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ABSTRACT 

Previous studies on masonry infilled frames have shown that if an infill is built in tight 

contact with the bounding frame, the out-of-plane behaviour is governed by a phenomenon 

called arching action. This causes masonry infills to have much greater out-of-plane 

strength than conventional flexural walls. However, the literature review yielded a small 

number of studies and on limited material and geometric parameters of masonry infilled 

frames. Although there are several existing analytical methods for calculating the out-of-

plane strength, their efficacy has not been thoroughly examined. While the American 

standard MSJC 2013 contains a semi-empirical equation for out-of-plane strength 

calculation for masonry infills of simple conditions, the Canadian standard CSA S304-14 

provides no specific provisions but suggests the use of first-principle mechanics for design. 

This study was motivated to augment the existing experimental database on out-of-plane 

behaviour and strength of masonry infills and to assess the efficacy of existing analytical 

methods for infill out-of-plane strength calculation. A total of four masonry infilled 

reinforced concrete (RC) frame specimens was tested with different parameters. One was 

considered as a control specimen; one was built with a window opening in the infill; and 

the other two had sustained damage caused by either prior in-plane or out-of-plane loading. 

Of two specimens with prior damage, one was first subjected to in-plane loading until 

occurrence of a major diagonal crack, and then tested under out-of-plane pressure to failure. 

The other was first subjected to out-of-plane pressure until occurrence of a major horizontal 

crack, and then tested under in-plane loading to failure. The experimental results were 

presented and discussed in terms of load vs. displacement response, cracking pattern, and 

failure mode for each specimen and the effect of parameters was studied. The effectiveness 

of existing analytical methods for out-of-plane strength calculation was examined using 

test results of experimental programs carried out by various researchers. 

Experimental results showed that prior damage sustained from in-plane loading resulted in 

reduction in the out-of-plane strength, and the more significant the damage, the higher the 

reduction. However, prior damage in the form of a central horizontal crack sustained from 

out-of-plane loading showed negligible effect on the in-plane strength of the infill. The 

presence of infill opening resulted in a reduction in the out-of-plane strength and 

displacement of the infill. The out-of-plane failure of all specimens was characterized by 

web shear failure of masonry units of the infill. 

None of the existing methods was shown to provide consistently accurate strength estimate 

over the entire data set. Both gross conservatism and overestimation were observed for 

certain group of results. Comparing to the other methods evaluated for strength calculation, 

MSJC 2013 performed better still with a high COV. The only method that accounts for 

prior in-plane damage effect provided inconsistent predictions of strength for damaged 

specimens.  



xiii  

 

LIST OF ABBREVIATIONS AND SYMBOLS USED 

ABBREVIATIONS  

CMUs Concrete masonry units 

COV Coefficient of variation 

IF-D Infilled frame with prior damage 

IF-ND Infilled frame with no damage 

IF-W-ND Infilled frame with window opening and no damage 

LVDT Linear variable differential transformer 

RC Reinforced concrete 

URM Unreinforced masonry 

 

SYMBOLS 

ὃ Area of openings in wall panel 

ὃ  Area equivalent cross-section 

ὃ Area of concrete section 

ὃ  Area of wall panel without opening 

ὃ  Area of equivalent steel section 

ὦ  Actual thickness of the infill 

ὅ Clamping compressive force 

Ὠ Effective depth of a masonry wall in direction of shear considered 

ὅȟὅ Horizontal, vertical clamping compressive force 

Ὁ Modulus of elasticity 



xiv 

 

ὉȟὉ Bounding beam, bounding column modulus of elasticity 

Ὁ Bounding frame modulus of elasticity 

Ὁ  Modulus of elasticity of masonry 

ὉὍ Flexural stiffness of weakest member of the bounding frame 

Ὢ Maximum stress at contact surface after arching action is enabled 

Ὢ Compressive strength of concrete 

Ὢ Compressive strength of masonry 

Ὂ  First crack load of the infilled frame under in-plane loading 

Ὂ  Analytical first crack load of the infilled frame under in-plane loading 

Ὂ 
Modification factor that depends on whether or not the opening is blast-

resisting 

Ὂ  The load in the diagonal strut 

Ὂ  Ultimate load of the infilled frame under in-plane loading 

Ὣ Axial shortening of the infill 

ὫȟὫ  Horizontal, vertical axial shortening 

ὋȟὋ Bounding beam, bounding column shear modulus 

Ὤ Height of the infill 

ὍȟὍ Bounding beam, bounding column moment of inertia in the plane of infill 

Ὅ  Moment of inertia of the cracked section 

Ὅ Gross moment of inertia 

ὐȟὐ Bounding beam, bounding column torsional constant in the plane of infill 

ὰ Length of the infill 

ὓ ȟὓ  Horizontal, vertical bending moment resistant 



xv 

 

ὖ  First crack pressure of the infill under out-of-plane loading 

ὖ Axial compressive load on the section considered 

ὖ  Ultimate pressure of the infill under out-of-plane loading 

ήȟή  Out-of-plane strength of the infill obtained from analytical method 

ή Resistance of the infill without opening 

ήȟή Horizontal, vertical arching strength obtained from analytical method 

Ὑ A reduction factor accounting for prior in-plane damage 

Ὑ A reduction factor accounting for bounding frame stiffness 

ὸ Thickness of the infill 

ὸ Effective thickness of the infill 

ὠ Factored shear at the section considered 

ὠ Shear resistance of the infill 

ύ Width of the diagonal strut  

ὼ ȟὼ  Horizontal, vertical arching out-of-plane displacement 

— Angle whose tangent is the infill height-to-length aspect ratio 

‌ A measure of relative stiffness of the bounding beam 

‌ȟ‌ Vertical, horizontal contact length of the frame and the diagonal strut 

‍ A measure of relative stiffness of the bounding column 

‭  Strain of the infill corresponding to axial shortening 

‭ȟ‭  Horizontal, vertical strain of the infill corresponding to axial shortening 

‗ A measure of wall slenderness ratio 

‎ A factor that accounts for depth of compression 



xvi 

 

‎ Factor to account for partially grouted and ungrouted walls 

‰  Resistance factor for masonry 

ɝ Midspan deflection of the infill in one-way arching condition 

ɝ  First crack displacement of the infill under out-of-plane loading 

ɝ  Displacement at ultimate load of the infill under out-of-plane loading 

 Applied displacement of the infilled frame under in-plane loading ‏

‏  First crack displacement of the infilled frame under in-plane loading 

‏  
Analytical first crack displacement of the infilled frame under in-plane 

loading 

‏  Displacement at ultimate load of the infilled frame under in-plane loading 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii  

 

ACKNOWLEDGEMENTS 

First and foremost, I would like to express my sincere gratitude to my supervisor, Dr. Yi 

Liu, for her guidance throughout my project and for her continuous support during my 

studies at Dalhousie University. This thesis would have not been possible without her 

irreplaceable contribution. 

I wish to recognize the contribution of financial assistance by the Canadian Concrete 

Masonry Producers Association and the Natural Sciences and Engineering Research 

Council of Canada. 

