 

I,802 mm 

x2,660mm 

(Length x 

Height) 

I9 No.10 1.I 7 2@95 0.60 1.07 

I I No.IO 0.55 2@95 0.60 0.89 

I I No.IO 0.55 2@95 0.60 0.89 

--...­
As shown m Fig. 2.8, the spacmg of honzontal remforcement was mcreased m 

the upper storeys of walls in Phase I. 

The rectangular walls (WI and W4), flanged walls (W2 and W5), and the end­

confined walls (W3, W6, and W7) had vertical steel ratios of 1. I 7%, 0.55% and 

0.55%, respectively. The total axial compressive stresses including self weight 

were I .09 MPa, 0.89 MPa, and 0.89 MPa, at the base of the three storey walls 

corresponding to the rectangular, flanged, and end-confmed walls, respectively. 
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All walls in each phase were designed to resist almost the same lateral load at 

0.003 ultimate masonry compressive strain while subjected to the same magnitude 

of axial compressive load (160 kN), resulting from the same tributary area. This 

was the design criterion selected to illustrate the effect on the cyclic behaviour, 

ductility, and post-peak response of adding flanges or boundary elements onto 

rectangular walls 

2.5 Design of test specimen 

The methods used in the flexural and the shear design of the test specimen, and the 

basis for the top wall deflection predictions are presented in this section. All walls 

were designed to fail in flexure with a reasonable safe margin for shear capacity. 

2.5.1 Design for flexure 

All walls were designed to exhibit ductile failure but, particularly for the 

rectangular walls, a relatively large amount ofreinforcement was used. Walls with 

large amounts of reinforcement tend to be less ductile than is the case for low 

(0.2%) or moderate (0.5%) amounts. The amount of reinforcement was calculated 

for the walls to result in the same ultimate capacity based on the requirements of 

CSA S304. l (2004) but excluding the material resistance factors. In these 

standards, the equivalent rectangular stress block uses a stress of 0.85 f m, a depth 

of rectangular stress block equal to 80% of the distance to the neutral axis, and a 

limiting extreme fibre compressive strain of 0.003 . Predictions of strength were 

done twice; first, the influence of compression reinforcement, As', was neglected 

and then the compression reinforcement was included in the calculation. All 

calculations were based on yield strength of 495 MPa (idealized elastic-plastic 

curve), and 515 MPa for the vertical reinforcement and the horizontal wires, 

respectively, and masonry compressive strength,]m, of 13 .5 MPa. 

Table 2.2 contains the amount and the percentage of vertical reinforcement, the 

load at calculated flexural capacity, Qu, the external applied axial compression 
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load, P, and the axial compressive stress, u, at the base of the wall (P + self 

weight). For ease of reference, the axial compression stress, <J, also was expressed 

as a percentage of the masonry compressive strength,f'm· 

Table 2.2: Predicted flexural strength 

Wl W2 W3 W4 W5 W6 W7 

Vertical 
reinforcement 

19# 10 11#10 11#10 19 # 10 11 # 10 11#10 11 # 10 

Pv 1.17 0.55 0.55 1.17 0.55 0.55 0.55 

P(kN) 160 160 160 160 160 160 160 

u (MPa) 1.07 0.89 0.89 1.07 0.89 0.89 0.89 

<J (o/of'm) 7.9 6.6 6.6 7.9 6.6 6.6 6.6 

Qu {kN) 
{withoutAs1 

138 142 141 207 213 212 212 

Qu {kN) 
{withAs1 

160 156 154 240 234 231 231 

2.5.2 Design for shear 

Walls in Phase I were designed to have about 22% higher shear capacities than the 

shear forces (within the plastic hinge region) corresponding to the predicted 

flexural strengths discussed in the previous section. The shear equations specified 

in CSA S304.1 (2004) were used to calculate the amount of horizontal 

reinforcement needed in walls to achieve a safe margin against shear failure. 

Factors that account for variability in construction and in response were removed 

for these calculations, and only the total length of the wall and the thickness of the 

wall webs were used in the calculation. Table 2.3 contains the calculated shear 

strengths provided by the horizontal reinforcement, Vs, and by the masonry, Vm, as 

well as the shear capacity of the walls, Vus· 

Based on the shear demand for walls in Phase I, horizontal reinforcement was 

provided every other course (i.e., spaced @ 190 mm) to ensure adequate shear 

capacity outside the expected plastic hinge region (second and third storeys). In 

the CSA S304.1 (2004), only half of the contribution of the masonry was 
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accounted for in the shear strength, v*m, calculation inside the plastic hinge zone. 

The shear strength of the wall inside the plastic hinge zone, Vus*, based on spacing 

of 190 mm for the horizontal reinforcement, will not ensure a flexural failure as 

represented by the lateral loads listed in Table 2.2. Therefore, the horizontal 

reinforcement in the expected plastic hinge zone, assumed at this stage to extend 

over the first storey only, should be provided every course (95 mm). The increase 

in the amount of shear reinforcement in the first storey will increase the shear 

strength of the walls, Vus•, to more than 193 kN, assuming the calculation is 

conducted in the plastic hinge region. 

Table 2.3 : Predicted shear strength 

Wall 
Compressive 
stress (MPa) 

Vs 
(kN) 

Vm 
(kN) 

V/ 
(kN) 

* Vm 
(kN) 

v/* 
(kN) 

Wl 1.07 134 126 260 63 197 

W2&W3 0.89 134 118 252 59 193 

W4 1.07 268 126 394 63 331 

W5, W6&W7 0.89 268 118 386 59 327 

Vs is the shear force carried by the horizontal reinforcement 

Vm is the shear force carried by the masonry 

v*m is the masonry shear strength inside the plastic hinge region 

Vus is the maximum shear strength of the wall 

v/* is the maximum shear strength inside the plastic hinge region 

A limitation of the maximum possible shear capacity of a masonry wall is 

specified in CSA S304.1 (2004). Based on the wall dimensions and the masonry 

compressive strength, it was equal to 215 kN. This limiting shear capacity would, 

therefore, imply that the two storey walls constructed in Phase II would 

unavoidably fail in shear. However, based on the experimental results presented by 

Miller et al. (2005), the upper limiting values specified in CSA S304.1 (2004) and 

the MSJC code (2008) were considered to be very conservative. Therefore, in the 

design of the walls in Phase II, this limiting value was ignored. 
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In order to use the same type of shear reinforcement for of all the test walls, the 

same D4 wires, used in Phase I, were used for walls in Phase II. Due to the 

limitation in the spacing between the horizontal reinforcement (multiples of course 

height (95 mm)) and the need to use the D4 wires, the shear capacity of the walls 

in Phase II was significantly higher than the flexural capacity. 

2.5.3 Prediction of deflection at the top of the walls 

When designing the walls, flexural deflections at initial yielding of the outermost 

tension reinforcement and at ultimate conditions were predicted using beam theory 

and assuming that plane sections remaining plane after cracking. The equivalent 

plastic hinge length, lp, was assumed to be equal to half of the wall length for all 

specimens (lp = 900 mm) for prediction of deflection at ultimate load. It was 

expected that the experimental lateral deflections of the walls would significantly 

exceed the predictions due to the additional contributions of shear and sliding 

deflections not accounted for in the predictions. It could be expected that the shear 

deflections would be about 30 percent of the total deflection for the rectangular 

concrete masonry shear walls with an aspect ratio of 2.0, as demonstrated by 

Shedid et al. (2009). 

Table 2.4 contains the predicted values of lateral deflections of the walls at the 

onset of yield of the outermost vertical reinforcement, L1y, and at maximum load, 

L1u, corresponding to a maximum specified masonry compressive strain. The 

predicted lateral deflections were calculated based on the theoretical curvatures, <py 

and <flu, at the base of the wall at the onset of yield of the outermost vertical 

reinforcement and at maximum load, respectively. Deflection predictions were 

initially done by neglecting the influence of the compression reinforcement and 

then by including the compression reinforcement, as was the case in the strength 

calculation. All calculations were based on steel yield strength of 495 MPa (based 

on an elastic-plastic stress-strain curve), masonry compressive strength, f m, of 

13.5 MPa, and a maximum specified masonry compressive strain of 0.0025, as 

recommended by CSA S304.1 (2004) for ductility calculations. 
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Table 2.4: Predicted flexural deflections 

.
Length of the compression zone based on hnear elastic analysis. 

** Length of the compression zone at ultimate conditions. 

2.6 Material properties 

2.6.1 Steel properties 

Tension tests were conducted on the reinforcement to determine the yield strengths 

for the steel used in wall construction. Five 600 mm long tensile specimens for 

each of the No.10 bar, D4 wires, and smooth bars, representing the vertical, 

horizontal, and spiral reinforcement, respectively, were tested to determine the 

stress-strain characteristics. The results of the tensile tests were summarized in 

Table 2.5. All of the reinforcement was ordered at the same time and it was 

specified to be supplied from the same batch and have the same heat number to 

eliminate larger variations in steel properties. 

Stress-strain curves for the No. 10 reinforcement, presented in Fig. 2.9, 

indicated that there is no well defined yield point or yield plateau for the vertical 

reinforcement used in the walls. The yield strength of the bars, fy, was then 

determined using three different methods, the 0.002 strain offset method, the 
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ASTM A1035/A1035 M Standard 0.005 strain method (ASTM 2007), and a 

bilinear elastic and strain hardening stress-strain relationship, as shown in Fig. 2.9. 

Table 2.5: Steel properties 

Yield strength (MPa) 

Specimen 1 2 3 4 5 Average 

No.10 (93 mm­2) 501 506 479 495 498 495 

D4 wires (25.4 mm7) 546 540 537 523 525 534 

Smooth bars (10.1 mm2 
) 695 690 701 702 699 698 

700 r-~~~~~~~~~~~~~~..... 

600 

~500 

6400 
~ 300 

ci'5 200 

100 

0 ......-...............~.........................................~~~~-' 

c.o.v. % 

1.99% 

1.85% 

0.71% 

0.000 	 0.005 0.010 O.ot5 0.020 
Strain (rrnn/mm) 

Fig. 2.9: Stress-strain curves for No. 10 bars 

For the No. 10 bars, the offset method defines the yield strength as 497 MPa 

(c.o.v = 2.29%) corresponding to the intersection of the line starting at 0.2% strain 

with a slope equal to the Young's modulus of steel and the actual stress-strain 

relationship of the tested reinforcement. The ASTM A1035/A1035 M Standard 

(ASTM 2007) defines the yield strength as 498 MPa (c.o.v =l.72%) corresponding 

to the 0.005 strain level. The third method, which was used in this study to define 

the characteristics of reinforcement for predicting the wall capacities and in 

analyzing the test wall, was based on idealizing the actual stress-strain to a bilinear 

elastic-strain hardening relationship and resulted in average yield strength of 495 

MPa (c.o.v. =1.99%), using an average young's modulus of 200.6 GPa (c.o.v. 

=2.15%). The strain-hardening modulus was taken equal to 5,475 MPa. 
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2.6.2 Properties of concrete in the foundation 

Five standard 152 mm diameter x 300 mm high cylinders were tested to determine 

the properties of the concrete used in the foundations for the walls. The average 

compressive strength after 2 months for the cylinders was 27.3 MPa (c.o. v.= 2.8% 

for Phase I, and 27.0 MPa (c.o.v. =2.4%) for Phase IL For completeness, splitting 

tests conducted on 3 concrete cylinders resulted in an average splitting tensile 

strength of2.4 MPa (c.o.v. =2.0%). 

2.6.3 Properties of the concrete in the floor slabs 

The concrete used in the slabs representing each floor was mixed in the laboratory. 

For the 100 mm thick concrete slabs, the maximum crushed limestone aggregate 

size was 10 mm. The mix proportions were presented in Table 2.6. The 

compressive strengths of the slab concrete, presented in Table 2.7, were 

determined by testing 3 concrete cylinders per floor. The average strength of the 

concrete used in all floor slabs was 34.6 MPa (c.o. v. =9.8%). 

Table 2.6: Concrete mix proportions 

Constituent 
material 

kg/ batch 

Parts by weight 

Cement 

30kg 

1.00 

Coarse 
aggregate 

82 kg 

2.73 

Concrete 
sand (dry) 

41 kg 

1.36 

Water 

19 kg 

0.63 

Total 

172 kg 

5.73 

Table 2.7: Concrete strength 

Cylinder 

Concrete strength (MPa) 

Phase I Phase II 

1st storey iillstorey 3ro storey 1st storey 200 storey 

1 38.5 33.9 32.9 37.6 30.8 

2 40.2 36.5 32.4 34.3 29.8 

3 38.0 36.0 35.6 35.6 28.3 

Average 38.9 35.4 33.6 35.8 29.6 

c. o.v. % 2.9% 3.8% 5.1% 4.6% 4.4% 
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2.6.4 Mortar properties 

To achieve consistency during the construction process, a target mortar flow of 

120% mm was selected. The mix proportions employed to attain this value were 

presented in Table 2.8. Compressive tests were conducted on mortar cubes in order 

to evaluate their strength and consistency during construction. Fourteen batches, 

weighting 42.8 kg each, were prepared during the construction of all walls. 

Although standards specify a damp condition for sand for site use, dry sand was 

used in the mixes prepared in the laboratory for better quality control. Flow tests 

resulted in an average mortar flow of 130%. Twenty randomly chosen 51 mm 

mortar cubes were tested in compression according to ASTM C109 (2002) and 

resulted in an average compressive strength of26.4 MPa (c.o.v. =13.2 %). 

Table 2.8: Mortar mix proportions 

Constituent 

materials 
Cement Lime 

Masonry 

sand (dry) 
Water Total 

kg/ batch 7.6kg 1.5 kg 27.0 kg 6.7kg 42.8 kg 

Parts by weight 1.00 0.20 3.55 0.88 5.58 

2.6.5 Grout properties 

Fine grout mixed in the laboratory was used for grouting the walls. The mix 

proportions used for the grout are presented in Table 2.9. The high workability of 

the grout, having 280 mm average slump, resulted in the filling of almost all of the 

cells in the walls based on the observed wet surface of the walls after grouting was 

completed, as shown in Fig. 2.10. 

Table 2.9: Grout mix proportions 

Constituent 

materials 
Cement Lime 

Concrete 

sand (dry) 

Water Total 

kg/ batch 41 kg 1.6 kg 160 kg 35 kg 237.6 kg 

Parts by weight 1.00 0.20 3.53 0.85 6.49 
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Fig. 2.10: Walls becoming wet from absorbed water after grouting 

Eighteen block moulded grout prisms were constructed to determine the grout 

properties. Three of the grout prisms were block-moulded with dimensions of 65 

mmx65 mmx130 mm and the others were poured inside the cells (2 blocks highxl 

cell area) of the same type of blocks used in the walls as shown in Fig. 2.11. The 

grout was air cured in the block moulds similar to the curing of the walls and then 

the blocks were saw cut to extract the grout prisms. Compression tests conducted 

on the block moulded grout prisms and on grout cylinders, prepared in Phase I, 

resulted in average compressive strengths of 29.1 MPa, (c.o.v.=18.9%) and 21.8 

MPa (c.o. v.=16.2%), respectively. In Phase II, the average compressive strength of 

the grout cylinders was 24.8 MPa (c.o. v. = 11.2%). 

a) Molding between blocks b) Molding in cells of block 

Fig. 2.11: Block moulded grout prisms 

2.6.6 Block properties 

Compression tests were conducted on three half scale hollow concrete masonry 

units in accordance with the CSA Al65.1 (CSA 2004) using hard capping and 120 

45 




Marwan Shedid McMaster-Civil Engineering 
Ph.D. Thesis &perimental Program 

mm thick bearing plates. Average compressive strength, based on net area, was 

27.2 MPa (c.o.v. = 7.1%). Complete details of the half scale blocks properties 

including density, absorption, and splitting tensile strength can be found elsewhere 

(Long 2006). 

2.6.7 Prism properties 

Three grouted block prisms were constructed during each grouting stage and were 

tested to determine the compressive strength of the masonry assemblage as well as 

the ultimate compressive strain under axial load. Compression tests were 

conducted in accordance with CSA S304.1 (CSA 2004) which is similar to ASTM 

C1314 (ASTM 2003) in terms of the test methods. Hydrostone capping was 

implemented for the prisms and the upper steel platen of the testing machine's 

spherical head covered the full prism area and the bottom of the prism sat on the 

steel base of the test machine. 

The prisms were four blocks high by one block long (375 mm high x185 mm 

long x 90 mm thick) and were constructed and grouted at the same time as the 

walls. The grout was rodded during grouting to ensure complete filling of all cells. 

The configuration of prisms that were tested during Phase I was shown in Fig. 

2.12(a). The prisms were constructed in running bond, using the~ - % end block 

pattern. This block arrangement, as discussed by Halucha (2002), eliminated the 

problem of filling the frogged ends of the block with grout and provided the same 

strength as that of the whole and one half unit arrangements in the actual 

construction. 

Vertical wood boards were attached to the ends of the prisms before grouting to 

allow filling of the open ends of block cells. It was decided to change the prism 

configuration in Phase II to the traditional full block and half block configuration 

shown in Fig. 2.12 (b). Photographs of the tested prisms with highlighted cracks 

were presented in Fig. 2.13. 
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185 185 
/----/ 

a) ~ - % end block pattern b) Full and half-block pattern 

Fig. 2.12: Prism configurations (all dimensions in mm) 

Fig. 2.13: Failure mode for masonry prisms 

Strains were measured during prism testing using two potentiometers, placed on 

opposite faces of the prism over a gauge length equal to the prism height. Typical 

stress-strain curves for each type of prism were presented in Fig. 2.14. Prism 

compressive strengths, f'm, strains at maximum strength, &o, and modulus of 

elasticity, Em, were reported in Table 2.10. 
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a) Phase I tests b) Phase II tests 

Fig. 2.14: Stress-strain relationship for block prisms (see Table 2.10) 
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Table 2.10: Prisms test results 

-11) 
00 
C':l 
~ 
~ 

--11) 
00 
C':l 
~ 
~ 

f'm 
Avg.f'm • Avg. eo 

Avg. 
eo 

Prism location (MPa) Em lf'm Em/f'm
(MPa) 

c.o.v. (%) 
(mm/mm) c.o.v. (%) 

c.o.v. (%) 

20.4 
19.4 

0.0024 
0.00207 

652 
675 

>. 1st Half 14.9** 
(N.A.) 

0.0021 
(N.A.) 

695 
(N.A.)11)

;..., 18.4 0.0017 6980 ...... 
13.6..r/.l 

2nd 0.0010 645 
tl 19.9 0.00220 675...... 19.0 0.0025 651

Half 
20.7 

(N.A.) 
0.0019 

(N.A.) 
698 

(N.A.) 

14.3 
13.7 

0.0019 
0.00173 

998 
920 

>. 1st Half 13.5 (4.1 %) 
0.0018 

(12.0%) 
740 

(17.0%)~ 
0 13.2 0.0015 1021 ...... 

r/.l 13.1 0.0015 933-0 2nd 15.2 0.00157 985c 
0.0014 995N 

Half 
15.2 

(13.6%) (13.3%) (4.8%)
17.2 0.0018 1026 
16.5 

15.6 
0.0017 

0.00165 
634 

804 
>. 1st Half 14.7 

(N.A.) 
0.0016 

(N.A.) 
974 

(N.A.)11) 
;..., 10.4 0.0016 9890...... 

r/.l 16.4 0.0019 653
'E 2nd 16.1 0.00187 746 
M 15.3 0.0020 712

Half 
16.5 

(4.0%) 
0.0017 

(8.2%) 
873 

(15.3%) 

15.5 
16.1 

0.0016 
0.00157 

786 
878 

>. 1st Half 16.8 (4.1%) 
0.0018 

(16.1 %) 
715 

(25.4%)11)
;..., 16.0 0.0013 11320 ...... 

r/.l 
2nd 15.3 0.0015 787 

tl 16.1 0.00167 896...... 16.9 0.0017 991
Half (5.0%) (9.2%) (11.5%)

16.4 0.0018 911 
16.3 0.0015 811

14.71st Half 14.4 0.0016 0.001576 911 857>. 
(10.0%)~ 13.4 0.0016 (3.7%) 850 (5.9%)0 ...... 

r/.l 17.1 0.0017 678-0 2nd 15.5 0.00163 879c 
15.1 0.0018 780N 

Half (9.2%) (12.7%) (30.1%)
14.3 0.0014 1178 

Average 16.0 
NA 

0.0017 
NA 

837 
NA

_{_c.o.vo/tl_ _{.12.5%) _{.17.5o/tl_ _{_18.9o/<tl_--.­ .
Stram at maxrmum stress,f'm· 

**Misalignment of the prism resulted in reduced capacity. The result was ignored. 

*** Poorly grouted prism. The result was ignored 
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2.6.8 Boundary element prisms 

Corresponding to Walls W3 and W6, 3 sets of prisms (two blocks thick and four 

blocks high) were constructed as shown in Fig. 2.15 (a) and tested under uniaxial 

compression in order to determine the stress-strain relationship for the boundary 

element of the end-confined walls. The first set of prisms (G 1) was simply filled 

with grout whereas the second set (G2) had four No. 10 vertical bars placed as in 

Walls W3 and W6. The third set (G3) included the ties along with the vertical 

reinforcement. The latter two sets were constructed to evaluate the effect of the 

presence of the vertical reinforcement and the horizontal ties on the behaviour of 

the assemblage. In addition, two sets of three prisms (G4 and G5) were 

constructed using four courses of pilaster units to determine the characteristics of 

the compression zone for the Wall W7, in Phase II. The three unreinforced prisms 

(G4) and three vertically reinforced prisms confined with spiral reinforcement 

(G5) were also tested under uniaxial compression to investigate the effect of 

confinement on the masonry compressive strains. Prism compressive strengths,]m 

= P!Awta/, and strains at maximum strength, c;0, were reported in Table 2.11. 

a) Phase I tests b) Phase II tests 

Fig. 2.15: Boundary element prisms 

The construction of the reinforced prisms was preceded by welding the vertical 

reinforcement to a 10 mm thick base steel plate over which the prisms were 

constructed. After construction and grouting were completed, the vertical 
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reinforcement was welded to a similar top steel plate where the bars were fitted 

through predrilled holes in the plates. These plates were bedded on a thin layer of 

hydrostone to position it prior to welding. The steel plates, to which the 

reinforcement was welded, were used to create a uniform loading plane for the 

masonry and the steel. 

Table 2.11: Results of boundary element prism tests 

Group 

At maximum load 
At 30% strength 

degradation 
Stress 

(MPa) 

Strain 

(mm/mm) 

Steel 

contribution 

Stress 

(MPa) 

Strain 

(mm/mm) 

Gl 

13.8 0.0019 N.A. 9.5 0.0031 

12.9 0.0013 N.A. 9.3 0.0020 

11.3 0.0020 N.A. 7.9 0.0028 

G2 

21.0 0.0019 19.8% 14.8 0.0037 

20.5 0.0018 19.0% 15.8 0.0027 

18.1 __]'"T ___J'T ___]'"T ___:(*) 

G3 

25.4 0.0017 14.6% 17.9 0.0042 

22.1 0.0016 15.8% 18.9 0.0031 

19.1 0.0015 17.3% 13.4 0.0046 

G4 
24.8 0.00222 N.A. 10.8 0.0051 

22.1 0.0030 N.A. 18.9 0.0046 

G5 

30.3 0.0021 15.3% 20.3 0.0048 

29.1 0.0020 18.7% 20.7 0.0054 

29.0 0.0019 14.3% 20.8 0.0067 

(*J Erronous reading from the two potentiometers 

The contributions of the vertical reinforcement to the load carrying capacity, 

calculated using strains corresponding to the maximum load, were presented in 

Table 2.11 as a percentage of the total compressive strength of the tested prisms. 
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Only vertical cracks were observed after reaching the maximum loads for the 

unreinforced prisms (01) and this was followed by spalling of the face shells and 

end webs. The vertically reinforced prisms (02) suffered less damage compared to 

the unreinforced prisms after maximum load was reached. When the vertical bars 

buckled, the damage propagated rapidly and strength degraded at a faster rate. For 

the tied 03 prisms, vertical cracks were also observed at maximum load and 

spalling of face shells occurred but buckling of the reinforcement was not 

observed and damage was limited to the unconfined masonry outside the confining 

ties. 

Damage conditions at the end of the test for all prisms were presented in Fig. 

2.16. The 03 prisms reached, on average, 12% higher strength compared to the 02 

prisms as a result of the confining effect of the horizontal ties. In addition, it was 

found that the contribution of the vertical reinforcement to axial load carrying 

capacity at maximum load in the 03 prisms was slightly less than in the 02 

prisms. This can be attributed to the triaxial compressive stresses on the confined 

masonry core resulting in a higher compressive strength at lower strain. The 

descending branches of the stress-strain relationships presented in Fig. 2.17 

indicated slower strength degradation when reinforcement and confined 

reinforcement were included. On average, the strain at 30% strength degradation 

were 52%, 72%, and 149% higher than the strain at maximum load for the 

unreinforced (01), reinforced (02), and confined (03) prisms, respectively. 

01 02 03 04 05 

Fig. 2.16: Failure modes 
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Prism results shown were for the prism having the 

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 

Strain (mm/mm) 

Fig. 2.17: Stress-strain relationships for boundary element prisms 


2.7 Shear wall test setup 

The test rig, shown in Fig. 2.18, was designed to test shear walls of up to three 

meters length under cyclic loading. It consisted of a 4,200 mm long x 1,100 mm 

wide x 600 mm deep reusable concrete floor slab that was prestressed to the 

laboratory strong floor with the aid of ten, 63 mm diameter, post-tensioned steel 

bolts spaced at 920 mm in both the longitudinal and the transverse directions. 

Sixteen 25.4 mm diameter prestressing steel bars were anchored in the reusable 

floor slab and, after positioning the test wall, were post-tensioned to clamp the 

wall foundation to the reusable floor slab in order to provide a fixed end condition 

during testing. These prestressing bars were spaced at 400 mm in the longitudinal 

direction and at 320 mm in the transverse direction. 

Lateral in-plane cyclic load was applied using a hydraulic actuator with a 

maximum capacity of 500 kN and a maximum stroke of ± 250 mm. The lateral 

load applied to the wall was positioned to coincide with the top level of the wall in 

order to create a zero moment condition at the wall top. The actuator was attached 

to the stiff steel loading beam on the top of the walls to which the vertical 

reinforcing bars of the wall were welded. In addition to the vertical reinforcement, 

,.-.., 30 ro 
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vertical steel dowels were inserted during the grouting of the second half of the top 

storeys in the cells that did not contain vertical reinforcement. These dowels 

extended from the upper two masonry courses to a height of 200 mm above the top 

courses. Along with the vertical reinforcement, these dowels were welded to the 

top loading beam to simulate the transmission of the earthquake load along the 

length of the shear wall to represent the action of a horizontal diaphragm instead of 

applying point loads at the top comers of the wall. 

An out-of-plane bracing system was used to represent the stabilizing influence 

of rigid diaphragm floors and consisted of two box steel members pinned to a steel 

frame at each floor level. These were connected to the reinforced concrete slabs, as 

illustrated in Fig. 2.18 (b ). The length of these box members was 1.1 m and was 

calculated to limit out-of-plane deflection of the walls to 4.5 mm at 100 mm in­

plane top deflection. The box sections were attached to the out-of-plane bracing 

columns and to the reinforced concrete slab at each storey with 25 mm diameter 

vertical high-strength steel threaded rods to create pinned end connections. The 

two link members (box sections) at each storey were designed to offer minimal 

resistance to the in-plane displacement of the loading beam and to prevent 

significant out-of-plane movement of the wall at all floor levels during the test. 

The top bracing differed from the bracing at the first and second storeys to limit 

out-of-plane deflection during high lateral in-plane displacement. Rollers were 

attached to two fixed in place box section bracing members and fitted within the 

vertical channel sections of the loading beam. The rollers guided the top loading 

beam and offered minimal resistance to the in-plane movement while preventing 

out-of-plane movement at the top of the wall. 

For the two storey walls in Phase II, it was expected that the lateral 

displacement at the top of the walls would be smaller than that of the three storey 

walls. Therefore, the same out-of-plane system as used in Phase I for the first and 

second storeys was used. 
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Axial load was applied at the top of the wall by the means of 2 pairs of 13 mm 

diameter high strength prestressing rods anchored at the bottom to a 102 mm x 102 

mm x 4.8 mm steel beam that was attached to the reusable concrete slab, as shown 

in Fig. 2.19. Each pair of bars was attached to a cross beam pivoted on a roller 

oriented along the length of the wall. This ensured equal force in the 2 rods. Load 

was applied by a manually operated hydraulic jack on one side of each pair of the 

prestressing rods and the load was monitored using a load cell at the top of one of 

the rods. 

Load eel 

Hydraulic jack 

Post-tensioned 

;teel bolts (63 mm) 

Reinforced 

concrete slab 

Reuasble 

slab 

Fig. 2.19: Axial load setup 
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2.8 Measurements 

During testing, loads, deflections and strains were measured to monitor the 

behaviour of the test walls. A 60-channel PC data acquisition system was used to 

record the readings every 2 seconds. The following sections contain details of the 

instrumentation. 

2.8.1 External instrumentation 

Throughout testing, displacement measurements at key points on the wall 

specimens were continuously recorded. The displacement potentiometer at the top 

of the wall was used to control the cyclic loading, instead of the displacement of 

the jack, to avoid error arising from displacement of the reaction frame supporting 

the hydraulic actuator. As shown in Fig. 2.20 (a), thirty-six potentiometers were 

used to monitor the lateral deflection, vertical deformation, diagonal deformation, 

sliding along the base, and wall uplift. 

The vertical displacements of the walls were monitored by the twenty-two 

potentiometers (Ll to L22) installed vertically along the two wall ends. These 

potentiometers measured the vertical movements of the storeys relative to the 

concrete slabs and were used to calculate average curvature over various segments 

of the wall height. The configuration of displacement measurements using the 

diagonally oriented potentiometers (L24 to L29) along with the vertical 

potentiometers attached to the concrete foundation and to the concrete slab at each 

storey created strain rosettes which were required to distinguish between shear and 

flexural deformations. 

The in-plane lateral displacements of the walls at different heights were 

measured using seven horizontally positioned potentiometers (L30 to L36). One 

additional potentiometer (L23) was mounted horizontally at the base of the wall to 

measure any horizontal slip that might occur between the wall and the concrete 

foundation. However, since no relative movement was observed between the wall 

foundation and the floor slab at any stage of testing, no corrections to the lateral 
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deflection were required to account for wall sliding on the concrete slab. The 

anchors holding the strings of all the potentiometers were located in the concrete 

slabs in order not to lose all readings due to damage associated with toe crushing 

of the wall. For the test walls in Phase II, the same configuration was used for the 

first two storeys. 

Potentiometer 

~ 

+--2..Ul 

+--12Q._ 
+_Q___,,, 

L5 

L6 

Ll 2 

Ll5 

Ll6 

Ll7 

LIS 

L20 

L21 

a) Displacement potentiometers 

L31 

L32 

L33 

L34 

L35 

L36 

L30 + 3950 

.,.±..illQ. 

..±-1@ 

.,±...l.2N 

,,.±..illQ 

.,:':...W 
~ 


~ 
 Strain gauges,.±..1QQ_ 

~ 
--1QQ... 

b) Strain gauges 

Fig. 2.20: Wall instrumentation 

2.8.2 Internal instrumentation 

In addition to the displacement potentiometers used externally on the masonry, 

electric strain gauges were epoxied onto some reinforcing steel bars prior to wall 

construction. Surface preparation of the reinforcing steel required removing bar 

ribs with an electric grinder prior to strain gauge bonding. This resulted in a slight 

reduction of the area of the bar. The foil gauges were protected with a clean sealer 

coating for waterproofing. A butyl sealer and electrician tape were added for 
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protection from physical damage during the grouting process as well as during 

wall construction. 

As shown in Fig. 2.20 (b ), the gauges were located within the most highly 

stressed region to monitor initial yielding, extent of yielding over the wall height, 

and penetration of bar yielding inside the wall foundation. Eight strain gauges 

were used in the rectangular walls (Wl and W4) and sixteen gauges were used in 

the walls with flanges (W2 and W5) and the walls with boundary elements (W3, 

W6, and W7). 

