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ABSTRACT 

This study is part of on-going experimental research, aiming to further investigate the in-plane 

behaviour of concrete masonry infills bounded by reinforced masonry frames (all-masonry infilled 

frames). A total of six all-masonry infilled frame specimens was tested under in-plane loading 

applied at the frame top beam level to specimen failure. The parameters studied included vertical 

loading, infill aspect ratio, presence of interfacial gaps, and cyclic loading. Two levels of vertical 

load were studied where the vertical load was applied through frame columns and held constant 

while the lateral load was monotonically increased to the specimen failure. In the infill aspect ratio 

study, two specimens with different aspect ratios (one squat and one slender) were constructed and 

tested under monotonic lateral loading. The last two specimens had window openings and pre-

defined gaps and were tested under cyclic lateral loading. Load vs. displacement response, failure 

mode, and ultimate load for each specimen were obtained and discussed in detail. The performance 

of specimens was compared with previous studies conducted in the same research group. The 

experimental results were also used to evaluate the validity of stiffness and strength provisions 

contained in CSA S304.14 and TMS 402/602.16 masonry design standards.  

The final failure mode for the infilled frame specimens was observed to be predominated by severe 

diagonal cracking extending into the boundary columns. Except for the specimen with side gaps 

and tested under cyclic loading, no evident corner crushing was observed. An increase in the 

vertical load resulted in an increase in the ultimate load but less ductile behaviour of specimens. 

When the vertical load was applied through frame columns vs. frame top beam, the above-

mentioned trend was more pronounced. As the infill aspect ratio increased, the stiffness of the 

infilled frame decreased, and uplift at the specimen loaded side increased, indicating an increase 

in flexural behaviour in an otherwise shear action dominated behaviour. However, the ultimate 

strength appears to be controlled still by the length of the diagonal strut. The side gaps had a more 

effect on the specimenôs stiffness while the top gap had more detrimental effect on the specimenôs 

ultimate load. The comparison with previous studies showed that behaviour, strength, and ductility 

of all-masonry infilled frames are similar to, and in some cases, slightly better than infilled RC 

frames under either monotonic or cyclic loading. In general, CSA S304-14 tends to overestimate 

the stiffness in comparison with TMS 402/602. In the case of strength prediction, CSA S304 

performed better than TMS 402/602, with predicted values closer to the test results.  
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CHAPTER 1 INTRODUCTION  

 

1.1 BACKGROUND OF MASONRY INFILED FRAMES  

Masonry is one of the oldest construction materials dating back ten thousand years ago. Masonry 

materials such as natural stones, cut stones and mud bricks were predominately used in 

construction prior to 1900s (Drysdale and Hamid 2005). They have gradually evolved to include 

calcium silicate, oven-dried clay (brick masonry), and more recently, concrete masonry units 

(CMUs). In North America, both concrete masonry units and masonry bricks are commonly used 

in masonry construction while the former is more often used in structural masonry for load bearing 

members and the latter is used in non-structural applications such as building veneers. With the 

development of steel and concrete construction industry, masonry also finds its application in the 

construction of masonry infilled frames where masonry products coexist with either concrete or 

steel materials. 

Masonry infilled frames refer to either reinforced concrete (RC) or steel frames infilled with 

masonry materials (CMUs or bricks). They are often used in a building either as partition walls to 

separate spaces or cladding to complete the building envelope. If they are built in tight contact 

with their bounding frames, they will be designed as ñparticipating infillsò where their contribution 

to the stiffness, strength, and ductility of the frame system needs to be carefully considered. In 

essence, the contribution of the masonry infills is dependent on the extent of interaction between 

the infill and its bounding frame. Many studies on the general subject of in-plane behaviour of 

masonry infilled frames has been conducted in the past six decades. These studies mostly 

concentrated on developing a simple and rational approach to quantify the infill-frame interaction 
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in the stiffness and strength design of the frame system. A detailed literature review is provided in 

Chapter 2. In general, these studies have shown that behaviour of the masonry infilled frames is 

complex and is influenced by many factors such as the geometric and material properties of both 

the infill and its bounding frame, the interfacial condition, and loading conditions to just name a 

few. For design, the current Canadian masonry design standard (CSA S304-14) and American 

standard (TMS 406/602) both provide design equations for calculation of the frame system 

stiffness and strength considering the infill effect. 

