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ABSTRACT 

A finite element study was conducted to investigate the in-plane behaviour and strength 

of masonry infills bounded by steel frames with the focus on the effect of several 

influential parameters. In this study, two finite element models were developed using 

commercial software ANSYS adopting the simplified micro-modelling approach. The 

main difference of two models resided in the modeling technique used for simulating the 

mortar effect. The first model adopted a user-defined linkage element for mortar effect 

simulation whereas this was modelled by cohesive zone interface contact pairs in the 

second model. Both models were validated against experimental results available in the 

literature. Following the validation, the models were used in a series of studies to 

investigate the effect of several parameters on the stiffness and strength of infilled steel 

frames.      

For the infill opening study, it was found that the presence of openings decreased the in-

plane stiffness and strength of the infill, and the degree of this reduction was associated 

with the location of the opening. For the vertical loading study, it was found that when 

applied as a uniformly distributed load on the frame beam, the vertical load had an optimal 

load level and within this level, the vertical load was found to be beneficial to the lateral 

stiffness and strength of the infilled frame. When applied as point loads on columns, the 

vertical load was shown to reduce the lateral strength of the infilled frame. For the 

interfacial gap study, it was found that the top beam-infill gap was more detrimental to the 

stiffness and strength of infill than the side column-infill gaps. Gap(s) had less effect on 

infills bounded by weak frames than strong frames. In most cases, the reduction factor for 

the gap effect specified in the American masonry standard (MSJC 2013) produced 

conservative estimates for both the stiffness and strength. For the material and geometric 

property study, it was found that while grouting was beneficial to both the stiffness and 

strength of the infill, the loaded corner cells need to be grouted to achieve the maximum 

benefit. In terms of increasing stiffness and strength of the infills, the joint reinforcement 

showed a noticeable effect while the vertical reinforcement had almost negligible effect. 

Frame column stiffness had a greater effect on the behaviour of infilled system than the 

frame beam stiffness. However, the net strength of infill was less affected by either column 

or beam stiffness. Compared with the finite element results, the American masonry 

standard (MSJC 2013) generally underestimated the stiffness and strength of infills while 

the Canadian masonry standard (CSA S304-14) achieved a much better agreement. 

Simplified analytical equations to account for the effect of the size and location of window 

openings; the uniformly distributed vertical load; and the size and location of gaps have 

been proposed respectively based on the regression analysis on finite element results. The 

proposed methods were shown to provide good agreement with both experimental and 

finite element results.  
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Chapter 1 Introduction 

1.1 Background 

Masonry walls built inside concrete or steel frames are commonly referred to as masonry 

infills. Different from individual masonry shear walls, the in plane lateral load resisting 

behaviour of infills is dependent on the interaction between the bounding frame and the 

infill. In general, masonry infills have been shown to contribute significantly to the lateral 

stiffness, strength, ductility and energy dissipation of the frame system. However, due to 

the complexity in determination of the exact extent of interaction between the infill and its 

bounding frame, the current design practice has been to treat infills as non-load bearing 

elements and design bounding frames for both gravity and lateral load. To reflect this 

design intention in construction, the infill has to be properly isolated from the bounding 

frame so it will not participate in the load sharing, and the lateral load resistance has to be 

realized using other structural elements. The resulting design may not be an economic one. 

When the infill is built in tight contact with the bounding frame with an intention for it to 

participate in the load sharing, its inherently large in-plane stiffness will attract additional 

forces to the frame area and change the behaviour and dynamic characteristics of the entire 

structure. If not designed properly, the strength and stability of the frame will be adversely 

affected. Thus, it is crucial to quantify the interaction between the masonry infill and its 

bounding frame so that the stiffness and strength contribution of the infill to the frame 

system can be accurately evaluated.  
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1.2 Research Overview and Design Practice 