The strain gauges were located at the same heights for all walls. Strain gauges 

Sl to S8 (used in the rectangular walls) were attached on the outermost vertical 

reinforcement. Each bar was fitted with four strain gauges distributed along the 

height of the bar according to a defined scheme. One strain gauge was installed at 

the interface between the wall and the foundation to detect the initial yielding. One 

strain gauge was attached on the steel bar inside the concrete foundation at a depth 

of 200 mm (level -200 mm). The other two gauges were installed at heights of 400 

mm (level +400 mm) and 800 mm (level +800 mm) above the wall base, located at 

113 and 2/3 of the height of the first storey. Because more than one bar existed at 

the end zone of the flanged and end-confined walls, it was decided to use the same 

strain gauge scheme for two of the outermost bars. 

2.8.3 Loading 

The lateral cyclic load was applied using a hydraulic actuator that contained a 

built-in load cell used for monitoring the horizontal force and an internal LVDT 

for monitoring its horizontal displacement. However, as mentioned earlier, 

because the actuator L VDT measurement also included displacement of the 

loading frame, independently measured top displacements of the wall were used to 

control the cyclic loading. 

Applied axial loads were measured from the load cell at the top of the 

prestressing rods. The axial load on each specimen was held constant during 
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testing by constantly adjusting the pressure in the hydraulic jacks depending on the 

elongation or shortening of the wall end next to each load cell. 

2.9 Test procedure 

All wall specimens were tested under displacement control with a prescribed 

lateral displacement plan after yielding occurred. At each new displacement level, 

two full loading cycles were applied with readings being taken during the loading 

and unloading phases in each direction, where each loading cycle started in the 

+(ve) (push) direction. Prior to reaching yielding of the outermost reinforcement, 

the loading scheme used was based on the calculated yield strength of each wall. A 

displacement-controlled procedure was used to reach different target loads until 

initial yielding of the outermost bar occurred. For the walls tested during Phase I, 

four complete cycles were performed corresponding to loads 20%, 40%, 60%, and 

80% of the theoretical yield resistance of the wall. The fifth cycle was continued 

until yielding occurred as described above. For walls tested in Phase II, it was 

decided to reduce the number of cycles before yielding to three instead of five for 

all walls and to reduce the number of cycles after yielding to avoid failing the 

vertical reinforcement due successive bar bending and low cyclic fatigue. 

The yield displacement was determined based on the reading of the strain gauge 

attached to the outermost bar at the interface between the wall and its foundation. 

After this cycle, loading was based on reaching multiples of the measured 

displacement at the first yield of the outermost bar, ~y · The sequence was repeated 

until the specimen had lost about 50% of its maximum lateral load resistance 

which was considered the failure criterion in this study. 

2.10 Closure 

The design of the test walls and the criteria used in developing the test matrix were 

presented in this chapter. Construction of the shear wall specimens, including the 

concrete foundations and floor slabs was described. The details of reinforcement in 
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the shear walls in this study ensured flexurally dominated behaviour with a 

sufficiently safe margin against shear failure. All auxiliary tests for the masonry 

assemblage and their constituent materials were reported in this chapter. Details of 

the setup and procedure used for testing the shear walls as well as the 

instrumentation were presented. 

The following chapter contains the test result for the wall specimens. Wall 

behaviour and the effects of the test parameters on the responses of the walls are 

discussed. 
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CHAPTER3 


TEST RESULTS 


3.1 Introduction 

The test results for all wall specimens are presented in this chapter. For each 

specimen, observations pertaining to cracking and progress of failure during the 

test are described. Load-displacement responses and the effects of the test 

parameters on the ductility and post-peak behaviour of the tested walls are 

discussed. Bilinear idealizations of the load-displacement relationships are 

described and displacement ductilities based on this idealization are discussed. 

At the beginning of the discussion pertaining to each wall, the main 

characteristics of the specimen were listed and, for ease of reference, were 

summarized in the lower right corner of the figure containing the hysteresis 

response of the wall. Data on displacement and lateral load resistance for both the 

(+) ve and (-) ve cycles corresponding to initial yield of tension reinforcement, 

wall capacity, and 20% strength degradation are summarized in the upper left 

corner of the figures containing the hysteresis loops. For each wall , several 

photographs and detailed descriptions were provided to document cracking stages 

and progressive deterioration of the compression zones with respect to wall 

deflections. 

Prior to initial yielding, each wall was cycled using displacement control to 

reach target lateral load resistances based on percentages of the predicted yield 

resistance. The wall was subjected to two complete cycles at displacement 

corresponding to target loads equal to 20%, 40%, 60%, and 80% of the expected 

yield resistance of the walls in Phase I and to 33% and 66% for the walls in Phase 

II. The loading following the 80% cycle for walls in Phase I and the 66% in Phase 

II was based on the reading from the strain gauge located on the outermost 

reinforcing bar at the interface between the wall and the foundation . When the 

strain gauge indicated tensile strain equal to the yield strain of the vertical 
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reinforcement, the loading in that direction was stopped and then reversed to reach 

yield strain in the outermost reinforcing bar located at the other end of the wall. 

The yield displacement of the wall was then determined as the top wall 

displacement recorded for each direction of loading. After yielding, the loading 

was based on a target displacement level (as multiples of yield displacement) until 

wall capacity had degraded by about 50% or when vertical reinforcement broke. 

For each wall, unless otherwise indicated, the deflection corresponding to initial 

yielding of the outermost tension bar was obtained using the electric strain gauges 

on the reinforcement at the level of the foundation. The average of the deflection 

for both directions of loading was then used as the reference yield value, L1y, upon 

which subsequent cycles of deflections are based. Predicted yield load was also 

used to confirm that readings were near the correct value. 

3.2 Wall 1 

3.2.1 Details ofWall 1 

Wall 1 was a 3 storey rectangular wall with dimensions of 1,802 mm length, 3,990 

mm height and 90 mm thickness. The wall was reinforced with a No. 10 vertical 

bar in every cell (pv = 1.17%) and D4 deformed wires in every course over the first 

storey (ph = 0.30%) and in every other course over the second and third storeys (ph 

= 0.15%) as was presented m Section 2.4. The wall was subjected to a 

compressive axial load equal to 160 kN in addition to its self weight which 

resulted in an axial compressive stress equal to 1.07 MPa at the wall base. The 

hysteresis loops of Wall 1 were presented in Fig. 3.1. 

3.2.2 General observations 

Horizontal bed joint cracks were first observed during the fourth loading level 

corresponding to 80 kN lateral load and about 5 mm top lateral displacement. The 

cracks formed in the mortar joints between the second and the eighth courses in 

the first storey and extended, on average, about 500 mm along the length of the 
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wall. During the next load level cycle, which corresponded to yielding of the 

outermost vertical reinforcement at about 8.5 mm top lateral displacement, 

horizontal cracks were visible along all bed joints in the first storey and extended 

about 700 mm along the length of the wall from both ends as shown in Fig. 3.2. In 

addition, horizontal cracks were observed along the first and second bed joints in 

the second storey at the same loading stage. 

Drift% 

-1.50 -1.00 -0.50 0.00 0.50 1.00 


250 

200 

~ 150 

~ 100 
'-' 

8r:: 50 
Cl:! 
t; 0 
"' ~ -50 
e
_s-100 
Cl:! 

,_J-150 

-200 

-250 

Limit 

state 


1'1 yield 


Max load 

80%max 


I I 

Displacement 
(mm) 

8.0 

25 .1 
45.0 

-9.0 

-25.3 
-48.0 

I I 
6 5 4 3 

-60 -45 -30 


Load 
(kN) 

µ11 = 1 
I 

2 
I 

3 
I 

4 
I 

5 
I 

6 
I 

101 -110 

177 
142 

I I 
2 1=µ11 

-15 0 15 30 45 60 

Walll fw 1.80 m 
hw 3.99 m 

Rectangular .h 1.17% 
0.30 % 3 storey .P.b 

p 160 kN 

Lateral displacement (mm) 


Fig. 3.1: Hysteresis loops (Wall 1) 


During the loading cycle at 17 mm top displacement, corresponding to two 

times the yield displacement, L1y, horizontal cracks were observed to extend along 

most of the length of the wall over the entire first storey and up to mid-height of 

the second storey, whereas, no cracks were seen in the third storey. Vertical cracks 

up to the third course were seen in the right wall toe during the 25 .5 mm loading 

cycle (3 xL1y) as shown in Fig. 3.3 (a). The left toe crushed, as shown in Fig. 3.3 

(b ), during the second loading cycle at a displacement level of about 27 mm top 

displacement due to an accidental increase of loading beyond 25.5 mm in the (-) 

ve direction. During the same cycle, crushing occurred in the bottom right comer 
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half block just above the foundation and inclined cracking developed thought the 

face shells of the block, as shown in Fig. 3.3 (c). 

a) Left end b) Right end 

Fig. 3.2: Horizontal cracks aL1y (Wall I) 

a) Cracking at right toe b) Crushing at left toe c) Crushing of right toe 

Fig. 3.3: Vertical cracks and toe crushing at 3xL1y (Wall 1) 

Diagonal cracks were seen over the height of the first storey across the middle 

third of the wall length during the 25.5 mm loading cycle, as shown in Fig. 3.4 (a). 

Diagonal cracks extended to the second storey but were concentrated over the 

lower six courses above the concrete slab during the first cycle and extended to the 

tenth course during the second loading cycle, as shown in Fig. 3.4 (b). These 

cracks extended through the concrete slab and joined with the diagonal cracks that 

had developed in the first storey. 

64 




Marwan Shedid McMaster-Civil Engineering 

Ph.D. Thesis Test Results 


Concrete slab between first and second storeys 

a) Cracking in the first storey b) Cracking in the second storey 

Fig. 3.4: Diagonal cracks at 3 x,::11 (Wall l) 

Extensive cracking was observed at both toes which led to their spalling during 

the 34 mm loading cycle (4xLJ1) . Spalling extended to the second course at the 

right end of the wall and cracking of the second course at the left end of the wall 

occurred during the same cycle, as shown in Fig. 3.5. Diagonal cracking extended 

during this loading cycle to the full height of the second storey, and vertical cracks 

were seen at the first course above the base at a distance equal to about 210 mm 

from the each end of the wal I. 

Separation of the block end web at the left end of the wall over the lower two 

courses was seen during the 42.5 mm loading cycle (5 xLJ1) leading to some 

spalling, as shown in Fig. 3.6 (a), whereas, the spalling at the right end of the wall 

extended over the entire end block over the lower three courses. During the second 

loading cycle, the vertical cracks seen at about 210 mm from the right end of the 

wall became wider and separation of the face shell occurred at this location, as 

shown in Fig. 3.6 (b). These cracks coincided with the end of the 180° hook of the 

horizontal reinforcement. In addition, the outermost right reinforcing bar buckled 

between the first and the fourth courses coinciding with splitting of the outermost 

grout column and significant spalling and crumbling of the grout and the blocks at 

the right end of the wall up to the fourth course, as shown in Fig. 3.6 (c). At the 
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left toe of the wall and during the same loading cycle, the outermost vertical 

reinforcement buckled between the first and the second courses and grout 

crumbling was localized over the bottom two courses, as seen in Fig. 3.7 (a). At 

the right toe at the end of the cycle, spalling of the face shells up to the end of the 

wall occurred as shown in Fig. 3.7 (b). 

a) Left toe b) Right toe 


Fig. 3.5: Cracking and spalling of both toes at 4 xL1y (Wall 1) 


a) Spalling at left toe b) Cracking at right end c) Bar buckling at right end 

Fig. 3.6: Spalling, cracking, and bar buckling at 5xL1y (Wall 1) 

At the end of the test corresponding to the 51 mm loading cycle (6xL1y), the 

damage at the right end of the wall included buckling of the three outermost 

vertical bars with spalling of the masonry blocks and crumbling of the grout 

columns over the lower four courses and up to a distance equal to two block length 
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along the length of the wall. The extent of damage at the left end of the wall 

included buckling of the outermost vertical bar between the first and the second 

courses and spalling of the masonry blocks over the lower two courses up to a 

distance equal to one block length along the length of the wall. The extent of 

damage at the end of the test for the wall, presented in Fig. 3.8, shows that most of 

the damage was limited to the lower three courses of the first storey, and that the 

cracks over the upper 10 courses of the storey were significant. Cracking in the 

second storey was much less than in the first storey. The third storey (not shown in 

the figure) exhibited barely any cracking. 

Vertical 
bar 

a) Bar buckling at left toe b) Spalling of the lower two courses at right toe 

Fig. 3.7: Damage during the second cycle at 5 xLJY (Wall 1) 

3.2.3 Load-displacement response 

The hysteresis loops for Wall 1, shown in Fig. 3.1, indicate a symmetric response 

for loading in both directions. The slopes of the loops decreased gradually with 

increases in lateral top displacement indicating loss of stiffness. The wall response 

was almost linear elastic, characterized by thin hysteresis loops generating low 

energy dissipation, up to the first yield of the outermost reinforcement at the base 

of the wall. At higher displacement levels, bigger loops generating higher amounts 

of energy dissipation and increases in plastic deformations were evident. The wall 
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maintained almost the same capacity (within 5% less) when subjected to the 

second loading cycle of the same target displacement level until reaching about 

158 kN, corresponding to a top displacement of about 17 mm (2 xL1y). However, 

cycling the wall at higher displacement levels resulted in larger lateral resistance 

differences (more than 5%) between the two cycles (see envelope of cyclic loading 

in Fig. 3.9). 

Fig. 3.8: Extent of damage at the end of the test (Wall 1) 

Wall 1 reached a maximum lateral load capacity of 177 kN at 25 .1 mm top 

lateral displacement (3 xL1y) during loading in the (+) ve direction. The wall had 

lost almost 7% and 10% of its maximum lateral capacity at 34 mm and 42.5 mm 

top lateral displacement (4 xL1y and 5xL1y), respectively. During the second loading 

cycle corresponding to 5xL1y top lateral displacement, the wall had lost about 29% 

of its maximum lateral capacity, which coincided with splitting of the outermost 
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grout column and buckling of the outermost reinforcement bar. When displaced to 

6xiJ1 in the (+) ve direction, the wall capacity had decreased to 60% of its 

maximum capacity, and at this level, buckling of the outermost three vertical 

reinforcement was observed and was associated with crumbling of the grout 

columns encasing these bars. 

During loading in the (-) ve direction, Wall 1 reached a maximum lateral load 

capacity of 180 kN at 25.3 mm top lateral displacement (3 xiJ1). The wall had lost 

about 5% of its maximum lateral capacity at 42.5 mm top lateral displacement 

(5 xiJ1). During the second loading cycle corresponding to 5xiJ1 top lateral 

displacement, the wall had lost about 17% of its maximum lateral capacity, which 

coincided with splitting of the outermost grout column and buckling of the 

outermost reinforcement. When displaced to 6xiJ1 in the(-) ve direction, the wall 

had lost a total of about 24% of its maximum capacity and, at this level, buckling 

of the outermost vertical reinforcement was observed and was associated with 

crumbling of the grout columns encasing this bar. 
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3.3 Wall 2 

3.3.1 Details of Wall 2 

Wall 2 was a three storey flanged wall, with overall dimensions of 1,802 mm 

length and 3,990 mm height. The wall web was 90 mm thick and the flanges were 

constructed using an additional half block on each side of the wall web at both 

ends. Thus the flange length was 282 mm with a thickness of 90 mm (1 block 

width compared to 90 mm web thickness). The wall was reinforced with 5 No. 10 

vertical reinforcing bars along the web and 3 No. 10 bars in each flange (pv = 

0.55%). Horizontal reinforcement consisted of D4 deformed wires in every course 

over the first storey (ph = 0.30%) and at every other course over the second and 

third storeys (ph = 0.15%). The wall was subjected to an axial compressive axial 

load equal to 160 kN in addition to its self weight which resulted in an axial 

compressive stress equal to 0.89 MPa at the wall base. The hysteresis loops of 

Wall 2 were presented in Fig. 3.10. 
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3.3 .2 General observations 

Using the predicted yield resistance of about 125 kN for Wall 2, the cyclic loading 

scheme for Wall 2 prior to yielding was similar to Wall 1. Horizontal bed joint 

cracks were first observed during the loading cycle corresponding to 75 kN and 

about 3.5 mm top lateral displacement. The cracks occurred in the mortar joints 

between the second and the fifth courses in the first storey and were only observed 

in the flange for both directions of loading. During the loading cycle 

corresponding to 100 kN, horizontal cracks were seen up to the eleventh course 

above the base and extended to the third block along the wall length beyond the 

flange (about 600 mm). During the following loading cycle which corresponded to 

yielding the outermost vertical reinforcement at about 10.5 mm top lateral 

displacement, horizontal cracks were observed along all bed joints in the first 

storey and extended to about mid-length of the wall from both ends. In addition, 

horizontal cracks were seen between the second and the sixth courses in the 

second storey at the same loading stage. 

During the loading cycle corresponding to 21 mm top displacement (2 xL1y), 

stepped and diagonal cracks were observed in the first and second storeys, 

whereas, similar to Wall 1, no cracks were seen in the third storey. During the 31.5 

mm loading cycle (3 xL1y), horizontal cracks were seen in the masonry blocks in the 

left flange at the second and fifth courses and vertical and horizontal cracks were 

seen in the left toe, as shown in Fig. 3.11 (a). Vertical cracks in the right toe were 

also seen during the same loading cycle as shown in Fig. 3.11 (b). Also, increases 

in diagonal cracking in the first storey and cracking through the concrete slab of 

the first storey had occurred. During loading in both directions, the horizontal 

crack between the wall and the foundation extended along almost the entire wall 

length except the end 280 mm (one block length past the flange of the wall). 

Additional vertical cracks extended to the second course in both toes of the 

wall, as shown in Fig. 3.12. Propagation of the diagonal cracks over the lower 

storey were observed during the 42 mm loading cycle (4 xL1y). During the first 
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loading cycle at 52.5 mm (5 xLfy), additional vertical cracks in both toes of the wall 

as well as diagonal cracks over the first storey were seen. During the second 

loading cycle, major cracking of the flange and separation of part of the face shell 

and end web occurred at both wall ends, as shown in Fig. 3.13. Wide horizontal 

cracks were seen at this level of displacement especially at the joint located in the 

first storey between the seventh and the eighth courses, where wall construction 

had been stopped for grouting (A lower tensile strength would be expected at the 

intersection between successive lifts of grout). 

a) Left toe b) Right toe 

Fig. 3.11: Horizontal and vertical cracks at 3 X Lly (Wall 2) 

a) Left toe b) Right toe 

Fig. 3.12: Cracks at toes at 4 XLly (wall 2) 

Vertical cracking extended to the fourth course above the foundation at the right 

end of the wall during the first loading cycle at 63 mm (6 xLfy) (see Fig. 3.14 (c)), 
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whereas spalling of the face shells and end webs of the flange blocks occurred on 

both sides of the wall at the left end. This was associated with visible buckling of 

the vertical bar and splitting of the grout column encasing the bar up to the third 

course on one side only, as shown in Figs. 3.14 (a) and (b). During the second 

loading cycle, no additional cracking or spalling occurred at the right end of the 

wall. However, at the left end of the wall , the vertical reinforcement on one side of 

the wall buckled between the first and the fourth courses and on the other side of 

the wall , bar buckling was observed between the first and second courses and was 

associated with spalling of the blocks and crumbling of the grout column, as 

shown in Fig. 3.15. 

a) Left toe b) Right toe 

Fig. 3 .13: Separation of end face shells at 5 x L11 (Wall 2) 

a) Grout splitting (left toe) b) Face shell spalling (left toe) c) Cracking (right toe) 

Fig. 3 .14: Splitting of grout, spalling and cracking of face shell at 6xLJy (Wall 2) 
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a) Bar buckling at one side b) Crumbling of grout of the other side 

Fig. 3.15: Damage at the left toe during the second loading cycle at 6 xLfy (Wall 2) 

During loading to a target top displacement of 73.5 mm (7 xL11), spalling of the 

right toe occurred on both ends of the flange, as shown in Fig. 3.16 (a) and was 

associated with splitting of the grout columns over the lower 2 courses and 

buckling of the vertical reinforcement in the flanges. As shown in Fig. 3.16 (b), the 

middle vertical bar in the flange did not buckle at this stage perhaps as the result of 

more effective tying by the horizontal reinforcement in the wall web. At the same 

displacement level, the vertical reinforcement in the left flange buckled between 

the first and the sixth courses on one end of the flange and between the first and 

the third courses on the other end of the flange associated with crumbling of the 

grout column around the buckling bars. 

a) Splitting of gout column b) Spalling of face shells and bar buckling 

Fig. 3.16: Damage at the right flange at 7 xL1y (Wall 2) 
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During the second loading cycle at 73.5 mm displacement, spalling of the face 

shells and crumbling of the grout column extended at the right flange up to the 

fourth course along the whole length of the flange, whereas, the left flange was 

damaged around the outer reinforcement only as shown in Fig. 3.17. At this stage, 

the test was terminated as a result of having lost about 50% of the lateral load 

resisting capacity. The vertical load had been maintained at a constant level 

throughout the test. 

Fig. 3.17: Extent of damage in Wall 2 at the end of the test (Wall 2) 

3.3 .3 Load-displacement response 

The hysteresis loops for Wall 2, shown in Fig. 3.10, indicate a symmetric response 

for loading in both directions. The slopes of the loops decreased gradually with 

increases in lateral top displacement indicating loss of stiffness. The wall response 

was almost linear elastic, characterized by thin hysteresis loops generating low 
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energy dissipation, up to first yield of the outermost reinforcement at the base of 

the wall. At higher displacement levels, larger loops generating higher amounts of 

energy dissipation and increased plastic deformations (corresponding to zero load) 

were evident similar to Wall 1. 

The wall maintained almost the same capacity (within 5%) when subjected to 

the second loading cycle at the same target displacement level until reaching about 

154 kN load, corresponding to a top displacement of about 52 mm (5xL1y). 

However, cycling the wall to higher displacement levels resulted in greater 

differences in lateral resistance (more than 5%) between the two cycles, as shown 

in Fig. 3.18. 
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Fig. 3.18: Envelopes of load-displacement relationship (Wall 2) 

Wall 2 reached a maximum lateral load capacity of 151 kN at 31.5 mm top 

lateral displacement (3xL1y) during loading in the(+) ve direction. The wall did not 

loose any significant amount of its lateral load capacity until the 63 mm top lateral 

displacement (6xL1y) cycle. The wall had lost about 20% and 50% of its maximum 

lateral capacity during the first and second cycles at 73.5 mm top lateral 

displacement (7xL1y), respectively. The significant loss in strength coincided with 

splitting of the outermost grout columns encasing the three vertical bars in the 

flange and buckling of the outermost reinforcement. 

76 

1st cycle 

2°d cycle 
I I I 

____ L ____ l ____ l ___ _ 
I I 
I I 
I I 

----r----r----T---­

' : : : 
--~-L----L----~-- -

I 
I 

----,-, -­
' I 
I I ' 

- --~----~----~--~-
' I I 
I I I 

____ J ____ J ____ J ___ _ 
I I 

I 

I 

I 
I 

----~----~----~----

' I I 
I I I 

----~----~----~----
' I I 
I I I 

____ J ____ J ____ J ___ _ 
I I 
I I 



Marwan Shedid McMaster-Civil Engineering 

Ph.D. Thesis Test Results 


During loading in the (-) ve direction, Wall 2 reached a maximum lateral load 

capacity of 154 kN at 31.5 mm top lateral displacement (3 xL1y). The wall had lost 

about 10% of its maximum lateral capacity at 63 mm top lateral displacement 

(6 xL1y). During the second loading cycle corresponding to 6xL1y top lateral 

displacement, the wall had lost about 22% of its maximum lateral capacity, which 

coincided with splitting of the outermost grout column and buckling of the 

outermost reinforcement. At 7xL1y displacement in the (-) ve direction, the wall had 

lost about 30% of its maximum capacity and, at this level, buckling of two vertical 

reinforcing bars in the flange was observed and was associated with crumbling of 

the grout columns encasing these bars. 

3.4 Wall 3 

3.4.1 Details of Wall 3 

Wall 3 was a 3 storey end-confined wall (wall with boundary elements), with 

overall dimensions of 1,802 mm length and 3,990 mm height. The wall web was 

90 mm thick and the boundary elements were constructed using an additional 

block at each end of the wall. The boundary element was square in shape with 

length and thickness equal to 185 mm. The wall was reinforced with 3 No. 10 

vertical bars along the web and 4 No. 10 bars in each boundary element (pv = 

0.55%). For the horizontal reinforcement, 04 deformed wires were used in every 

course over the first storey (ph = 0.30%) and at every other course over the second 

and third storeys (ph = 0.15%). A closed tie was placed in each boundary element 

at each course. The wall was subjected to an axial compressive axial load of 160 

kN in addition to its self weight which resulted in an axial compressive stress 

equal to 0.89 MPa at the base of the wall. The hysteresis loops for Wall 3 were 

presented in Fig. 3 .19. 
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Fig. 3.19: Hysteresis loops (Wall 3) 

3.4.2 General observations 

Before yielding, the wall was cycled in displacement control to reach target lateral 

load resistances based on the predicted yield resistance of the wall of 120 k.N. 

Horizontal bed joint cracks were first observed during the third loading cycle 

corresponding to 75 kN at about 3.9 mm top lateral displacement. The cracks 

formed in the mortar joint between the second and the seventh courses in the first 

storey. During the fourth loading cycle corresponding to 100 kN, horizontal cracks 

were observed up to the tenth course in the first storey. During the following 

loading cycle which corresponded to yielding of the outermost vertical 

reinforcement at about 9.2 mm top lateral displacement, horizontal cracks were 

observed along all of the bed joints in the first storey and some cracks extended to 

about mid-length of the wall from both ends. In addition, some horizontal cracks 

were seen in the second storey during the same loading cycle. 

During the 18.4 mm top displacement (2xL1y) loading cycle, stepped and 

diagonal cracks were observed in the first and second storeys whereas, similar to 
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the previous walls, no cracks were observed in the third storey. A horizontal crack 

between the seventh and the eighth courses in the second storey (where 

construction was interrupted for grouting) and a crack in the concrete slab in the 

first storey were seen during the same loading cycle. 

During the 27.6 mm loading cycle (3 xL1y), a horizontal crack was seen in the 

masonry blocks at the right end of the wall at the second course, as shown in Fig. 

3.20 (a). During the 36.8 mm loading cycle (4 xL1y), the horizontal cracks between 

the wall and the foundation and between the seventh and the eighth courses in the 

first storey (where construction was interrupted for grouting) became larger and 

were clearly visible. Also, increased diagonal cracking occurred in the first storey 

and additional cracking was observed through the concrete slab of the first storey. 

Propagation of the diagonal cracks over the lower storey, extending almost to the 

whole diagonal length of the storey, and wider opening of the horizontal cracks 

were observed during the 46.0 mm loading cycle (5xL1y), as shown in Fig. 3.20 (b). 

During the loading cycle at 55.2 mm (6 xL1y) displacement, vertical and 

horizontal cracks were observed at both toes of the wall and at 64.4 mm (7 xL1y), 

cracks at both toes were observed over the lower two courses, as shown in Fig. 

3.21. During the second loading cycle, spalling of the end webs occurred. 

Similar increased damage at both toe occurred during the 73.6 mm (8 xL1y) 

loading cycle. Spalling of the end face shells and webs of the lower two courses 

occurred at both toes and the grout columns were visible over half the length of the 

boundary zone with some minor vertical cracks. During the second loading cycle, 

the unconfined grout, encasing the vertical reinforcement and the ties in the 

boundary elements, crushed over the lower two courses, as shown in Fig. 3.22. 

Due to a problem with the potentiometer controlling the wall displacement, the 

wall was accidentally displaced to 124 mm (13.5 xL1y) in the (+) ve direction of 

loading. At this displacement level, crumbling of part of the confined grout 

column (encased within the ties) occurred over the lower course and the vertical 

reinforcement buckled between the foundation and the first confining tie located at 
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80 mm from the foundation. After correcting the problem with the top 

potentiometer, it was decided to complete the cycle corresponding to a top 

displacement of 92 mm (10 xLJy). Similar spalling of the face shells, crumbling of 

grout columns, and buckling of the vertical bars occurred during loading in the 

(-) ve direction. 

a) Cracks at right toe (3xL1y) b) Cracking of the first storey at 5xL1y 

Fig. 3.20: Horizontal and diagonal cracks in first storey (Wall 3) 

a) Left toe b) Right toe 

Fig. 3.21: Cracking at both toes at 7xL1y (Wall 3) 

During the loading cycle at 101.2 mm (11 xLJy), the outermost two vertical 

reinforcing bars broke at both ends of the wall, which may be in part attributed to 

low cyclic fatigue. At this stage, the test was terminated due to the loss of about 

50% of the wall lateral load capacity. The extent of damage at the end of the test 
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was confined to the outer half of the boundary elements at both ends of the wall 

and over the lower 2 courses, as shown in Fig. 3.23 . 

a) Spalling of face shells b) Crumbling of the unconfined zone 

Fig. 3.22: Right toe at 8xLly (Wall 3) 

a) Left end of the wall b) Right end of the wall 

Fig. 3.23: Extent of damage at the end of the test (Wall 3) 

3.4.3 Load-displacement response 

The hysteresis loops for Wall 3, shown in Fig. 3.19, indicate a symmetric response 

for loading in both directions. The slopes of the loops decreased gradually with 

increases in lateral top displacement indicating loss of stiffness. The response of 

the wall was almost linear elastic, characterized by thin hysteresis loops generating 

low energy dissipation, up to the first yield of the outermost reinforcement at the 

base of the wall. At higher displacement levels, larger loops generating higher 
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amounts of energy dissipation and increases in plastic deformations were evident. 

The wall maintained almost the same capacity (within 5%) when subjected to the 

second loading cycle at displacement up to 73 mm (8xL1y) at about 153 kN load. 

However, cycling the wall to higher displacement levels resulted in increasing 

lateral resistance differences between the two cycles as shown in Fig. 3.24. 
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Fig. 3.24: Envelopes of load-displacement relationship (Wall 3) 

Wall 3 reached a maximum lateral load capacity of 152 kN at 36.0 mm top 

lateral displacement (4xL1y) during loading in the(+) ve direction. The wall did not 

loose any significant amount of lateral capacity until the 92 mm top lateral 

displacement (1 OxLly) cycle. During the second 92 mm loading cycle, the wall lost 

about 15% of its maximum lateral capacity but this large loss may have been due 

to the significant damage at the toe resulting from the accidental loading to 124 

mm top displacement instead of 92 mm at the beginning of the cycle. 

During loading in the (-) ve direction, Wall 3 reached a maximum lateral load 

capacity of 147 kN at 36.l mm top lateral displacement (4xL1y). The wall did not 

loose any significant amount of lateral capacity until the 92 mm top lateral 

displacement cycle and had lost about 40% of its maximum capacity at 101.2 mm 

top lateral displacement (11 xLty). 
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The significant loss in strength occurred due to the failure of the vertical 

reinforcement which may be due to the relatively large number (>20) of post­

yielding cycles of loading. The accidental loading to a top displacement of 124 

mm indicates that the wall could have provided higher ductility capabilities if the 

reinforcement had not failed due to fatigue. 

3.5 Wall 4 

3.5.1 Details ofWall 4 

Wall 4 was a 2 storey rectangular wall with dimensions of 1,802 mm length, 2,660 

mm height, and 90 mm thickness. The wall was reinforced with No. I 0 vertical 

bars in every cell (p v = 1.17%) and two 04 deformed wires placed horizontally in 

every course over the wall height (ph = 0.60%) as was described in Section 2.4. 

The wall was subjected to an axial compressive axial load of 160 kN which, with 

the addition to its self weight, resulted in an axial compressive stress equal to 1.07 

MPa at the wall base. The hysteresis loops for Wall 4 were presented in Fig. 3.25. 