At present, reinforced concrete and steel are two main materials to be used as masonry infilled 

frames. Hence, the previous research and its findings have been strictly applicable to those types 

of infilled frames. While the construction technology for building either a RC or steel frame with 

masonry infills is mature, the fact that either type would require a coordination of two trades in 

both design and construction has prevented the masonry infills from being relied upon as structural 

elements in industry practice. In this case, masonry infills are often designed by architects while 

the frame structure is designed by structural engineers. The masonry infills are often treated as 

non-participating and non-structural elements, despite a large amount of physical evidence of the 

benefit of infills to the system behavior and availability of code provisions.   

 

1.2 ALL -MASONRY INFILLED SYSTEM  

The study of all-masonry infilled frame systems began in 2018 within the research group at 

Dalhousie University as part of an effort to develop an alternative to the current infilled frame 

system. An all-masonry infilled frame is conceptually similar to a masonry infilled RC frame with 

the difference being that the bounding frame is also made of masonry, as seen in Figure 1.1. 

Masonry reinforced columns and tied beams form the masonry frame while the masonry infill can 
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be constructed in the same manner as in the conventional infilled RC frames. Masonry columns 

are constructed with custom-made boundary element units with larger open areas for concentrated 

reinforcement and grouting. The masonry beam is formed using the bond beam and tied into 

columns. The masonry infills can remain unreinforced. From both construction and design 

perspectives, all-masonry infilled frames are advantageous as design for the frame and infill can 

be carried out in the same consulting firm and constructed at the same time with one material.  

As a multi-phased study, the phase I was conducted by a colleague in the same research group 

(Foroushani 2019) where six all-masonry infilled frame specimens were tested with design 

parameters including masonry infill strength, infill reinforcement, and presence of vertical loading. 

It was found that the performance of all-masonry infilled frames was comparable to that of 

masonry infilled RC frames and in some cases, was even better. The details of work conducted by 

Foroushani (2019) are elaborated in Chapter two. Given the initial promising results, this study is 

the phase II study where more design parameters are investigated. 
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Figure 1.1 The proposed all-masonry infilled frame 

 

1.3 RESEARCH OBJECTIVES 

Continuing the phase I study, the main objective of this study is to further investigate 

experimentally important geometrical and loading design parameters of all-masonry infilled 

frames. The parameters considered in this study included infill aspect ratio, infill opening, 

interfacial gap, and the presence of axial loading. The effect of cyclic loading was also considered. 

A total of six all-masonry infilled frame specimens were tested. These specimens were subjected 

to in-plane static or cyclic loading. The results were compared with the results from phase I study 

(Foroushani 2019) as well as previous study conducted in the same research group on masonry 

infilled RC frames (Steeves 2017) as appropriate. Detailed research objectives are summarized in 

the following: 
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1. To augment experimental results on the capacity and behaviour of all-masonry infilled 

frames under in-plane loading. 

2. To analyze the effect of the above-mentioned design parameters on the performance of all-

masonry infilled frame systems. 

3. To assess the performance of all-masonry infilled frame systems against masonry infilled 

RC frames. 

4. To evaluate the efficacy of both CSA S304 and TMS402/602 in terms of stiffness and 

strength calculation based on the results obtained from this study. 

 

1.4 OUTL INE OF RESEARCH 

This thesis is organized in six chapters. The present chapter introduces the objectives and scope of 

the research. Chapter 2 presents a comprehensive literature review of masonry infilled frames in 

general and existing analytical methods for the stiffness and strength calculations of such systems; 

the research conducted at Dalhousie University. Chapter 3 provides a detailed description of the 

experimental program. Chapter 4 contains a description and discussion of the results from the 

specimens and auxiliary tests. Chapter 5 presents an evaluation of performance of all masonry 

infilled frames by comparing the experimental results with the analytical values and previous 

experimental results on RC frames. Finally, a summary of results, main conclusions and 

recommendations for future work are presented in Chapter 6. 
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CHAPTER 2 LITERATURE REVIEW  

 

2.1 INTRODUCTION  

Since the all-masonry infilled frame is a new type of infilled frame system, the existing literature 

specifically on this type of system is limited to the research conducted by the Dal research group. 