I would like to thank Dr. Pedram Sadeghian and Dr. Andrew Corkum for reviewing this 

thesis and providing valuable feedbacks. 

I would like to thank my fellow colleagues Ryan Steeves, Reza Rahimi, Ehsan Nasiri, and 

Chongyang Wang for helping me in carrying out the experiment. 

I would like to thank the departmental technicians Mr. Brian Kennedy, Mr. Blair 

Nickerson, Mr. Brian Liekens, and the mason Gerry Hubley for their assistance and 

contribution during the experiment. 

Finally, I would like to thank my family for their endless love, support, and encouragement. 



1 

 

CHAPTER 1 INTRODUCTION  

1.1 BACKGROUND 

Masonry materials and construction have progressed through several stages of 

development. Masonry clay brick was predominately used prior to 1900s. With the 

introduction of concrete in early 1900s, concrete masonry was introduced to the 

construction. The concrete block was cheaper than cut stones and required less labor to lay 

than bricks and use of concrete masonry advanced masonry construction into a modern era. 

Over the twentieth-century masonry blocks were manufactured with much higher strength 

and various types, and together with the introduction of steel reinforcement into masonry, 

masonry remained as a competitive construction material among steel and concrete for both 

residential and commercial construction. Historically, the ñrules of thumbò, were the only 

available methods for masonry design until 1950s. The development of building codes for 

engineering design of masonry structures began in late 1950s. The first unified provisions 

for masonry design in Canada were introduced in the National Building Code of Canada 

(NBCC) in 1965 and improved and expanded in 1970 and 1975 editions. Although based 

on the allowable stress concept, the design provisions were considered a large step forward 

from the ñrules of thumbò. The methodology of ultimate limit state design was introduced 

in 1990s for masonry and has been adopted in design codes and standards ever since in 

both Canada and United States. This has aligned masonry design methodology with that of 

other main construction materials (concrete, steel, timber) and enabled masonry to remain 

as a predominant construction material in modern days. At present, the governing standards 
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for masonry design are the Canadian Standard Association CSA S304-14 (2014) in Canada 

and Masonry Standard Joint Committee MSJC 2013 in the US.  

1.2 OUT-OF-PLANE BEHAVIOUR OF MASONRY INFILLS  

A masonry infilled frame is either a concrete or steel frame with a masonry wall built within 

and it is used either as a partition to separate spaces or cladding to complete a building 

envelope (Figure 1.1). Although the inherent large in-plane stiffness of masonry walls can 

provide the lateral stiffness required in a seismic design, the industry practice has been to 

treat the infill as non-structural element and design the frame for both lateral and gravity 

loads. However, the practice has shown that when infills are built tight against their 

bounding frames, interaction between the infill and its bounding frame will make 

behavioural characteristics of the infill  different from regular masonry walls without 

confinement. One such example is out-of-plane behaviour and strength of infills which is 

different from masonry flexural walls without confinement. The out-of-plane strength of 

flexural walls relies on its bending capacity which is in turn dependent on the tensile 

strength of the mortar joint while the out-of-plane behaviour of infill walls is characterized 

by a phenomenon called ñarching actionò. When a wall is butted up against the frame acting 

as rigid supports, in-plane compressive forces are induced in the wall as it bends under out-

of-plane forces, and these compressive forces can delay cracking and subsequent arching 

of the wall. The arching action was shown to increase the out-of-plane capacity of masonry 

infills significantly, in some cases, 2 to 3 times higher than its flexural capacity. The more 

recent research showed that the ñarching actionò was dependent on the masonry 

compressive strength, panel dimensions, and boundary conditions between the infill and 
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the frame. Development of arching action can enhance the stability of infills even after the 

ultimate capacity was achieved. However, parameters in previous studies were limited and 

although arching action phenomenon was well described, no quantitative relationships 

were established to define the out-of-plane strength in relation to all influential parameters 

for practical design. In practice, the Canadian masonry design standard CSA S304-14 

provides no specific design provisions for the out-of-plane strength of infill walls but 

suggests that the first principle mechanics be relied on for analysis. The American masonry 

design standard MSJC 2013 contains a semi-empirical strength equation for masonry infills 

subjected to out-of-plane loading, which was largely based on experimental results 

obtained by three research groups (Dawe and Seah 1989; Angel 1994; Klingner et al. 

1996). 

It is noted that while considerable research has been conducted in the area of in-plane 

behaviour of masonry infilled frames, the research on the out-of-plane behaviour of 

masonry infills is very limited and research results are scarce in the literature. Furthermore, 

in-plane and out-of-plane behaviour may have some level of interaction in the event of 

earthquake. It is conceivable that the in-plane damage sustained in the infill could affect its 

out-of-plane strength and vice versa. However, the potential interaction of in-plane and 

out-of-plane behaviour of masonry infills has received little research attention. Also, the 

amount of research on the effect of window opening on the out-of-plane behaviour of 

masonry infills is limited.  In view of the above, this research was carried out to provide a 

better understanding of out-of-plane behaviour of masonry infills in general, as well as on 

how in-plane/out-of-plane damage influences out-of-plane/in-plane strength of infills.  
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   (a)        (b) 

Figure 1.1 Example of Masonry Infill Walls 

(a) Steel moment resisting frame with brick masonry partitions (world house 

encyclopedia); (b) Reinforced concrete frame with brick masonry infills (Scawthorn, C.) 

1.3 RESEARCH OBJECTIVES 

This research involved an experimental investigation of the out-of-plane behaviour and 

strength of masonry infills with a focus on the effect of infill opening and prior damage. 

The objectives are as follows: 

1. To augment the existing experimental database on the out-of-plane behaviour of 

masonry infilled RC frame specimens. 

2. To analyze the effect of tested parameters on the behaviour and strength of the infills. 

3. To examine the efficacy of existing analytical methods including code provisions using 

test results. 
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1.4 DOCUMENT ORGANIZATION 

This thesis comprises six chapters. Chapter 1 contains an introduction along with objectives 

of this research; Chapter 2 presents a literature review on the out-of-plane behaviour of 

masonry infilled frames including various methods of calculating the out-of-plane strength, 

North American masonry design codes, and previous experimental studies; Chapter 3 

describes the procedure of the experimental program in detail, including the construction 

of masonry infilled RC frames, in-plane and out-of-plane test setup, and auxiliary tests of 

the materials used; Chapter 4 presents and analyzes the experimental results; Chapter 5 

compares the experimental results with the analytical values obtained using the design 

codes and various analytical methods; Chapter 6 presents a summary of the research and 

conclusions from this study. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 INTRODUCTION 

The research is to investigate the out-of-plane behaviour and strength of masonry infilled 

RC frames with a focus on the masonry infill. The following sections present a summary 

of general behaviour of infilled frames, current code practice in North America for design 

of infills, and previous studies conducted in the area of infilled frames with particular 

attention paid to the effect of prior in-plane damage and infill opening. This literature 

review focuses on RC frames, although the relevant researches on steel frames are also 

reported. 