Drift% 
-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 

350 

300 
µLJ = 1 2 3 4 5 6 7 8 

,-... 
~ 

250 
200 

Limit 
state 

! st yield 
'-' 
0 
u
c:: 

150 

100 

Max load 
80% max 

I I I I I I I I
Displacement Load 

(kN)(mm) 
-3.4 -1623.6 160 

14.0 -12.5 265 
25.0 -30.0 213 

~ ...... 
50"' 

0 "' 0..... 
c; -50..... 
0 
~ -100 
.....:l 

-150 


-200 


-250 

I I I I I I I I-300 

Wall4 

Rectangular 

fw 1.80 m 
hw 2.66 m 

.PY 1.17% 

2 storey _pg 0.60% 
p 160 kN 

8 7 6 5 4 3 2 1 = µLJ 
-350 

-40 -30 -20 -10 0 10 20 30 40 
Lateral displacement (mm) 

Fig. 3.25: Hysteresis loops (Wall 4) 

83 



Marwan Shedid McMaster-Civil Engineering 
Ph.D. Thesis Test Results 

3.5.2 General observations 

Before yielding, the wall was cycled in displacement control to reach a target 

lateral load resistance based on the predicted yield resistance of about 160 kN. As 

was discussed in Section 2.9, it was decided to reduce the number of before 

yielding cycles for walls in Phase II. The wall was subjected to two complete 

cycles at target loads equal to about 33% and 66% of the expected yield resistance 

of the wall. 

Horizontal bed joint cracks were observed during the loading cycle 

corresponding to yielding of the vertical reinforcement at 160 kN lateral load and 

about 3.5 mm top lateral displacement. During the loading cycle corresponding to 

7.0 mm (2xAy), horizontal bed joint cracks were observed over the full height of 

the first storey in addition to diagonal cracks starting to form at the eighth and the 

tenth courses. No cracking was observed in the second storey at this displacement 

level. 

During the loading cycle corresponding to 10.5 mm top displacement (3xAy), 

diagonal cracks were observed over the first storey at the third course and up to the 

slab at the first storey. They were concentrated over the middle third along the 

length of the wall, as shown in Fig. 3.26 (a). Diagonal cracks over the lower four 

courses in the second storey and a vertical crack through the concrete slab were 

observed at the same cycle, as shown in Fig. 3.26 (b). 

During the 14 mm loading cycle (4xAy), vertical cracks were observed at both 

toes along with some crushing, as shown in Fig. 3.27. Additional diagonal cracks 

over the first and second storeys and a new vertical crack in the floor slab were 

observed at the same loading cycle. Vertical cracks at the toes during the second 

loading cycle reached the third course above the foundation. 

Separation of face shells at both toes was observed during the loading cycle 

corresponding to 17.5 mm (5xAy) as well as some increase in the amount of 

diagonal cracking over the wall. At 21 mm top lateral displacement (6xAy), 

spalling of the block end webs occurred at both toes and increases in diagonal 

cracking were observed over the first 6 courses above the foundation. 
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a) First story b) Second storey and floor slab 

Fig. 3.26: Cracking at 3xLfy(Wall 4) 

a) Left toe b) Right toe 

Fig. 3.27: Cracking at both toes at 4xLfy (Wall 4) 

It was decided to omit the 7xLfy displacement cycle to reduce the number of 

cycles after yielding in an attempt to avoid premature fatigue failure of the vertical 

reinforcement at the wall ends. During loading to 28 mm top displacement (8 xLfy), 

a wide vertical crack was observed at the right toe (under compression during 

loading in the (+) ve direction) and extended to the third course above the 

foundation. Splitting of the end webs, cracking of the grout column, and spalling 

of the face shells in the first course over the length of the end block occurred as 
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shown in Fig. 3.28. The load dropped during loading in the (+) ve direction from 

260 kN at 26 mm displacement to about 190 kN when 28 mm was reached. A less 

dramatic change in load carrying capacity occurred during loading in the (-) ve 

direction as the load only dropped from 255 kN at 24 mm to about 222 kN when 

28 mm was reached. Spalling of the face shells at the left toe occurred in the first 

course over the end half block during the first loading cycle. 

a) Vertical cracks b) Spalling of the of face shells of the end block 

Fig. 3.28: Spalling and cracking at the right toe at 8xL1y(Wall 4) 

During the second loading cycle at 8xL1y (28 mm), out-of-plane buckling of the 

vertical reinforcement at the right toe occurred and spalling of the face shells 

extended to about a 2 block lengths at the second course above the foundation. The 

displacement of the outermost bar was followed by the out-of-plane displacements 

of the second and third vertical bars at the right toe as well as the horizontal 

reinforcement and the end of the wall, as shown in Fig. 3.29 (a). During the same 

loading cycle, the left toe crushed, vertical cracks at the end of the wall extended 

to the third course above the foundation, the outermost grout column split, and 

buckling of the vertical bars were observed, as shown in Figs. 3.29 (b) and (c). 

At the end of the test and during the 35 mm loading cycle (1 OxL1y), the damage 

at the right end of the wall included buckling of the outermost four vertical bars, 

spalling of the masonry blocks, and crumbling of the grout columns over the lower 
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three courses and up to a distance equal to three block lengths along the length of 

the wall. The extent of damage at the left end of the wall included buckling of the 

outermost two vertical bars between the first and the second courses and spalling 

of the masonry blocks over the lower two courses and up to a distance equal to two 

block lengths along the length of the wall. The extent of damage at the end of the 

test for the wall is shown in Fig. 3.30. It can be seen that most of the damage was 

limited to the lower three courses of the first storey, and that cracking was 

significant over the first storey but insignificant in the second storey. 

a) Right toe damage b) Crushing at left toe c) Splitting at the left toe 

Fig. 3.29: Damage at the second cycle of the 8xL1y displacement cycle (Wall 4) 

a) First storey b) Second storey 


Fig. 3.30: Extent of damage at the end of the test (Wall 4) 
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3.5.3 Load-displacement response 

The hysteresis loops for Wall 4, shown in Fig. 3.25, indicate a symmetric response 

for loading in both directions. The slopes of the loops decreased gradually with 

increases in lateral top displacement indicating loss of stiffness. The wall response 

was almost linear elastic, characterized by thin hysteresis loops generating low 

energy dissipation, up to the first yield of the outermost reinforcement at the base 

of the wall. At higher displacement levels, larger loops generating higher amounts 

of energy dissipation and increases in plastic deformations (corresponding to zero 

load) were evident. The wall exhibited almost the same capacity (within 5%) when 

subjected to the second loading cycle of the same displacement level until reaching 

about 261 kN lateral load, corresponding to a top displacement of about 14 mm 

(4xL1y). However, at higher displacement levels the lateral load resistance 

differences between the two cycles increased as shown in Fig. 3.31. 
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Fig. 3 .31: Envelopes of load-displacement relationship (Wall 4) 

Wall 4 reached a maximum lateral load capacity of 265 kN at 14.0 mm top 

lateral displacement ( 4xL1y) during loading in the ( +) ve direction. The wall 

maintained its capacity up to 26 mm top displacement (7.5xL1y) but at 28 mm top 

lateral displacement (8xL1y) had lost 25% of its maximum lateral load capacity. 

This significant loss in strength coincided with splitting of the outermost grout 

column and buckling of the outermost reinforcing bar. 
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During loading in the(-) ve direction, Wall 4 reached a maximum lateral load 

capacity of 267 kN at 12.5 mm top lateral displacement (3.6 xL1y). The wall lost 

12% and 25% of its maximum lateral capacity during the first and second cycles at 

28 mm top lateral displacement (8xL'.fy), respectively. This significant loss in lateral 

resistance was observed after the lower block at the toe of the wall crushed, the 

outermost grout columns split and the vertical reinforcement buckled. 

3.6 Wall 5 

3.6.1 Details of Wall 5 

Wall 5 was a two storey flanged wall, with overall dimensions of 1,802 mm length 

and 2,660 mm height. The wall cross section dimension and vertical reinforcement 

arrangement were similar to Wall 2. The wall was reinforced horizontally with two 

D4 deformed wires in every course over the entire wall height (ph = 0.60%). The 

wall was subjected to an axial compressive axial load of 160 kN which in addition 

to its self weight resulted in an axial compressive stress of 0.89 MPa at the wall 

base. The hysteresis loops of Wall 5 were presented in Fig. 3.32. 
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Fig. 3.32: Hysteresis loops (Wall 5) 
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3 .6.2 General observations 

Before yielding, the wall was cycled in displacement control to reach target lateral 

load resistances based on the predicted 185 kN yield resistance of the wall. The 

loading scheme up to yielding was similar to Wall 4. However, after yielding, it 

was decided to cycle the wall using increments of 2xL1y to reduce the number of 

loading cycles. 

No cracks were observed during the loading cycles before yielding. At yielding 

of the outermost reinforcement, horizontal cracks were observed over almost all of 

the bed joints in the first storey. Some diagonal cracks were also observed in the 

first storey between the sixth and the ninth courses above the foundation. No 

cracks were observed in the second storey at this displacement level. 

During the 15 mm (3xL1y) loading cycle, diagonal cracks were observed 

between the second and eleventh courses above the foundation, as shown in Fig. 

3.33 (a). Also, horizontal cracks were observed in the face shell in the left flange at 

the fourth course and at the first course in the right flange. In the second storey, 

diagonal and horizontal cracks were observed over the six courses above the slab, 

as shown in Fig. 3.33 (b). 

a) First storey b) Second storey 

Fig. 3.33: Diagonal cracks at 3xL1y (Wall 5) 

During the 25 mm (5xL1y) loading cycle, vertical cracks were observed in both 

toes up to the third course above the foundation, as shown in Fig. 3.34 (a) for the 
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left flange. Diagonal cracks over the first storey extended from the first course up 

to the concrete slab at the floor level, as shown in Fig. 3.34 (b), and vertical cracks 

were also observed in the concrete slab at the first storey. Diagonal cracks, 

originally observed in the second storey at 3xL1y, increased slightly in length. 

a) Cracking at left toe b) Cracks between first and second storeys 

Fig. 3.34: Cracking at toe level and in the floor slab at 5xL1y (Wall 5) 

During the first loading cycle at 35 mm (7 xLJy), widening of the vertical cracks 

at the right toe and separation of the face shells were observed, as shown in Fig. 

3.35 (a). During the second loading cycle, splitting of the grout column of each 

side of the wall web at the right flange, crushing of the first course, and spalling of 

the end face shells occurred, as shown in Figs. 3.35 (b) and (c). No significant 

damage was observed at the left toe, with formation of new vertical cracks at the 

first course above the foundation seen as the only visible change. 

During the loading cycle at 45 mm (9 xL1y), buckling of the reinforcement in the 

right flange on each side of the wall web occurred and spalling of the face shells 

and crumbling of the grout column extended up to the third course along the entire 

length of the flange, as shown in Fig. 3.36 (a). The damage at the end of the test 

extended into the wall web but the reinforcement in the middle of the flange 

(aligned with the web) had not buckled, as shown in Fig. 3.36 (b). During loading 

in the (-) ve direction at the same displacement level, the middle bar in the right 

flange broke at about 8xL1y. The extent of damage at the left end of the wall was 
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similar to the right end. Spalling of the face shells, crumbling of the grout 

columns, and buckling of the reinforcement occurred at both ends of the left 

flange. The damage was concentrated in the lower 3 courses above the foundation 

and in the flange, as shown in Fig. 3.37. At this stage the test was terminated due 

to the loss of about 50% of the lateral load capacity. 

a) Widening of cracks b) Grout column splitting c) Spalling of face shells 

Fig. 3.35: Damage at the right toe at 7xL1y (Wall 5) 

Vertical 
bars in 
the flange 

Vertical bar 
in the flange 
aligned with 
wall web 

a) Buckling of reinforcement b) Extent of damage 

Fig. 3.36: Damage at the right toe at 9xL1y (Wall 5) 

92 




Marwan Shedid McMaster-Civil Engineering 

Ph.D. Thesis Test Results 


Fig. 3.37: Damage at the end of the test (Wall 5) 

3.6.3 Load-displacement response 

The hysteresis loops for Wall 5, shown in Fig. 3.32, indicate a symmetric response 

for loading in both directions. The slopes of the loops decreased gradually with 

increases in lateral top displacement indicating loss of stiffness similar to previous 

walls. The wall response was almost linear elastic, characterized by thin hysteresis 

loops generating low energy dissipation, up to the first yield of the outermost 

reinforcement at the base of the wall. At higher displacement levels, larger loops 

generated higher amounts of energy dissipation resulting from increases in plastic 

deformation. 

The wall maintained almost the same capacity (within 5% less) when subjected 

to the second loading cycle at the same target displacement level until reaching 

about 220 kN, corresponding to a top displacement of about 10 mm (2 xL1y) in both 

directions of loading. However, cycling the wall to higher displacement levels 

resulted in changes in lateral load resistance of more than 5% between the two 

cycles, as shown in Fig. 3.38. 

Wall 5 reached a maximum lateral load capacity of 245 kN at 14.9 mm top 

lateral displacement (3 xL1y) during loading in the(+) ve direction. The wall did not 

loose any significant amount of its lateral capacity until the first cycle at 35 mm 
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top lateral displacement (7xL1y) but lost about 16 % of its resistance during the 

second loading cycle. The wall had lost about 30% of its maximum lateral capacity 

during the 45 mm top lateral displacement (9xL1y). The significant loss in strength 

coincided with splitting of the outermost grout columns encasing the three vertical 

bars in the flange and buckling of the outermost reinforcement similar to Wall 2. 

During loading in the ( -) ve direction, Wall 5 reached a maximum lateral load 

capacity of 239 kN at 25.1 mm top lateral displacement (5xL1y). The wall lost about 

10% of its maximum lateral capacity during the second loading cycle at 35 mm top 

lateral displacement (7xL1y). During the loading cycle corresponding to 9xL1y top 

lateral displacement, the wall lost about 25% of its maximum lateral capacity, 

which coincided with fracture of the outermost reinforcement. 
Drift% 

-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00 

300 

~ 200 
'-' 

8 100 
~ 
tl 
·c;:; 0 
~ 

""§ 
~ -100 
~ 

-200 

1st cycle 

znd cycle 
I I I I 


I I I I I I 

- - - T - - - I - - - - I- - - ­---,--------,---,---­

I 	 I 
I 	 I I I I 


I I I 

I I 


I 
I 


I I I I 


I I I I I 

___ J ____ l ____ L ___ J __ _ 

' 	 I I 

----L---~----L---
1 I 	 II 

I I I 
I I 

I I I 

-------L---~----L---L __ _ 
I I 	 I I 

-300 

-50 -40 -30 -20 -10 0 10 20 30 40 50 
Lateral displacement (mm) 

Fig. 3.38: Envelopes of load-displacement relationships (Wall 5) 

3.7 Wall 6 

3.7.1 Details ofWall 6 

Wall 6 was a 2 storey end-confined wall (wall with boundary elements), with 

overall dimensions of 1,802 mm length and 2,660 mm height. The wall cross 
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section dimensions and vertical reinforcement arrangement were similar to Wall 3. 

The wall was reinforced horizontally with two D4 deformed wires in every course 

over the wall height (ph = 0.60%). The wall was subjected to an axial compressive 

load equal to 160 kN which with the addition to its self weight, resulted in an axial 

compressive stress of 0.89 MPa at the wall base. The hysteresis loops for Wall 6 

were presented in Fig. 3.39. 
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Fig. 3.39: Hysteresis loops (Wall 6) 

45 60 75 

3.7.2 General observations 

Before yielding, the wall was cycled in displacement control to reach a target 

lateral load resistance based on the predicted yield resistance of about 175 kN. The 

loading scheme up to yielding was similar to Wall 5. 

No cracks were observed during the loading cycles before yielding. At yielding 

of the outermost reinforcement, horizontal cracks were observed in almost all of 

the bed joints in the first storey. Some diagonal cracks were also observed in the 

first storey between the third and the tenth courses above the foundation. No 

cracks were observed in the second storey at this displacement level. 
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During the loading cycle corresponding to 8 mm displacement (2 xL1y), diagonal 

cracks were observed at the second course above the foundation and up to the 

concrete slab at the top of the first storey. In the following loading cycle 

corresponding to 16 mm ( 4xL1y), diagonal cracks in the first storey extended to the 

boundary element at each end of the wall, as shown in Fig. 3.40 (a). Diagonal 

cracks in the second storey over the lower six courses and vertical cracks in the 

concrete slab were observed during this loading cycle, as shown in Fig. 3.40 (b). 

a) First storey b) Second storey 

Fig. 3.40: Cracks at 4xL1y (Wall 6) 

To limit the number of loading cycles beyond yielding to reduce the possibility 

of fatigue failure of the reinforcement as seen in previous wall tests, the cyclic 

testing proceeded with increments of 2xL1y. During the loading cycle at 24 mm 

(6xL1y), no new cracks were observed. However, slight propagation of diagonal 

cracks and widening of horizontal cracks occurred. During the loading cycle at 32 

mm (8 xL1y), horizontal cracks were observed at the first and the third courses in the 

right boundary element as shown in Fig. 3.41 (a) and widening of cracks between 

the wall and the foundation was significant, as shown in Fig. 3.41 (b). 

During the first loading cycle at 48 mm (12 xL1y), vertical and inclined cracks at 

the right toe and inclined cracks at the left toe were observed during loading in the 

(+) ve direction, as shown in Fig. 3.42. During loading in the (-) ve direction, 

vertical and inclined cracks at the left toe and wide opening of the horizontal 

cracks between the first and the second courses above the foundation at the right 

toe were observed, as shown in Fig. 3.43. 

96 




Marwan Shedid McMaster-Civil Engineering 

Ph.D. Thesis Test Results 


a) Right toe b) Left toe 

Fig. 3.41: Horizontal cracks at both toes at 8xLf1 (Wall 6) 

a) Vertical cracks (right) b) Inclined cracks (right) c) Inclined cracks (left) 

Fig. 3.42: Toe cracking during loading in the +(ve) direction at I2xLf1 (Wall 6) 

a) Left toe b) Right toe 


Fig. 3.43 : Toe cracking during loading in the -(ve) direction at 12xLf1 (Wall 6) 
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During the second loading cycle at 48 mm (I2xL1y), crushing of both toes, 

spalling of the end face shells, and crumbling of the grout between the foundation 

and the first horizontal tie in the boundary elements were observed, as shown in 

Fig. 3.44. Buckling of the outermost vertical reinforcement at the left toe occurred 

between the foundation and the first horizontal tie in the boundary element. 

a) Left toe b) Right toe 

Fig. 3.44: Damage during the second loading cycle at 12xL11 (Wall 6) 

When the wall was displaced to 64 mm (16xL11) , buckling of the outermost bars 

occurred at the right end of the wall and lateral out-of-plane displacement was 

observed at the level of the first course, as shown in Fig. 3.45 (a). This lateral 

displacement resulted in propagation of damage towards the web of the wall and 

spalling of the face shells along the web occurred, as shown in Fig. 3.45 (b). 

During loading in the (-) ve direction, buckling of all of the reinforcement in the 

boundary element at the left end of the wall was observed between the foundation 

and the horizontal ties at the first and the second courses, as shown in Fig. 3.45 (c). 

The wall lost a significant amount of its lateral resistance as a result of the lateral 

displacement at the right toe and during the second loading cycle, its lateral 

resistance had decreased to about 80 kN (about one third of the maximum 

resistance) at 64 mm top lateral displacement. At this displacement level, buckling 

of reinforcement in the web was observed and deterioration of the second course 

occurred due to the lateral displacement of the horizontal reinforcement, as shown 

in Fig. 3.45 (d). The test was terminated at this point. 
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a) Buckling of bar at the right toe b) Spalling at the left toe 

c) Spalling along the web d) Deterioration of the second course 

Fig. 3.45: Damage at the end of the test at I6 xL11 (Wall 6) 

3.7.3 Load-displacement response 

The hysteresis loops for Wall 6, shown in Fig. 3.39, indicate a symmetric response 

for loading in both directions. The slopes of the loops decreased gradually with 

increases in lateral top displacement indicating loss of stiffness similar to previous 

wall tests. The wall response was almost linear elastic, characterized by thin 

hysteresis loops generating low energy dissipation, up to first yield of the 

outermost reinforcement at the base of the wall. At higher displacement levels, 

larger loops generated higher amounts of energy dissipation coinciding with 

increases in plastic deformation. 
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The wall maintained almost the same capacity (within 5%) when subjected to 

the second loading cycle at 16 mm (4xAy) in the (+) ve direction of loading at 

about 223 kN. In the (-) ve direction of loading, the wall maintained its capacity 

until reaching about 236 kN, corresponding to a top displacement of about 32 mm 

(8xAy). However, cycling of the wall to higher displacement levels resulted in 

differences in lateral resistance (more than 5%) between the two cycles, as shown 

in Fig. 3.46. 
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Fig. 3.46: Envelopes of load-displacement relationships (Wall 6) 

Wall 6 reached a maximum lateral load capacity of 241 kN at 24.1 mm top 

lateral displacement (6xAy) during loading in the(+) ve direction. The wall did not 

loose any significant amount of its lateral capacity up to the first cycle at 48 mm 

top lateral displacement (12xAy) but lost about 20 % of its capacity during the 

second loading cycle at this displacement. The significant loss in strength 

coincided with spalling of the face shells and crumbling of the grout encasing the 

outermost bars in the boundary element. 

During loading in the(-) ve direction, Wall 6 reached a maximum lateral load 

capacity of 234 kN at 24.0 mm top lateral displacement (6xAy). The wall lost about 
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14% of its maximum lateral load capacity during the second loading cycle at 48 

mm top lateral displacement (12 xL1y). During the loading cycle corresponding to 

14 xL1y top lateral displacement, the wall had lost about 25% of its maximum lateral 

load capacity, which coincided with almost the same type of damage that had 

occurred at the right end of the wall. 

3.8 Wall 7 

3.8.1 Details of Wall 7 

Wall 7 was a 2 storey end-confined wall (wall with boundary elements, as show in 

Figs. 2.2 and 2.15), with overall dimensions of 1,802 mm length and 2,660 mm 

height. The wall web was 90 mm thick and the boundary elements are constructed 

using a pilaster unit at each end of the wall. The vertical and horizontal 

reinforcement were similar to that in Wall 6 but spiral reinforcement (30 mm 

pitch) in the pilaster units were used instead of the closed ties used in Wall 6. The 

wall was subjected to an axial compressive axial load of 160 kN which, with the 

addition to its self weight, resulted in an axial compressive stress of 0.89 MPa at 

the wall base. The hysteresis loops for Wall 7 were presented in Fig. 3.47. 

3.8.2 General observations 

Before yielding, the wall was cycled in displacement control to reach target lateral 

load resistances based on the predicted yield resistance of the wall of about 175 

kN. The loading scheme was similar to that of Wall 6. No cracks were observed 

during the loading cycles before yielding. 

At yielding of the outermost reinforcement, horizontal cracks were observed 

over almost all of the bed joints in the first storey. Some diagonal cracks were also 

observed in the first storey between the fifth and the tenth courses above the 

foundation. No cracks were observed in the second storey at this displacement 

level. During the loading cycle corresponding to 10 mm (2 xL1y), the diagonal 

cracks extended to the second course above the foundation at the first storey. In 
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the following loading cycle corresponding to 20 mm (4xL1y), diagonal cracks were 

observed over the entire height of the first storey, as shown in Fig. 3.48 (a). 

Diagonal cracks over the lower six courses in the second storey were also 

observed during this loading cycle, as shown in Fig. 3.48 (b ). 
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Fig. 3.47: Hysteresis loops (Wall 7) 

To limit the number of loading cycles beyond yielding to reduce the possibility 

of fatigue failure of the reinforcement as seen in previous walls, the wall was 

cycled with increment of 2xL1y, similar to Wall 6. During the loading cycle at 30 

mm displacement (6xL1y), no new cracks were observed. However, slight 

propagation of diagonal cracks and widening of horizontal cracks were observed. 

During the loading cycle at 40 mm (8xL1y), vertical cracks in the right toe and 

inclined cracks in the left toe were observed, as shown in Fig. 3.49. Inclined cracks 

at the second course above the foundation and in the second storey and widening 

of the horizontal cracks were also observed as well as a vertical crack in the slab at 

the first storey. 
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a) First storey b) Second storey 

Fig. 3.48: Cracks at 4xL'.ly (Wall 7) 

a) Left toe b) Right toe 

Fig. 3.49: Vertical and inclined cracks at both toes at SxL'.ly (Wall 7) 

During the first loading cycle at 55 mm displacement (11 xL'.ly), vertical cracks at 

the right toe up to the fourth course above the foundation and inclined cracks at the 

left toe up to the third course above the foundation were observed, as shown in 

Fig. 3.50. Spalling of the right toe up to the fourth course occurred during the 

unloading cycle and the grout column in the pilaster unit was visible and intact, as 

shown in Fig. 3.51 (a). Significant widening of the inclined cracks at the left toe 

was observed during the unloading cycle, as shown in Fig. 3 .51 (b). During the 

second loading cycle, spall ing of all face shells of the pilaster units up to the fourth 

course and crushing of the grout column above the foundation at the right end of 

the wall and crushing of the left toe occurred, as shown in Fig. 3.52. 
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a) Right toe b) Left toe 

Fig. 3.50: Toe cracking during loading at 11 xL1y (Wall 7) 

a) Right toe b) Left toe 

Fig. 3.51: Spalling and cracking during the unloading cycles at 1 lxL1y (Wall 7) 

When the wall was displaced to 65 mm (13xL1y), the spiral broke at mid-height 

of the first course in the right toe. Buckling of the outermost bars and crumbling of 

the unconfined grout outside the spiral were observed, as shown in Fig. 3.53 (a). 

The spalling of the blocks and the unconfined grout outside the spiral 

reinforcement only occurred up to the second course above the foundation at the 

left toe, as shown in Fig. 3.53 (b). Bulging of the face shells along the web of the 

wall was observed at the left end of the wall adjacent to the boundary element, as 
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shown in Fig. 3.53 (c). During the second loading cycle to 65 mm displacement, 

the outermost bars at the right end of the wall bent and the wall bent laterally in 

the out-of-plane direction. Loading in the (+) ve direction during this cycle was 

stopped at about 25 mm to avoid severely damaging the wall as had happened with 

Wall 6. The wall was then monotonically loaded in the (-) ve direction until 

failure occurred at about 75 mm top lateral displacement (15 xLly). The loss of 

lateral load resistance was associated with crushing of the confined grout within 

the spiral reinforcement at the left end of the wall and buckling of the 

reinforcement leading to lateral (out-of-plane) displacement of the wall. 

a) Spalling at right toe b) Crushing of left toe 

Fig. 3.52: Damage during the second loading cycle at 11 xLJy (Wall 7) 

a) Broken spiral at right toe b) Spalling at left toe c) Bulging of face shells 

Fig. 3.53: Damage at both ends of the wall at 13 xLly (Wall 7) 
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3.8.3 Load-displacement response 

The hysteresis loops for Wall 7, shown in Fig. 3.39, indicate a symmetric response 

for loading in both directions. The slopes of the loops decreased gradually with 

increases in lateral top displacement indicating loss of stiffness similar to previous 

walls. The wall response was almost linear elastic, characterized by thin hysteresis 

loops generating low energy dissipation, up to the first yield of the outermost 

reinforcement at the base of the wall. At higher displacement levels, larger loops 

generated higher amounts of energy dissipation due to increases in plastic 

deformation. 

The wall maintained almost the same capacity (within 5% less) when subjected 

to the second loading cycle at 30 mm displacement (6xLly) in the (+) ve direction 

of loading at about 230 kN. In the(-) ve direction of loading, the wall maintained 

its capacity until reaching about 233 kN, corresponding to a top displacement of 

40 mm (8xL'.ly). However, cycling the wall to higher displacement levels resulted in 

lateral resistance differences of more than 5% between the two cycles, as shown in 

Fig. 3.54. 
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Fig. 3.54:Envelopes of load-displacement relationship (Wall 7) 
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Wall 7 reached a maximum lateral load capacity of 246 kN at 20. l mm top 

lateral displacement (4 xL1y) during loading in the(+) ve direction. The wall did not 

loose any significant amount of its lateral load capacity up to the first cycle at 55 

mm top lateral displacement (11 xLJy) but lost about 16% of its capacity during the 

second loading cycle at this displacement. The significant loss in strength 

coincided with breaking of the spiral reinforcement at the first course above the 

foundation followed by the spalling of the face shells and crumbling of the 

unconfined grout in the boundary element. 

During loading in the (-) ve direction, Wall 7 reached a maximum lateral load 

capacity of 236 kN at 20.0 mm top lateral displacement (4 xL1y). The wall did not 

loose any significant amount of its lateral load capacity up to the first cycle at 55 

mm top lateral displacement (11 xL1y) but lost about 17% of its capacity during the 

second loading cycle. During the loading cycle corresponding to 13 xL1y top lateral 

displacement, the wall had lost about 26% of its maximum lateral load capacity 

but maintained the same lateral resistance up to I5 xL1y. The significant loss in 

strength occurred after the lateral displacement of the wall due to buckling of the 

reinforcement at the other end of the wall. 

3.9 Lateral load capacity 

One of the objectives during the specimen design phase was that the walls within 

each of the two phases would have approximately the same lateral load capacity. 

This was an important criterion to be able to determine the effect of the proposed 

wall end configuration on the overall response when rectangular walls were 

replaced with flanged and end-confined walls subjected to the same axial load. 

The predicted and experimentally measured yield strengths, Qy, and ultimate 

flexural strength, Qu, were listed in Table 3.1 for all of the walls. Predictions of 

strength were done including compression reinforcement, even though design 

codes recommend ignoring compression reinforcement unless it is adequately tied. 

Shedid el al. (2008) demonstrated that including the compression reinforcement in 

predicting the capacity of reinforced masonry shear walls provide much better 
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agreement with the experimental results compared to predictions ignoring the 

contribution of the compression reinforcement. 

Table 3.1: Summary of predicted and measured strengths 

-";j 
~ 

Yield strength, Qy (kN) Ultimate strength, Q u (kN) 

Predicted Measured Predicted Measured 

CSA 
S304.1 
(2004) 

MSJC 
code 

(2008) 

(+) 
ve 

(-) 
ve 

CSA 
S304.1 
(2004) 

MSJC 
code 

(2008) 

(+) 
ve 

(-) 
ve 

Wl 95 98 101 110 170 169 177 180 

W2 122 123 121 123 163 162 151 154 

W3 123 124 110 106 165 164 152 147 

W4 142 147 160 162 254 253 265 267 

W5 182 183 185 183 244 242 245 239 

W6 183 184 173 169 246 246 241 234 

W7 183 184 188 170 246 246 246 236 

Using beam analysis with strain proportional to distance from the neutral axis, 

these predictions were carried out twice, once using CSA S304.1 (2004) and then 

again using the MSJC code (2008) without member or material resistance factors 

applied. There were three principal differences in these analyses. In CSA S304.1, 

the equivalent rectangular stress block uses a stress of 0.85 f m whereas 0.80 f m is 

used in the MSJC code. Both use a depth of rectangular stress block equal to 80% 

of the distance to the neutral axis. In CSA S304. l, the limiting extreme fibre 

compressive strain is 0.003 compared to 0.0025 in the MSJC code. Finally, in the 

CSA S304.1 predictions, the compressive strength of 16.4 MPa was taken directly 

from tests of 4-block high prisms. Since, in the MSJC code, the compressive 

strength of masonry is designated as corresponding to prisms with a height to 

thickness ratio of 2.0, the 16.4 MPa strength was adjusted to 18.8 using the MSJC 

height adjustment factor of 1.15. 
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Each experimental result in Table 3.1 can be compared to predicted values 

using both the Canadian (CSA, 2004) and American (MSJC, 2008) design codes. 

Despite the higher masonry compressive strength (18.8 MPa vs. 16.4 MPa) and 

higher modulus of elasticity (900x 18.8 vs. 850x 16.4) for the MSJC code, the yield 

and strength predictions were very similar and closely predicted the measured 

values. The measured yield strengths of the walls (average for both loading 

directions) were, on average, 1 % higher than the predicted strengths using either 

code (c.o.v. = 9%). 

Regarding the ultimate strength predictions, despite significant differences in 

the masonry compressive strength, height of equivalent rectangular stress block, 

and limiting compression strain, the Canadian and American predictions were very 

similar. The measured ultimate strengths of the walls (average for both directions 

of loading) were, on average, 2% higher than the predictions using either code 

(c.o.v. = 5%). In general, the test results indicate that the use of beam theory for 

flexural strength predictions is accurate for flanged and end-confined reinforced 

concrete block shear walls as well as for rectangular walls. 