Considering that the fundamental behavioral characteristics for masonry infills are similar between 

different frame types, this chapter first provides a review of general behaviour and failure modes 

and parametric studies on masonry infills bounded by RC and steel frames that may be relevant to 

this study. The experimental studies conducted in the same research group by Foroushani (2019) 

on all-masonry infilled frames and by Steeves (2017) on masonry infilled RC frames under cyclic 

loading are presented and their results are used in the later comparison with the results of this 

study. Finally, the current Canadian and American masonry design provisions with respect to 

masonry infilled frames are presented as their applicability to the all-masonry infilled frames is 

evaluated in Chapter 5. 

 

2.2 IN-PLANE BEHAVIOUR OF MASONRY INFILLED FRAMES  

2.2.1 General behaviour 

The behavior of masonry infilled frames is dependent on the extent of interaction between the infill 

and its bounding frame throughout loading history. Polyakov (1960) was the first to observe this 

through an experiment of masonry infilled steel frame. He described that at relatively low level of 

lateral force, the infill and frame acted together to provide shear resistance to deformation. As load 

increased, due to the different modes of deformation of the infill and the frame, they began to 

separate and diagonal cracks connecting loaded corners began to form. As cracking developed and 
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the frame further deformed, at failure, the contact area between the infill and frame remained at 

two diagonal corners which are in compression, as shown in Figure 2.1. Hence, a masonry infill 

was considered to be replaceable using a diagonal strut connecting loaded corners, which has since 

formed the basis for the so-called ñdiagonal strutò concept. In this method, the stiffness and 

strength contribution of the masonry infill to the frame can be estimated using a strut of a certain 

width. 

 
Figure 2.1 ñDiagonal strutò concept: in-plane reaction of infilled frames (Holmes1961) 

 

2.2.2 Diagonal strut method 

Following this initial work, the diagonal strut concept has been further studied and developed to 

become the main method of analysis for masonry infill walls and has been adopted in various 

forms in most masonry design standards across the world. The key factor of the existing studies 

based on the diagonal strut concept was to determine the accurate contact area and thus the width 

of the strut for the stiffness and strength consideration of the masonry infill. 
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2.2.2.1 Single-Strut Model 

Both experimental and analytical studies have been conducted to develop analytical models for 

calculating the strut width, w. A detailed literature review of these models can be found in 

Foroushani (2019). Table 2.1 provides a summary of these models for ease of reference with the 

geometric symbols shown in Figure 2.2. It can be concluded that two factors, i.e., the stiffness ratio 

of infill to frame and the slenderness ratio of the infill panel, seem to be the most influential in 

determining the strut width, w. The effect of both is captured through the factor, l, in most models. 

 

 
Figure 2.2. Geometric parameters in masonry infilled frames 
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Table 2.1 Summary of analytical models of the equivalent diagonal strut width 

Author Equation Type of Infill and Frame Note 

Smith and 

Carter 

(1969) 

ύ=0.5

Ȣ ‗ὬᴂȢ Ȣ  

‗
ὉὸÓÉÎς—

τὉὍὬ
 

Experimental study 

Concrete masonry 

infilled RC frame 

ʇ: Relative stiffness of the 

masonry infill and the frame 

ɗ: Slope of the infill 

diagonal to the horizontal. 

% and %: Youngôs moduli 

of the infill and frame 

column 

Mainstone 

(1971) 

ύ/Ὠ=0.175‗Ὤᴂ Ȣ (4Ò‗ὬᴂÒ5) 

 

ύ/Ὠ=0.16‗Ὤᴂ Ȣ   (‗Ὤᴂ 5) 

Experimental study 

Concrete masonry 

infilled steel frame 

ʇ: Relative stiffness 

parameter 

 

Liauw and 

Kwan 

(1984) 

ύ=
Ȣ

 ,έὶ 0.45ὧέί— 

 

Finite element study 

Masonry infilled frame 

ɗ: Slope of the infill 

diagonal to the horizontal. 