2.2 OUT-OF-PLANE BEHAVIOUR OF INFILLED FRAMES  

2.2.1 General  

As mentioned earlier, previous research conducted on the out-of-plane behaviour of infill 

walls is limited and within available studies, several methods were reported for the out-of-

plane loading including blast loading, shaking table, and static pressure while majority 

studies used the setup of a single-bay single-storey infilled frame loaded by static uniform 

pressure. 

One of the earliest studies on the out-of-plane behaviour of infill walls was done by Monk 

(1958) using blast loading to assess the damage expected in different types of blast up to 

atomic blast. Gabrielsen (1975) tested a series of full scale infilled panels under the blast 

loading to assess the out-of-plane strength and behaviour. However, blast loading test is 
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expensive and also requires special facilities and thus is usually done by defence and 

military agencies.  

Another method for dynamic testing of infill specimens is by using shaking tables 

(Henderson et al. 2003; Meisl et al. 2007; Rabinovitch 2011). Shaking tables are the best 

means of obtaining the seismic response of a structure by simulating a specific recorded 

ground motion. Henderson et al. (2003) conducted an extensive shake-table test of large- 

and small-scale unreinforced masonry infills. They found that the unreinforced masonry 

infills are more ductile and more efficient in carrying both out-of-plane and in-plane loads 

than what building codes specify. Meisl et al. (2007) studied the effects of ground motion 

type and quality of construction on the rocking response of unreinforced masonry walls 

(URMs) after they cracked at the mid-height under out-of-plane inertial forces using a 

shaking table. The parameters they studied were observed not to have a significant effect 

on the peak response of the walls. Rabinovitch and Madah (2011) conducted unidirectional 

shake-table tests of masonry infill walls to study their response to out-of-plane dynamic 

loads and proposed a finite element model for numerical simulation of infill  walls. 

Static testing of infill walls has been shown to have an acceptable accuracy to reflect 

dynamic properties of the infilled system (Dawe and Seah 1989; Angel 1994; Flanagan and 

Bennett 1999). The static loading can be applied by either concentrated loading through 

hydraulic actuators (Hill 1993; Hak 2014), or by uniform out-of-plane pressure on the 

surface of the panels via airbags. The latter is the most common method of static out-of-

plane testing of infill walls and has been used by many researchers. 
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2.2.2 Arching Action  

As mentioned earlier, the key characteristics of out-of-plane behaviour of an infill is the 

potential development of arching action with the surrounding frame. If a wall is built in 

tight contact against its bounding frame while the frame member is considered rigid, an 

out-of-plane displacement of the wall will induce an in-plane compressive force within the 

wall. This force results in arching within the thickness of the wall which will drastically 

increase the cracking load. The further deformation of the wall is followed by the 

occurrence of flexural cracks at the supports (bounding frame member), and horizontal 

cracks within the wall panel at the location of maximum moments, after which the wall is 

pushed against the supports and creates thrust forces at each end (Drysdale and Hamid 

2005). Figure 2.1 illustrates the one-way arching (or three-hinged arch) behaviour of a wall 

supported on only two boundaries. Once arching action is enabled, the out-of-plane 

strength of the wall is dependent on the compressive strength of the mortar rather than its 

tensile strength. 

 

Figure 2.1 One-Way Arcing of Masonry Walls 
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Arching action in masonry walls was first studied by McDowell et al. (1956) and they 

proposed an equation for calculating out-of-plane pressure based on equilibrium conditions 

with clamping force developed at the compressive faces at the frame-to-infill boundary and 

at the midheight of the infill after the infill undergoes cracking and rigid body rotation. 

This method is discussed in detail in later sections. 

To demonstrate the effect of arching action on the out-of-plane strength, an infill supported 

by four frame members and subjected to out-of-plane pressure was analyzed using yield 

line theory. Detailed calculation is shown in Appendix B using the infilled frame geometry 

and property of this experimental study. It is shown that for a regular infill or an infill with 

a central opening, consideration of arching action resulted in an increase in the out-of-plane 

strength about 500% to 600% in comparison with a yield line analysis.  

2.2.3 Experimental Studies 

Gabrielsen et al. (1975, 1976, 1977) conducted an experimental program to study the 

response of masonry walls subjected to uniform blast loads. Their experiment included full 

scale masonry walls bounded by steel frames subjected to blast waves in a big shock tunnel. 

The walls exhibited a load carrying capacity of roughly twice their corresponding flexural 

capacity. The walls also had the ability to resist moderate reversed cyclic loading. 

Dawe and Seah (1989) conducted experiments on the out-of-plane behaviour of nine large 

scale concrete block masonry infilled steel frame specimens. One of their specimens had a 

central opening with 19% area of the infill. They reported that the presence of the opening 

resulted in about 10% reduction in the out-of-plane strength of the specimen and less 

ductility after the cracking occurred in the infill.  
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Frederiksen (1992) tested sixteen scaled clay brick infills bounded by steel tube frames 

under out-of-plane loading using an airbag. Three types of brick were used in their 

experiment and the main objective was to study the effect of infill -to-frame interfacial 

conditions by placing different materials in gaps between the infill and the frame at all 

boundaries instead of mortar. They concluded that the effect of bound type on the out-of-

plane strength and cracking patter is negligible so long the infill is in tight contact with the 

bounding frame.  

Angel (1994) conducted experiments on the out-of-plane behaviour of seven masonry 

infilled RC frames. The parameters he studied included wall thickness, mortar type, and 

unit type. They concluded that the out-of-plane strength depended on the compressive 

strength of the infill rather than its tensile strength, and was highly affected by the 

slenderness ratio of the wall. They also reported that the prior in-plane cracking reduced 

the out-of-plane strength of the panels by a factor as high as two. 

Flanagan and Bennett (1999) conducted a series of in-plane, out-of-plane, and combined 

in-plane and out-of-plane experiments for a single-storey, single-bay clay tile infilled steel 

frame. They reported that the prior in-plane loading resulted in some strength reduction 

and higher deflections under uniform out-of-plane loading, however the arching was still 

formed which allowed the infill to maintain a substantial capacity. The combined loadings 

were achieved by pushing the infill to a certain displacement under in-plane/out-of-plane 

loading, and testing the infill to failure under out-of-plane/in-plane loading while holding 

the initial loading constant. It was reported that the presence of in-plane load reduced the 

out-of-plane pressure capacity, and the presence of out-of-plane load slightly increased the 

in-plane stiffness although the ultimate in-plane load remained unchanged. 
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Dafnis et al. (2002) conducted an experimental program to study the effect of gap resulted 

from shrinkage of the mortar, on the arching behaviour and stability of brick masonry 

walls. The gaps had both different sizes and different lengths on top of the infills. Six 

specimens were tested using a shaking table. All of the specimens were fix supported on 

top and bottom, meeting the condition of a one-way arching. One of their specimens was 

built with a central opening with about 7.5% of the wall area with no gap on top. They 

reported that the opening did not alter the dynamic response of the wall and no local effect 

around the opening especially at corners was reported. The relative displacement in the gap 

affected the stability of the walls, although for small gaps (< 3mm) the arching action still 

developed. 