3.10 Wall ductility 

In the following section, a summary of the test results and comparisons between 

the test specimens were provided to highlight the effects of adding flanges and 

boundary elements on the seismic performance of reinforced masonry shear walls. 

In addition, the effect of the aspect ratio of the wall on performance was discussed. 

The measured displacements and the corresponding displacement ductilites were 

used to assess the potential impact on seismic design. 

3 .10.1 Displacement characteristics 

The measured lateral displacements for all walls at IJ.y (the onset of yield of the 

outermost bar), !J.u (at maximum load), and IJ.o.8ou (i.e. , at 20% strength degradation 

in the post-peak stage) were listed in Table 3.2. Values at 1 % drift were used in 

subsequent calculations. 
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Table 3.2: Summary of measured displacements and displacement ductilities 

-~ 
:::: 

Wl 

W2 

W3 

W4 

W5 

W6 

W7 

Displacements 
Displacement ductility, [µil] 

s:: (mm)
.9 ...... 

(.) 
Q) At Maximum load At 1% drift At 20% strength degradation I-; 

0 ~ * ~u ~0.80uy 

µilu % drift µill% µepM% µM8u % drift ep 
µ M8u 

(+) ve 25.l 45.0 3.0 0.63 2.7 5.3 1.13 3.0 
8.5 4.7 

(-) ve 25.3 48.0 3.0 0.63 2.9 5.6 1.20 3.5 

(+) ve 31.5 70.0 3.0 0.79 3.0 6.7 1.75 5.3 
10.5 3.8 

(-) ve 31.5 68.0 3.0 0.79 3.0 6.5 1.70 5.2 

(+) ve 36.0 93.0 3.9 0.90 3.1 10.l 2.33 7.3 
9.2 4.3 

(-) ve 36.1 95.0 3.9 0.90 3.1 10.3 2.38 7.4 

(+) ve 14.0 25.0 4.0 0.53 4.6 7.1 0.94 4.3 
3.5 7.6 

(-) ve 12.5 30.0 3.6 0.47 4.7 8.6 1.13 5.3 

(+) ve 14.9 42.0 3.0 0.56 4.0 8.4 1.58 6.3 
5.0 5.3 

(-) ve 25.l 45.0 5.0 0.94 4.1 9.0 1.69 6.9 

(+) ve 24.l 52.0 6.0 0.91 4.8 13.0 1.95 9.3 
4.0 6.7 

(-) ve 24.0 57.0 6.0 0.90 4.8 14.3 2.14 10.3 

(+) ve 20.1 62.0 4.0 0.76 4.2 12.4 2.33 9.7 
5.0 5.3 

(-) ve 20.0 65.0 4.0 0.75 3.8 13.0 2.44 9.4 

• Values based on the first onset ofy1eldmg recorded in the outermost bar 

The measured displacements at first yield, ~Y' for the walls in each phase did not 

differ significantly. However, at maximum load and at 20% strength degradation 

large differences were observed for the walls in both Phases I and II as shown in 

Figs. 3.55 (a) and (b), respectively. The yield displacements ranged between 0.21% 

to 0.26% drift for the 3 storey walls of Phase I and between 0.13% and 0.18% drift 

for the 2 storey walls of Phase II. Displacements at maximum load ranged from 

0.63% to 0.90% drift for the Phase I test walls with the lowest and highest values 

corresponding to the rectangular wall (WI) and end-confined wall (W3), 
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respectively. For the Phase II walls, the drift range was from 0.53% for the 

rectangular wall (W4) to 0.95% for the end-confined wall (W6). For both aspect 

ratios tested (2.2 and 1.5), displacements at 20% strength degradation were, on 

average, about 1.0%, 1.5%, and 2.2% drift corresponding to the rectangular, flanged, 

and end-confined walls, respectively. 
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a) 3-storey walls (Phase I) b) 2-storey walls (Phase II) 

Fig. 3.55: Effect of end configuration on wall displacements 

The envelopes of load-displacement relationships for the test specimens m 

Phases I and II were presented in Fig. 3.56. The major ductility enhancement 

achieved by adding a flange or a boundary element to a rectangular wall is 

obvious. It can also be seen from the figures that the stiffnesses of the walls up to 

yielding were almost the same in each phase. When a force-based design approach 

is adopted, the seismic elastic design force for a building is based on the stiffness 

of the lateral load resisting elements. Having all of the walls with almost the same 

stiffness, implies that the individual design forces should be the same for all walls. 

One of the study objectives was to investigate the enhanced seismic 

performance of a building when typical rectangular walls were simply replaced by 

flanged or end-confined walls when subjected to the same axial load with the same 

overall length and lateral force capacity. These conditions were achieved through 

the fact that the walls in each phase were subjected to the same axial load 

111 




Marwan Shedid McMaster-Civil Engineering 

Ph.D. Thesis Test Results 


(representing a common tributary floor area) and by wall design for the same 

overall capacity (for all walls in each phase) by altering the amount of steel and 

flange/boundary element dimensions. Finally, the fact that all of the walls (in each 

phase) had almost the same elastic stiffness meant that the calculated elastic base 

shear would not be affected by substitution of other walls (since the building 

period would remain unaffected). 

The displacement capabilities of walls were significantly enhanced when the 

boundary elements were added to the ends of the walls. In addition, increases of 

about 50% and 100% beyond the drift capabilities of the rectangular walls were 

achieved by the flanged and end-confined walls, respectively, at 20% strength 

degradation. 
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Fig. 3.56: Test specimen load-displacement relationships 

3.10.2 Displacement ductility 

The actual measured wall displacement ductility, µJ, was defined as the ratio between 

the measured top displacement at a specified limit and the measured displacement at 

the onset ofyield of the outermost vertical bar. I The measured displacement ductility 
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values µtJu, µ!1 J%, and µLJo.su at ultimate load, 1 % drift, and 20% strength degradation, 

respectively, were listed in Table 3.2. The 1 % drift level is used in the Canadian code 

to identify an acceptable displacement limit, whereas, the 20% degradation limit is 

commonly used by researchers as a reasonable limit for satisfactory performance 

(Priestley et al. 1996; Priestley at al. 2007). The NBCC (2005) also specifies 1 % 

drift as the displacement limit for post-disaster buildings, required to be fully­

operational after earthquake events, without any significant strength degradation. 

The above displacement ductility values at maximum load ranged between 3.0 

and 3.9 and between 5.3 and 10.3 at 20% strength degradation for the 3 storey 

rectangular (Wl) and end-confined (W3) walls, respectively. However, for the 2 

storey rectangular (W4) and end-confined (W6) walls, the ranges of these values 

increased to 3.6 and 6.0 at ultimate load and to 7.1 and 14.3 at 20% strength 

degradation, respectively. The significant enhancement of ductility at 20% 

strength degradation of the proposed end-confined walls compared to the 

rectangular walls was obvious from the test results. The actual ductility of the 

proposed end-confined walls was nearly double the ductility of the corresponding 

rectangular wall. The end-confined walls had almost the same lateral load capacity 

and only slightly more than half of the amount of vertical reinforcement. Flanged 

walls also showed an enhancement in ductility capabilities compared to the 

rectangular walls with about 15% increase achieved based on the unaltered data. 

There are several discussions in the literature regarding the appropriate definition 

of displacement ductility for behaviours that are not ideally elastic-plastic (Park and 

Paulay 1975; Shing et al. 1989a; Paulay and Priestley 1992; Priestley et al. 1996; 

Tomazevic 1998), but, as highlighted by Priestley (2000), and Priestley et al. (2007), 

there is no general consensus or a unified definition for the yield and the ultimate 

displacements. However, several researchers have proposed equivalent elastic­

perfectly plastic systems to evaluate the displacement ductility from experimentally 

measured results. They have used different methods to define an equivalent system. 
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The definition proposed by Tomazevic (1998) was based on equating the area 

under the measured and the idealized equivalent curves for a selected ultimate 

condition for the wall and an initial secant stiffness at the first major crack. 

Adopting the above definition, Shedid el al. (2010) demonstrated that for flexure 

controlled capacities of reinforced masonry shear walls, the idealized wall capacities 

based on the equal area approach at 1 % drift and at 20% strength degradation were, 

on average, 97% of the measured capacities. Therefore, for simplicity, the equivalent 

wall capacity in the post yield branch, Qin, in the elastic-plastic idealization has been 

taken equal to the measured capacities of the wall, Qu, for an idealized plastic 

evaluation of displacement ductility, µeP4 • This small approximation was not expected 

to significantly influence the idealized displacement ductility values and provided 

conservative (i.e., underestimate) ductility values. A more detailed discussion related 

to the idealized representation of the load-displacement relationships and the 

idealized displacement ductility was presented later in Section 4.4. 

For the above evaluation, the idealized yield displacement was calculated as the 

measured yield displacement times the ratio of the maximum capacity to the 

measured yield strength of the wall as presented in Table 3.1. The idealized 

displacement ductility values listed in Table 3.2 were also presented in Fig. 3.57 for 

displacement limits corresponding to 1 % drift and 20% strength degradation. The 

ductility values calculated at 1 % drift were similar in each test phase for the walls 

tested in that phase. This is mainly due to the measured yield displacement being 

quite similar within each test phase. However, the ductility values calculated at 20% 

strength degradation reflect the benefits of using boundary elements such as flanges 

and end-confined regions. The elastic-plastic idealized ductilities at 20% strength 

degradation for the flanged and end-confined walls were at least 50% and 100% 

higher than the ductilities for the rectangular walls. This result indicates a significant 

effect on seismic performance that should influence the magnitude of the design 

seismic response modification factor to be discussed in Chapter 5. 
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Fig. 3.57: Idealized displacement ductility capacities for the test walls 

3.10.3 Effect of wall aspect ratio 

Another objective of this research was to investigate the effect of different aspect 

ratios on the responses of the walls. Each type of wall in Phase I had the same 

cross section properties and was subjected to the same axial compressive load as 

its corresponding type in Phase II. The only difference was the 3.99 m height of 

the walls in Phase I versus the 2.66 m wall height in Phase II. 

To investigate the effect of different wall heights, the load-displacement 

relationships for the walls were normalized to the height using drift ratios. To 

exclude the effect of different lateral load wall capacities, the lateral load capacity 

on the vertical axis of the load-displacement relationships was normalized to the 

maximum measured capacity. The normalized "back-bone" curves for the test 

walls were presented in Fig. 3.58 for each type of wall. It can be seen that the 

normalized responses of the 2 and 3 storey walls were almost identical. This 

finding indicates that the cross section properties may significantly influence the 

response of the wall regardless of the height. As discussed further in Chapter 5, 

this may also show that plastic hinge length is not influenced much by wall height 

and may be influenced by the length of the wall. 
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Fig. 3.58: Normalized load-displacement relationship for the test specimens 


3.11 Summary and conclusions 

Seven reinforced masonry shear walls were tested under displacement controlled 

quasi-static cyclic loading. The test specimens included rectangular, flanged, and 

end-confined reinforced masonry shear walls having aspect ratios of 2.2 and 1.5. 

The hysteresis loops for cyclic loading of the test walls indicated symmetric 

responses for loading in both directions and showed losses of stiffness with 

increasing lateral top displacement. The wall responses were almost linear elastic 

up to first yield of the outermost reinforcement at the bases of the walls 

characterized by thin hysteresis loops generating low energy dissipation. At higher 
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displacement levels, the observed larger loops generated higher amounts of energy 

dissipation with increases in plastic deformations. 

The walls maintained almost the same capacity when subjected to the second 

loading cycle at the same target displacement level until reaching displacements of 

several times the yield displacement. These displacements were much higher for 

the end-confined walls compared to the rectangular walls. This indicates that 

damage in the end-confined walls was significantly less than in the rectangular 

walls until very large displacements were reached. 

The use of beam theory and inclusion of the effect of the vertical compression 

reinforcement in strength calculation for the tested half scale rectangular, flanged 

and end-confined reinforced masonry shear wall result in accurate strength 

predictions as was similarly observed for full scale reinforced masonry shear walls 

(Shedid 2006). Strength predictions for reinforced masonry shear walls failing in 

flexure using both the American and Canadian codes agreed closely with the 

experimental results. 

The wall tests showed that a significant enhancement in ultimate displacements 

and ductility was attained, when rectangular walls were replaced by flanged or 

end-confined walls having the same flexural capacity, elastic stiffness, and axial 

load. For the aspect ratios of 2.2 and 1.5, displacements at 20% strength degradation 

occurred at about 1.0%, 1.5%, and 2.2% drift corresponding to the rectangular, 

flanged, and end-confined walls, respectively. The idealized ductilities for the 

proposed flanged and end-confined masonry shear walls were, respectively, at 

least 50% and 100% higher than those of the rectangular walls having the same 

properties. 

Based on the normalized load-displacement relationships for the 2 and 3 storey 

walls, the results indicate that the cross section properties significantly influenced 

the response of the wall regardless of the height. This may indicate that the plastic 

hinge length, used to calculate plastic deformations, is influenced more by wall 

length than the height of the wall. 
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The substantially improved performances of the flanged and end-confined 

walls were achieved through the addition of one block at each end of the wall. This 

cost would be much more than offset by the elimination of 8 of the 19 vertical 

reinforcing bars used in the rectangular wall. It is suggested that these end 

geometries can be added to masonry construction with minimal impact on 

architectural or construction practices. 

Unlike the common perception that reinforced masonry shear walls are not 

ductile, the reported test results have demonstrated the high ductility and energy 

dissipation potential of reinforced masonry. This behaviour was characterized by 

obvious ductility with little strength degradation within usable drift levels. 
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CHAPTER4 


ANALYSIS OF TEST RESULTS 


4.1 Introduction 

Analysis of the test results presented in Chapter 3 was the main focus of this 

chapter. The goal was to extract quantitative information by analysing and 

comparing these test results and identifying the effects of different test parameters 

on wall behaviour. This intent was to provide a step forward towards a better 

understanding of the flexural response of reinforced concrete-block shear walls. A 

better understanding of the wall responses will lead to more realistic predictions of 

the seismic performance parameters for such walls, as will be discussed in Chapter 

5 and in Appendix A. This information would then be used in the evaluation of 

building design parameters. 

The seismic performance of shear walls is affected by some basic wall 

characteristics such as the wall stiffness, deformation, ductility, and energy 

dissipation. Flexural and shear deformations, evaluations of displacement ductility 

and energy dissipation characteristics, and documentation of the trends for 

stiffness degradation for the test walls were presented in this chapter. 

Measured compressive strains in the masonry at ultimate load were presented in 

Sections 4.2 for the test walls and compared with the ultimate strains specified in 

CSA S304.l (2004) and the MSJC code (2008). The curvatures calculated from 

the strain measurements at both ends of the walls were presented in Section 4.3 

and compared with theoretical values predicted using the above codes. 

The measured curvature profiles and the deflection profiles over the wall 

heights as well as the recorded strains along the outermost bars were utilized in 

Section 4.4 to quantify the extent of the plasticity regions, Lp. The flexure 

deformations were quantified in Section 4.5 using the measured curvature profiles 

over the wall heights. The displacement ductilities were then discussed in Section 

4.6 followed in Section 4.7 by comparisons between the measured and predicted 
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stiffnesses for the test walls. Energy dissipation and hystersesis damping 

calculation were presented in Sections 4.8 and 4.9. Summary and conclusions 

completed this chapter. 

4.2 Wall strains 

For each wall, average strains over segments along the wall height were calculated 

based on measurements from the vertical displacement potentiometers attached at 

the wall ends. The calculated average masonry compressive strains based on 

potentiometer measurements for the lower 50 mm and 150 mm of the wall heights 

(mid-height of the first and second courses, respectively) were presented in Fig. 

4.1 for all of the walls. 

Due to spalling of the face shells at the wall toes and the eventual detachment 

of the potentiometer anchors, these displacement measurements were discontinued 

at later stages of testing. Therefore, strains at 20% strength degradation are not 

available. Average maximum measured masonry compressive strains over the 

lower 50 mm and 150 mm were reported in Table 4.1. In general, the compressive 

strains in masonry at ultimate load, over the first 50 mm above the bases of the 

walls were, on average, about 11.5x10-3 mm/mm and approximately 4 times the 

maximum compressive strains of 2.5x10-3 mm/mm and 3.0xI0-3 mm/mm, 

specified in the MSJC code (2008) and in CSA S304.1 (CSA 2004), respectively. 

Even when the masonry strains were averaged over the lower 150 mm at ultimate 

load, the 5.2x 10-3 mm/mm average value was still about double the above 

specified values. 

It can be seen from Fig. 4.1 that strains higher than 15x10-3 mm/mm were 

recorded prior to any strength degradation for most of the walls. Therefore, the 

values of maximum compressive strain are very conservative in both codes. 

Although use of the low code values may not alter the predicted wall strength, it 

does significantly affect the calculated curvatures and displacements at ultimate 

load. 
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Table 4.1: Average compressive strains over the lower 50 and 150 mm of wall heights 


Strain location 
Maximum masonry strains (x 10-3 mm/mm) 

Wl W2 W3 W4 W5 W6 W7 

Over 

50mm 

(+)ve 10.4 9.7 10.8 8.3 10.3 10.4 16.3 

(-)ve 7.9 12.7 11.4 6.1 5.7 15.5 18.9 

Over 

150mm 

(+)ve 5.2 6.2 6.2 5.0 4.3 4.0 3.9 

(-)ve 3.5 4.6 4.8 4.6 4.5 4.1 4.2 

4.3 Wall curvatures 

The theoretical values for curvatures at the base of the wall at the onset of yield of 

the outermost tension reinforcement, <py,th, and at ultimate load, <flu.th, were 

calculated twice based on predicted flexural strains using beam theory and the 

provisions of the Canadian and American codes. These values were presented in 

Table 4.2, along with the theoretical curvature ductility values, µrp,rh= <fJu,thl <py,th· 

Curvature predictions using CSA S304. l, on average, exceeded the predictions 

obtained using the MSJC code by about 6% and 14% at first yield and at ultimate 

load, respectively. These differences are attributed to the differences between the 
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values of the modulus of elasticity, the ultimate strain, and the height of the 

equivalent rectangular stress block for masonry. 

Table 4.2: Theoretical and measured wall curvature and curvature ductility 

Wall WI W2 W3 W4 W5 W6 W7 

Theoretical curvature values at yield and ultimate (CSA S304. l- 2004) 

<fly.th ( x 10·6 rad/mm) 1.92 1.84 1.85 1.91 1.83 1.84 1.84 

(/Ju.th ( X 10·6 rad/mm) 5.60 14.81 14.51 5.62 15.05 14.60 14.60 

µ<p ,th= (<flu.th I <fly.th) 2.92 8.06 7.80 2.94 8.06 7.80 7.80 

Theoretical curvature values at yield and ultimate (MSJC code- 2008) 

(/Jy,th ( x 10-6 rad/mm) 1.88 1.79 1.81 1.88 1.79 1.80 1.80 

<flu.th ( X 10-6 rad/mm) 4.84 13.40 12.53 4.86 13.59 12.65 12.65 

µ rp ,th= (<flu.th I <fly.th) 2.58 7.61 6.93 2.59 7.61 6.93 6.93 

Experimental curvatures values 

(Average over 50 mm from both directions of loading) 

<fly.ex ( X 10·6 rad/mm) 4.50 6.23 5.00 4.10 4.20 5.40 5.90 

(/Ju,,ex ( X 10-6 rad/mm) 15.38 22.90 22.80 13.65 29.00 38.70 30.80 

<p 1%, ( x 10·6 rad/mm) 
•-­ 34.30 29.65 •-­ 39.10 38.70 41.00 

µ rp u,ex = (<p u,exl (/Jy,ex) 3.42 3.68 4.56 3.33 6.90 7.17 5.22 

µ rp ,1% = (<p 1% / (/Jy,ex) N.A. 5.51 5.93 N.A. 9.31 7.17 6.95 

Experimental curvatures values 

(Average over 150 mm from both directions of loading) 

<fly.ex ( x 1 o-6 rad/mm) 1.80 2.63 1.91 1.62 2.01 2.14 2.20 

(/J u,, ex ( X 10­6 rad/mm) 7.77 11 .83 12.49 9.79 15.44 14.08 10.61 

<p 1%, ( x 10-6 rad/mm) 
•-­ 16.31 14.63 •-­ 18.98 14.08 14.05 

µ <p u,ex= (<pu,exl (/Jy,ex) 4.32 4.51 6.54 6.06 7.70 6.59 4.85 

µ rp ,1% = (<p 1% / (/Jy,ex) N.A. 6.21 7.66 N.A. 9.46 6.59 6.38 

• Measurement not available due to spalling of the face shells 
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Similar to the study of maximum strains in Section 4.2, the average curvatures 

were calculated from measured strains over the lower 50 mm (up to the midheight 

of the first course) and the lower 150 mm (up to the midheight of the second 

course) of the wall. These curvature values were shown in Table 4.2 for the onset 

of yielding of the outermost tension reinforcement, for ultimate load and for 1% 

drift. The values were averaged for both directions of loading. The corresponding 

curvature ductility values were also calculated. 

Average curvatures over the wall height were determined based on average 

strain profiles at different levels over the wall height. For the 3-storey walls tested 

in Phase I, 11 vertically-mounted displacement potentiometers at each wall end 

were used to calculate the average curvature over 11 segments along the wall 

height. For the 2-storey walls tested in Phase II, 9 potentiometers were used, (refer 

to Section 2.8). A representation of a typical strain profile for a wall cross section 

and illustration of curvatures calculated over gauge length and wall deformation 

due to these curvatures were shown in Fig. 4.2. The average curvature, <p;, for a 

gauge length, hgauge(i), along the wall height was calculated using Eq. (4.1). 

. fl.Ti / hgauge(i) +fie; / hgauge(i) ( ) ( ) Eq. 4.1</Ji = = fl.Ti + fl.0 / hgauge(i) X /w
/w 

where, as shown in Fig. 4.2 (a): 

<p; = Average curvature over a given segment along the wall height; 

1'1c; = Net measured compression displacement at the compression end of the 

wall over a height hgauge(i); 

fin= Net elongation measurement at the tension end of the wall over a height 

hgauge(i); and 

hgauge(iJ = Segment height corresponding to the measured 1'1c; and 1'1n values. 

Average experimental curvatures over segments of the wall heights were 

presented in Fig. 4.3 for all the test walls and for both directions of loading. The 

calculated average curvatures over the first storey were significantly higher than 

those over the second and third storeys. 
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Fig. 4.2: Strain and curvature profiles 

The average measured curvatures (for both directions of loading) at yield, 'Py.ex, 

for the rectangular and flanged walls were, respectively, 0.003lllw=l.7 xl0-6 

rad/mm and 0.00421lw=2.3 x l0-6 rad/mm, over the lower 150 mm of the walls [The 

individual values were l.S x l0-6 and l.62 x l0-6 for the rectangular walls (Wl and 

W4) and 2.63 xl0-6 and 2.0l x l0-6 for the flanged walls (W2 and W5).] Similarly, 

at ultimate load, the average measured curvatures, 'Pu.ex. for the rectangular and 

flanged walls were, respectively, 0.01581lw=8.8x10-6 rad/mm based on individual 

values of 7.77x10-6 and 9.79x10-6 for walls Wl and W4 and 0.02451lw=13 .6xl0-6 

rad/mm based on individual values of 11.Sx l0-6 and 15.4x l0-6 for walls W2 and 
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W5. The curvatures based on the measured vertical strain averaged over the lower 

50 mm of the wall were, on average, 2.3 times (c.o. v. = 17%) the values based on 

strains averaged over the lower 150 mm of the wall. 
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Fig. 4.3: (cont.) 

On average, the theoretical curvature predictions at first yield overestimated the 

experimental results (averaged over the lower 150 mm) by 12% and 10% for the 

rectangular walls using CSA S304.1 and the MSJC code, respectively. On the 

other hand, the theoretical curvatures for both the flanged and end-confined walls 

at first yield underestimated the experimental results (averaged over the lower 150 

mm) by 14% and 16%, on average, using CSA S304.1 and the MSJC code, 

respectively. 

At ultimate load, the theoretical curvatures for the rectangular walls 

underestimated the experimental results (averaged over the lower 150 mm) by 

36% and 44% using CSA S304.l and the MSJC code, respectively. For both the 

flanged and end-confined walls, the theoretical curvatures, on average, slightly 

underestimated the test results by 4% and l % using CSA S304.1 and the MSJC 

code, respectively. Therefore, it could be concluded that theoretical predictions of 

curvatures using both codes for the flanged and end-confined walls were more 

representative of the experimental results than those for the rectangular walls. 
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The average measured curvatures at first yield, </Jy,ex• were fairly similar for all 

walls with an average of about 2.0x10-6 rad/mm (c.o.v. = 15%). This resulted in 

almost the same yield displacement for walls within each testing phase. However, 

the curvatures measured at ultimate load for the flanged and end-confined walls 

were, on average, 56% higher (c.o. v. = 7%) than measured curvatures for the 

rectangular walls. It can be seen that the use of flanges and boundary elements 

significantly increased the curvatures at ultimate load which contributed to the 

increased top displacements for the flanged and end-confined walls compared to 

the rectangular walls. Even beyond ultimate load, with the increased curvatures, 

the flanged and end-confined walls reached drift levels of 1.5% and 2.2% at 20% 

strength degradation, respectively, compared to less than 1 % drift attained by the 

rectangular walls. 

Based on the averaged curvature values listed in Table 4.2 for each wall type, 

the average measured curvature ductility values at ultimate load, µ'flu,ex, were 4.9, 

6.1, and 6.0, for the rectangular, flanged, and end-confined walls, respectively. An 

increase of about 24% and 22% in the curvature ductility at ultimate load was 

calculated for the flanged and end-confined walls, respectively, compared to the 

rectangular walls. The average measured curvature ductility values at 1 % drift, 

µf/11%, were about 28% and 14% higher than the corresponding values, µ'fiu,ex, at 

ultimate load for the flanged and end-confined walls, respectively. The large 

increases in curvature for the flanged walls at 1% drift were attributed to the 

correspondingly greater damage compared to that of the end-confined walls. The 

higher curvatures exhibited by the flanged and end-confined walls were the main 

source of the increased displacements and displacement ductilities at ultimate load. 

4.4 Extent of plasticity 

The extent of plasticity was estimated from the average curvature profiles over the 

wall heights. The extent of plasticity, Lp, identified in Fig. 4.3, was defined as the 

highest point above the foundation to which the yield curvature extended; it is not 

to be confused with equivalent plastic hinge length, Ip. For almost all walls, high 
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curvature values were recorded only over the first storey for the 3-storey walls in 

Phase I and the 2-storey walls in Phase II. Curvatures above the first storey tended 

to be almost linear indicating that most of the inelastic deformations took place 

within the first storey. 

Plastic curvature zone heights were listed in Table 4.3 as L~ , (the superscript C 

refers to Curvature-based). Over these heights, extensive cracking was expected to 

occur. [This may require special detailing for reinforcement to, for example, 

increase shear reinforcement and to avoid splicing of the flexural reinforcement.] 

This parameter is particularly important as reliance on the masonry to fully 

contribute to the wall shear capacity could be an unconservative assumption due to 

the presence of such cracks. 

The heights above the wall base where the deflection data began to exhibit 

nearly linear profiles were identified, as shown in Fig 4.4. Approximate values 

were chosen for Walls W2 and W3 as the kink or transition from curved to linear 

deflection profiles was not clear for these walls. The point where the kink occurred 

could be considered as the mid-height of the deflection-based estimate of the 

plasticity zone about which the wall rotates. The extent of plasticity zone heights, 

L~, (the superscript D refers to Deflection-based) estimated from the experimental 

deflection measurements were listed in Table 4.3. 

Table 4.3: Height of plasticity zones 

Wall 
Plasticity zone 

WI W2 W3 W4 W5 W6 W7 

L~ (mm) 1,400 1,100 1,200 1,200 1,300 1,100 950 

L~ (mm) 1,300 1,200 1,200 1,300 1,300 1,300 1,300 

Lpl lw (%) 75 64 67 69 72 67 63 
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Fig. 4.4: Deflection profiles over the wall heights 
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Fig. 4.4: (cont.) 

Strain gauge readings on the outermost bars were used as a third measure to 

verify the height of the plasticity zone. At ultimate load for all walls, the measured 

strains on the outermost bars indicated that yielding extended well beyond the + 

800 mm level above the wall base, as presented in Table 4.4. The table also 
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showed that yielding of the bars extended to a distance of less than 200 mm inside 

the concrete foundation for all the walls. This indicated that the extent of plasticity 

inside the base for the test walls, which is expected to contribute to the lateral 

displacement of the wall as suggested by Paulay and Priestley (1992), was much 

less than within the wall itself. 

Table 4.4: Strain gauge measurements on outermost bar at ultimate load 

Strain in the vertical reinforcement (xc:y) 

Wall At (-200) At(O)mm At(+ 400) At(+ 800) 
mm _{_interfac{!}_ mm mm 

Left Right Left Right Left Right Left Right 

Wl 0.08 0.16 3.84 4.16 3.32 2.84 1.64 1.68 

W2 0.08 0.07 4.12 5.20 5.24 5.36 2.72 3.04 

W3 0.04 * 4.64 6.24 5.00 6.28 4.72 5.48--­
W4 0.16 0.23 4.12 3.16 3.56 2.28 1.40 1.15 

W5 0.15 0.18 4.80 4.00 5.04 3.32 2.64 1.93 

W6 0.20 0.24 4.80 6.80 4.40 4.00 3.33 2.80 

W7 0.08 0.08 3.60 3.20 2.32 1.92 1.21 1.11 

*Unreliable readings due to wiring problem or damage during construction 

As was shown in Table 4.3, the test results indicated that for all of the walls, the 

average height of the plasticity zone, Lp, (defined as the average of L~ and L~ ) 

varied between 63% and 75% of the wall length, lw, which is about the height of 

the first storey in the half scale test walls. This finding indicated that, for 

simplicity, special detailing requirements should be considered for the vertical and 

horizontal reinforcement for a height up to at least 75% of the wall length. 

4.5 Wall displacements 

The total measured displacements for all walls, at the onset of yield of the outermost 

reinforcing bar, ~Y• and at ultimate load, ~u. were listed in Tables 4.5 and 4.6, 
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respectively. These deflections consisted of three main components, namely: sliding 

(slip between the wall and the foundation), !1st, flexural, !if, and shear, !is. 

Displacements due to sliding (base slip) were directly measured using the horizontal 

potentiometers attached at the base level. Quantification of the component of 

deflection due to flexural and shear deformations in the wall is the focus of the 

following discussion with the very small slip values removed. 

Table 4.5: Summary of predicted and measured displacements at first yield 

Lateral displacements Wl W2 W3 W4 W5 W6 W7 

11y (mm) 

(measured) 

(+)ve 8.0 10.8 9.0 3.6 4.4 4.1 5.1 

(-)ve 9.0 10.3 9.4 3.4 5.6 3.9 4.9 

11J. y (mm) 

(calculated) 

(+)ve 5.8 8.4 6.5 2.4 3.2 2.9 3.2 

(-)ve 7.1 7.9 7.1 2.6 3.8 2.8 3.7 

!1st (mm) 

(measured) 

(+)ve 0.0 0.3 0.1 0.0 0.2 0.0 0.1 

(-)ve 0.0 0.2 0.1 0.0 0.1 0.0 0.1 

Avg. [11J,/(11y-11st)] % 76% 79% 75% 72% 73% 71% 71% 

flJ. Ay (mm) (predicted)--.­ 10.0 9.2 9.5 4.4 4.1 4.2 4.2 

t!.J. Cy (mm) (predicted) • 10.2 9.7 9.8 4.5 4.3 4.4 4.4 

flsy (mm)= 

{fly - flJ. y - flst) 

(+)ve 2.2 2.1 2.4 1.2 1.0 1.2 1.8 

(-)ve 1.9 2.2 2.2 0.8 1.7 1.1 1.1 

Avg. [11sy l(t!.y -11 st)] % 24% 21% 25% 28% 27% 29% 29% 

• flJ. Ay and flJ. cy refer to flexural displacement predicted at yield using the MSJC 

code and CSA S304. l, respectively. 