Dawe and 

Seah 

(1989) 

ύ= (  + ) 

 

‗
ὉὸÓÉÎς—

τὉὍὬ
 

‗
ὉὸÓÉÎς—

τὉὍὬ
 

Experimental/Numerical 

study 

Concrete masonry 

infilled steel frame 

Ô: Thickness of panel 

ʇ: Relative stiffness 

correlated to the beam 

ʇ: Relative stiffness 

correlated to the adjacent 

column 

% and %: Elastic moduli of 

the infill and the RC frame 

Hendry 

(1998) 

ύ = πȢυ   

 


“

ς

ὉὍὬ

ςὉÔÓÉÎς—
 

 “
ὉὍὒ

ςὉÔÓÉÎς—
 

Numerical study 

Frame-infill system 

% and % : Youngôs moduli 

of frame column and 

masonry infill 

) and ): Moment of inertia 

of column and beam 

ɻ and ɻ: Contact length 

between infills and column 

and beam 

Flanagan and 

Bennett 

(1999) 

ύ =  

Experimental study 

Clay tile infilled steel 

frame 

#: Empirical constant varies 

with the in-plane drift 

Ô: Thickness of infill 
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Table 2.1 Summary of analytical models of the equivalent diagonal strut width (contôd) 

Al -Chaar 

(2002) 

 

for ὰ/ Ó1.5 

ύ=0.0835ὅὨ(1+2.574/‗Ὤᴂ) 

 

for ὰ/ =1 

ύ=0.1106Ὠ(1+6.027/‗Ὤᴂ) 

 

ὅ = ī0.3905(ὰ/ )+ 1.7829 

Experimental/numerical 

study  

Concrete and brick 

masonry infilled RC 

frame  

Ὠ: Infill diagonal length  

C: Non-dimensional factor 

to consider aspect ratio 

effect  

 

2.2.2.2 Multiple-Strut Model 

Some researchers suggested that a single strut may not be adequate to capture the effect of the 

infill  exerted on the shear and moment resistance of the boundary frame. Thus, multi-strut models 

were also proposed. The following presents three such models. Crisafulli and Carr (2007) proposed 

a model consisting of two parallel struts and a shear spring to consider sliding shear and diagonal 

tension of the infill, as shown in Figure 2.3. However, the required parameters were found through 

a complicated calibration process using a few specific infill cases, which makes it difficult to be 

adopted in practice.  

 

 
Figure 2.3 Two struts model (Crisafulli and Carr 2007) 

 

Burton and Deierlein (2014) developed a ñcompression-only dual-strut modelò composed of an 

elastic frame members for struts and zero-length spring elements positioned at the end of frame 

members to account for the loss in the capacity of axial load due to column shear failure. This 
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model is illustrated in Figure 2.4. This model is more to address the effect of the infill on the 

boundary frame but in terms of the infill itself, it is not too different from the single-strut model. 

 

 
Figure 2.4.compression-only dual-strut model (Burton & Deierlein 2014) 

 

El-dakhakhni et al. (2003) proposed the ñthree-Strut Modelò as illustrated in Figure 2.5. This 

model composed of three struts, creating two diagonal regions for the panel where the red circles 

indicate the beam-column joints. The strut total area is expressed as follows: 

 
Figure 2.5. Multiple diagonal strut models (El-Dakhakhni et al., 2003) 

 

ὃ
ρ  Ὤὸ

ÃÏÓ—
 

(2-1) 
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The contact lengths Ὤ and ὰ were proposed to be associated with the plastic moment capacities 

of the beam, column and beam-column connection. Calibrated using a limited number of steel 

framed masonry infill specimens, this model was found to overestimate the strength and ductility 

of infilled frames in general. 