Griffith and Vaculik (2007) studied the out-of-plane behaviour of eight clay brick masonry 

wall specimens subjected to airbag pressure. The infills were assumed simply supported at 

the top and bottom, and fix-supported on sides, which corresponded to the horizontal 

arching action condition. The parameters included the presence of window opening, infill 

aspect ratio, and axial load. Two of their specimens with a height to length aspect ratio of 

0.625 had an eccentrically positioned opening with 10% area of the wall. The other two 

specimens had an aspect ratio of 1.00 with a central opening with 16% area of the wall. 

They reported that the presence of the opening did not affect the ultimate strength of any 

of their specimen and only decreased the post cracking deformations. The presence of axial 

load was shown to increase the out-of-plane strength of the specimens. 

Hak et al. (2014) conducted five out-of-plane cyclic tests on full -scale, single-storey, 

single-bay RC frame specimens with masonry clay block infills . The out-of-plane loading 

was applied at six discrete locations across the width of the infill using a hydraulic jack. 
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They suggested that the out-of-plane strength of infill walls may be expressed as a function 

of in-plane damage but without providing any quantitative correlations.  

Furtado et al. (2016) conducted out-of-plane tests on three masonry infill walls bounded 

by RC frames to investigate the in-plane damage effect on the out-of-plane behaviour of 

infills . It was found that the out-of-plane strength of the undamaged specimen was about 

four times greater than the damaged specimen which also showed a higher out-of-plane 

deformation. The initial stiffness of the damaged specimen under out-of-plane loading was 

significantly smaller than the other specimens. The prior in-plane damage was also shown 

to affect the cracking pattern and failure mode of the specimen when subjected to out-of-

plane loading.  

Akhoundi et al. (2016) studied the out-of-plane behaviour of three brick masonry infilled 

RC frame specimens under uniform cyclic out-of-plane pressure. They found that the 

presence of opening decreased the initial stiffness by 12% while no significant reduction 

in the out-of-plane strength was observed.  

2.2.4 Analytical Methods 

Two methodologies have been used in developing analytical equations to calculate the out-

of-plane strength of masonry infills bounded by either steel or RC frames. The existing 

proposed equations are based on either one or the other method. Early analytical methods 

were largely developed based on first principles of mechanics considering the arching 

action as shown in Figure 2.2 while later analytical equations (after 1989) were based on 

statistical analysis of the test results. 
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Figure 2.2 Arching Action Parameter in Mechanics of Rigid Arching 

According to the mechanics of rigid arching in walls, McDowell et al. (1956) proposed the 

following equation to calculate the out-of-plane resistance of masonry walls under one-

way arching condition: 

ή
ψὅ

Ὤ
‎ὸЎ  [2.1] 

where ‎ is a factor that accounts for the depth of the compression zone, ὸ and Ὤ are the 

thickness and the height of the wall respectively, Ў is the midspan deflection of the wall, 

and ὅ is the thrust or clamping compression force per unit length of the wall which can be 

estimated as: 

ὅ  Ὢρ ‎ὸ [2.2] 

where Ὢ is the stress over the compression zone which is assumed to be constant. The 

midspan deflection of the wall by considering axial shortening due to compressive arching 

forces in the wall is calculated from: 
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Ў
ὫὬ

τ‎ὸ
 [2.3] 

where Ὣ is the axial shortening of the wall due to the arching forces. 

British Standards Institution BS 5628 ñCode of practice for use of masonryò (2005) 

suggested that ‎ be taken as 0.9 and Ὢ be considered as the compressive strength of 

masonry wall. Neglecting any deflection Ў 0, Eqn [2.1] can be simplified as follows: 

ή
ψὅ

Ὤ
‎ὸ [2.4] 

 

The equations based on mechanics of arching action apply only to infill s after cracking. 

Therefore, design with these arching equations is an ultimate limit state design, not a design 

for service loads. The procedure of using this method for two-way arching conditions 

proposed by Drysdale and Hamid (2005) is explained in Appendix A. 

Dawe and Seah (1989) performed nine large-scale, out-of-plane static pushover test on 

ungrouted, unreinforced masonry infill panels bounded by steel frames using an airbag. 

Parameters included the effects of boundary supports, joint reinforcement, panel 

thicknesses, panel opening, and characteristics of construction. They developed an 

empirical relationship based on their test results to calculate the out-of-plane strength of 

infill walls built in tight contact at all four boundaries against surrounding frames. In this 

method, the uniform out-of-plane pressure, ή, that an infill can withstand is determined as: 

ή τȢυὪ Ȣὸ
‌

ὰȢ
‍

ὬȢ
 [2.5] 



15 

 

in which Ὢ is the masonry compressive strength (kPa), ὸ is the infill gross cross-section 

thickness (mm), Ὤ is the infill height (mm), and ὰ is the infill length (mm). The parameters 

‌ and ‍ account for the relative stiffness of the bounding columns and the bounding beam 

respectively, and are calculated as: 

‌
ρ

Ὤ
ὉὍὬ ὋὐὸὬ Ȣ υπ 

[2.6] 

‍
ρ

ὰ
ὉὍὰ ὋὐὸὰȢ υπ [2.7] 

where Ὁ is the modulus of elasticity of steel (MPa), Ὅ is the moment of inertia in the plane 

of the infill (mm2), Ὃ is the shear modulus (MPa), and ὐ is the torsional constant (mm2), In 

which the subscript b and c are used for beam and columns material properties respectively. 

Angel (1994) developed an analytical method based on his test results to consider the effect 

of prior in-plane damage on the out-of-plane strength of masonry infilled RC frames as:  

ή
ςὪ

Ὤ
ὸ

ὙὙ‗ [2.8] 

where ‗ is a dimensionless parameter that is a function of the wall slenderness ratio ὬȾὸ. 

Ὑ is a reduction factor accounting for prior in-plane damage and Ὑ is a reduction factor 

for bounding frame stiffness obtaining from: 

Ὑ πȢωυψπȢρττ
Ὤ

ὰ
 

[2.9] 
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Ὑ πȢσυχςȢτωρπ ὉὍ ρȢπ [2.10] 

in which ‏  is the lateral drift of the frame corresponding to occurrence of first crack on 

the infill surface under in-plane loading, ‏ is the maximum lateral drift the infill has 

experienced, and  ὉὍ is the flexural stiffness of weakest member of the frame ὔȢάά . 

This method was later adopted by Federal Emergency Management Agency FEMA 273 

(1997) as follows: 

ή
πȢχὪ

Ὤ
ὸ

‗ [2.11] 

As seen in Eqn [2.11], a value of 0.7 instead of 2 was used in Eqn [2.8]. The reason is that 

FEMA 273 presents a lower-bound strength equation which accounts for prior in-plane 

damages by considering a reduction of 42% in the strength and also takes a value of 0.61 

for Ὑ (Flanagan and Bennett 1999).  