4.5.1 Flexural displacements 

The flexure displacements at yield, f!.J. y, and at ultimate, f!.J. u. were calculated from 

the experimentally-obtained curvature profiles over the wall heights, presented in 

Fig. 4.3. The product of the average curvature, <;Ji, and the corresponding segment 

length, hgauge(iJ> gives the average segment rotation, Bi, considered to act at the 

centre of each segment. This relationship can be written as: 
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ei = <f)jX hgauge(i) = (11Ti + 11c; ) I lw Eq. 4.2 

The summation of the product of each segment rotations, Bi, and the distances 

from the center of the segment to the top of the wall, hi, for all segments, gives the 

total flexure displacements at the top of each wall (as shown in Fig. 4.2), using the 

following equation. 
n n 

LJJE= L (}i hi =L rpi hgauge(i )hi Eq. 4.3 
i=l i=l 

Table 4.6: Summary of predicted and measured displacements at ultimate load 

Lateral displacements Wl W2 W3 W4 W5 W6 W7 

11u (mm) 
(measured) 

(+)ve 25.l 31.5 36.0 14.0 14.9 24.l 20.l 

(-)ve 25.3 31.5 36.l 12.5 25.1 24.0 20.0 

11J. u (mm) 
(calculated) 

(+)ve 20.4 25.2 27.2 9.8 11.0 17.6 15.3 

(-)ve 21.0 24.4 29.8 9.1 19.l 19.2 14.9 

11st (mm) 
(measured) 

(+)ve 0.0 0.9 0.3 0.2 0.7 1.3 0.6 

(-)ve 0.0 1.0 0.7 0.2 1.3 0.8 0.5 

(Avg.) [11J, z/(11u-11sz)] % 82% 81% 80% 72% 80% 80% 77% 

11J. Au (mm) (predicted) * 26.5 74.0 69.9 13.9 41.0 38.7 38.7 

11.J. cu (mm) (predicted)* 19.0 43.3 42.1 10.0 25.3 24.5 24.5 

11.su (mm)= 
(11.u -11J, u - 11.sz) 

(+)ve 4.7 5.4 8.5 4.0 3.0 5.2 4.2 

(-)ve 4.3 6.1 5.6 3.2 4.7 4.0 4.6 

(Avg.) [11.su /(11.u-11st)] % 18% 19% 20% 28% 20% 20% 23% 

* 11.J. Ay and 11.J. Cy refer to flexural displacement predicted at yield using the MSJC 

code and CSA S304.l, respectively. 

The flexure displacements calculated using Eq. 4.2 for first yield of the 

reinforcement, AJ. Y• and Eq. 4.3 for ultimate load, AJ. u, were presented in Table 4.5 

and 4.6, respectively, for both directions of loading. It can be seen from the tables 

that the average flexure displacements at yield and ultimate conditions for the 3­

storey walls comprised about 76% and 80%, respectively, of the top wall 

displacements. Slightly lower contributions from flexure displacement of about 
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72% and 74% of the top wall displacement were calculated for the 2-storey walls 

corresponding to yield and ultimate conditions, respectively. In this regard, 

compared to the 3-storey walls the larger contribution of shear deformations for 

the 2-storey walls was expected due to the 50% increase in shear force. 

Contributions of flexure, shear, and sliding displacements to the total top wall 

-40 -30 -20 -10 0 10 20 30 40 -75 -60 -45 -30 -15 0 15 30 45 60 75 

Top deflection (mm) Top deflection (mm) 

a) Wall 1 b) Wall 2 

-40 -30 	 -20 -10 0 10 20 30 40 

Top deflection (mm) 

d) Wall 4 

Fig. 4.5: Flexural, shear, and sliding displacements for the test walls 

deflections were presented in Fig. 4.5 for all of the walls. 
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Fig. 4.5: (cont.) 


The theoretical flexural displacements at yield, L\y. th, and at ultimate load, L\u. th' 

for a cantilever wall can be estimated assuming an elastic-plastic moment-curvature 

relationship (Paulay and Priestley 1992) as follows: 

L\ - h~ y. th - <py 3 Eq. 4.4 

L\u, th = L\y. th + (<pu - <py) Ip (hw - 0.5 Ip) Eq.4.5 

where: 

hw = Wall height; 

Ip = Equivalent plastic hinge length; 
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fl y, th =Flexural displacement at the onset of yielding of the outermost bar; 

flu, th = Flexural displacement at maximum masonry compressive strain; 

<py =Curvatures at the wall base at the onset of yield; and 

<;Ju = Curvatures at the wall base at maximum masonry compressive strain. 

The theoretical flexure displacements, presented in Tables 4.5 and 4.6, were 

calculated using the theoretical strain profiles (curvatures) at the onset of yielding and 

at ultimate load. This was achieved by setting the ultimate masonry compressive 

strain, c u, to 0.0025 and assuming an equivalent plastic hinge length, lp, equal to the 

wall length, lw, and to one half of the wall length, 0.5/w, following the guidelines of 

the MSJC code (2008), and CSA S304.l (2004), respectively. Separate specific 

properties of the stress block based on the MSJC code and CSA S304. l, including 

differentf'm values, were used for displacement predictions. 

The displacements flfAy and flf cy, in Table 4.5 , are the theoretical flexural 

displacements for the walls calculated at the onset of yield of the outermost 

reinforcing bar, using Eq. (4.4), following the requirements of the MSJC code 

(American) and CSA S304. l (£anadian), respectively. The predicted ultimate 

flexural displacements flfAu and flfcu, in Table 4.6, corresponded to 0.0025 

masonry compressive strain and, again, followed the requirements of the MSJC 

code and CSA S304.l , respectively, using Eq. 4.5. 

The theoretical flexure displacements at first yield usmg both codes were 

simi lar but both were higher than the corresponding measured displacements. The 

predicted displacements were calculated assuming the same wall cross section 

over the entire height (i .e., ignoring the presence of the RC slabs) and assuming 

that all cross sections along the entire height of the wall being were cracked (i.e. , 

assuming a constant slope of the MIEI or, curvature <p , relationship at yield). The 

inserts in Figs. 4.3 (a), (b), and (c) showed the experimentally and theoretically 

determined curvature profiles at yield used for deflection predictions. It can be 

seen that the experimental curvatures over the wall heights were lower than the 

theoretical values which is the main cause for the discrepancies between the 

theoretical and experimental yield displacement values. 
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For the rectangular walls, the theoretical displacement at ultimate load using the 

MSJC code was 28% higher than the calculated displacement from experimental 

results for the 3-storey wall (WI) and 47% higher for the 2-storey wall (W4). On 

the other hand, following CSA S304. I, better predictions for the flexure 

displacement of the rectangular walls WI (within 8%) and W4 (within 6%) were 

calculated for the 3-storey and 2-storey walls, respectively. The differences 

between the two predictions were mainly attributed to the use of the previously 

discussed different plastic hinge values, Ip, to determine the theoretical 

displacement. 

For the flanged and end-confined walls, the theoretical displacements calculated 

at ultimate load, using the MSJC code significantly overestimated the 

experimental results (by IOO% to 200%). Similarly, but to a lesser extent, the 

displacement predictions at ultimate load calculated using CSA S304.1 

overestimated the experimental results (by 35% to 80%). These overestimations 

indicated that the current Ip values in CSA S304. I were suitable for rectangular walls 

but lower values should be determined for flanged and end-confined walls. On the 

other hand, the current values of Ip in the MSJC code significantly overestimated all 

ofthe test results. 

4.5.2 Shear displacements 

The amount of displacement attributed to shear deformations at first yield, ~sy, and 

at ultimate load, ~su, were calculated from Tables 4.5 and 4.6 by subtracting the 

flexural and sliding displacements at first yield and at ultimate load from the 

corresponding total top displacements ~Y and ~u, respectively. Higher sliding 

displacements were recorded for the flanged walls compared to the end-confined 

walls and almost no sliding displacements were recorded for the rectangular walls. 

Walls in Phase II (2-storey with aspect ratio of I .5) experienced more sliding than 

the walls in Phase I (3-storey with aspect ratio of 2.2) at ultimate load and in the 

post-peak region. The reason is obvious since the shear load is 50% higher in the 

case of the 2-storey walls. Also, it was noted that the flanged and end-confined 
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walls experienced more sliding than the corresponding rectangular walls. This can 

be explained by considering that the flanged and end-confined walls had less 

vertical reinforcement and that a large portion of this reinforcement was in the end 

zones subjected to damage at high displacements. Therefore, these walls had less 

clamping action to create shear-friction resistance to sliding. 

It can be seen from the tables that the shear displacements for the 3-storey 

walls were, on average, 23% and 19% of the total top displacements at ~Y and ~u, 

respectively. Slightly higher contributions from shear of about 28% and 22% of 

the total top lateral displacement were calculated for the 2-storey walls 

corresponding to yield and ultimate conditions, respectively. These values were 

consistent with the results from full scale RM wall tests with aspect ratio of 2.0 

reported by Shedid et al. (2009). 

A theoretical shear displacement, ~s, for a cantilever wall with a height, hw, 

subjected to a top load, Q, can be calculated by: 

Eq. 4.6 

where: 

Ae = Effective shear area of the member (web area); 

Gm =Shear modulus (= 0.4 Em for Poisson's ratio = 0.25 (Drysdale and 

Hamid 2008), and Em= 850 xf'm (following the Canadian code); and 

k = Shear shape factor (taken equal to 1.2 for all walls\ 

Using the experimentally determined shear displacement, the effective shear 

area, Ae, in Eq. 4.6, was calculated using the selected constant value of the shear 

modulus, Gm, considering elastic behaviour. For ease of reference, the values of 

the effective shear area at the onset of yielding, Aey, and at ultimate load, Aeu, were 

reported in Table 4.7 as a ratio of the web area of the walls cross sections. The 

effective shear areas for shear displacement calculation for the 3-storey walls 

' This approach was selected to simplify comparison and can be justified based on the relatively 
small area of the flanges and boundary elements compared to the overall area of the wall 
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(aspect ratios of 2.2) were estimated to be, on average, 28% and 16% of the web 

area of the wall at first yield of the outermost reinforcing bars and at ultimate load, 

respectively. Similarly, the effective shear areas for the 2-storey walls (aspect 

ratios of 1.5) were, on average, 52% and 22% of the web area of the wall at first 

yield of the outermost reinforcing bars and at ultimate load, respectively. The 

effective shear areas estimated for the 2-storey were, on average, 1.9 and 1.4 times 

the effective shear areas for the 3-storey walls at yield and ultimate, respectively. 

Based on these results, it can be seen that by using Eq. 4.6 and having the 

values of k, Gm, and the product of Q and hw almost the same for the 3-storey and 

2-stroey walls (having the same cross section), the effective shear areas will be 

directly related to the values of the shear displacements. Therefore, for design 

purposes, it is more convenient to determine the flexure displacement and amplify 

it by 20-30% for walls with aspect ratio of 2.2 and by 30-40% for walls with 

aspect ratio of 1.5 to account for shear displacement. 

Table 4.7: Shear displacement and effective shear area ratios 

Walls WI W2 W3 W4 W5 W6 W7 

~sy (mm) 
(+)ve 2.2 2.1 2.4 1.2 1.0 1.2 1.8 

(-)ve 1.9 2.2 2.2 0.8 1.7 1.1 1.1 

Qy (kN) 
(+)ve 101 121 110 160 185 173 188 

(-)ve 110 123 106 162 183 169 170 

(Avg.)Aeyl Aweb(%) 28% 30% 25% 59% 52% 53% 46% 

~su(mm) 
(+)ve 4.7 5.4 8.5 4.0 3.0 5.2 4.2 

(-)ve 4.3 6.1 5.6 3.2 4.7 4.0 4.6 

Qu (kN) 
(+)ve 177 151 152 265 245 241 246 

(-)ve 180 154 147 267 239 234 236 

(Avg.) Aeu I Aweb (%) 21% 14% 12% 26% 23% 19% 19% 
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4.6 Displacement ductility 

Ductility is a measure of a wall's ability to deform beyond initial yielding of the 

flexural reinforcement. The displacement ductility, µLJ, is defined herein as the ratio 

of the measured top displacements at a specific displacement level beyond yielding, 

il;, to displacement at the onset of yielding of the outermost vertical bar, ily. 

Idealizations of the load-displacement relationships were conducted based on the 

approach explained in Section 3.10.2 (Tomazevic 1998). As such, the idealized 

displacement ductility, µepLJO.su, was defined as the ratio between the measured top 

displacements at 20% degradation in strength, L1o.8lb and the idealized yield 

displacement, L1epY' as shown in Fig. 4.6. These values were presented in Table 4.8. 

Idealized displacement ductility values corresponding to ultimate load, µepLJu, and 

to 1 % drift, µepLJ /%, were also calculated using the idealizations shown in Fig. 4.6. In 

addition, the measured displacement ductility values at ultimate load (µLJu= L1ulL1y), at 

1 % drift (µ LJ /%=il 1% lily), and at 20% degradation in strength (µ LJo8u= ilo.su lily), were 

listed in Table 4.8 for all of the walls. Also, theoretical displacement ductility at 

ultimate load based on the MSJC code (µ LJ, Ath = L1t Aul L1t Ay) and CSA S304. l (µ LJ, c 1h 

= L1t culilt cy) were included in the same table. 

Load, Q Equivalent elastic-

Actual response 
curve 

ily ~;', % ilu il1% L1 o.8u Displacement, il1 
Fig. 4.6: Idealizations of the actual load-displacement relationships (Tomazevic 1998) 

143 


http:epLJO.su


Marwan Shedid McMaster-Civil Engineering 

Ph.D. Thesis Analysis ofTest Results 


Table 4.8: Predicted, actual and idealized wall displacement ductilities 

Theoretical Test results 
.E_f', th - - Measured Idealized load-displacement relationship 

00 -.::I' i:: 
0 0 .s- 0 0 ...... µ!', AtQu At 1% drift At0.8 Qu 

~ N N (..) 

'-' '-' tl)::: - ..... 
tl) :.a"C -.::I'
0 0 Cl) 

~(..) M i:: "' "' ~ "' "' ~ oO & ~ ~ ~u rJJ :.a "' Q 
...., Q

<] ...., 
<] "' <] <]....... < ~ :::t.. <] <] & ~rJJ :::t.. :::t.. :::t.. ~ ~ ~rJJ 0 :::s.. :::t.. ~ u .....:i 

WI 
(+) 3.1 5.0 5.4 1.9 0.92 3.0 0.93 3.3 0.92 

2.7 1.9 
(-) 2.8 4.4 4.9 1.8 0.94 2.9 0.95 3.2 0.93 

W2 
(+) 2.9 3.7 5.7 2.3 1.00 2.9 1.00 4.6 0.99 

8.0 4.5 
(-) 3.1 3.9 6.0 2.4 1.00 3.1 1.00 5.0 0.97 

W3 
(+) 4.0 4.4 10.4 2.9 0.97 3.3 0.98 7.8 0.95 

7.4 4.3 
(-) 3.8 4.3 9.7 2.8 0.95 3.1 0.96 6.9 0.98 

W4 
(+) 4.0 7.2 7.6 2.5 0.93 4.5 0.96 4.7 0.95 

3.1 2.2 
(-) 3.6 7.6 8.4 2.4 0.93 4.9 0.94 5.3 0.94 

W5 
(+) 3.3 5.9 8.9 2.6 0.98 4.6 0.98 7.1 0.95 

10.0 5.9 
(-) 4.5 4.6 6.9 3.6 0.96 3.7 0.96 5.6 0.95 

W6 
(+) 5.9 6.3 11.8 4.4 0.96 4.7 0.97 9.0 0.94 

9.2 5.6 
(-) 6.2 6.7 15.0 4.7 0.95 5.1 0.96 11.4 0.95 

W7 
(+) 3.9 5.1 10.8 3.1 0.98 4.0 0.97 8.4 0.99 

9.2 5.6 
(-) 4.1 5.3 11.3 3.1 0.97 4.0 0.97 8.6 0.96 

It can be determined from Table 4.8 that the idealized displacement ductility 

values at ultimate load, 1 % drift, and at 20% strength degradation performance 

levels were, on average, 28% (c.o.v.= 10%) less (average the ratio of µeP/µ at the 

three performance levels) than the measured displacement ductility values (L11L1y in 

Fig. 4.6). The inelastic capacities, Qin. determined using the elastic-plastic 

idealization at the three performance levels (L1u, L1J%, and L1o.su) were, on average, 
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96% of the measured wall capacities, Qu, (c.o.v.= 2%). Therefore, the 

approximation that Qin equals Qu to determine the idealized displacement ductility 

values in Section 3.10.2 was somewhat conservative but adequate. This also 

showed that the half scale rectangular, flanged, and end-confined reinforced 

masonry walls tested in this study have the same characteristics as the rectangular 

full scale RM walls tests reported by Shed id et al. (2010), with respect to the 

idealized bilinear elastic-plastic load-displacement relationships. 

The theoretical displacement ductilities calculated using the MSJC code and 

CSA S304.1, as presented in Table 4.8, were basically the ratios of the predicted 

ultimate and yield flexural displacements previously presented in Tables 4.5 and 

4.6. As determined from Table 4.8, the theoretical displacement ductilities for all 

test walls, based on the MSJC code, significantly overestimated the idealized 

displacement ductilities at ultimate load, µ epLJu· On the other hand, the theoretical 

displacement ductilities based on CSA S304.1 were in a relatively better 

agreement with the experimental values especially for the rectangular walls. This 

better agreement was mainly attributed to the assumption of a smaller equivalent 

plastic hinge length in CSA S304.1 (2004) compared to the MSJC code (2008). 

4.7 Stiffness 

To assess the variation in wall stiffness with increased loading and top displacement, 

the secant stiffness, defined as the ratio between the lateral resistance and the 

corresponding top lateral wall displacement, was used. The average measured values 

of wall stiffnesses obtained from both loading directions at yielding of the vertical 

reinforcement (commonly used in seismic design) and at ultimate load were listed in 

Table 4.9. 

The initial gross stiffnesses for all walls, presented in Table 4.9, were calculated 

based on flexure and shear deformations using Eq. 4.7. The gross stiffnesses of the 

walls were calculated using the transformed moment of inertia, lg, and the gross 

masonry area of the section, Ag. Constant section properties were assumed over the 

wall height. 
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K=l/( h: +k hw) Eq.4. 7 
3Eml GmA 

where: Em = 850/'m (According to CSA S304.l, 2004) 

Gm = 0.4 Em (Drysdale and Hamid 2008) 

k = Shear shape factor (1.2 for all walls) 

Table 4.9: Wall stiffnesses 

~ n 
WI W2 W3 W4 W5 W6 W7 

Initial gross1 (kN/mm) 28 39 38 80 104 102 102 

"O ,-.... 
~ s
i;l-€ 
~g 

First yield 2 

_f_%ofGros~ 

Ultimate load 
(%of Gross) 

13 
J..461 

7 
(25) 

12 

J..311 
5 

(13) 

12 
J..321 

4 
(11) 

48 
_{_6Ql 

18 
(23) 

43 
J..411 

10 
(10) 

42 
_{_411 

10 
(10) 

36 
J..351 

11 
(11) 

"O ,-.... 
~ ~ 
::I 8 
~o 
Q) ~ 

:E ~ 

At 0.1% Drift 60 46 49 63 52 66 61 

At 0.5% Drift 27 21 19 22 16 22 17 

At 1.0% Drift 14 9 10 9 8 8 9 

At 1.5% Drift N.A. 6 7 N.A. 6 6 6 

lg and Ag were the calculated uncracked section properties used to calculate stiffuess 
2 Stiffness corresponding to first yield ofvertical reinforcement 

The stiffness variations with increased top wall displacements were presented 

in Figs. 4.7 (a) and (b) for the walls tested in Phases I and II, respectively. The 

trend of stiffness degradation for all walls were similar and showed significant 

decreases with increased top deflection. The experimentally-determined secant 

stiffnesses for the test walls were subsequently normalized with respect to the 

corresponding initial gross stiffnesses. The normalized wall stiffnesses in both 

loading directions were presented with respect to the top wall displacement and 

drift levels in Figs. 4.8 (a) and (b) and with respect to multiples of yield 

displacement in Figs. 4.8 (c) and (d) for walls in Phases I and II, respectively. The 

figures show similar trends of stiffness degradation for all of the test walls. The 
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stiffnesses for all walls degraded rapidly to about 60% of the gross stiffness at 

about 0.10% drift. 

Drift% 
-2.0 -1 .5 -1.0 -0.5 0.0 0.5 1.0 1.5 

40 

,-.... 35E 
E 30 

~ 25'-' 
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---.-Wall2 

---&-Wall 3 

10ca 
~ 	 5 
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-80 	 -60 -40 -20 0 20 40 60 
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a) Walls in Phase I 

Fig. 4.7: Stiffness with increased top wall displacement 

Values of the normalized stiffness at drift levels of 0.1 %, 0.5%, 1.0% and 1.5%, 

which can be used in performance based design, were also given in Table 4.9. It can 

be seen from the table that reasonable approximations of the test wall stiffnesses at 

0.5%, 1.0%, and 1.5% drift would be, on average, 21 %, 9%, and 6% of the wall 

stiffnesses calculated using transformed gross section properties. The experimental 

results indicated that the secant stiffnesses at first yield, which are of interest during 

the design process, were 46% and 60% of the gross stiffness for the 3-storey (WI) 

and 2-storey (W4) rectangular walls, respectively. The average secant stiffnesses at 

first yield were 32% and 39% of the gross stiffness for the 3-storey (W2 and W3) 

and the 2-storey (W5, W6, and W7) flanged and end-confined walls, respectively. 

The stiffnesses of the rectangular walls decreased to about 20% of the gross 

stiffness at 4xL1y and 6xL1y for the 3-storey and 2-storey walls, respectively. For the 

3-storey (W2 and W3) and the 2-storey (W5 , W6, and W7) flanged and end­

confined walls, the stiffness decreased to about 11 % of the gross stiffness at 4xL1y 

and 6xL1y displacement, respectively. This indicates that the decreases in 

stiffnesses for the flanged and end-confined walls were more significant than for 
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the corresponding rectangular walls. Therefore, and as was shown in Fig. 4.7, 

although the stiffnesses values for the flanged and end-confined walls were higher 

than the corresponding values of the rectangular walls at initial stages of loading, 

all values became almost equal at fairly low post-yield displacement levels. 
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Fig. 4.8: Normalized wall stiffness 
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4.8 Energy dissipation 

Energy dissipation, Ed, through hysteresis damping is an important aspect in seismic 

design since it reduces the amplitude of the seismic response and, thereby, reduces 

the ductility and strength demands on the structure. 

Given that the displacement histories were not identical for all walls (each wall 

was cycled at multiples of its initial yield displacement), comparing the energy 

dissipated with respect to a single hysteresis loop at a particular drift level cannot 

be used as a basis for comparison between the test walls. Previous research (Sinha 

et al. 1964; Jamison 1997) showed that the envelope of the load-displacement 

hysteresis loops is relatively insensitive to the imposed displacement increments 

and to the number of cycles. Therefore, the energy dissipation, Ed, has been 

represented, as suggested by Hose and Seible (1999), by the area enclosed within 

the force-displacement curve at each displacement level. This is the horizontally­

hatched area shown in Fig. 4.9. The vertically-hatched region in the same figure 

represents the elastic strain energy, Es, stored in an equivalent linear elastic 

system. 

A ( - ) E E 
u d = nergy 

Q (-) 

Fig. 4.9: Calculation of energy dissipation 
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The energy dissipation at different displacement levels of all the walls were 

presented in Fig. 4.10. The figure showed that, as expected for low pre-yield 

displacement levels, the energy dissipation was very low. For higher displacement 

levels, the energy dissipation increased significantly. Similar increases in energy 

dissipation were calculated for the 3-storey and the 2-storey walls. 
Drift% 	 Drift% 
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20,000 ..... _.....,.. ........_,_..,....,_,.......,....,........,.... 	 20,000 


18,000
8 18,ooo I 
E 16,000 s:; 16,000 

~ 14,000 ~ 14,000 
'-' 	 '-' 
c:: 12,000 	 c:: 12,000 
0 0 
·- 10000 ·- 10,000
~ ' 	 ~ 
.& 8,000 	 0.. 8,000
~ 	 ·~ -e-Wall4 
~ 	 ~ ;.a 6,000 -e- Wall 1 ;.a 6,000 -ilE-Wa115 

§ 4,000 -ilE- Wall 2 ~ 4,000 -tr- Wall 6 

~ 2,000 ---er- Wall 3 c:: 2,000 -+-Wall7 
~ 0 ~ os=-_._............................................................ 

0 20 40 60 80 0 20 40 60 80 
Lateral displacement (mm) Lateral displacement (mm) 

a) Walls in Phase I b) Walls in Phase II 

Fig. 4.10: Variation of energy dissipation with increased wall displacements 

The normalized energy dissipation values, Ed.N, for the walls at different 

displacement levels, defined as the ratio between the energy dissipation at a certain 

post-yield displacement level and the calculated energy dissipation at the onset of 

yielding were plotted in Figs. 4.11 (a) and (b) versus the ratio of the post-yield 

displacement to the yield displacement. The energy dissipation was normalized for 

individual walls to monitor the trend of increase of energy dissipation after 

yielding and to eliminate the effects of differences in wall capacity and 

displacement. The figures showed almost linear increases in the normalized energy 

dissipation values with respect to the ratio of the wall post-yield to yield 

displacements. The normalized energy dissipation values at 2xL1y and 5xL1y, 

respectively, were equal to or greater than 3.5 and 17 for the 3-storey walls (Phase I). 

The normalized energy dissipation values at 2xL1y and 5xL1y were about 2.5 and 10 for 
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the 2-storey walls (Phase II). The increases in energy dissipation with increased wall 

ductility and drift levels affected the hysteresis damping as discussed in the following 

section. 

I 

2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 10 11 12 13 
L1/ L1y L1/ L1y 

a) Walls in Phase I b) Walls in Phase II 

Fig. 4.11: Normalized energy dissipation corresponding to multiples of L1y 

4.9 Hysteresis damping 

Hysteresis damping, (hysr. can be quantified based on an equal area approach (Hose 

and Seible, 1999, and Chopra, 2000) that represents the same amount of energy loss 

per loading cycle. The relationship between the dissipated energy, Ed, the stored 

strain energy, Es, and the hysteresis damping, (hysr. [see Fig. 4.9] is given by: 

:c _ 1 (Ed- J Eq.4.8<,,hyst- --X 

4 :r Es 

The hysteresis damping, (hys1, was plotted against the lateral displacement (and 

the drift) in Figs. 4.12 (a) and (b) and against the ratio of the post-yield to the yield 

displacements in Figs. 4.13 (a) and (b) for all the test walls. Increasing (hyst values 

with increased lateral displacements were indicated. Although damping is 

generally specified for a structure rather than for an element (wall), the trend of 

increased damping with increased ductility of individual walls gives an indication 
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of the overall response of RM structures which are typically constructed with 

similar walls connected by rigid diaphragms. 

The average hysteresis damping calculated at 0.3% drift and 1 % drift for the 3­

storey walls (Phase I) was about 6% and 19%, respectively, and about 12% and 

22%, respectively, for the 2-storey walls (Phase II). It has been commonly 

assumed that reinforced masonry structures have an overall damping ratio (which 

also includes elastic damping) ranging between 7% and 10% of critical damping 

(Paulay and Priestley 1992; Drysdale and Hamid 2005). This current research 

indicates that RM shear wall building can be expected to experience higher levels 

of damping after the onset of yielding compared to the currently-accepted levels. 

This higher damping has the effect of significantly reducing the seismic demand. 

As shown in Fig. 4.13, the hysteresis damping alone at the onset of yield (µ1:i= 

1.0) varied between 6% and 8% for the 3-storey walls (Phase I), and between 12% 

and 14% for the 2-storey walls (Phase II). The hysteresis damping increased to a 

minimum of 20% and 17% at 5xLly for the 3-storey and 2-storey walls, respectively. 
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Fig. 4.12: Hysteresis damping versus lateral displacement 
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Fig. 4.13 : Hysteresis damping corresponding to multiples of !3.y 

The increases of the hysteresis damping with increased displacements 

indicated that different values of damping ratio may be assigned to structures 

under different design limit states. Structures designed for Collapse Prevention 

can be assigned a higher damping ratio as they are expected to exhibit high 

inelastic deformation and damage. Alternatively, structures designed for the Fully­

Operational limit state, or for the Serviceability limit state would be assigned 

lower damping values since lower levels of deformations and cracking are 

expected. Such an approach would optimize the design for different performance 

levels by associating expected damage with the specific damping ratios resulting 

from this damage. 

4.10 Summary and conclusion 

This chapter contained detailed analyses of results from the experimental program 

and focused on evaluating the ductile performance of flexural RM shear walls with 

various end configurations. Measured compressive strain and curvature values at 

ultimate load were discussed. The extent of the plasticity region, Lp, was 

determined. The relative contributions of flexural and shear deformations to 
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overall lateral wall displacement, the amount of energy dissipated by hysteretic 

damping and ductility, and the stiffness and strength degradation of the walls were 

presented. 

The compressive strains in masonry at ultimate load, over the lower 50 mm of 

the wall (11.5x10-3 mm/mm, on average) were found to be approximately 4 times 

the maximum compressive strains of 2.5xl0-3 mm/mm and 3.0xl0-3 mm/mm, 

specified in the MSJC code (2008) and in CSA S304.l (CSA 2004), respectively. 

On the other hand, the masonry strains averaged over the lower 150 mm at 

ultimate load (5.2x10-3 mm/mm, on average) were approximately double these 

specified values. Although the observed increases in the compressive strain had a 

minimal effect on wall strength, these increases significantly affected wall 

curvatures and, consequently, lateral displacements. 

The curvatures predicted using CSA S304.l, on average, overestimated the 

experimental results by about 12% at first yield for the rectangular walls and 

underestimated those for the flanged and end-confined walls by about 14%. On the 

other hand, at ultimate load, the theoretical curvatures, on average, underestimated 

the experimental results by 36% for the rectangular walls and by 4% for the 

flanged and end-confined walls. 

The test results indicated that for all walls (rectangular, flanged, and end­

confined with aspect ratios of 1.5 and 2.2), the average height of the plasticity 

zone, Lp, varied between 63% and 75% of the wall length, lw. This indicated that 

special detailing should be considered for the vertical and horizontal reinforcement 

within a height above the base equal to at least 75% of the wall length. 

Higher sliding displacements were recorded for the flanged walls compared to 

the end-confined walls and almost no sliding displacements were recorded for the 

rectangular walls. This was attributed to the reduction of the vertical 

reinforcement, which also served as dowels, from 19 to 11 bars at the interface 

between the wall and the foundation. Having the majority of the vertical 

reinforcement in the damage regions at the ends of the flanged and end-confined 

walls also added to increases in this small amount of displacement. Walls with 
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aspect ratio of 1.5 experienced more sliding than the walls with aspect ratio of 2.2 

at displacements corresponding to and beyond ultimate loads. This was attributed 

to the increased lateral force applied to the 2-storey walls compared to the 3-storey 

walls. 

The shear displacements for the walls with aspect ratio of 2.2 were, on 

average, 23% and 19% of the total top lateral displacements (minus sliding) at 

yield and ultimate conditions, respectively. Slightly higher contributions from 

shear of about 28% and 22% of the total top lateral displacement (minus sliding) 

were determined for the walls with aspect ratio of 1.5 corresponding to ~Y and ~u, 

respectively. 

Idealized displacement ductility values at ultimate load, 1 % drift, and at 20% 

strength degradation were, on average, 28% less than the actual displacement 

ductility values calculated using L1y. The inelastic capacities for the elastic-plastic 

idealization at the aforementioned three performance levels were, on average, 96% 

of the measured wall capacities. Therefore, in the bilinear idealization of the actual 

load-displacement relationship for RM shear walls, assuming the wall ' s inelastic 

capacity, Q;n, equalled to the actual capacity, Qu, of the wall was a conservative 

but reasonable approximation. 

The stiffnesses for all walls degraded rapidly to less than 60% of the initial 

gross stiffnesses at low displacement levels equal to about 0.1 % drift. Reasonable 

values for the test wall stiffnesses at 0.5%, 1.0%, and 1.5% drift can be assumed to be 

approximately 20%, 9%, and 6% of the wall stiffnesses calculated using uncracked 

(gross) transformed section properties. 

The relationships between the normalized energy dissipation at first yield and the 

ratios of the post-yield displacements to the yield displacement were almost linear. 