2.2.3 Failure modes of infilled frames 

There are some possible failure mechanisms for infilled frames. The following five failure modes 

have been recognized as common types of failure in masonry infilled frames: 1) Corner Crushing 

(CC) which causes failure of the infill in the loaded corners due to compression; 2) Sliding Shear 

(SS) in which horizontal sliding through bed joint happens. This failure mode usually comes from 

week mortar joint; 3) Diagonal strut compression (DSC) that appears in the central region of the 

diagonal strut due to out-of-plane buckling, which might be caused by slender infills. 4)Diagonal 

Cracking (DC) that observed through diagonal strut when the diagonal strut is subjected to 

compression and diagonal tension crack appears along the diagonal direction of the infill; and 5) 

Frame Failure (FF) that can be in the form of ductile plastic hinge development or sudden shear 

failure of the columns. These failure modes are shown in Figure 2.6. For masonry infilled steel or 

RC frames of typical material and geometry, corner crushing was identified as the most common 

failure mode. The diagonal tension cracking was also observed to often initiate the failure although 

the final failure. 
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Figure 2.6. failure modes of infilled frames(Asteris et al. 2013) 

 

2.2.4 Strength analysis of infilled frames 

Several strength equations have been proposed to calculate the capacity of infilled system with 

different failure modes as explained above. A summary of proposed equations is shown in Table 

2.2. As can be seen, most equations were proposed for corner crushing (CC), sliding shear (SS), 

and diagonal cracking (DC) as they were mostly often observed failure. These models were mainly 

empirical and based on the diagonal strut concept, relating the lateral strength of the infill to some 

forms of strut width. It should be pointed out that each model, whether developed based on 

experimental results or numerical studies, was calibrated against a set of experimental results of 

material and geometric properties of the infilled systems specific to the study. Most often, these 

experimental results were limited in the number of specimens and range of variation of parameters. 

Thus, none of these models is found universally applicable to all types of masonry infilled frames.  
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Table 2.2 Summary of proposed strength evaluation equations for masonry infilled frames  

Author Equation 
Type of Infill and 

Frame 
Note 

Mainstone 

(1971)  

 

Ὄ = 0.56‗Ὤ Ȣ Ὢ  Ὤᴂ  ὸὧέὸ(—) 

4Ò‗ὬᴂÒ5 

 

Ὄ = 0.52‗Ὤ ȢὪ  Ὤᴂ ὸὧέὸ(—) ‗Ὤᴂ 5 

Experimental 

study  

Concrete masonry 

infilled steel frame  

ʇ: Relative stiffness  

parameter (Eq.Error! R

eference source not found.)  

Æ  = Masonry infill 

compressive strength  

Rosenblueth 

(1980)  

 

Ὄ = (0.9+0.3) Æ ὸ 

Ὄ = ὸ Ὢ  ίὩὧ(—) 


“

ς

τὉὍὬ

ὉÔÓÉÎς—
 

Experimental 

study Masonry 

infilled RC frame  

 

Æ= Shear bond strength 

between the masonry and 

mortar  

ɻ= Contact length of the 

infill and column  

Smith and 

Coull (1991)  Ὄ Ὢ ὸ 
“

ς

τὉὍὬᴂ

Ὁὸ
 

Numerical study  

All material 

infilled frames  

(Terms are defined before)  

 

Paulay and 

Priestley 

(1992)  

Ὄ = ὸ ὨὪ  ÃÏÓ— 

 

Numerical study  

Masonry infilled 

RC frames  

(Terms are defined before)  

 

Saneinejad 

and Hobbs 

(1995)  

 

Ὄ =ÍÉÎ Ȣ
ÃÏÓ—

πȢψσὸὨÃÏÓ—
 

Ὄ  = 2ЍςὸὨὪÃÏÓ— 

Ὄ ρ  Ὤὸ„ ὰὸ†  

Numerical study  

All material 

infilled frames  

Æ= Tensile strength of infill  

ɾ= Load factor  

ɻÈ and ɻ = Contact length 

and contact stress between 

the column and infill  

ɻ and ʐ= Contact length 

and contact stress between 

the beam and infill  

Mehrabi 

(1996)  

 

Ὄ = πȢστὃ πȢωὖ Experimental 

study  

Masonry infilled 

RC frames  

! = Horizontal cross 

section of infill  

0= Vertical load  

Flanagan 

and Bennett 

(1999)  

Ὄ = ὑ ὸ Ὢ  Experimental 

study  

Clay tile infilled 

Steel frame  

+ = Empirical constant for 

corner crushing with a mean 

value of 246 mm for clay 

tile infills 
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2.2.5 Irregular infills  