Flanagan and Bennett (1999) further expanded the equation to show for the common 

slenderness ratios which are between 10 and 30, l can be approximated as: 

‗ πȢρυτÅØÐπȢπωψυ
Ὤ

ὸ
  [2.12] 

It should be noted that this method is the only one that accounts for damage due to prior 

in-plane loadings.  

Klinger et al. (1996) improved the method that was first developed by Cohen and Laing 

(1956) by extending it to two-way arching. The out-of-plane pressure ή is obtained as: 
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ή
ψ

Ὤὰ
ὓ ὰ Ὤ ὬÌÎς ὓ

ὼ

ὼ
ÌÎ

ρ

ρ ὬȾς
ὰ [2.13] 

where ὓ , the moment resistance corresponding to vertical arching, is calculated as: 

ὓ
πȢψυὪ

τ
ὸ ὼ  [2.14] 

In which ὼ  is the displacement of the infill wall (corresponding to vertical arching) at the 

point of failure άά , which is calculated as: 

ὼ
ὸὪ

ρπππὉρ
Ὤ

ς ὬȾς ὸ

 
[2.15] 

where Ὁ is the modulus of elasticity of the masonry ὓὖὥ. The term ὓ  in Eqn [2.13] is 

calculated from Eqn [2.14] by replacing ὼ  with ὼ , and ὼ  is calculated from Eqn 

[2.15] by substituting Ὤ with ὰ.  

Mays et al. (1998) developed an equation to calculate the out-of-plane capacity of 

reinforced concrete wall panels with openings as: 

ή

ή
ρ Ὂ

ὃ

ὃ
 [2.16] 

in which ή is the resistance of the wall panel with openings, ή is the resistance of the wall 

panel without opening, ὃ is the area of openings, ὃ  is the area of the wall panel without 

opening, and Ὂ is a modification factor that depends on whether or not the opening is blast-

resistant. Blast-resistant openings are assumed to transfer the applied pressure to the wall 

panel as line loads along the opening boundaries, while non-resistant-openings are assumed 
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not to carry any out-of-plane load. For blast-resisting and non-blast-resistant central 

window openings, they suggested a value of -3.07 and -1.00 respectively for Ὂ. Although 

this formulation was developed for reinforced concrete walls, Flanagan and Bennett (1999) 

suggested that it can be used for evaluation of out-of-plane strength of unreinforced 

masonry infills with openings as well, however, more experimental results are needed to 

confirm its validity. 

Flanagan and Bennett (1999) modified the method developed by Dawe and Seah (1989) 

by using test results obtained by researchers including Dawe and Seah (1989), Frederiksen 

(1992), Angel (1994), and Flanagan and Bennett (1999). In this method, the out-of-plane 

capacity of an infill is calculated as: 

ή τȢρὪ Ȣὸ
‌

ὰȢ
‍

ὬȢ
 [2.17] 

in which the parameters ‌ and ‍ are obtained from: 

‌
ρ

Ὤ
ὉὍὬ Ȣ υπ 

[2.18] 

‍
ρ

ὰ
ὉὍὰ Ȣ υπ [2.19] 

If the slenderness ratio is less than 8 for an infill, the thickness of the infill should be 

considered as ρȾψ of the infill height in the presented formulation. They also proposed a 

formulation to calculate the deflection of the centre of the infill wall at the peak load as: 

ɝ

Ὤ

πȢππς
Ὤ
ὸ

ρ ρ πȢππρ
Ὤ
ὸ

 [2.20] 
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in which the ɝ  is the deflection of the centre of the infill corresponding to ultimate load. 

This formulation is valid for slenderness ratios up to 25. 

2.2.5 Code Practice in North America  

2.2.5.1 CSA S304.14 

The Canadian Masonry Standard CSA S304.14 does not contain any provisions for the out-

of-plane strength calculation of masonry infills or arching action in masonry walls. 

2.2.5.2 MSJC 2013 

MSJC 2013 adopts the equations proposed by Flanagan and Bennett (1999), which was 

originally developed by Dawe and Seah (1989), as follows:  

ή ρπυὪ Ȣὸ
‌

ὰȢ
‍

ὬȢ
 [2.21] 

where ‌ and ‍ are obtained from: 

‌
ρ

Ὤ
ὉὍὬ Ȣ συ 

[2.22] 

‍
ρ

ὰ
ὉὍὰ Ȣ συ [2.23] 

It must be noted that in these equations imperial units are used (lb and in) and ή is calculated 

in ὰὦȾὪὸ unit. When the bounding frame is made from different columns (or beams) cross-

sections, average values for properties shall be used. In the case of a single-storey frame, 

the properties of the top beam shall be used in the calculation. It is noted that equations 

presented above are essentially same as Eqn [2-17]-[2-19] but formulated in imperial units. 
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According to MSJC 2013, when a side (or a top gap) exists, a one-way arching may still 

develop and in such a case, the corresponding ‍ (for side gap) or ‌ (for top gap) shall be 

taken as zero. 

2.4 CONCLUDING REMARKS 

Compared with in-plane behaviour of masonry infills, the out-of-plane behaviour is much 

less researched. Although a number of experimental studies have been conducted, the 

number of specimens and studied parameters were limited which led to a small existing 

database of test results.  Consequently, analytical equations developed based on existing 

test data are not thoroughly validated for different infill materials, geometries, and 

boundary conditions. This research is conducted to augment the existing database on the 

out-of-plane behaviour of masonry infills and to examine the efficacy of existing analytical 

equations using test results.  
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CHAPTER 3 EXPERIMENTAL PROGRAM 

3.1 GENERAL 

The experimental program was designed to investigate the out-of-plane behaviour and 

strength of concrete masonry infills bounded by RC frames. Effect of infill opening as well 

as prior damage were two parameters considered in this study. All specimens were 

constructed with the same general geometry but different parameters reflecting the opening 

and prior damage. 

Along with testing of the infilled frame specimens, auxiliary tests for obtaining the material 

properties of concrete masonry units (CMUs), mortar, masonry prisms, concrete cylinders, 

and reinforcing steel were also performed. Detailed descriptions of the infilled frame 

specimens, test set-up, testing procedures, and auxiliary tests are presented in the following 

sections. 

3.2 INFILLED FRAME SPECIMENS 

Table 3.1 presents a summary of the infilled frame specimens. A total of four infilled frame 

specimens were tested in this experimental phase, including one control specimen with no 

prior damage and opening (IF-ND), one specimen with a central window opening of 17% 

of the infill area (IF-W-ND), and two specimens (IF-D1 and IF-D2) with prior damages. 

All masonry infills were built in tight contact at all boundaries with the bounding frames 

to enable the arching action. Specimen IF-D1 was first subjected to in-plane loading to the 

onset of diagonal cracking on the surface of the infill and then the in-plane loading was 

removed. The specimen was subsequently subjected to the out-of-plane pressure to failure. 
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Specimen IF-D2 was first subjected to the out-of-plane pressure to the onset of horizontal 

cracking at infillôs midheight and then the out-of-plane loading was removed. The 

specimen was subsequently tested under in-plane loading to the ultimate capacity of the 

infilled frame. It was observed during the test that the infill remained largely intact at this 

point except some crushing at loaded corners. It was then decided to test the specimen 

again under out-of-plane loading to complete failure. The loading sequence is identified in 

the table and the intended prior damage is indicated in parenthesis.  