The energy dissipation values calculated at 5xL1y were more than 10 times larger than 

the values at L1y. The hysteresis damping calculated at 0.3% drift and 1 % drift for 

the 3-storey walls (Phase I) was at least 6% and 19%, respectively. Higher values 

were calculated for the 2-storey walls (Phase II). 
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The information reported in this study is expected to provide a better 

understanding of the behaviour of RM shear walls under seismic loads. This 

facilitated development of the proposals for more rational code design provisions 

presented in Chapter 5. Before proceeding with such analyses of the multi-storey half 

scale walls tested in this study, the behaviour of the full scale RM shear wall, 

previously tested by Shedid (2006) without RC floor slabs, were analysed and 

presented in Appendix A. This research was an important step where quantification 

of the seismic performance parameters for the full scale walls would eliminate 

complications associated with interpreting the test results of the walls reported in the 

current study. The information was placed in an appendix to avoid confusion with the 

current experimental study. 
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CHAPTERS 


SEISMIC PERFORMANCE PARAMETERS FOR THE 


PROPOSED WALL CATEGORIES 


5.1 Introduction 

In Appendix A, seismic performance parameters were investigated for the full 

scale concrete block shear walls tested previously by Shedid (2006). This chapter 

contained analyses of the same seismic performance parameters for the half scale 

concrete-block shear walls tested in this study. Based on the methods of obtaining 

the measured and the theoretical curvatures and curvature ductility values 

presented in Section 4.3 and the idealized displacement ductility values presented 

in Section 4.6, the equivalent plastic hinge lengths, lp, required for wall deflection 

predictions were determined in Section 5.2 for the test walls. 

Force-based seismic design provisions include reduction factors to reduce the 

design forces to lower values than those based on assumed linear elastic responses 

for structures. In NBC 2005, seismic force modification factors include a ductility­

related force modification factor, Rd, and an overstrength-related force 

modification factor, R0 • Although seismic force modification factors are assigned 

to building systems, the hypothesis followed in Sections 5.3 to 5.6 is that the 

response of individual wall would be representative of the overall building 

response. This is particularly relevant to masonry construction as it is common to 

construct mid-rise masonry structures using equally-spaced identical walls. 

Therefore, neglecting possible coupling between walls, it can be expected that the 

response of individual walls can, to a great extent, represent the response of the 

building in terms of the overall load-displacement relationship where the load is 

appropriately scaled-down. Idealized bilinear load-displacement relationships were 

used in Section 5.3 to calculate the Rd values for individual walls. This analysis 

will provide evidence of what is possible for systems of walls. Similarly, R0 values 

also were determined in Section 5.3. 
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The current Canadian standard (CSA S304.1-2004) provides general seismic 

force modification factors for concrete-block shear walls. Although it may be that 

the use of rectangular walls was anticipated, no separate provisions for flanged and 

end-confined concrete-block shear walls exist, so they currently fall into the 

general category. However, the concrete design standard CSA A23.3 (2005) does 

include provisions to determine the Rd values for reinforced concrete flanged walls 

and walls with boundary elements. Calculation of representative Rd values for 

flanged and end-confined masonry walls following the Canadian concrete standard 

were presented in Section 5.4. 

Similar to the approach adopted by the Canadian code, the American codes, 

such as the ASCE-7 (2008), define an overall seismic force-reduction factor, R, 

and a deflection amplification factor, Cd, to determine the design seismic forces 

and the corresponding displacements. However, ASCE-7 (2008) requires a 

dynamic analysis to determine the seismic reduction factors. To evaluate this 

approach, an analytical model was developed for the test walls (not for whole 

buildings) and ground motions were selected. Then nonlinear time history analyses 

were conducted and R and Cd values were determined in Section 5 .5. 

Although most seismic design codes currently follow the force-based design 

method which mainly relies on the initial elastic characteristics of the structure, 

displacement-based design methods have been developed to mitigate some 

deficiencies in the current design method. The post-yield performance 

characteristic of the walls, including stiffness reduction and its effect on period 

increase were presented in Section 5 .6 corresponding to drift and ductility demand. 

(Such information is essential when displacement-based design approaches are 

adopted.) The main findings and the chapter conclusions were presented in Section 

5.7. 

5.2 Equivalent plastic hinge length 

Using the evaluated curvature and displacement ductility values, the equivalent 

plastic hinge length, lp, for each wall was calculated by rearranging Eq. A. I, as 
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discussed in Section A.6. As previously explained, an idealized bilinear load 

displacement relationship was used to calculate the lp values. The displacement at 

the top of the wall at ultimate load, Liu, was used as the maximum displacements in 

the idealization approach. In order to idealize the nonlinear load-displacement 

relationship into an elastic-plastic relationship for the walls, the idealized yield 

displacement, t...; , and yield curvature, ¢;P, were used (refer to Section A.6). The 

idealized displacement ductility, µ':,,, was used instead of the actual values 

calculated directly from the test results. All of the values used in the calculation of 

the equivalent plastic hinge lengths, lp, were presented in Table 5.1. 

Table 5.1: Calculation of equivalent plastic hinge length 

Walls Wl 1 W22 W3 3 W4 1 W52 W63 W73 

epµ /),u 
(+)ve 1.9 2.3 2.9 2.5 2.6 4.4 3.1 

(-)ve 1.8 2.4 2.8 2.4 3.6 4.7 3.1 

Calculation based on theoretical curvatures 

µ l{J.th 2.9 8.1 7.8 2.9 8.1 7.8 7.8 

lp (mm) 

(+)ve 683 254 392 807 209 488 290 

(-)ve 600 274 370 743 350 537 290 

%/w 36% 16% 21% 43% 16% 28% 16% 

Calculation based on curvatures at ultimate load 

µ l{JU 
(+)ve 4.1 4.0 6.2 5.4 4.8 6.5 4.9 

(-)ve 4.6 5.3 7.0 5.6 11.6 6.7 4.8 

µ:,, 
(+)ve 2.5 3.2 4.5 3.4 3.8 4.9 3.9 

(-)ve 2.9 4.1 5.2 3.8 9.3 5.1 3.7 

lp (mm) 

(+)ve 893 900 814 635 580 952 760 

(-)ve 600 662 626 494 294 995 829 

%/w 41% 43% 40% 31% 24% 54% 44% 
I Rectangular wall 2 Flanged wall J End-confined wall 

Using the theoretical curvatures, the equivalent plastic hinge lengths, presented 

in Table 5.1, were, on average, 640 mm, 254 mm, and 381 mm for the 3-storey 
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rectangular, flanged and end-confined walls, respectively, corresponding to the 

idealized displacement ductility values. For the 2-storey linear, flanged and end­

confined walls, the corresponding average lp values were 770 mm, 279 mm, and 

401 mm, respectively. 

The idealized displacement ductility values at ultimate load, µZ, , of the end­

confined and flanged walls were higher than those of the rectangular walls. 

However, the required equivalent plastic hinge lengths, lp, were not longer as a 

result of their significantly higher theoretical curvature ductility values. The lp 

values for the rectangular walls (when the theoretical curvature ductility values 

were used) were, on average, 39% of the wall length. The average lp values for the 

flanged and the end-confined walls (based on the theoretical curvatures) were 16% 

and 2I % of the wall length, respectively. 

Using the experimental curvatures, the average equivalent plastic hinge lengths, 

also presented in Table 5.1, were 746 mm, 78I mm, and 720 mm for the 3-storey 

rectangular (WI), flanged (W2) and end-confined (W3) walls, respectively, based 

on the idealized displacement ductility values. For the 2-storey rectangular (W4), 

flanged (W5) and end-confined (W6 and W7) walls, the corresponding average lp 

values were 565 mm, 437 mm, 885 mm, respectively. The average lp value for the 

rectangular walls (WI and W4) was 36% of the wall length (based on the 

experimental curvature ductility values). The average lp values for the flanged (W2 

and W5) and the end-confined (W3, W6, and W7) walls were 34% and 46% of the 

wall length, respectively (based on the experimental curvatures). 

As can be seen from the table and the reported lp values for all walls, it is 

difficult to draw general conclusion when numbers are used at face value, without 

engineering judgement. This is due to the fact that each wall had its own measured 

yield displacement, where only 1 mm change (about 4% of the displacement at 

ultimate load) could result in differences of about 25% in the idealized 

displacement ductility values. Therefore, minimal differences in wall 

displacements at yield significantly affected the idealized displacement ductility 

values used to determine lp of the walls. In addition, and as presented for walls W6 
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and W7 (which can be considered to be reasonable similar walls), the ratio of 

calculated displacement ductility values was 1.47 and this resulted in ratios for lp 

values of 1.81 and 1.23 calculated using the theoretical and measured curvature 

ductilities, respectively. These factors led to difficulty in interpretation of the 

values given in Table 5.1. 

To establish a common basis for comparison and provide useful information 

that can be used by designers for more realistic predictions of ultimate 

displacement and displacement ductility values, simple and practical idealizations 

of the walls were conducted. The load-displacement relationship was idealized 

using simple information that can be determined by designers. This approach also 

made use of the recommended values for stiffness at first yield of the walls, 

presented in Table 4.9. It should be noted that all walls were originally designed to 

resist the same ultimate load. Moreover, the stiffnesses at first yield for the walls 

in each phase were found to be almost the same. Therefore, a single idealized yield 

displacement value was determined for all walls tested in each test phase to 

facilitate comparison between the walls in each phase. 

The average measured ultimate lateral loads, Qu, for the walls in Phases I and II 

were 160 kN (c.o.v. = 9%) and 245 kN (c.o.v. = 5%), respectively, and the average 

yield stiffnesses, ke, were 12 kN/mm (c.o.v. = 4%) and 43 kN/mm (c.o.v. = 11%), 

respectively . Using these values, the calculated idealized yield displacements for 

walls in Phases I and II were 13.0 mm (= 160/ 12) and 5.8 mm (= 245/43), 

respectively. 

This approach of using the elastic stiffness and ultimate load can be very 

convenient in design offices. The measured capacities of the walls shown in Fig. 

5.1 were normalized by dividing the capacity at any displacement level by the 

ultimate wall capacity (ratio of Q to Qu) to facilitate comparison. The idealized 

displacement ductility values corresponding to ultimate load, / ,:Ju. I% drift, / A1%, 

and 20% strength degradation, / Ao.Bu, were presented in Table 5.2 based on the 

proposed approach. The theoretical curvature ductility values were also presented 

along with the corresponding lp values for each displacement limit in Table 5.2. 
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Fig. 5 .1: Proposed idealization for the test walls 

The lp values expressed as a percentage of wall length and calculated using 

theoretical curvature ductility values given in Table 5 .1, were plotted against the 

corresponding displacement ductility in Fig. 5.2. The calculated average Ip values 

for the test walls corresponding to the idealized displacement ductilities at ultimate 

load and 20% strength degradation were indicated in Fig. 5.2. 

Using the proposed idealization, the lp values listed in Table 5.2 at ultimate load 

for the 3-storey rectangular, flanged and end-confined walls were, on average, 

41 %, 15%, and 20% of the wall length, respectively. The corresponding average lp 

values for the 2-storey rectangular, flanged and end-confined walls were 39%, 

18%, and 25% of the wall length, respectively. Unlike the values presented in 

Table 5.1, the calculated lp values at ultimate load for the 2 and 3-storey walls 

having the same cross-section were almost the same. This suggests that the lp 

values were more related to wall length and less influenced by wall height which is 

consistent with the observations by Priestley et al. (1996) regarding lp values of 

reinforced concrete columns with the same cross section but different heights. 
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Larger lp values were found for the displacements at 1 % drift and at 20% strength 

degradation (Table 5.2) compared to those found at ultimate conditions. For design 

purposes, these values would better predict the displacement of the walls 

corresponding to different performance levels using the easily predicted theoretical 

curvature ductility values. 

Table 5.2: Equivalent plastic hinge lengths based on the proposed idealization 

Walls 
Wl W2 W3 W4 W5 W6 W7 

(+)ve (-)ve (+)ve (-)ve (+)ve (-)ve (+)ve (-)ve (+)ve (-)ve (+)ve (-)ve (+)ve (-)ve 

L1y 
13.0 13.0 13.0 13.0 13.0 13.0 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8

(mm) 

L1u 
25.1 25.3 31.5 31.5 36.0 36.1 

(mm) 
14.0 12.5 14.6 25.1 24.1 24.0 20.1 20.0 

L1 o.8u 
45 .0 48.0 70.0 68.0 93.0 95.0 27.0 28.0 42.0 45.0 52.0 57.0 62.0 65 .0 

(mm) 

µ ip , lh 2.9 2.9 8.1 8.1 7.8 7.8 2.9 2.9 8.1 8.1 7.8 7.8 7.8 7.8 

Calculation corresponding to ultimate load 

µIL1u 1.9 1.9 2.4 2.4 2.8 2.8 2.4 2.2 2.5 4.3 4.2 4.1 3.5 3.4 

lp 
717 734 

(mm) 
278 278 363 366 769 611 198 458 450 447 344 340 

lp (%/w} 40 41 15 15 20 20 43 34 11 25 25 25 19 19 

Calculation corresponding to 1 % drift 

µIL1 1% 3.1 3.1 3.1 3.1 3.1 3.1 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 

lp 
1,935 1,920 414 414 431 431 • • 497 497 519 519 519 519--­ --­

(mm) 

lp (%lw) 108 107 23 23 24 24 • • 28 28 29 29 29 29--­ --­

Calculation corresponding to 20% strength degradation 

7µ L10.8u 3.5 3.7 5.4 5.2 7.2 7.3 4.7 4.8 7.2 7.8 9.0 9.8 10.7 11.2 

lp 
2,500 3,052 937 900 1,479 1,530 • • 955 1,060 1,416 1,680 2,065 j2,642 --­ --­

(mm) 

lp (%/w) 139 170 52 50 82 85 
. . 

53 59 79 93 115 147--­ --­

• lp could not be established corresponding to 1 % drift and 20% strength 

degradation as a results of using the theoretical curvature ductilities in 

combination with the experimental displacement ductilities. 
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Fig. 5.2: Equivalent plastic hinge length at different displacement levels 


5.3 Seismic reduction factors based on the Canadian code 

To account for the actual material resistance, overdesign, ductility and energy 

dissipation in actual structures, seismic response modification factors are used in 

force-based design codes (such as the current American and Canadian codes) to 

reduce the seismic force from that which would have developed if the structure 

had remained elastic. 
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Most force-based design codes use the equal displacement approach to 

determine the relationship between Rd and the displacement ductility for structural 

systems (Priestley el al. 2007). To obtain a reasonable indication of system 

performance, the idealizations discussed in Section A.7 for individual walls were 

used as the basis for determining the seismic force modification factors. As 

discussed in Section 4.6 and presented in Fig. 4.6, the actual load displacement 

relationship of the wall can be idealized by an elastic-plastic relationship having an 

initial stiffness evaluated as the measured lateral resistance at first yield, Qy, 

divided by the corresponding lateral displacement, L1y. The ultimate load used in 

this calculation was set equal to the idealized plastic resistance, Qin, of the wall. In 

this regard, displacements corresponding to 20% strength degradation are 

commonly considered as an acceptable ultimate performance level (Priestley el al. 

1996; Priestley el al. 2007; A TC-63, 2008). 

As discussed earlier in Section 4.6, Qin was found to be about 96% of Qu. 

Therefore, for simplicity and convenience in design, Qin was taken equal to Qu in 

the following calculations. Also, since use of face values of the test results may 

lead to misleading or confusing results, a single idealized yield displacement value 

was adopted for all walls tested in each phase as was discussed in Section 5.2. 

From the above discussion, the Rd value (used for ductility) was defined as the 

ratio between the elastic lateral load, Qe, corresponding to the lateral displacement, 

L1e, and the idealized wall capacity, Qu, based on test walls. By similar triangles 

(refer to Fig. A.7), Rd is equal to / Jo.Bu (presented in the bottom part of Table 5.2). 

The R0 value (used for overstrength) was defined as the ratio between the wall 

capacity, Qu, and the design capacity, Qd, amplified by 5% assuming conservative 

overdesign (commonly taken between 5% and 10%). 

The design lateral load capacities, Qd, of the walls were calculated based on 

the guidelines of the CSA S304.l (2004). The design lateral load capacities were 

presented in Table 5.3 and were used to determine the R0 factor. As explained in 

Section A.7, the design capacities were calculated using material resistance factors 
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for masonry 

reinforcement 

and 

in 

steel 

strength 

and neglecting 

calculation 

the 

following 

contribution of compression 

the Canadian standard. The 

average compressive block strength was 27 MPa [specific strength = 27x(l­

1.64xc.o.v.% of 0.10 minimum)= 22.5 MPa], however the strength specified by 

the supplier was 15 MPa. [This value has been typical for cases when the specified 

block strength was 15 MPa (Chahine 1989).] Therefore, to determine Qd, the 

masonry compressive strength, f m, was taken equal to 7 .5 MPa as listed in CSA 

S304.1 corresponding to grout filled hollow 15 MPa block. 

Table 5 .3: Seismic response modification factors 

Design Experimental 
Force modification factors 

=@ 
capacity results 

~ QJI! QJ1! Qy Qu R0 = 1.05x 

(kN) (kN) (kN) 
Rd 

Q,JQ/l) 
Rdx Ro 

(kN) 

101 177 3.5 3.0 10.7 
WI 61 93 

110 180 3.7 3.1 11.5 

121 151 5.4 2.0 10.6 
W2 81 97 

123 154 5.2 2.0 10.4 

110 152 7.2 2.0 14.4 
W3 80 99 

106 147 7.3 1.9 14.1 

160 265 4.7 3.1 14.4 
W4 91 140 

162 267 4.8 3.1 14.8 

185 245 7.2 2.1 15.2 
W5 122 146 

183 239 7.8 2.1 16.0 

173 241 9.0 2.1 19.1 
W6 119 149 

169 234 9.8 2.1 20.2 

188 240 10.7 2.1 22.7 
W7 119 149 

170 236 11.2 2.1 23.3 

(I) Compression reinforcement not included in design strength calculation 
(2) Compression reinforcement included in design strength calculation 
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Although 400 MPa steel strength was specified, the delivered steel for all walls 

had about 497 MPa yield strength based on the tensile tests conducted. However, 

in the calculation of the design strengths, the yield strength of the reinforcing bars 

was taken equal 447 MPa instead of 400 MPa (as commonly steel yield strength is 

about 50 MPa higher than specified). The calculated design strengths using the 

above approach were listed in Table 5.3 and for comparison purposes, design 

strengths calculated including the contribution of compression reinforcement were 

also listed. The experimental results for yield and ultimate strengths, along with 

the ductility related force modification factor, Rd (=/LJo.su, reproduced from Table 

5.2), the calculated overstrength related force modification factor, R0 , and the 

product of Rd xR0 were also presented in Table 5.3. 

As can be seen, the average values of Rd (corresponding to 20% strength 

degradation) were 3.6, 5.3, and 7.3 for the 3-storey rectangular, flanged, and end­

confined walls, respectively. For the 2-storey rectangular, flanged, and end­

confined walls, the average Rd values were 4.8, 7.5 , and 10.3, respectively. 

Although, the Rd values for the rectangular walls were quite high compared to 

usual perceptions for normal reinforced masonry construction, it is note worthy 

that the Rd values for the flanged and end-confined walls were much higher. The 

Rd values for the flanged and end-confined walls were, respectively, at least 1.5 

and 2.0 times those corresponding to the rectangular walls. Such increases in the 

Rd values significantly reduce the seismic demand on masonry buildings. This 

means that the competitiveness of RM construction can be significantly improved 

as the design loads are inversely proportional to Rd. Additionally, even at the same 

capacity, the required amount of vertical reinforcement in the flanged and the end­

confined walls was only 58% of the amount used in the rectangular walls. Thus, 

there are additional savings in steel material and placement costs resulting from 

adopting the proposed wall configurations. 

Average values of R0 calculated for the test walls were 2.34 (c.o.v.= 21 %) based 

on the design capacities calculated following the Canadian code. When 
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R

compression reinforcement was included in strength calculation, average values of 

0 were 1.76 (c.o.v.= 9%). 

The average overall response modification factors, RdxR0 , calculated for the 

walls were 11.1, 10.5, and 14.2 for the 3-storey rectangular, flanged, and end­

confined walls, respectively, and 14.6, 15.6, and 21.3 for the 2-storey rectangular, 

flanged, and end-confined walls, respectively, based on evaluating the wall design 

capacity in accordance with CSA S304.1 (2004). When compression 

reinforcement were included in the design strengths, the average overall response 

modification factors, RdxR0 , were 7.3, 8.8, and 11.5 for the 3-storey rectangular, 

flanged, and end-confined walls, respectively, and 9.5, 13. l, and 17.0 for the 2­

storey rectangular, flanged, and end-confined walls, respectively. 

The average overall response modification factors for the flanged and end­

confined walls (when compression reinforcement was included in the design 

strengths) were 30% and 72% higher than those for the rectangular walls. Provided 

that the corresponding displacements are acceptable, this means that the flanged 

and the end-confined walls could be designed for 77% (1/1.30) and 58% (1/1.72) 

of the load that the rectangular wall would be designed for. 

5.4 	 Qualification of the proposed wall categories to higher Rd 

values using the concrete code provisions 

The Canadian concrete design code [CSA A23.3 (2005)] specifies ductile walls as 

walls with a ductility-related force modification factor, Rd, equal to at least 3.5. 

Several requirements must be satisfied to be able to use such values, including 

limitations on aspect ratio and dimension of the walls, as well as on the ratios, 

detailing and distributions of reinforcement. These requirements are stipulated to 

prevent possible wall instability in potential plastic hinge zones, congestion and 

buckling of the reinforcement, premature yielding of the bars, and, in general, to 

ensure adequate wall rotational capabilities within the plastic hinge zone. 

Specifically, the inelastic rotational capacity of the wall, Bic, should be greater than 
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the inelastic rotational demand of the wall, Bid· In addition, Bic and Bid should meet 

the requirement that: 

Eq. 5.1 

() = ( 11FRoRd -/1Fyw ) ?: 0.004 Eq. 5.2 
id ( hw - [w / 2) 

()ic = ( &;w-0.002) ~ 0.025 Eq. 5.3 

where: 


!1FR
0 
Rd =Design displacement (Rd Ro= 3.5x 1.6), CSA A23.3 (2005); 


rw = Wall overstrength factor equal to the ratio of the load corresponding to 

nominal moment resistance of the wall to the factored load on the wall; 

11F =Deflection of the top of the wall due to factored loads; 

11Frw =Elastic portion of the displacement (Yw= 1.6), CSA A23.3 (2005); 

&cu =Ultimate concrete compressive strain; and 

c =Depth of the compression zone. 

Given that the stress-strain relationship of grouted masonry is similar to that of 

concrete (Drysdale and Hamid 2008), the above equations can be used directly 

after replacing the ultimate concrete compressive strain (0.0035) with the ultimate 

masonry compressive strain (0.003) as specified in the CSA S304. l (2004). 

The flanged and end-confined walls satisfy most of the dimension and 

reinforcing requirements specified in CSA A23.3 (Cl.21.6). However, CSA A23.3 

(2005) stipulates that the wall should be detailed for plastic hinges over a height 

equal at least 1.5 times the wall length to prevent shear failure resulting from 

diagonal cracks that can extend over a height approximately equal to the wall 

length and to prevent premature yielding of the vertical bars. Although this latter 

requirement was not satisfied in the tested flanged and end-confined walls, shear 

failure and premature steel yielding were not observed. In addition, the flanged 

walls did not satisfy one of the dimension limitations in CSA A23.3 (2005) to 

prevent instability of the wall in the potential plastic hinge zone. Again, neither 
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instability nor out-of-plane buckling at the ends of the walls were observed until 

significant strength degradation occurred well beyond the 20% strength 

degradation limit. CSA A23.3 also stipulates the need for at least 4 bars at the ends 

of the wall to allow for effective tying of the vertical bars in the potential plastic 

hinge zone to prevent buckling of the bars. Although this requirement was not 

satisfied in the flanged walls, buckling of the bars was not observed until 

significant strength degradation and damage of the flange had occurred. Therefore, 

based on the observed failure modes and the high levels of ductility of the flanged 

and end-confined walls, it appears that not meeting all of the requirements 

stipulated in CSA A23.3 (2005) did not affect the wall behaviour. 

Inelastic rotational demand and capacity were calculated to investigate the 

possibility of qualifying the test walls for the Rd value of 3.5 specified in the 

concrete code. The calculated inelastic rotational demands and capacities for the 

flanged and end-confined walls were presented in Table 5.4 along with the values 

for the neutral axis depth, c. These were calculated using the actual material 

strengths for masonry and steel, material resistance factors, and included the effect 

of compression reinforcement in strength calculation. 

CSA A23.3 (2005) defines walls with aspect ratio less than 2.0 as being squat 

walls and limits the maximum Rd value to 2.0 on the basis that such walls are more 

likely to develop an inelastic shear failure mechanism. However, since shear 

failures were not observed and ductile flexural responses dominated wall 

behaviour, the other requirements to qualify for the Rd value assigned for ductile 

reinforced concrete walls were applied for all the test walls (aspect ratios of 2.2 

and 1.5) as shear failures was not observed and ductile flexural response 

dominated wall behaviour. The inelastic rotational capacities, Bic" of the flanged 

and end-confined walls were greater than or equal to 0.0067, as shown in Table 

5 .4, which is greater than the minimum specified inelastic rotational demand, B;d, 

of 0.004 specified in CSA A23.3 (2005). This indicates that the test walls were 
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capable of providing high ductility, which qualifies them for at least the specified 

Rd= 3.5 value. 

Table 5.4: CSA A23.3 (2005) ductility requirement applied to the test walls 

W2 W3 W5 W6 W7 

c(mm) 312 289 312 289 289 

B;c (rad) 0.0067 0.0073 0.0067 0.0073 0.0073 

Q(kN) 130 129 194 192 192 

AF (mm) 4.9 5.0 2.7 2.7 2.7 

AF RdRo (mm) 27.6 27.9 14.9 14.9 14.9 

AFYw (mm) 7.9 8.0 4.2 4.3 4.3 

B;d (rad) 0.0064 0.0064 0.0060 0.0061 0.0061 

Ay(mm) 10.5 9.2 5.0 4.0 5.0 

Au (mm) 31.0 36.0 20.0 24.0 20.0 

In order to determine B;d, the elastic displacement must be determined in 

accordance with CSA A23.3 (2005). The displacements due to factored loads, A1, 

were computed using Eq. 5.4 by adopting the approximations of the effective wall 

stiffness and shear areas also given in CSA A23.3 (2005). 

Eq. 5.4 

where: Em 

Gm = 0.4 Em; 

k =Shear shape factor (taken equal to 1.2 for all walls); 

l e = (0.6 + <:T/f'm) lg; 

Ae = (0.6 + <:T!f'm) Ag; 

(/ = Axial compressive stress on the wall ; 

Q = Design lateral wall capacity (calculated based on actual material 

strengths and material resistance factors for masonry and steel). 
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The inelastic rotational demands, eid, on the walls were then calculated based 

on the calculated elastic and design displacements where it can be seen from the 

table that they were lower than the inelastic rotational capacities, Bic, of the walls. 

This indicates that the flanged and end-confined concrete-block shear walls 

developed high ductility capacities similar to those of ductile reinforced concrete 

shear walls specified in the A23.3 (2005), even though the test walls did not satisfy 

some of the restrictions related to geometry and reinforcing. As presented in Table 

5.4, the calculated elastic displacements, ilF Yw, were, on average, 12% (c.o. v. 

=13%) less than the experimental displacements at first yield, Lly, and the design 

displacements, LJF RdR0 , were, on average, 25% (c.o.v.=13%) less than the 

experimental displacements at ultimate load, Llu. Based on this discussion, higher 

seismic force modification factors than for ductile walls in CSA A23.3 (2005) can 

be justified for the flanged and end-confined masonry walls similar to the tested 

walls. 

5.5 Seismic reduction factors based on the American code 

The overall seismic force-reduction factor, R, and the deflection amplification 

factor, Cd, discussed in this chapter were based on the American code approach, as 

presented by Uang (1991) and ATC-63 (2008). In ASCE 7 (2008), the R factor is 

the ratio of the force level that would be developed in a linear elastic system for 

design earthquake ground motion versus the design base shear and the Cd factor is 

used to estimate the maximum inelastic displacement by amplifying the elastic 

displacement, ild, induced by the design seismic forces, as shown in Fig. 5.3. 

The R value, as shown in Fig. 5.3, was taken as the ratio of the lateral force, Qe, 

that would have developed in the seismic force-resisting system if the system 

remained entirely elastic under the design earthquake ground motions versus the 

design lateral force or base shear, Qd, assuming inelastic system behaviour. The 

design lateral force, Qd, is taken equal to 0.6 Qu as suggested by A TC-63 (2008) to 

ensure that the system is essentially linear elastic at that stage. This assumption is 

also consistent with the definition proposed by Uang (1991) indicating that Qd is 
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the level beyond which the behaviour of the system deviates significantly from the 

elastic response. The ratio between the ultimate load, Qu, and the design load Qd, 

in the American code is defined by the factor Q as shown in the figure . 

Q 

/ 

Qd =0.6 Qu =Q/ R 

/ 

/ 
/

/ 

Fig. 5.3: Definition of force reduction, deflection amplification, and overstrength 

factors (A TC-63, 2008) 

A TC-63 (2008) also defines an overall seismic force-reduction factor of 1.5 R 

when the maximum considered earthquake, expected to result in small probability 

of collapse, is used instead of the design earthquake. This 1.5 factor accounts for 

the ASCE-7 (2008) definition of design earthquake motions as being two-thirds of 

the maximum considered earthquake ground motion. To determine the 

displacement L1 attained by the inelastic system when subjected to ground motion, 

ASCE-7 (2008) requires that a dynamic analysis be performed for the seismic 

force resisting system. 

5.5.1 Analytical model 

In this study, the nonlinear analysis program IDARC-5 (2002) was selected to 

evaluate the performance of the test walls. The test results were modeled using a 

trilinear idealization of the experimentally-determined moment-curvature 

relationships at the base of the walls as required for IDARC-5 input. This user­
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input trilinear relationship was selected, as opposed to the bilinear relationship 

commonly used for beams and lightly stressed members, as it better represented 

the experimental moment-curvature relationship for the test walls subjected to 

axial loads. The properties of the segments required to define the trilinear (M-<p) 

relationship in IDARC-5 were shown in Fig. 5.4. In the figure, Mis the bending 

moment at the base of the wall and <p is the corresponding curvature. The 

subscripts (1 to 3) associated with Mand <p values represent the end of each stage 

of the trilinear relationship used in modeling. The ratio ofM1 and <p 1 is Eh where, 

E is the modulus of elasticity of masonry, and h is the transformed moment of 

inertia of the gross wall cross section. The ultimate curvature, <fJmax, is the curvature 

value existing just prior to any significant loss in strength and was taken from the 

experimental M-<p relationships. 

M 

<p 1 <p2 <{Jmax <p 

Fig. 5.4: Trilinear envelope used for modelling wall elements in IDARC-5 

The values used to define the wall properties were listed in Table 5.5. For ease of 

reference, the selected values for M1 (initiation of significant cracking) and M2 (start 

of the post-yield stage for the wall) were given as percentages of MJ (the ultimate 

moment capacity of the wall cross section). The Eh and Eh values were reported as 

percentages ofEiJ (based on gross transformed cross section properties of the walls). 
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Table 5.5: Wall properties used in the analytical model 

Wall 
Eh 

(N.mm2 
) 

M, 

(%M1) 

M2 

(%M1) 

M1 

(kN.m) 

Eh 

(%Eh) 

Eh 

(%Eh) 

</)max 

(rad/mm) 

Wl 5.64E+l l 33.5% 88.1% 700 18.3% 4.0 l.72E-05 

W2 5.89E+11 31 .2% 77.4% 608 24.0% 4.5 2.35E-05 

W3 5.87E+11 46.5% 87.3% 600 12.4% 2.0 4.70E-05 

W4 5.64E+l l 33.2% 80.0% 705 18.3% 3.0 2.29E-05 

W5 5.89E+11 29.6% 73.5% 644 24.0% 3.4 3.53E-05 

W6 5.87E+ll 44.1% 83.3% 630 12.4% 2.0 4.70E-05 

To simulate the nonlinear behaviours of the walls, nonlinear pushover analyses 

were conducted. In IDARC-5, user-input hysteresis parameters related to ductility, 

HBD, and to strength degradation, HBE, were calibrated for each type of wall to 

replicate the nonlinear portion of the load-displacement relationships beyond 

ultimate load. The calibration of these factors was based on reaching an ultimate 

capacity and a displacement at 20% strength degradation less than 5% different 

than the corresponding experimental values for each wall. The hysteresis 

parameters used in the analytical model were listed in Table 5.6, and the 

experimental envelope of the load-displacement relationships for all walls and the 

corresponding pushover curves were presented in Fig. 5.5. Almost no differences 

in the experimental load-displacement relationships were observed between walls 

W6 and W7, therefore, only wall W6 was discussed in this chapter. 