The above presented analytical models/equations are only applicable to ñregular infillsò subjected 

to static lateral loading. In this context, ñregular infillsò refer to those constructed without 

perforations and there are no gaps at the infill-to-frame interface. For ñirregular infillsò where infill 

openings and interfacial gaps are present, or loading is cyclic, there are no available design 

guidelines accepted by the design community. Research on the ñdiagonal strutò concept to 

incorporating the effect of ñirregularitiesò in infills is on-going and some findings on parameters 

relevant to this study are summarized in the following sections. 

2.2.5.1 Interfacial Gap 

The presence of interfacial gaps between beam and infill or column and infill causes a significant 

decrease in the stiffness and capacity of the infilled frame. Based on studies conducted by Yong 

(1984) and Dawe and Seah (1989a), the presence of a top gap of 20 mm between beam and infill 

results in a 50% reduction in the initial stiffness and strength of the infilled system. On the other 

hand, Flanagan (1994) stated that a 25 mm side gap between the column and infill did not affect 

ultimate capacity; however, a non-symmetrical cracking shape was observed. All previous studies 

suggested the presence of a gap significantly reduces the stiffness at the initial loading point. Once 

the gap was closed due to loading at the loaded corner, a marked increase in stiffness was observed. 

Further, a top gap seems to have more detrimental effect on the capacity of the infilled frame than 

the side gap. However, the latter affects more on the displacement and ductility of the system.  

2.2.5.2 Openings 

Infill openings were also reported to result in reductions in the stiffness and capacity of the infilled 

frame. Both opening size and location can affect the degree of the reductions. Mallick and Garg 

(1971) suggested the center of infill is the best location for opening. However, Kakaletsis and 
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Karayannis (2007) who tested RC infilled frames indicated that a better performance was observed 

when the location of opening was close to the edges of the infill to reduce the interruption of the 

diagonal strut formation. Soon (2011) showed that the reduction in infill capacity and the opening 

size do not have a linear relationship. 

2.2.5.3 Cyclic Loading 

Quasi-static cyclic loading can be defined as a testing procedure where slow cycles of loading, 

simulating seismic activity, are applied in order to study the performance of structures and 

structural members for crack propagation, hierarchy of collapse, and associated levels of damage. 

In comparison to monotonic loading, which assesses a materialôs yielding point, quasi-static cyclic 

gives insight into the hysteric characteristics such as strength and stiffness deterioration, energy 

dissipation, and ductility. The quasi-static loading is considered a good alternative for 

understanding the structural seismic performance in lieu of more sophisticated and advanced 

testing strategies such as pseudo-dynamic or shaking table testing. While a majority of 

experimental research on infilled frames has been conducted using monotonic loading, those 

conducted under cyclic loading conditions were limited. 

Klingner et al. (1996) and Mehrabi et al. (1996) conducted experimental tests on half-scaled single 

storey infilled RC frame specimens subjected to monotonic or quasi-static cyclic loading. Results 

showed that infills can significantly increase the stiffness, strength and energy dissipation capacity 

of the infilled system, even if the system is under in- and out-of-plane lateral loads simultaneously. 

It was also found that specimens subjected to cyclic loading showed lower lateral resistance and 

faster strength degradation than their monotonically loaded counterparts. 

A full -scale experimental study was conducted by Pujol and Fick (2010). They tested a three-

storey concrete building and investigated the effect of masonry infills on the drift capacity of 
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concrete frames. The presence of infills was proven to enhance the performance of the frame in 

terms of constraining the ñinter-storey driftò and increasing the lateral stiffness and base shear 

strength up to 500% and 100%, respectively. 

Al -Nimry (2014) performed quasi-static cyclic load testing on 1/3 scale RC frames with limestone 

masonry infills. Experimental results showed a substantial decrease in ductility with the presence 

of axial load and reduced load capacity with the presence of openings. 