Table 3.1 Summary of Frame Specimens 

Number 
Specimen 

ID 

In-Plane  

(Prior Damage) 

Out-of-Plane 

(Prior Damage) 

Window 

Opening-to-Infill 

Area Ratio 

1 IF-ND No Loaded to failure N/A 

2 IF-W-ND No Loaded to failure 17% 

3 IF-D1 
(1Diagonal 

cracking) 
2Loaded to failure N/A 

4 IF-D2 
2Loaded to 

ultimate 

(1Horizontal cracking)  
3Loaded to failure 

N/A 

The dimensions for all frame specimens are shown in Figure 3.1. An experimental program 

was performed by Hu (2015), and continued by Steeves (2016) in the same research group 

on the in-plane behaviour of infilled RC frames. In order to make a meaningful comparison 

between in-plane and out-of-plane behaviour, the geometry and reinforcing details of their 

specimens were adopted in this study. The geometry of the infill yielded a height-to-length 

aspect ratio of about 0.73. The specimen IF-W-ND was made with a central opening of 

584 mm by 395 mm. The infills were constructed using custom-made, half-scale standard 



23 

 

200 mm CMUs laid in running bond. Thus, all infills had a slenderness ratio (h/t) of 10.9. 

All of the specimens were unreinforced and ungrouted except for the specimen with 

opening which was grouted only in the cells surrounding the opening as required by CSA 

A179-14. The nominal dimensions of the stretchers and half blocks used in this experiment 

are shown in Figure 3.2. The stretcher blocks were cut in half to make the half blocks. 

 

Figure 3.1 Geometric Properties of Infilled Frame Specimens (unit: mm) 
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(a) Stretcher block    (b) Half block 

Figure 3.2 Details of Half-Scaled CMUs (unit: mm) 

The frame beam and columns had a 180 mm square section reinforced with four 10M 

deformed rebars and 10M stirrups spaced at 100 mm centre-to-centre. The base beam had 

a 250 mm by 250 mm square cross-section reinforced with four 15M longitudinal rebars 

and 10M stirrups with a spacing of 100 mm centre-to-centre. In addition, four 300 mm by 

300 mm L-shaped made from 10M rebars were used to make the top beam-column corners 

stronger. The concrete cover on rebars for all the frame members was 25 mm. Details of 

the reinforcement are shown in Figure 3.3. 
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Figure 3.3 Details of Reinforcement in RC Frames (unit: mm) 

3.2.1 Construction of RC Frames 

The construction of RC frames was comprised of four major stages (Figure 3.4 to Figure 

3.12) including: building concrete formworks, forming reinforcement steel cages, placing 

the reinforcements into the forms, and casting concrete. 

The forms were constructed by cutting boards into the required dimensions and then 

fastening them together to form the specified geometry, after which, the reinforcement 
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cages were placed inside the formwork (Figures 3.4-3.5). In order to ensure a 25 mm 

concrete cover, plastic chairs were utilized around reinforcement cage (Figure 3.6). The 

tubes shown in Figures 3.6 and 3.7 were part of out-of-plane loading fixture. The tubes 

were placed in beam and the base so that a reaction panel could later be installed on the 

frame by using the holes they created. The ready-mix concrete with a specified 

compressive strength of 25 MPa and maximum aggregate size of 12 mm was used. The 

concrete was poured in two batches, one on July 15, 2016 for the specimens IF-ND, IF-

D1, and IF-W-ND, and the other on July 19, 2016 for the specimen IF-D2. The slump test 

was performed before casting concrete in accordance with ASTM C143/C143M (2015) 

Standard Test Method for Slump of Hydraulic-Cement Concrete, which showed falling 

heights of 160 mm and 155 mm respectively for the two batches, meeting the required 

150 mm. During pouring, a vibrator was used to ensure that all voids around the rebars and 

the form surfaces were filled with concrete (Figure 3.10), after which, the concrete surface 

was smoothed using concrete trowels. At the same time with pouring the specimens, 

100 mm by 200 mm, and 150 mm by 300 mm concrete cylinders were poured and vibrated 

using a vibrating table in accordance with ASTM C39/C39M (2016) (Figure 3.12). All 

specimens and cylinders were moist cured under the same condition (using plastic covers) 

until the 14th day after pouring which was followed by air curing till the testing day. 
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Figure 3.4 Overview of Formwork 

 

Figure 3.5 Overview of Formwork with Reinforcement 
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Figure 3.6 Formwork with Reinforcement, Chairs, and Tube Detail 

 

Figure 3.7 Formwork with Reinforcement, and Tube Detail 
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Figure 3.8 Details of Formwork with Reinforcement 

 

Figure 3.9 Frame Specimen Ready for Pouring Concrete 
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Figure 3.10 Concrete Pouring and Vibrating 

 

Figure 3.11 Curing of Concrete  
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Figure 3.12 Pouring and Vibrating Cylinders 

3.2.2 Construction of Masonry Infill Walls 

The masonry infill walls were built in two batches on the 1st of September 2016 by an 

experienced mason to the standard of construction practice. The specimens IF-D1 and IF-

D2 were constructed with the first batch, and the specimens IF-ND and IF-W-ND were 

constructed with the second batch. The process of building the walls are illustrated in 

Figure 3.13. The half blocks needed for running bond pattern were obtained by cutting the 

stretcher block in half using a concrete saw (a). Before constructing the wall, the columns 

and base were carefully marked in order to achieve the specified mortar width between the 

units and between the wall and the boundaries (b). Then, the units were carefully placed 

following the reference marks and the mortar was applied only on the blocks face shell for 
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both the bed joints and the head joints (c). After placing each row of blocks, it was checked 

to ensure that the wall was leveled using a level and plump device (d). For the specimen 

IF-W-ND, the block cells in the courses beside and above the opening were grouted as 

illustrated in Figure (e). Along with construction of the walls, masonry prisms and mortar 

cubes were built and cured under the same condition as the walls for 28 days. After that, 

all the specimens were air cured until the day of testing. 
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               (a) Obtaining Half Blocks          (b) Marking Frames 

     

      (c) Application of Mortar        (d) Leveling Block Rows 

     

        (e) Opening Construction Details     (f) Running Bond Pattern 

Figure 3.13 Construction of Masonry Infill Walls 
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3.3 OUT-OF-PLANE TEST SETUP 

The application of out-of-plane uniform pressure on the infill panels was achieved using 

an airbag. A self-equilibrating loading system was designed to apply the transverse load as 

shown in Figure 3.14.  The airbag was housed between a reaction panel and the masonry 

infill. The reaction panel was connected to the RC frames using threaded rods through 

those pre-embedded tubes. The reaction panel was made of a 15 mm thick plywood board 

stiffened with steel hollow sections (HSS) as shown in Figure 3.14. The steel horizontal 

beams had three holes aligned with the holes made on the beam and the base of the RC 

frame to facilitate the connection of the reaction panel to the RC frame using threaded rods. 