Table 5.6: Hysteresis parameters used in the analytical model 

Wall HBE HBD HC HS 

Wl and w4CI) 0.01 0.30 0.8 0.6 

W2 and w5tL> 0.01 0.40 1.0 0.6 

W3 and W6tJ> 0.01 0.42 1.0 0.6 

(I) Rectangular walls ( l.) Flanged walls (J) End-confined walls 
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Fig. 5.5: Experimental and analytical load-displacement relationships 
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Quasi-static analyses were then conducted for all walls to calibrate the user­

input slip parameter, HS, and the stiffness degradation parameter, HC, to capture 

pinching of the hysteresis loops and to define the slope of the loading and the 

unloading branches. The calibration of the parameters HC and HS was initially 

based on the hysteresis loop at ultimate load. This was followed by refinement of 

these values to generate, as much as possible, the same hysteresis loops as the 

experimental results for the regions between 2xLJ1 and at least 5xLJ1 for walls in 

Phase I and to at least 7xLJ1 for walls in Phase II. As illustrated in Fig. 5.6 for Wall 

2, these ranges covered almost the entire portion of the load-displacement curve 

prior to any loss of wall strength. 

200200 

150 

20 30 40 -60 -40-40 -30 -20 

_ --Experilrental150 

40 60 

- - - - · · ·Analytical 
-200 -200 

a) at L'.11 b) at 2xLJ1 

200 200 

150 

100 

-60 -40 40 60 -60 40 60 

Experilrental -150 --faperilrental 

- - - - - - · Analytical 
-200 -200 

c) at 3xLJ1 d) at 4xLJ1 

Fig. 5.6: Sample experimental and analytical hysteresis loops (Wall 2) 

The experimental hysteresis loops for all walls and the corresponding loops 

from the quasi-static analysis were reproduced in Fig. 5.7. The unloading stiffness 

- - - - - · ·Analytical 
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was not accurately represented at very low and at very high displacement levels 

which was attributed to the simplified definition of the stiffness degradation 

parameter, HC, in the software. For all walls, once strength degradation began, the 

slope of the unloading stiffness significantly deviated from the trend followed in 

previous cycles. However, this was expected to have minor effects as the pushover 

curves were matched only up to 20% strength degradation as the limit of interest in 

hysteresis behaviour. HBE and HBD parameters were explained earlier in this 

section. 
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Fig. 5.7: Experimental and analytical hysteresis loop 
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Fig. 5.7: (cont.) 

5.5.2 Ground motion selection 

A series of earthquakes with low, medium, and high frequencies (based on 

different acceleration versus velocity ratios, a/v) was selected for the nonlinear 

dynamic analyses. The properties of the selected ground motions were 

summarized in Table 5.7 with the response spectrum for the selected ground 

motions presented in Fig. 5.8. 

Table 5.7: Properties of ground motions (adopted from PEER 2006) 

Record Earthquake Site Date 
PGA<1l PGv<2l !J>GAJPGV 

Jg) (mlsec) _Jj(m/sec) 

1 Loma Prieta 
jA.peel Crystal­

Oct- 18, 1989 0.104 0.18 0.57
S_Q_r Res 

2 lm_Q_erial Vall~ jgl-Centro Oct- 15, 1979 0.143 0.17 0.81 
3 ~orthridg_e ~ay_a Del Rey_ Jan-17, 1994 0.136 0.19 0.73 

4 San Fernando 
!La Hollywood 

Feb- 09, 1994 0.174 0.15 1.17
Stor Lot 

5 Kem County 
IrAFT Lincoln 

Jul- 21 , 1952 0.178 0.18 1.02
School 

-·-
6 lm_Q_erial Vall~ El-Centro M'!Y_- 19, 1940 0.313 0.30 1.05 
7 Lytle Creek IWri_g_htwood S~t- 12, 1970 0.200 0.11 1.90 

--­

8 Parkfield Cholame Jun- 28, 1966 0.442 0.25 1.79 
9 San Francisco Golden Gate March-22, 1944 0.112 0.05 2.43 

-·-
10 lm__Qerial Vall~ !Bonds Comer Oct- 15, 1979 0.775 0.46 1.69 

lTf -Peak ground acceleration (2) -Peak ground velocity 
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Fig. 5.8: Scaled response spectrum of the selected ground motions 

The time scales for the ground motions were scaled by a factor of (1/ .J2) to 

account for the use of half scale construction in the experimental program. The 

time step, dt, selected for dynamic analysis was taken equal to one tenth of the 

input wave time interval , At, for each record (i.e. , dt = !ltl l 0). A sensitivity 

analysis was conducted on the selection of the time step and one half, dt 12, and 

one fifth, dt 15, of the selected time step were also used in analyses to confirm the 

results. 

5.5.3 Rand Cd factors for the test walls 

Each wall was subjected to the selected earthquake records with incrementally 

increases (scaling) of the PGA until the failure criterion was met and the 

ma-ximum inelastic displacement, L1osu, was reached. The failure criterion in this 

study was considered to have occurred when a wall reached the top displacement 

corresponding to 20% strength degradation. The damage of the wall at this 

performance level had minimal impact on the lateral behaviour as demonstrated by 

the bilinear idealization of the nonlinear load-displacement relationships at 20% 

degradation as discussed in Section 4.6. This implies that the amount of damage at 

this deformation level is not considered to be even close to that which would be 
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acceptable under the effects of the maximum considered earthquake [expected to 

result in a small probability of collapse as specified in the ATC-63 (2008)]. 

Therefore, the definition of the seismic reduction factors corresponding to the 

design earthquake was used for the test walls. 

All of the test walls were subjected to a constant axial load, P, of 160 kN 

applied at the top of the all. This load was considered to represent the mass in the 

dynamic analysis. Although distribution of the top mass to the floor levels of the 

3-storey and the 2-storey walls would have been more representative for dynamic 

analysis, this would have resulted in lower axial stresses over the upper storeys 

which was not the case for the test walls. Lower axial stresses over the upper 

storeys would have involved using different M-<p relationship for each storey and 

resulted in increased wall displacements and, therefore, changes in the load­

displacement characteristics of the walls. Since such data was not available as a 

result of the top loading only test setup, a single mass was placed at the top of the 

wall and the wall was analysed as a single-degree-of-freedom system. 

For every scaled record that resulted in wall failure, an elastic system with the 

same period as the wall ' s elastic period was subjected to the same scaled record to 

determine the resulting elastic load, Qe. Then, calculations were conducted of R = 

Qe!Qd and Cd = Ao.Bu I Ad, respectively, to determine the response modification 

factor and the deflection amplification factor (refer to Fig. 5.3) corresponding to 

each record. 

The wall design capacity Qd [= 0.6 Qu, as stipulated in ATC 63 (2008)] and the 

corresponding displacement Ad [=Qd Ike] were presented in Table 5.8, along with 

the average yield stiffnesses, ke [refer to Section 5.2] , and the corresponding elastic 

periods Td [= 27£Jm I ke , where m is the ratio of the axial load on the walls (160 

kN), P, and the gravitational acceleration, g]. The ultimate wall capacities and top 

wall displacements at 20% degradations were also presented in Table 5.8 along 

with the corresponding Cd values. 
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Table 5.8: Properties of the test walls used for dynamic analysis 

Wall Qd LJd ke Td Qu* 
....­

L1o.8u 
_{_kNl J_mml _(kN/mll!l _{_sec} _(kNJ_ _(mm} 

Cd= 
L1o.s) L1d 

WI 107 8.9 12 0.23 179 45 5.1 

W2 91 7.6 12 0.23 152 68 8.9 

W3 89 7.5 12 0.23 149 93 12.4 

W4 160 3.7 43 0.12 267 27 7.3 

W5 145 3.4 43 0.12 242 42 12.4 

W6 144 3.3 43 0.12 237 52 15.8 

Average values from both directions ofloadmg (refer to Table 5.3) 

••Lower values for both directions ofloading (refer to Table 5.2) 

The calculated Cd value (5.1) for the 3-storey rectangular wall (WI) was higher 

than that of the special reinforced masonry shear walls (3.5) but was consistent 

with that for special reiriforced concrete shear walls (5.0) designated in ASCE-7 

(2008). The Cd values for the flanged and end-confined walls were at least 70% 

and I 10% higher than those of the rectangular walls, having similar elastic 

stiffness and almost the same ultimate capacity. Higher values were calculated for 

the 2-storey walls. Better predictions of the actual wall displacement can be 

achieved using more representative Cd values which govern not only the design of 

structural elements in buildings but also non-structural components. 

The results of the dynamic analyses were presented in Tables 5.9 to 5.14 for 

walls WI to W6, respectively. For each record, the peak ground acceleration 

corresponding to the actual record, PGA, was listed along with the maximum peak 

ground acceleration of the amplified record, PGAmax, needed to reach the failure 

criterion for the walls. The elastic load, Qe, and the calculated R values were also 

presented for all walls corresponding to each earthquake record. The modified 

Thompson technique (Wheeler and Ganji 1996), used for rejecting questionable 

data points, was used to determine the average values of R. In the tables, 2 

columns of R values were presented; the first includes all of the data points 
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whereas the second column showed only the data point(s) used to calculate the 

average values. 

Table 5.9: Results of dynamic analysis of Wall 1 (3-storey rectangular) 

Record 
PGA 
_{g) 

PG Amax 
_{g) 

Qe 
(kN} 

R= 
Q/Qy__ 

1 0.104 1.33 711 6.6 NI 
2 0.143 1.29 468 4.4 4.4 
3 0.136 1.03 347 3.3 NI 

4 0.174 1.55 477 4.4 4.4 
5 0.178 1.15 522 4.9 4.9 
6 0.313 1.19 403 3.8 NI 

7 0.200 1.68 546 5.1 5.1 

8 0.442 1.40 460 4.3 4.3 

9 0.112 2.90 554 5.2 5.2 
10 0.775 1.13 520 4.8 4.8 

Average 4.7 4.7 
c.o.v. % 19 7 

NI= Not included 


Table 5.10: Results of dynamic analysis of Wall 2 (3-storey flanged) 


Record 
PGA 
(g) 

PG Amax 
(g) 

Qe 
(kN) 

R= 
~/Qy__ 

1 0.104 1.37 733 8.0 8.0 
2 0.143 1.44 522 5.7 5.7 
3 0.136 1.03 347 3.8 3.8 
4 0.174 1.82 560 6.1 6.1 
5 0.178 1.32 600 6.6 6.6 
6 0.313 1.29 437 4.8 4.8 

7 0.200 2.12 689 7.6 7.6 
8 0.442 2.54 834 9.1 9.1 
9 0.112 4.79 914 10.0 NI 

10 0.775 1.19 548 6.0 6.0 

Average 6.8 6.4 

c.o.v. % 29 17 
NI= Not included 
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Table 5 .11: Results of dynamic analysis of Wall 3 (3-storey end-confined) 

Record 
PGA 
__{g}_ 

PGAmax 
__{g}_ 

Qe 
i~ 

R= 
_Q/~ 

1 0.104 1.54 823 9.2 9.2 

2 0.143 1.80 652 7.3 7.3 

3 0.136 1.20 405 4.5 4.5 

4 0.174 2.50 770 8.6 8.6 

5 0.178 1.75 795 8.9 8.9 

6 0.313 1.75 593 6.6 6.6 

7 0.200 3.65 1187 13.3 13.3 
8 0.442 4.59 1508 16.9 NI 
9 0.112 5.59 1067 11.9 11.9 

10 0.775 1.85 852 9.5 9.5 

Average 9.7 8.9 
c.o.v. % 37 19 

NI= Not included 


Table 5.12: Results of dynamic analysis of Wall 4 (2-storey rectangular) 


Record 
PGA 
(g) 

PGAmax 
(g) 

Qe 
__{_kNl 

R= 
Qg!Qv 

1 0.104 1.65 773 4.8 4.8 

2 0.143 1.99 742 4.6 4.6 

3 0.136 1.91 462 2.9 2.9 

4 0.174 1.51 642 4.0 4.0 

5 0.178 1.63 591 3.7 3.7 

6 0.313 1.94 758 4.7 4.7 

7 0.200 1.93 565 3.5 3.5 

8 0.442 2.00 471 2.9 2.9 

9 0.112 2.35 995 6.2 NI 
10 0.775 1.45 745 4.6 4.6 

Average 4.2 4.0 
c.o.v. % 24 19 

NI= Not included 
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Table 5.13: Results of dynamic analysis of Wall 5 (2-storey flanged) 

Record 
PGA 
(gl 

PGAmax 
(g2 

Qe 
l.kNl 

R= 
Q/Qy 

1 0.104 1.52 544 4.9 4.9 

2 0.143 1.76 692 4.5 4.5 

3 0.136 1.61 372 2.7 NI 

4 0.174 1.85 742 5.4 5.4 
5 0.178 1.69 590 4.2 4.2 

6 0.313 1.83 642 4.9 4.9 

7 0.200 1.96 614 4.0 4.0 
8 0.442 2.10 671 3.4 3.4 

9 0.112 3.10 1443 9.0 NI 

10 0.775 1.49 737 5.3 5.3 

Average 4.8 4.6 
c.o.v. % 35 15 

NI= Not included 


Table 5.14: Results of dynamic analysis of Wall 6 (2-storey end-confined) 


Record 
PGA 
(g) 

PGAmax 
(g) 

Qe 
(kNl 

R= 
QelQy_ 

1 0.104 1.85 866 6.0 6.0 

2 0.143 2.01 749 5.2 5.2 

3 0.136 1.80 436 3.0 NI 

4 0.174 2.35 999 6.9 6.9 

5 0.178 1.85 671 4.7 4.7 

6 0.313 1.98 774 5.4 5.4 

7 0.200 2.27 665 4.6 4.6 

8 0.442 2.34 551 3.8 3.8 

9 0.112 3.32 1,406 9.8 NI 

10 0.775 1.70 873 6.1 6.1 

Average 5.5 5.3 
c.o.v. % 33 17 

NI= Not included 

The average calculated R value for the 3-storey rectangular wall (Wl), having 

an elastic period of 0.23 sec, was 4.7 which was close to the R = 5.0 in ASCE-7 
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(2008) specified for special reinforced masonry shear wall designation. The 

average R values for the 3-storey flanged and end-confined walls were, 

respectively, 36% and 90% higher than that of the 3-storey rectangular wall, 

having similar elastic stiffness and almost the same ultimate capacity. For the 2­

storey walls, the R values were lower than those of the 3-storey walls, and, for the 

rectangular wall, the 4.0 value was lower than the 5.0 values specified in ASCE 7 

(2008). The differences between the results for the 3 and 2-storey walls may be 

attributed to the lower elastic period (and higher elastic stiffness) of the 2-storey 

walls. 

5.6 Period variation under cyclic loading 

When a force-based seismic design approach is used, structural response is mainly 

characterized in terms of the elastic stiffness corresponding to first yielding. Then the 

seismic force is modified using appropriate seismic force modification factors. 

Although this approach attempts to keep the seismic risk for a given structure below 

an acceptable limit, it does not result in uniform risk (Priestley el al. 2007). An 

alternative approach is to adopt a displacement-based seismic design approach which 

characterizes the structural response by a secant stiffness, K;, at any displacement 

level and uses a specific equivalent damping value corresponding to the energy 

absorbed during inelastic response (Priestley 2000). The secant stiffness, K;, at a 

particular displacement is defined as the ratio between the corresponding lateral 

wall resistance and that displacement. For a given level of ductility demand, the 

effective period of the structure, 1/, at this displacement level can be determined from 

a set of design displacement spectra. Using an equivalent single-degree-of-freedom 

(SDOF) oscillator to represent the structure, the stiffness, K;, required to calculate the 

design force, can be calculated as follows: 

Eq. 5.5 T.=2n&
I K 
I 

where: m =the equivalent mass of the SDOF system. 
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The normalized period ratio, Tnorm, defined as the ratio between the periods at a 

specific drift level and the initial period is given by: 

_IL_ 
Tnorm = Eq. 5.6 

T ini1ial 

where: Tinitial =the period corresponding to the initial stiffness. 

The mass of the structure and, subsequently, the mass of the equivalent SDOF 

system remains unaffected by damage. On the other hand, damage results in reduced 

stiffness and, thus, the normalized period will be proportional to the square root of 

the ratio between the initial stiffness and the secant stiffness at a specific drift level. 

Substituting Eq. 5.5 in Eq. 5.6, Tnom" can be calculated for a certain drift level, by: 

T.norm ~~KG=' Eq. 5.7 K . 
I 

where: Kaross =the wall stiffness calculated using gross transformed section 

properties. 

To assess the wall's stiffness variation with loading, the normalized stiffness 

(K; I Kaross) defined as the ratio between the secant stiffness at any displacement 

level and the gross stiffness was plotted against the drift levels in Fig. 5.9 and 

against multiples of yield displacement in Fig. 5 .10 for all the walls. 

As discussed in Section 5.1 , in a masonry construction, it not uncommon to 

have many equally-spaced identical walls as the predominant structure. Therefore, 

neglecting possible coupling between walls, it can be expected that the response of 

individual walls can, to a great extent, represent the response of the building in 

terms of the overall load-displacement relationship where the load is appropriately 

scaled-down. This also means that the dynamic characteristics of the building 

would be similar to those of the wall as the ratio of the mass to wall stiffness 

remains constant. The observed significant reduction in individual wall stiffness 

with increased loading is expected to result in a similar building behaviour 

resulting in an overall increase of the building period. 
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Fig. 5.9: Normalized stiffness and period versus top wall displacements for cyclic loading 

in both directions 

It can be seen from Fig. 5.9 (a) and (b) that the periods at 0.1 % drift for all walls 


were at least 1.2 times the initial periods (see the vertical lines in Fig. 5.9 (a) and (b) 


at 0.1 % drift). This corresponded to decreases in stiffness of about 40% of the 


initial wall stiffnesses. For the rectangular wall, the periods at 1 % drift were at 
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least 2.5 times the initial periods (see the vertical lines in Fig. 5.9 (a) and (b) at 1 % 

drift) and corresponded to decreases in stiffness of at least 85% of the initial 

stiffnesses of the walls. For the flanged and end-confined wall types, the 

corresponding increases in period were at least 3 times the initial periods. As 

shown, the increase in period was significant when large stiffness degradation 

occurred. Such changes dramatically alter the building seismic demand. 
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Relationships between stiffness, period, and multiples of yield displacements were 

plotted in Fig. 5.10 (a) for the 3-storey walls (Phase I) where it can be seen that the 

period at first yield was about 1.5 times the initial period for the rectangular wall 

compared to about 2.0 times the initial period for the flanged and end-confined 

walls. The period calculated at 5x.dy, corresponding to almost no strength 

degradation for the rectangular wall (Wl) in Phase I, (Tnorm = 2.6) was about 1.7 

times that at first yield (Tnorm = 1.5). Larger increases in the normalized periods 

were calculated for the flanged and end-confined walls compared to those for the 

rectangular wall at the same displacement ductility levels. 

As shown in Fig. 5.10 (b), for the 2-storey walls (Phase II), the period at first 

yield was about 1.4 times the initial period for the rectangular wall compared to 

about 1.8 times the initial period for the flanged and end-confined walls. Period 

calculated at 6x.dy, corresponding to almost no strength degradation for the 

rectangular wall (W4) in Phase II (Tnorm = 2.5) was about 1.8 times the period at 

first yield (Tnorm = 1.4). Again, larger increases in the normalized periods were 

calculated for the flanged and end-confined walls compared to those for the 

rectangular wall at the same displacement ductility level. Such increases in period 

are expected to significantly reduce the seismic demand, assuming that the trend of 

changes in wall stiffness represents the trend of stiffness changes for the whole 

masonry building. 

5.7 Summary and conclusions 

The seismic performance parameters for the half scale concrete-block shear walls 

tested in this study have been calculated and discussed in this chapter. The 

parameters included equivalent plastic hinge length, lp, required in wall deflection 

predictions, ductility-related force modification factor, Rd, and overstrength-related 

force modification factor, R0 • The provisions for ductile reinforced concrete shear 

walls in CSA A23.3 (2005) were utilized to calculate ductilities for the very 

similar reinforced masonry shear walls. Also, the seismic force-reduction factor, R, 

and the deflection amplification factor, Cd, defined in ASCE-7 (2008) were 
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determined for the test walls. Modeling of the test walls was conducted using the 

nonl inear dynamic analysis software IDARC-5 (2002). A user-input trilinear 

idealization of the moment-curvature relationship at the base of the wall was used 

for modeling and calibration of the hysteresis parameters in IDARC-5 was 

performed to generate the nonlinear load-displacement relationships and the 

hysteresis loops for the test walls. Nonlinear dynamic analyses were conducted by 

subjecting the analytical model generated in IDARC-5 to a series of 10 earthquake 

records representing low, medium, and high frequencies . The post-yield 

performance characteristic of the walls, including stiffness reduction and its effect 

on period increase were presented corresponding to drift and ductility demand. 

It was found that equivalent plastic hinge lengths, lp, for the 2-storey and 3­

storey walls having the same configuration were almost the same. The values for lp 

based on theoretical curvatures and the attained idealized displacement ductilities 

at ultimate load for the rectangular, flanged and end-confined walls were 40%, 

15%, and 19% of the wall length, respectively. Higher values were calculated for 

displacement ductilities corresponding to 1 % drift and 20% strength degradation. 

The test results and the accompanying analyses showed that rectangular 

concrete block shear walls were ductile, and that adding flanges or boundary 

elements at the wall ends resulted in even higher ductilities. The Rd values for the 

flanged and end-confined walls were, respectively, at least 1.5 and 2.0 times those 

corresponding to the rectangular walls. The average value of R0 calculated for the 

test walls was 2.34 based on the design capacities calculated using CSA S304.1. 

The overall response modification factors , RdxR0 , were at least, 7.3 and 9.5 for 

the 3-storey and 2-storey rectangular walls, respectively, following the Canadian 

code. The overall response modification factors, Rd xR0 , calculated for the flanged 

and end-confined walls were, respectively 30% and 72% higher than those for the 

rectangular walls. 

The inelastic rotational capacities of the flanged and end-confined walls were 

much greater than the minimum specified inelastic rotational demands stipulated 
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in CSA A23 .3 (2005) for ductile reinforced concrete shear walls. This indicates 

that the test walls were capable of providing high ductility, which should qualify 

the walls constructed with flanges and boundary elements to an Rd value of at least 

3.5 similar to their RC counterparts. 

The analytical results showed that the R value calculated for the 3-storey 

rectangular wall was close to 5.0 which was consistent with the value in ASCE-7 

(2008). The R values for the 3-storey flanged and end-confined walls were 6.4 and 

8.9, respectively. The R values for the 2-storey walls were lower than those of the 

3-storey walls. 

The results showed that Cd value of the 3-storey rectangular wall was about 

45% higher than the 3.5 value given by ASCE-7 (2008) for special reinforced 

masonry shear walls and even satisfied the 5.0 value specified for special 

reinforced concrete shear walls. Significantly higher Cd values of at least 9 and 12 

were calculated for the flanged and end-confined walls, respectively. Higher 

values were calculated for the 2-storey walls compared to the 3-storey walls. 

Relationships between stiffness, period, and multiples of yield displacements were 

presented. The periods at first yield were about 1.5 times the initial period for the 

3-storey rectangular wall compared to at least 2.0 times the initial period for the 3­

storey flanged and end-confined walls. For the 3-storey walls, periods at 5xL1y, 

corresponding to almost no strength degradation, were at least 1.7 times those at 

first yield. Slightly higher periods (1.8 times those at first yield) were calculated for 

the 2-storey walls tested in this study. Such period increases are expected to 

significantly reduce the seismic demand. In this discussion, it is assumed that the 

trend for changing stiffnesses of the walls would be similar to the trend for changing 

stiffnesses for the entire masonry building. 
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CHAPTER6 


SUMMARY and CONCLUSIONS 


6.1 Summary 

The results for displacement-controlled cyclic loading tests on seven reinforced 

concrete-block shear walls with aspect ratios of 1.5 or 2.2 (2- or 3-storey high) 

were reported and analyzed. The experimental program was designed to evaluate 

the flexural response of rectangular reinforced concrete block shear walls and to 

compare that response to responses of walls with flanges and confined ends. The 

test matrix was selected to investigate the influence of attaching flanges or end 

confining elements to rectangular walls on the ultimate curvatures, stability of the 

compression zone, wall ductility, and failure mode. All of the test walls were 

subjected to fully-reversed displacement-controlled quasi-static cyclic loading and 

were cycled up to 50% degradation in strength in order to obtain information on 

post-peak behaviour. 

Detailed descriptions of the experimental program and the wall test matrix used 

in this study were presented. Also, material properties, specimen design and 

construction, reinforcement detailing, description of the test setup and 

instrumentation, and predicted capacities and displacements were presented. 

Observations pertaining to cracking and the progress of damage during the tests 

were described. The hysteresis loops for the walls were presented and the load­

displacement responses of the walls were discussed. Bilinear idealizations of the 

load-displacement envelopes were carried out and displacement ductilities based 

on this elastic-plastic idealization were calculated. 

Quantitative information was extracted by analysing and comparing the test 

results and the effects of different test parameters on wall behaviour, ductility, and 

post-peak retention of strength were discussed. Also, seismic performance 

parameters such as stiffness, deflection, ductility, and energy dissipation were 

determined at different loading stages of the test walls. The individual 
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contributions of the flexural and the shear deformation to the total wall 

displacements were determined. 

The measured compressive strains in the masonry at ultimate load were 

presented for the test walls and compared with the ultimate strains specified in 

CSA S304. l and the MSJC code. Also, the extent of plasticity and equivalent 

plastic hinge length were calculated for the test walls. Ductility-related, Rd, and 

overstrength-related, R0 , seismic response modification factors following the 

provisions of the NBCC (2005) were determined for the half scale test walls tested 

in this study and for full scale RM shear walls tested earlier by Shedid (2006). 

The overall seismic force-reduction factor, R, and the deflection amplification 

factor, Cd, defined in ASCE-7 (2008) were determined for the test walls. The test 

results were modeled using a trilinear idealization of the experimentally 

determined moment-curvature relationships at the base of the walls as required for 

dynamic analysis using IDARC-5. Pushover and quasi-static analysis were 

conducted to determine hysteresis parameters to capture the load-displacement 

envelopes and the hysteresis behaviours of the test walls. The nonlinear dynamic 

analyses were conducted by subjecting the analytical model generated in IDARC-5 

to a series of 10 earthquake ground motions representing low, medium, and high 

frequencies to determine R and Cd values. 

6.2 Conclusions 

The following conclusions were drawn from the research reported in the preceding 

chapters: 

1. 	 The addition of flanges and end-confined elements to reinforced masonry 

shear walls can be easily achieved in construction. Also, these modifications 

can be easily incorporated in current codes. 

2. 	 The test results showed that along with a saving of more than 40% in the total 

amount of vertical reinforcement, significant enhancements in ultimate drifts 

and ductilities were attained by the flanged and end-confined walls designed to 

resist the same ultimate loads as the rectangular walls. 
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3. 	 The idealized ductilities of the flanged and end-confined masonry walls at 

20% strength degradation were at least 50% and 100% larger than those for the 

rectangular wall counterparts having the same overall length and subjected to 

the same axial load. This indicates that the use of flanged and end-confined 

walls would be very beneficial in achieving reductions in seismic design load. 

4. 	 For both aspect ratios tested (hwllw =2.2 and 1.5), the drifts at 20% strength 

degradation were about 1.0%, 1.5%, and 2.2% corresponding to the rectangular, 

flanged, and end-confined walls, respectively. This clearly highlights the benefit 

of the proposed alternative construction strategies especially for Important 

buildings that, based on the NBCC (2005), have a drift limit of 1.5% and may 

require some minor repair after earthquake event. 

5. 	 Based on normalized load-displacement relationships of the 2- and 3-storey 

walls, the test results indicated that the cross section dimensions significantly 

influence the response of the wall with relatively little dependence on the wall 

height. This confirms that plastic hinge length, which is needed to determine 

the level of plastic deformations, was consistently a function of the wall length 

and was less influenced by the height of the wall. 

6. 	 The shear displacements for the walls with aspect ratio of 2.2 ranged between 

20-30% for both aspect ratios considered with only minor variations attributed 

to different end configurations. It is suggested that such shear displacements 

should be accounted for in the predictions of the overall wall displacement. 

7. 	 Using bilinear idealizations of the nonlinear load-displacement relationships 

for the test walls, the idealized displacement ductility values at maximum load, 

at 1 % drift, and at 20% strength degradation were about 28% less than their 

corresponding measured displacement ductility values. The idealized inelastic 

capacities at these three performance levels were, on average, 96% of the 

measured wall capacities. Therefore, a reasonable and simplifying 

approximation is to assume that the idealized wall capacity is equal to the 

actual wall capacity. 
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8. 	 The stiffnesses for all walls degraded rapidly to less than 60% of the initial 

stiffness at low displacement levels equal to about 0.1 % drift for all walls. 

Reasonable estimates for the test wall stiffnesses at 0.5%, 1.0%, and 1.5% drift 

can be taken to be around 30%, 15%, and 5% of the calculated wall stiffnesses 

using uncracked transformed section properties. 

9. 	 The relationships between the normalized energy dissipation at first yield and the 

ratio of the post-yield displacement to the yield displacement were almost linear. 

Differences between the rectangular, flanged, and end-confined walls were 

relatively insignificant. 

10. The compressive strains in masonry at maximum load, over the lower 50 mm 

of the wall were approximately 4 times the specified maximum compressive 

strains in the MSJC code (2008) and in CSA S304.1 (CSA 2004). This 

indicated that theoretical curvatures at the bases of the walls significantly 

underestimated actual curvatures at ultimate loads. 

11. Ductility modification factors calculated for the flanged and end-confined 

walls were, respectively, at least 1.5 and 2.0 times those corresponding to the 

rectangular walls. Although, the test results showed that rectangular concrete 

block shear walls were ductile, the proposed modifications to the wall ends, 

either by attaching a flange or forming a boundary element, resulted in 

significantly increased wall ductilities. These results should allow higher 

reduction factor to be used for rectangular walls and even higher values for the 

flanged and end-confined walls. 

12. The inelastic rotational capacities of the flanged and end-confined walls were 

greater than the minimum specified inelastic rotational demands as specified in 

the Canadian concrete design standard (CSA A23.3-05) for ductile reinforced 

concrete shear walls. This demonstrates that the flanged and end-confined 

reinforced masonry walls should qualify for an Rd value of at least 3.5. 

13. Relationships between stiffnesses, periods, and multiples of yield displacements 

were investigated. The periods at first yield were about 1.5 times the initial 
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period for the 3-storey rectangular wall compared to at least 2 times the initial 

periods for the 3-storey flanged and end-confined walls. For the 3-storey walls, 

periods at 5xL1y, corresponding to almost no strength degradation, were at least 

1. 7 times those at first yield. Similar increases were found for the 2-storey walls. 

Such increases in period are expected to significantly reduce the seismic demand, 

assuming that the trend of changes in wall stiffness represents the trend of 

stiffness changes for the entire masonry building. 

14. The analytical results showed that the R value calculated for the 3-storey 

rectangular wall was close to 5.0 which was consistent with the value in 

ASCE-7 (2008). The R values for the 3-storey flanged and end-confined walls 

were 6.4 and 8.9, respectively. The R values for the 2-storey walls were lower 

than those of the 3-storey walls. This difference might be attributed to the 

lower elastic period (and higher elastic stiffness) of the 2-storey walls. 