 

2.3 EXPERIMENTAL STUDIES  CONDUCTED AT DALHOUSIE 

UNIVERSITY  

Two experimental studies conducted in the same research group are of relevance to this study and 

their findings are described below. One was conducted by Steeves (2017) on masonry infilled RC 

frames subjected to cyclic loading and the other was conducted by Foroushani (2019) on all-

masonry infilled frames subjected to static loading. The geometry, dimensions, and material 

properties of the infills and frame are kept as consistent as appropriate among all three studies to 

enable later results comparison. 

Steeves (2017) investigated the effect of gaps and openings on the in-plane behaviour of masonry 

infilled RC frames subjected to quasi-static cyclic loading. One bare frame, two specimens with 

gaps and two with window opening accounting for 20% of the infill area were loaded to failure. 

All infills were constructed with the same dimensions at 980 mm high and 1350 mm wide. The 

strength, stiffness, ductility, and energy dissipation of the specimens were discussed. The geometry 

and dimension of the infill and the boundary frames, as well as the gap size and location and infill 

openings used in the Steevesô study on infilled RC frames were adopted in this study as much as 

possible. The test setup and procedure were also kept the same between two studies.  The objective 
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was to be able to compare the performance of a masonry infilled RC frame vs. an all-masonry 

infilled frames for a given set of parameters.  

Foroushani (2019) tested a masonry bare frame and five all -masonry infilled frame specimens. 

The parameters included infill strength, infill horizontal reinforcement, and presence of vertical 

load applied through the top frame beam. For all specimens, masonry infills were constructed with 

un-grouted concrete masonry blocks and did not have any vertical reinforcement. According to 

Foroushani (2019), all-masonry infilled frames, in general, exhibited comparable or even greater 

ductility than their RC frame counterparts. When the strength is concerned, the all-masonry infilled 

frames attained similar and, in some cases, higher strengths than the RC frame counterparts. The 

study showed the potential for this all-masonry infilled frame system to be used as a lateral load 

resisting system but more experimental tests covering more parameters are needed. 

 

2.4 NORTH AMERICAN DESIGN STANDARDS AND CODES   

As mentioned previously, the diagonal strut method has been adopted in both the Canadian and 

American masonry design standards for design of masonry infills. Under the framework of this 

method, different equations for the strut width and strength calculations are, however, specified in 

the two standards. Also, it should be pointed out that the provisions contained in both standards 

only address the ñregular infillsò. Neither standards provide explicit treatment for infills when 

ñirregularitiesò exists in the infill. 

2.4.1 CSA S304.14 

The Canadian masonry design standard CSA S304.14 (2014) follows a semi-empirical method 

through the diagonal strut concept for the design of infills. Mainly based on the work done by 
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Stafford-Smith and Carter (1969), the strut width, w, is correlated with contact areas between the 

infill and the frame beam and column,   and , as illustrated in Figure 2.7. 

ύ Ὤ ὰ (2-2) 

 ;  “  (2-3) 

 

where ὸ is the effective thickness of the masonry infill, Ὁ is the elastic modulus of the frame 

material, Ὅ and Ὅ are the moment of inertia of the beam and column, respectively. The effective 

strut width ύ  is then considered as w/2 as the stress distribution in that width can be considered 

uniform. 

For stiffness consideration, S304-14 specifies that the effective strut width be further reduced to 

0.5ύ . To determine the in-plane capacity of masonry infills S304-14, investigates corner 

crushing (CC), shear sliding (SS), and diagonal cracking (DC) failure modes. In all cases, the 

strength equations are related to the effective diagonal strut width. 
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Figure 2.7 Illustration of geometric properties of the equivalent diagonal strut  

(Adapted from Drysdale and Hamid 2005) 

 

2.4.2 TMS 402/602 

The American standard TMS 402/602 specifies that the infill be considered as an equivalent strut 

to calculate the stiffness of the infilled system. Based on the research conducted by Flanagan and 

Bennett (1999), the width of the diagonal strut is obtained by the following equation: 

ύ
πȢσ

‗ ÃÏÓ—
 (2-4) 

 

where ‗  is the stiffness parameter and expressed as below, for the design of concrete and clay 

masonry infills: 

‗
ὉὸÓÉÎς—

τὉ ὍὬ
 (2-5) 
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where Ὁ  and Ὅ  are the Youngôs modulus and moment of inertia of bounding columns, 

respectively, and ὸ is the effective thickness of the infill. The factor of 0.3 is used to account for 

the potential damage sustained by mortar joints with no damage to the infill (Flanagan and Bennett 

1999). Although similar in concept, the TMS equation is a simplified diagonal strut equation where 

the bounding beam effect is considered negligible and the width is largely dependent on the 

bounding column stiffness. 