The specimens were tightly clamped to the strong floor using two W-section beams on 

each end of the frame beam stems (Figure 3.15). 

    

Figure 3.14 Out-of-Plane Test Setup 

Airbag Plywood 

Strong Steel 

Frame 
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Figure 3.15 Out-of-plane Setup Details 

The airbag was connected to a pressure transducer to measure and record the air pressure 

inside the airbag as seen in Figure 3.16. In addition to the pressure transducer, a pressure 

gauge was also used to read the air pressure and two readings from transducer and pressure 

gauge were checked throughout the test for consistency. An air compressor was used to 

inflate the airbag. 

Frame to Floor 

Connection 

Pipe Connection 

to the Airbag 
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Figure 3.16 Pressure Gauge, Pressure Transducer and Air Compressor 

To measure and record the out-of-plane displacement of the infill, four linear variable 

differential transformers (LVDT) were employed (Figure 3.17): one LVDT was used to 

measure the displacement at the centre of the infill ; two LVDTs were used to measure the 

displacement at the centres of right and left half of the wall respectively; one LVDT was 

used to record the displacement of the centre of the top half of the wall. For the specimen 

with opening, four LVDTs were used to measure the displacements of the centre of each 

side of the opening as illustrated in Figure 3.18.   

Pressure 

Gauge 

Pressure 

Transducer 

Air Compressor 
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Figure 3.17 Locations of LVDTs 

 

Figure 3.18 Locations of LVDTs for the Specimen with Opening 
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3.4 IN-PLANE TEST SETUP 

The in-plane loading was required for specimens IF-D1 and IF-D2. This loading was 

applied monotonically using a hydraulic jack with a capacity of 250 kN. As shown in 

Figures 3.19 and 3.20, the hydraulic jack was attached to the column of an independent 

reaction frame. A load cell was mounted at the end of the jack to measure the applied load. 

To prevent local crushing of concrete at the point of loading, a steel plate was placed 

between the load cell and the specimen to evenly distribute the load. The specimen was 

tightly clamped to the strong floor in the same way as the out-of-plane test setup (Figure 

3.21 and Figure 3.22). The potential in-plane sliding of the specimen base was further 

restrained using hydraulic rams braced against the columns of the reaction frame 

(Figure 3.23). 
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Figure 3.19 In-Plane Test Setup 

 

Figure 3.20 Hydraulic Jack Connection to Test Specimen 

Load Cell Steel Plate 
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Figure 3.21 Frame to Floor Connection Top View 

 

Figure 3.22 Frame to Floor Connection Side View 
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Figure 3.23 Hydraulic Jack Bracing the Base Beam 

Four LVDTs were used to record the displacements. LVDT 1 and LVDT 2 were used to 

measure the in-plane lateral displacement of the top beam and the base respectively 

(Figure 3.24 and Figure 3.25), while LVDT 3 and LVDT 4 were to measure the potential 

out-of-plane displacement of the centres of the top beam and the infill under the in-plane 

loading (Figure 3.26). 
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Figure 3.24 Placement of LVDT 1 

 

Figure 3.25 Placement of LVDT 2 
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Figure 3.26 Placement of LVDT 3 and LVDT 4 

3.6 TESTING PROCEDURES 

3.6.1 Out-of-Plane Test 

In the case of out-of-plane loading, the specimen was first clamped down to the strong 

floor. The airbag and reaction panel were then mounted in place where the reaction panel 

was bolt-connected to the RC frame.  The LVDTs were then carefully placed and the airbag 

was connected to the pressure transducer and air compressor. Before testing, all devices 

were checked to confirm that they function properly. The LVDTs and the pressure 

transducer were set to record the displacement and pressure with an interval of 0.1 seconds 

using an electronic data acquisition system. The pressure was applied at a rate of 1 kPa per 

minute until the failure of the infills. During testing, initiation and propagation of cracking 

LVDT 3 

LVDT 4 
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as well as final failure mode were monitored and recorded throughout the loading history. 

3.6.2 In-Plane Test 

Note that specimen IF-D1 was first subjected to monotonic in-plane loading to the onset 

of diagonal cracking, and the specimen IF-D2 was tested to failure under in-plane loading 

after subjected to out-of-plane loading to the onset of cracking. During the in-plane loading 

stage, these specimens were placed in position and centered with respect to the hydraulic 

loading jack. A preliminary inspection was then performed to confirm the LVDTs and the 

load cell functionality. The LVDTs and the load cell were set to record the displacement 

and the load at every 0.1 seconds using an electronic data acquisition system. The lateral 

load was applied at a rate of 6 kN per minute until the desirable damage or ultimate load 

were reached in the specimens. During the loading, cracks were detected and marked, and 

their patterns were identified by carefully monitoring the specimen different surfaces. 

3.7 AUXILIARY TESTS 

Auxiliary tests were carried out to define the material properties of different components 

of the infilled frame specimens including CMUs, mortar, masonry prism, concrete, and 

reinforcing steel. Each test was performed in accordance with the corresponding American 

Standard Test Method ASTM. 

3.7.1 CMUs 

Three randomly selected blocks were used to determine the compressive strength and 

physical properties of CMUs including moisture content, percentage absorption, and 
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density in accordance with ASTM C140/C140M (2016) Standard Test Methods for 

Sampling and Testing Concrete Masonry Units and Related Units. To obtain the 

compressive strength, the blocks were tested using Instron universal testing machine as 

illustrated in Figure 3.27. The blocks were end capped using fiberboards to ensure a 

uniform stress distribution when loaded.  

 

Figure 3.27 Compression Test Setup for CMUs 

3.7.2 Mortar  

The mortar used to construct the infill walls was Type S mortar. This mortar was obtained 

using a mixture of Type N mortar, Portland cement, and sand in a volume ratio of 1:3:12. 

Two batches of mortar were mixed for the construction of infill walls and mortar cubes. A 

total of twelve cubes were poured in a non-absorbent mold and after 48 hours, they were 

demoulded and half of them (three for each batch) were cured for 28 days in hydrated lime 

water whereas the other half were cured in the same condition as the infills. The 

compressive testing of each set of cubes was performed using the Instron compression 

machine as seen in Figure 3.28 on the day of testing the corresponding specimens. All 
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curing and testing procedures were in accordance with ASTM C270 (2014) Standard 

Specification for Mortar for Unit Masonry. 

 

Figure 3.28 Compression Test Setup for Mortar Cubes 

3.7.3 Masonry Prisms 

A total of ten, 5-course high hollow masonry prisms were fabricated at the same time as 

the construction of infill walls and tested as per ASTM C1314 (2016) Standard Test 

Method for Compressive Strength of Masonry Prisms. The prisms were cured under the 

same condition as the masonry infill walls. The prisms were constructed by applying 

mortar only to the face shell of the masonry blocks, identical to the construction of the infil l 

walls. The compressive testing of the prisms was conducted using the Instron universal 

testing machine and the specimens were capped with fiberboards similar to the testing of 

concrete blocks as illustrated in Figure 3.29. 
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Figure 3.29 Compression Test Setup for Prisms 

3.7.4 Concrete  

The ready mix concrete with a specified compressive strength of 25 MPa was used in 

construction of the RC frames. The frames were cast in two batches on the July 15th 2016 

and July 19th 2016 respectively. For each batch, six 100×200 mm and three 150×300 mm 

cylinders were also poured. The small cylinders were tested on the 14th day and 28th day 

for compressive strength. The large cylinders were tested on the day of testing the frame 

specimens to obtain both compressive strength and modulus of elasticity of the concrete. 