6.3 Future work 

The research presented in this thesis included experimental testing of RM shear 

walls with different end configurations and different aspect ratios. Detailed 

analyses of the experimental results and calculated seismic design parameters for 

rectangular, flanged and end-confined RM shear walls were provided for use by 

researchers, practicing engineers, and code committees. However, this is not the 

end of this challenging and interesting research topic. Several issues remain 

unresolved and may require further investigation. This section attempts to address 

possible extensions to the research to enlarge the database related to the seismic 

performance of RM shear walls. 

Testing of walls with higher aspect ratio and having the same cross-section 

properties as the ones tested in this study could be conducted to verify that the 

load-displacement relationship of walls with the same cross sectional properties 

can be normalized for different wall heights. This may result in relying on section 

properties to develop normalized load-displacement relationships for taller walls 

that cannot be easily tested experimentally. 
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Testing of flanged and end-confined walls subjected to lower and higher axial 

stress could be conducted to determine the effect of axial load on the overall wall 

response. The results could then be compared with previous tests on rectangular 

walls with various axial loads. 

Walls with larger flanges and boundary elements could be tested to investigate 

the effect of their size on the overall wall response. Therefore, recommendations 

on the minimum flange width to achieve high ductility could be given. 

Walls having boundary element in the lower stories and flanges or even 

rectangular cross sections in the upper stories could be tested to investigate the 

wall response. This may achieve a significant amount of saving in construction 

costs and still provides the benefit of the boundary element in the highly stressed 

plastic hinge regions at the base of the wall. 

Using the experimental data for walls subjected to different axial compressive 

stresses, multi degree of freedom idealizations of the walls could be conducted, as 

opposed to the single degree of freedom idealizations in this study. This could 

result in more representative dynamic analyses which could also be extended to 

investigate the system response to ground motion as opposed to component 

response. 

System testing in addition to component (wall) evaluation could be conducted 

to investigate the effects of wall interaction and diaphragm action. This would 

facilitate comparison between wall responses in a system to responses of 

individual walls. Conclusions based on both wall performances will determine the 

accuracy of superposition of individual wall responses to characterize the system 

response. In addition, a seismic force modification factor can then be calculated 

for systems rather than for components. 

This study along with the future work are expected to draw a road map for 

further research to facilitate better understanding and provide more realistic 

methods to predict the seismic performance of masonry shear wall construction. 
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APPENDIX A 


SEISMIC PERFORMANCE PARAMETERS FOR FULL SCALE 

SHEAR WALLS 

A.1 Introduction 

The focus of this appendix was to analyze previously reported test results (Shedid 

2006) to evaluate equivalent plastic hinge lengths for full scale concrete block 

shear walls and to extract related seismic performance parameters. The cyclic tests 

of the full scale walls formed the initial phase of the long term research program 

on seismic behaviour of reinforced masonry shear walls at McMaster University. 

Further analyses of these previously published results provided useful background 

before proceeding with similar analyses of the half scale masonry shear walls 

tested in the current study. The results also helped to confirm the validity of 

directly applying the results of half scale tests to full scale behaviour. The 

performance parameters studied in this appendix were the equivalent plastic hinge 

length and the response modification factors related to ductility and overstrength. 

Inelastic curvature at the base of a shear wall is the main source of plastic 

deformation for flexurally-dominated behaviour. Reasonable estimation of the 

equivalent plastic hinge length and realistic values for inelastic curvatures at the 

base of the wall are required for accurate predictions of top wall displacement. For 

the full scale walls, measured compressive strains close to the base of the wall at 

ultimate load were significantly higher than the strains specified in the current 

Canadian and the American codes. Although these higher strains may not alter the 

wall predicted strengths, they significantly affect the curvatures at the base of the 

walls and, consequently, the ultimate displacements. 

A brief description of the earlier experimental shear wall study (Shedid 2006) 

was reported as a background to the above analyses and the envelopes of the 

hysteresis loops from the cyclic tests were reproduced. Also, calculations of 

displacement ductility for the test walls were presented. The measured 
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compressive and tensile strains close to the base of the wall, the average curvatures 

and curvature ductility values evaluated close to the base were documented. This 

data was then synthesized to calculate seismic force modification factors defined 

in the Canadian code. 

A.2 Experimental Program 

Six fully-grouted 1.8 m long x 3.6 m high reinforced concrete block shear walls 

were constructed using 20 cm normal weight hollow concrete blocks. They were 

tested under displacement-controlled cyclic loading simulating earthquake effects 

(Shedid 2006). All walls were cycled to about 50% post-peak degradation in 

strength in order to obtain information about the post-peak behaviour, ductility, 

and stiffness degradation. The previously reported (Shedid et al 2009) test setup 

and instrumentation scheme are presented in Fig. A. l. 

The reinforcement ratios, number of bars, and level of applied axial 

compressive stress for the test walls were given in Table A.1. The flexural and 

shear reinforcement ratios,pv andph, respectively, were the areas of the reinforcing 

steel divided by the gross areas of the horizontal and vertical masonry cross 

sections, respectively. All walls were designed to exhibit ductile flexural failure by 

providing sufficient horizontal reinforcement to prevent shear failure. As shown in 

the envelopes of the hysteresis curves in Fig. A.2, all walls displayed reasonably 

symmetric responses in both directions of loading until toe crushing began and 

marked the maximum lateral capacity. 

Table A.1: Wall reinforcement details and axial compressive stresses 

Wall 1 2 3 4 5 6 

Pv (I){%) 0.29 0.78 0.73 1.31 1.31 1.31 

Pho>(%) 0.08 0.13 0.13 0.26 0.26 0.26 

Compressive 0 0 0 0 0.75 1.50 
stress_{_MPaj_ 

(l)Pv = vertical reinforcement, Ph= horizontal reinforcement 
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Fig. A.1: Test setup and instrumentation (Shedid et al. 2009) 
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Fig. A.2: Envelopes of the load-displacement relationships for the test walls (Shedid 

et al. 2010) 
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A.3 Wall Displacement and Displacement Ductility 

Ductility is a measure of the ability of a wall to deform beyond initial yielding of the 

flexural reinforcement. The measured top wall displacements, at the onset of yield 

of the outermost reinforcing bar, !).y, at ultimate load, !).u, and at 20% strength 

degradation, /).o.8ou, (i.e., at 80% of the ultimate load in the post-peak stage) were 

reported in Table A.2. The relationships between the theoretical flexural 

displacement ductilities, µLJ, and curvature ductilities, µ<fl, for different values of 

plastic hinge lengths were presented in Fig. A.3 using the following equation for 

walls with aspect ratio of 2.0: 

Ip Ip
µLJ = 1+3(µ<fl- l)- (1-0.5x-) Eq. Al 


hw hw 


where: 

hw = Wall height; 

Ip Equivalent plastic hinge length; 

µLJ Theoretical displacement ductility (!).u I !).y); and 

µ<fl Theoretical curvature ductility (<pu I <py). 

Measured displacement ductility, µLJ, is defined herein as the ratio between the 

measured top displacement at a specified limit and the measured displacement at the 

onset of yielding of the outermost vertical reinforcing bar. This definition of 

displacement ductility is simply based on the measured displacement values without 

idealization of the load-displacement relationship. The measured displacement 

ductility values µ,:Ju, µLJJ%, and µLJo.8u at ultimate load, 1 % drift, and 20% strength 

degradation, respectively, were listed in Table A.2. 

There are several discussions in the literature regarding the appropriate definition 

of displacement ductility for behaviours that are not ideally elastic-plastic as 

discussed in Section 3.10.2 and as indicated by Priestley (2000), there is no general 

consensus or a unified definition for the yield and the ultimate displacements. In 

order to establish a common basis for comparisons between the walls, the definition 

proposed by Tomazevic (1998), presented in Fig. 4.6, has been adopted in this study 
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to generate an idealized elastic-plastic response. This method is based on equating the 

area under the measured and the idealized curves for a selected post-yield wall 

displacement and an initial stiffness equivalent to the secant stiffness at the first 

major crack (taken at the onset of yield) . 

Table A.2: Summary of wall displacements and displacement ductilities 

-~ 
~ 

i:: 
,g-(.) 
~ 
i... 

cs 

Measured 
di~acements (mm) 

Displacement ductility, [µ!'. ] 

~ (l ) 
y ~u ~080u 

At Ultimate 
load 

At 1 % drift 
At 20% strength 
d~adation 

µl'.u % drift µ/'. /% 
ep 

µ l'. 1% µM.8u µ 'fo.su 

1 
+ve 

-ve 
7.0 

31.6 77.5 4.5 0.88 
5.14 

3.56 11.07 7.70 

32.4 79.7 4.6 0.90 3.56 11.39 7.78 

2 
+ve 

-ve 
11.1 

32.9 64.7 2.9 0.91 
3.24 

2.33 5.83 4.32 

33 .2 64.6 2.9 0.92 2.48 5.82 4.52 

3 
+ve 

- ve 
11.3 

24.2 46.7 2.1 0.67 
3.19 

2.35 4.13 3.22 

29.2 44.0 2.5 0.81 2.24 3.89 2.80 

4 
+ve 

-ve 
14.8 

29.8 61.6 2.0 0.83 
2.43 

2.00 4.16 3.50 

29.1 54.5 1.9 0.81 1.89 3.68 3.00 

5 
+ve 

- ve 
16.2 

25.3 45.4 1.5 0.70 
2.22 

1.69 2.80 2.32 

33.2 47.1 2.0 0.92 1.63 2.91 2.24 

6 
+ve 

-ve 
16.9 

29.9 51.6 1.7 0.83 
2.13 

1.44 3.05 2.26 

34.2 62.2 2.0 0.95 1.40 3.68 2.79 

TIT Values based on the onset of y1eldmg recorded m the outermost reinforcement 

Using the method described above, the idealized elastic-plastic values of µ'fi.%, 

and Jt'fo.su , listed in Table A.2, were calculated for 1 % drift, and 20% strength 

degradation conditions, respectively. The wall capacities based on the idealized 

approaches at 1 % drift and at 20% strength degradation were, on average, 97% (c. o. v. 

= 2.1 % ) of the measured capacities. The average equivalent elastic-plastic 
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displacement ductility values µ:i,%, and µ"fo.su were, respectively, 27% and 24% 

(c.o.v. = 6.9% for both) lower, respectively, than the corresponding non-idealized 

calculated displacement ductility values, µL11%, and µLJo.Bu· 

Plastic displacements and displacement ductilities were significantly influenced 

by the levels of strains and curvatures generated at the wall bases especially within 

plastic hinge zones. The strains and the curvatures measured close to the wall 

bases at different loading stages were discussed in the following sections. 

6 
I 

:lp = lw I 
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I 

:/ =0.5x/~
--~-R------~---------
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µrp 

Fig. A.3: Relationship between µLJ and µip for various plastic hinge lengths 

A.4 Wall Strains 

Average strain profiles over seven segments along the wall height were calculated 

based on measurements using vertical displacement potentiometers attached at the 

wall ends. The calculated average masonry compressive strains based on 

potentiometer measurements for the 100 mm and 300 mm wall heights above the 

foundation were presented in Fig. A.4 for all of the test walls. Due to spalling of 

the face shells at the wall toes and detachment of the displacement potentiometer 

anchors, these displacement measurements were discontinued at late stages of 

testing. Therefore, strains and curvatures at 20% strength degradation were not 

available. 
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Fig. A.4: Masonry compressive strain over the lower 100 mm and 300 mm of the 

test walls 
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In general, it can be seen that the maximum compressive strains in the masonry, 

over the first 100 mm above the base of the wall were very much higher than the 

maximum average compressive strains of 2.5x10·3 mm/mm and 3.0x10·3 mm/mm, 

specified in the MSJC code (2008) and in CSA S304.1 (CSA 2004), respectively. 

As shown for all walls, except Walls 1 and 3, the maximum masonry strains 

averaged over the first 300 mm above the base were also significantly higher than 

the above specified values. For Walls 1 and 3 with bars in every other cell and not 

subjected to an axial compressive stress, the recorded compressive strains were 

significantly lower than for Walls 2 and 4 with bars in every cell and for Walls 5 

and 6 which were tested under accompanying axial compressive stress. Even 

though Walls 1 and 3 attained similar or higher displacements and ductilities, 

strain readings were terminated at relatively low displacements. 

A.5 Wall Curvatures 

The theoretical values for curvatures at the base of the wall at the onset of yielding 

of the outermost tension reinforcement, <fJy.th, and at ultimate load, <fJu.ih, were 

calculated based on flexural strains and beam theory using code values for E:u and 

Em but actual strengths of material and excluding material resistance factors. 

These were presented in Table A.3, along with the theoretical curvature ductilities. 

Experimental values for curvatures over the wall height were calculated from 

the measured strains at the wall ends using the recorded displacements of the 

vertical potentiometers located at both ends of the walls. An average curvature, <p;, 

over a certain gauge length, hgauge(ih along the wall height (see Fig. A.5 (a)) was 

calculated as explained in Section 4.3. 

Relationships between measured average curvatures over short heights at the 

base of the wall and the corresponding moment at the base of the wall were 

presented in Figs. A.6 (a) and (b), respectively, for heights of +100 mm and +300 

mm above the base. The figures showed that, for all walls, the curvatures at 

ultimate load were significantly higher than the curvatures at the onset of yielding 

of the outermost reinforcement, where a distinct change in the slope of the 
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moment-curvature relationships occurred. Experimental values for average 

curvatures over the lower 100 mm of the wall at the onset of yield of the outermost 

tension reinforcement, f/Jy.ex. at ultimate load, (/Ju.ex, and at 1 % drift, rp 1%, were 

presented in Table A.3 along with the corresponding curvature ductility values, 

µrpu,ex= (/Ju,e::! (/Jy,ex. and µrp1 %= q> w/ (/Jy,ex· Experimental values for average curvatures 

over the lower 300 mm of the wall at the onset of yield of the outermost tension 

reinforcement, at ultimate load, and at 1 % drift were also presented in Table A.3 

along with the corresponding curvature ductility. 

Table A.3: Theoretical and measured wall curvature and curvature ductilities 

Wall 1 2 3 4 5 6 

Theoretical curvature values at yield and ultimate 

f/Jy,th ( x io-6 rad/mm) 1.78 1.95 1.94 2.07 2.16 3.00 

(/Ju,th ( X 10·6 rad/mm) 12.17 6.04 6.72 4.74 4.26 3.71 

µ rp ,1h= (f/Ju.th I f/Jy.1h) 6.84 3.09 3.47 2.29 1.97 1.24 

Experimental values based on curvatures averaged over the lower 100 mm of 
the wall 

(/Jy,ex ( x 10-6 rad/mm) 

f/Ju..ex ( X 10·6 rad/mm) 

q> 1% ( x 10"6 rad/mm) 

Jl rpu,ex = (q>u,exl (/Jy,ex) 

µ rp,1% = ( q> 1% / (/Jy,ex) 

2.43 


23.40 


25.40 


9.63 


10.45 


2.80 


13.59 


22.32 


4.85 


7.99 


2.90 


13.36 


20.83 


4.61 


7.18 


2.34 


19.70 


25.10 


8.42 


10.75 


-­(I) 2.29 

-­(I) 12.40 

-­(I) 20.21 

-­(I) 5.41 

-­(!) 8.83 

Experimental values based on curvatures averaged over the lower 300 mm of 
the wall 

(/Jy,ex ( x 10-6 rad/mm) 

f/Ju..ex ( X 10·6 rad/mm) 

q> 1% ( x 10·6 rad/mm) 

µ rpu,ex = (q>u,exl (/Jy,ex) 

µ rp ,1% = (q> J% / (/Jy,ex) 

1.20 


9.64 


10.57 


8.03 


8.81 


1.61 


8.43 


9.83 


5.24 


6.11 


1.74 


6.01 


9.94 


3.45 


5.71 


1.64 


6.84 


13.20 


4.17 


8.07 


1.72 1.84 

-­(I) 4.67 

-­(I) 7.52 

-­(I) 2.54 

-­(I) 4.08 

(I Measurement not available for Wall 5 due to loss ofpotent10meters 
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a) Average curvature profile along wall height b) Idealized wall curvature profile 

Fig. A.5: Average and idealized wall curvature 

The measured average curvatures at yield, <py,ex, varied between 0.0023 rad/m 

and 0.0029 rad/m, over the lower 100 mm of the wall (corresponding to about 

0.004/lw and 0.005/lw) as indicated in Table A.3. At ultimate conditions, the 

curvatures, <flu.ex. varied between 0.012 rad/m and 0.023 rad/m (corresponding to 

about 0.022/lw and 0.042/lw), whereas, at 1% drift, the curvatures, </)1%, varied 

between 0.020 rad/m and 0.025 rad/m for all walls (corresponding to about 

0.036/lw and 0.045/lw). Based on these measured curvature values, the curvature 

ductility at ultimate, µ'flu.ex. varied between 4.6 and 9.6, and the curvature ductility 

at 1 % drift, µ'11 1%,, varied between 7.2 and 10.7. 

Alternatively, when averaged over the lower 300 mm of the wall, the 

experimental curvature and curvature ductility values, presented in Table A.3, 

were significantly lower than curvature and curvature ductility values averaged 
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over the lower 100 mm of the wall, which clearly showed that most of the 

deformation took place over the lower course of a wall. Both curvature ductilities 

were well in excess of the theoretical values. 
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a) Average curvature based on displacement measurements over the lower 100 mm 
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Fig. A.6: Moment-curvature relationships of the test walls (Shedid et al. 2010) 

As can be inferred from Table A.3, there was a significant discrepancy between 

curvature ductilities calculated at different stages of loading. (Because strains were 

not available, the highest curvature ductilities at 20% degradation of capacity were 
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not shown). Clearly, the experimental results indicated that reinforced masonry 

shear walls were capable of developing significantly higher curvatures than those 

theoretically predicted. This discrepancy between observed and theoretical had a 

major impact on developing design parameters including determining equivalent 

plastic hinge lengths as discussed in the following section. 

A.6 Equivalent Plastic Hinge Length 

Using the experimentally determined curvatures and displacement ductilities listed 

in Tables A3 and A2, respectively, the equivalent plastic hinge lengths, lp, for the 

test walls were calculated by rearranging Eq. Al. The equivalent plastic hinge 

length, lp, was defined as the length within the plastic region of the wall height 

used to predict the plastic wall displacements assuming constant plastic curvature. 

The idealized bilinear load displacement relationship suggested by Tomazevic 

(1998), based on equal areas, was used to calculate the lp values. In order to 

establish a common basis for comparison, the top displacement at 1 % drift, L1 J%, 

was used as the maximum displacement in the idealized approach. 

Replacement of the nonlinear load-displacement relationship with the idealized 

elastic-plastic relationship for the walls as shown in Fig. 4.6, means that the 

idealized yield displacement,!!";, should be used. Consequently, as suggested by 

Hose and Seible (1999), a different yield curvature value, corresponding to the 

idealized yield displacement of the elastic-plastic load-displacement relationship, 

referred to as the idealized yield curvature, ¢;P , should also be used. Based on this 

discussion, the µLJ and µrp in Eq. Al were to be replaced by the idealized 

displacement ductility,µ:i% (=L11% I !!"; ), and the idealized curvature ductility, 

µ;' (<p J% I¢;P ), in order to determine the equivalent plastic hinge length, lp, from 

the experimental results. 

Using the 1% drift limit, calculated equivalent plastic hinge lengths were 

presented in Table A.4. As shown in the table, for these test walls with an aspect 
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ratio of hwllw = 2.0 the lp values required to reach a displacement ductility 

corresponding to a top displacement of 1 % drift, varied between about 6% to 29% 

of the wall length, lw , using the average curvature over the bottom 100 mm. This 

corresponded to curvature ductilities,µ";, calculated for the idealized 

relationships, which varied between 5.3 to 8.9. The results showed that larger 

flexural reinforcement ratios corresponded to reduced equivalent plastic hinge 

lengths, as can be concluded by comparing the results of Walls 1, 2, 3, and 4. 

Based on the results for Walls 4, and 6, the level of axial compressive stress on the 

wall had a less significant effect on lp. 

Table A.4: Calculated equivalent plastic hinge length, Ip, for 1 % drift 

Wall 1 2 3 4 5 6 

Idealized displacements and displacement ductilities 

L1 y(mm) 7.01 11.10 11.30 14.8 1 16.22 16.91 

11'; (I) (mm) 10.10 15.41 15.22 17.90 21.21 24.91 

µ:'i% =(L11 %I 11'; ) 3.56 2.33 2.35 2.00 1.69 1.44 

Calculations based on curvatures averaged over the lower 100 mm of the wall 

cp'}' (x 10·6 rad/mm) 3.50 3.88 3.91 2.82 -­(I) 3.37 

µ; = (<p1 %l (fJ'}' ) 7.25 5.75 5.33 8.89 -­( I) 5.99 

lp1 00 (mm) 530 352 395 155 -­(I) 107 

(/pJOO / fw) (%) 29(%) 20(%) 22(%) 9 (%) -­( I) 6 (%) 

Calculations based on curvatures averaged over the lower 300 mm of the wall 

cp'}' (x 1 o·6 rad/mm) 1.73 2.24 2.34 1.98 2.25 2.71 

µ"; =(cp 1% I cp'}' ) 6.11 4.40 4.24 6.68 -­( I) 2.77 

lpJOO (mm) 661 505 540 217 --( I) 311 

(/pJOO / fw) (%) 37(%) 28(%) 30(%) 12(%) -­(I) 17(%) 

(I) Measurement not available for Wall 5 due to loss ofpotentiometers 

219 



Marwan Shedid McMaster-Civil Engineering 
Ph.D. Thesis Seismic Performance Parameters 

for Full Scale Shear Walls 

Larger lp values of between 12% and 37% of lw would be required if the 

average curvatures at 1 % drift over the bottom 300 mm of the walls 

(corresponding to µ"; varying between 2.8 to 6.7) were used instead of the values 

over the bottom 100 mm of the wall. Calculation of plastic hinge length based on 

the average curvature over the lower 300 mm of the wall (see Fig. A.5 (b) and 

Table A.4) might be reasonable and more compatible with previous assumptions 

of 0.5 lw in CSA S304.1 (2004). The plastic hinge lengths were much lower when 

based on the average curvature over the lower 100 mm of the wall. 

Using the theoretical values for curvature ductility, µrp,th, for the test walls and 

the idealized displacement ductility at 1 % drift, µ7[i%, the required equivalent 

plastic hinge length, lp, varied between 32% to 61 % of lw for all walls, except for 

Wall 6 where the theoretical curvature ductility was less than the measured 

displacement ductility. Based on using the theoretical curvatures, it seems 

reasonable that different values of lp would result from using different 

displacement limits. 

A.7 Seismic Force Modification Factor 

Although force modification factors were intended for buildings, they are 

calculated here from wall behaviour as a conservative assessment of these factors. 

With redundancies, coupling, and redistribution of forces, buildings are expected 

to produce larger values for both ductility, Rd, and overstrength, R0 , response 

modification factors. To account for ductility and energy dissipation in actual 

structures, seismic response modification factors are used in force-based design 

codes (such as the current Canadian code) to reduce the seismic forces that would 

have to be designed for if the structure remained elastic. Although these factors are 

intended for building systems rather than individual element, the response of 

individual walls is assumed, as discussed in Section 5.1, to represent the response 

of the building in terms of the overall load-displacement relationship where the 

load is appropriately scaled-down. 
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Most force-based design codes use the equal displacement approach to 

determine the relationship between the ductility modification factor, Rd, and the 

displacement ductility (Priestley el al. 2007). In this regard, as discussed in Section 

4.6, it seems appropriate that the idealized load-displacement curve based on equal 

energy should be used. However, since it was shown that in this idealization the 

idealized yield load, Qin. only differed from the measured ultimate load, Qu, by a 

few percent (refer to Section A.3), it was decided to use the more simple 

idealization presented by Mitchell et al. (2003) and the ultimate displacements, 

L1 o.su, recommended of Priestley et al. (1996) as the basis to determine the seismic 

force modification factor. This approach is shown in Fig. A.7 where the elastic 

part of the idealization passes through the measured yield load, Qy, and yield 

displacement, Lly, and extends up to the ultimate load, Qu, and the corresponding 

displacement, Llep= Lly (Qu!Qy). The plastic part of the idealization is the constant 

load part extending to the chosen limiting condition shown as corresponding to the 

displacement, L1o. sou, in the post-peak region at 0.8 Qu. As discussed in Section 4.6, 

the idealized displacement ductility at 20% strength degradation, µ'fo.su , can be 

defined as the ratio ofL1a.sou I Llep. 

The ductility related force modification factor for a structure, Rd, is defined as 

the ratio between the elastic lateral load, Qe, shown in Fig. A.7 corresponding to a 

lateral displacement demand, Lle= L1o.sou, to the ultimate wall capacity, Qu. By 

similar triangles, Rd should be equal to µ"fo 8u. The R0 value (used for overstrength 

in NBCC 2005) was defined as the ratio between the ultimate wall capacity, Qu, 

and the design capacity, Qd, as is illustrated in Fig. A.7. The overstrength force 

modification factor can be due to rounding of sizes and dimensions, difference 

between nominal and factored resistance, ratio of actual yield to minimum 

specified yield of reinforcement, strength enhancement of the steel at large 

deformations due to strain hardening, and development of sequential plastic hinges 

in redundant structures (Harries 2004). The R0 value (used for overstrength) was 

defined as the ratio between the ultimate wall capacity, Q11 , and the design 
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capacity, Qd, amplified by 5% assuming conservative overdesign (commonly 

taken between 5% and 10%). 

Q 

----A 
/I

I I 
I I 

I I 
I I 

I I 
I I 

L1 
y 

L1ep 

Fig. A.7: Actual and idealized load-displacement relationships for the test walls 

used for response modification factor calculation 

The design capacities, Qd, were calculated using material resistance factors for 

masonry and steel following the Canadian standard and the effect of the 

compression reinforcement was ignored. The average compressive strength of the 

concrete blocks used was 25 MPa [specific strength= 25x(l-l.64xc.o.v.% = 20.9 

MPa, where the minimum 10% c.o.v. is used]. However, since the strength 

specified by the supplier was 15 MPa, for the calculation of the design strength of 

the walls, masonry compressive strength, f m, was taken equal to 7.5 MPa (The 

supplied overstrength of the block is typically lower (Chahine 1989) than usually 

supplied). Although 400 MPa steel yield strength was specified by the supplier, the 

delivered steel for all walls had about 490 MPa strength except for Wall 6 where 

the strength was about 600 MPa, based on the conducted tensile tests. To avoid an 

unrepresentative calculation, the strength of the reinforcing bars was taken equal 

440 MPa as steel yield strength is commonly 40 to 60 MPa higher than specified. 
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At the 20% strength degradation commonly considered to be an acceptable 

ultimate performance level (Priestley el al. 1996; Priestley el al. 2007; and ATC­

63, 2008), the average drift level for the test walls was 1.62%. Again, to be 

conservative in the calculation of the Rd values (given in Table A.5), the 

displacement demand, Lle, presented in Fig. A.7, was taken equal to the 

displacement corresponding to 1.3% drift. This represents the lowest test value at 

20% strength degradation from all of the test walls. The measured wall resistance 

at the onset of yielding of the outermost vertical bar, Qy, and at ultimate load, Qu, 

for all walls were reported in Table A.5 for both the(+) ve and(-) ve directions of 

cyclic loading. For ease of reference, all values required to calculate the Rd and R0 

force modification factors were presented in Table A.5. 

Table A.5 : Seismic force modification factor 

Design 
Force 

Experimental results ...... modification
capacity i:: 

'"O Cl),.-... 

factors- Cl) s s - N 
Cl) sC<3 :.::: 

~ 
,.-... ,.-... ,.-... ,.-... ,.-... C<3 (.) '-' ;g Ol " ~ ~ ~ s s Cl)~ "'"" ~ s s '"O 0.. "' ~ . "-­
'-' '-' '-' - 00 "'J ~ - - x

'-' '-' :.a II -

°' Ol c5l ""' 
:::: " ()) ~ 

"'J "'J ~ x ~ 

95 143 10.5 4.4 2.0 8.7 
1 77 7.0 

-84 -122 10.1 4.6 1.7 7.7 

185 265 15.9 2.9 2.1 6.1 
2 134 11.1 

-182 -246 ,.-... 15.0 3.1 1.9 6.0 
¢:::: 

174 242 ·i:: 15.7 3.0 1.9 5.6'"O 
3 135 11.3 ?:f. 

-190 -235 ("') 13.9 3.3 1.8 6.1-296 360 '-' 18.0 2.6 2.3 6.0 
4 163 14.8 s 

-292 -380 s 19.2 2.4 2.4 5.9
00 

311 377 
\0 

19.6 2.4 2.8 6.7-.::t" 
5 140 16.2 

-316 -407 20.8 2.2 3.1 6.8 

6(1) 450 541 20.3 2.3 5.0 11.5 
114 16.9 

-455 -558 20.7 2.3 5.1 11.6 

(I) Reinforcement in Wall 6 had strength of about 600 MPa. 
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Values of Rd rangmg from 2.2 to 4.6 were calculated for the test walls 

corresponding to drift levels of 1.3% with the upper values corresponding to 

lightly reinforced walls not subjected to axial compressive stress and the lower 

values corresponding to heavily reinforced - heavily loaded walls. Values of R0 

calculated for the test walls, except for Wall 6, which was not considered to be 

representative of actual construction, averaged 2.2 (c.o. v.= 20%) based on the 

design capacities calculated following the CSA S304. l. (Complications in 

analyzing and discussing the results for Wall 6 subjected to 10%f'm compressive 

stress, were reported by Shedid (2006). Therefore, the R0 results and the product 

(RdxR0 ) for this wall were not considered.) The overall response modification 

factor, RdxR0 , calculated for the walls varied between 5.6 and 8.7 with lower 

values corresponding to heavily reinforced - heavily loaded walls and higher 

values for lightly-reinforced walls with no axial compressive stress. 

A.8 Conclusions 

This appendix contained analyses of previously reported test results for six full 

scale reinforced concrete masonry shear walls tested to failure under reversed 

cyclic lateral loading (Shedid 2006). The aim of the analyses was to determine 

seismic performance parameters for full scale RM shear walls. 

The average masonry compressive strain measured over the lower 100 mm 

(mid height of the first course) were much larger than the ultimate strains specified 

in the MSJC code (2008) and in CSA S304.1 (2004). 

At ultimate conditions, the curvatures measured over the bottom 100 mm of 

the wall varied between 0.022/lw and 0.042/lw, which were about double the 

corresponding theoretical values. At 1 % drift, the curvatures, <p J%, varied between 

0.036/lw and 0.045/lw, with the lower values corresponding to heavily-reinforced 

walls subjected to axial compression and the upper values corresponding to 

lightly-reinforced walls with no axial compression. The much higher than 

predicted measured strains and curvatures at ultimate load did not affect the 

predicted strengths of the walls. However, they significantly influence the 
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experimentally determined curvature ductility values and, consequently, wall 

displacements and displacement ductility values. 

The curvature ductility varied between 4.6 and 9.6 at ultimate load, and 

between 7.2 and 10.7 at 1 % drift, based on the average masonry strain over the 

lower 100 mm of the wall height. Alternatively, based on the average masonry 

strain over the lower 300 mm, the curvature ductility varied between 2.5 and 8.0 at 

ultimate load, and between 4.1 and 8.8 at 1 % drift. For both cases, the calculated 

curvature ductility values were significantly higher than the theoretical values 

which ranged from 1.2 to 6.8. 

The calculated equivalent plastic hinge lengths varied between 12% and 37% 

of the wall length based on the measured curvatures over the bottom 300 mm of 

the wall. Based on these findings, it is suggested that plastic hinge length should 

be related to the wall dimensions and reinforcement but further investigations 

should be conducted to develop a more rational method of determining equivalent 

plastic hinge length. 

Values of the ductility-related seismic response modification factor, Rd, ranged 

from 2.2 to 4.6 corresponding to drift a level of 1.3%. Values of the seismic 

response modification factor due to overstrength, R0 , for the test walls were, on 

average, 2.2 based on evaluating the wall design capacity following the CSA 

S304.1. The product of reduction factors calculated for the test walls varied 

between 5.6 and 8.7. 

Similar investigations to those reported in this appendix have been conducted 

m Chapter 5 to determine seismic performance parameters for the half scale 

masonry walls reported in Chapter 3. 
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