In TMS 402/602, the in-plane strength of infilled frames is also evaluated based on three failure 

modes, i.e., corner crushing, sliding shear, and 25 mm lateral displacement of the frame. It should 

be pointed out that for corner crushing, the TMS simply uses a constant term of 6 inches as the 

diagonal strut width to account for the compressive capacity of the diagonal strut.  
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CHAPTER 3 EXPERIMENTAL PROGRAM   

 

3.1 GENERAL  

This study experimentally investigates the strength and behaviour of all-masonry infilled frame 

systems. A total of six all-masonry infilled frame specimens was subjected to either static or cyclic 

in-plane loading to failure. Along with testing of the infilled specimens, auxiliary tests were also 

conducted to obtain the material properties of concrete masonry units (CMUs), mortar, grout, 

reinforcing steel and masonry prisms. The following sections provide a detailed description of 

infilled frame specimens, test setup and procedure while the associated auxiliary tests are presented 

in Appendix A. 

 

3.2 INFILLED FRAME SPECIMENS  

Table 3.1 provides a description of design parameters of the six specimens tested in the 

experimental program. The first four specimens were tested under monotonic lateral loading, two 

of which were used to study the effect of axial loading on the in-plane behaviour (IF-LA-80 and 

IF-LA-160) with two levels of axial loads of 80 and 160 kN respectively, and the other two were 

used to study the effect of infill aspect ratio (IF-AS-0.5 and IF-AS-1.3) with an aspect ratio, H/L, 

of 0.5 and 1.3 respectively. The last two specimens were tested under cyclic lateral loading (IF-

W-TG-C and IF-W-SG-C) and they had a pre-defined gap of 12 mm located at two interfaces, 

including: 1) at top beam-infill interface (Top Gap), and 2) at two column-infill interfaces (Side 

Gap). These two specimens also had a window opening accounting for 17% of the infill area. The 

capacity of the hydraulic actuator used to apply the cyclic loading is 100 kN. The two specimens 
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were thus weakened with both interfacial gap and infill opening to ensure they can be tested to 

failure within the actuatorôs capacity. In addition, similar specimen design parameters were also 

used in the experimental study conducted by Steeves (2017) on masonry infilled RC frames. The 

parameters were thus kept the same to aid later comparisons. Figures 3.1 to 3.3 illustrate the 

geometry, dimension, and design parameters for these specimens.  

Table 3.1 Summary of test specimens 

Specimen ID Aspect ratio (H/L) 
Window 

opening 
Gap Type of load 

IF-LA-80 0.73 - - 
Lateral and 80 kN 

axial 

IF-LA-160 0.73 - - 
Lateral and 160 kN 

axial 

IF-AS-0.5 0.5 - - Lateral static 

IF-AS-1.3 1.3 - - Lateral static 

IF-W-TG-C 0.73 17% 12mm Top gap Lateral cyclic 

IF-W-SG-C 0.73 17% 
12mm Side gap 

(6mm each side) 
Lateral cyclic 

 

 
Figure 3.1 Geometry and applied load on specimens IF-LA-80 and IF-LA-160 (unit:mm) 
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(a) 

 
(b) 

Figure 3.2 Geometry and applied load on specimens (a) IF-AS-0.5 and (b) IF-AS-1.3 (unit:mm) 
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(a) 

 
(b) 

Figure 3.3 Geometry and applied load on specimens (a) IF-W-TG-C and (b) IF-W-SG-C (unit:mm) 

 

All the masonry infills were constructed as unreinforced and un-grouted using the custom-made, 

half-scale standard 200 mm CMUs. Figure 3.4 shows the nominal dimensions of the CMUs used 

for the infill  and boundary frame. The boundary frame cross-sections (including the top beam and 














































































































































































