All the cylinders were tested using the Instron universal testing machine as seen in 

Figure 3.30. The construction and testing procedure of concrete cylinders were as per 
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ASTM C39/C39M (2016) Standard Test Method for Compressive Strength of Cylindrical 

Concrete Specimens. 

 

Figure 3.30 Compression Test Setup for Concrete Cylinders 

3.7.5 Reinforcing Steel 

Reinforcing steel data was collected from Hu (2015) and was used in this study since the 

reinforcement used in both studies was from the same batch. Three steel coupons were cut 

from randomly selected 10M longitudinal rebars and tested using the Inston universal 

testing machine to obtain material properties in accordance with ASTM E8 (2008) Standard 

Test Methods for Tension Testing of Metallic Materials. Details of the reinforcing coupons 
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used are presented in Figure 3.31. Figure 3.32 shows the test setup where an extensometer 

was mounted on the coupon to measure the strain during the loading.  

 

     (a) Steel Coupon Dimensions                    (b) Cross-Section 

Figure 3.31 Steel Coupon Detailing (Hu 2015) (unit: mm) 

 

Figure 3.32 Tension Test Setup for Reinforcing Steel (Hu 2015) 
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CHAPTER 4 EXPERIMENTAL RESULTS  

4.1 INTRODUCTION 

In this chapter the results from auxiliary tests and infilled specimen tests are presented and 

discussed. The auxiliary test results include mechanical properties of CMUs, mortar, 

masonry prisms, concrete cylinders, and reinforcing steel. The infilled specimen results are 

presented in terms of load vs. displacement responses with discussion focused on strength 

and failure pattern of each specimen. The effect of prior damage and window opening on 

the specimen behaviour and strength is also discussed.  

4.2 AUXILIARY TEST RESULTS 

In the following sections, procedures and results for each auxiliary test are presented. They 

include physical properties and compressive strength of CMUs, compressive strength of 

mortar cubes, compressive strength of masonry prisms, modulus of elasticity and 

compressive strength of concrete cylinders, and tensile strength of steel reinforcement.  

4.2.1 CMUs 

Three randomly selected CMUs were used to determine the physical properties of CMUs 

including net area, weight, density, absorption rate, and moisture content. The dimensions 

of the selected CMUs were measure and the resulting mean net area was calculated to be 

9128 mm2 as depicted in Figure 4.1. The absorption, moisture content, and density of 

blocks were measured as per ASTM C140/C140M (2015). For each CMU block, the 

received weight was first measured. The block was then immersed in the water and the 
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immersed weight was subsequently measured. The block was kept in the water for 24 

hours, after which point, it was removed from the water and the weight was measured after 

being surface dried with a towel. This weight was denoted as the saturated weight. The 

block was then kept in an oven at 100°C for 24 hours and at that point, the dry weight was 

measured. The obtained weights were then utilized to determine the absorption, moisture 

content, and density. The average absorption was calculated to be 139.8 kg/m with a 

coefficient of variation (CV) of 0.9%. The average moisture content was calculated to be 

4.5% with a CV of 9.1%. The average density was determined to be 2037.2 kg/m3 with a 

CV of 1.3%. Based on the provisions required by CAN/CSA A165 (2015) Standard for 

Masonry Units, a standard 200 mm hollow block, shall have a density greater than 

2000 kg/m3, a moisture content smaller than 45% for a relative humidity of 75% or bigger, 

and an absorption smaller than 175 kg/m3. As seen in the presented results in Table 4.1, the 

average obtained properties meet the required criteria. 

Table 4.1 CMU Physical Properties 

ID 

Received 

Weight 

(g) 

Immersed 

Weight 

(g) 

Saturated 

Weight 

(g) 

Dry 

Weight 

(g) 

Absorption Moisture 

Content  

(%) 

Density 

(kg/m3) (kg/m3) (%) 

A 1621.2 931.5 1727.9 1616.7 139.0 6.9 4.0 2026.5 

B 1613.4 925.3 1718.3 1608.1 141.3 6.8 4.8 2068.5 

C 1633.6 941.3 1741.0 1628.3 139.1 6.9 4.7 2016.8 

    Avg. 139.8 6.9 4.5 2037.2 

    CV (%) 0.9 0.5 9.1 1.3 
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Figure 4.1 Net Area of the CMU Block (unit: mm) 

The mechanical properties of CMUs are summarized in Table 4.2 and the testing procedure 

was described in Chapter 3. The net area of 9128 mm2 was used in the calculation of the 

compressive strength. The average compressive strength was obtained to be 12.8 MPa with 

a CV of 6.8%. Conical shear followed by face shell spalling was observed to be the 

predominant failure mode of CMUs as illustrated in Figure 4.2.  

Table 4.2 Mechanical Properties of CMUs 

ID 

Ultimate 

Load 

(kN) 

Compressive 

Strength 

(MPa) 

CMU1 125.8 13.8 

CMU2 118.4 13.0 

CMU3 107.0 11.7 

 Avg. 12.8 

 CV (%) 6.8 
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Figure 4.2 Typical Failure Mode of the CMUs 

4.2.2 Mortar 

Specimens IF-D1 and IF-D2 were constructed using mortar batch A, whereas specimens 

IF-ND and IF-W-ND were constructed using batch B. A summary of the test results is 

provided in Table 4.3 and Table 4.4. Table 4.3 lists results of mortar cubes cured in lime 

water (in accordance with ASTM C270) and Table 4.4 lists results of those cured in the 

same condition as the infills. For specimens cured in the lime water, mortar batch A had a 

compressive strength of 21.6 MPa with a CV of 7.2%, while the mortar batch B had a 

compressive strength of 20.4 MPa with a CV of 8.2%. The CVs for both mortar batches 

satisfy the limit specified by CSA S304-14 (<15%), indicating the consistency of mortar 

strength. For specimens cured in the same condition as the infills, mortar batch A had a 

compressive strength of 17.6 MPa with a CV of 20.0%, while mortar batch B had a 

compressive strength of 17.7 with a CV of 22.5%. This shows that mortar cubes cured in 

the same condition as infills (air cured) attained lower strength and the CVs were much 
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greater. It should be noted that the lime water curing was specified in the ASTM 

specification. A typical failure pattern for mortar cubes is illustrated in Figure 4.3, which 

showed crushing on surfaces and splitting vertical cracks through the height. 

 

Figure 4.3 Typical Failure Mode of the Mortar Cubes 

 

 

 

 

 

 

 






















































































































