Both experimental and finite element studies have been conducted in an effort to better 

understand the infill-frame interaction and to provide some rational design approaches. A 

detailed literature review is presented in Chapter 2. Most of these studies focused on the 

development of the “diagonal strut method”. This method treats the masonry infilled frame 

as a braced frame with the masonry infill replaced by an equivalent diagonal strut acting in 

compression to resist the lateral loading. Once the strut width is known, the stiffness of the 

system can be determined through a frame analysis and the strength of the infill can also 

be formulated as a function of the width. Since its inception, much research has been 

dedicated to proposing equations for the diagonal strut width that can simulate the actual 

stiffness of the infilled frames. Most of these equations were expressed as a function of 

some form of relative infill-to-frame stiffness ratio and infill geometry. These studies also 

showed that infills are capable of developing a number of possible failure mechanisms, 

depending on the strength and stiffness of the bounding frames with respect to those of the 

infills and the geometric configuration of the framing system. However since these 

equations were calibrated using experimental results to a specific set of testing parameters, 

none was found to provide universally satisfactory estimates for various infill and frame 

material and geometric properties. These studies did, however, show the complexity of 

masonry infilled systems as they are affected by material and geometric properties of both 

the frame and infill, the stiffness ratio of the frame and infill, and loading conditions. 

Largely scattered and even conflicting results were reported among some studies. In recent 
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years, finite element modelling has been increasingly used in the study of infilled frames 

in an effort to cover a wide range of parameters that often beyond the scope of experimental 

programs. 

For design practice, the Canadian masonry design standard CSA S304 and the Masonry 

Structure Joint Committee standard MSJC 2013 are two governing standards for the design 

of infills in Canada and the United States respectively. Both standards adopted the diagonal 

strut method but with different formulations in calculating the strut width and infill strength. 

For the 2004 edition of the Canadian masonry standard CSA S304.1 (2004) on infill design 

in particular, design stiffness equations were based on studies conducted 40 years ago 

(Stafford-Smith, 1962, 1966; Stafford-Smith & Carter, 1969). On the other hand, the MSJC 

2013 equations were largely based on the study conducted by Flanagan and Bennett (1999, 

2001) on steel frames infilled with structural clay tiles. Performance assessment of the 

standard equations by Tucker (2007) and Liu and Soon (2012) indicated that the values 

obtained using CSA S304.1 and MSJC 2013 equations were in disparity with each other 

and with those obtained from experimental testing to different degrees. At the time of 

writing this thesis, CSA S304 was in the process of upgrading the infill design provision 

for the new edition to be published in 2014. This study thus served as a background 

research for the upgrade which has since been adopted in the latest edition of CSA S304 

(2014). The upgrade is discussed in detail in Chapter 3.In addition, the guidelines contained 

in both standards are only intended for design of infills of simple situations. For more 
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complex cases such as gaps existing between the infill and the frame members, openings 

in the infill or combined lateral and vertical loading, the design standard provides no 

guidelines. The design methods contained in both standards are in need of validation with 

results covering a wide range of material and geometric parameters which are encountered 

in masonry infill construction as well as an upgrade to provide guidelines on the treatment 

of infills in those more complex situations.  

1.3 Research Objectives  

In view of the lack of comprehensive design guidelines of masonry infills in general, this 

research is designed to investigate the in-plane behaviour and strength of infilled steel 

frames with the focus on the infill itself. Early results from this study have already 

contributed to the upgrading of the infill design section in the CSA S304-14 edition, and it 

is expected that the rest of this study will further supplement the understanding of infill 

behaviour and result in the proposal of analytical methods.  

A detailed description of objectives is as follows: 

a) To compile and summarize results from existing experimental studies reported in 

the literature on masonry infills subjected to in-plane lateral loading, and to 

examine the validity of several analytical methods proposed by different 

researchers as well as standard design equations for the infill stiffness and strength 

calculation using the experimental results.  
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b) To develop a robust finite element model that is capable of simulating the in-plane 

behaviour and predicting the stiffness and the strength of masonry infills.  

c) To conduct a series of in-depth parametric studies on the effect of several influential 

parameters on the stiffness and strength of infills. These parameters include 

masonry compressive strength, grouting extent and configuration, reinforcement, 

bounding frame stiffness, infill openings, frame-to-infill interfacial gaps, and the 

presence of vertical loading.  

d) To assess the performance of design methods in the current standards for the infill 

design using the finite element results covering a wide range of material and 

geometric properties.   

e) To propose analytical equations that can be adopted to consider the effect of the 

aforementioned parameters in the infill stiffness and strength calculation.  

The contribution of this research will lie in the compilation of existing test results and the 

assessment of the current design standards of Canada and the United States; a 

comprehensive numerical study covering a wide range of parameters; and proposal of 

analytical equations that can be adopted for design.   

1.4 Scope of the Thesis 

This thesis is divided into nine chapters. Chapter 1 includes an introduction to the topic, 

description of research objectives and scope of the thesis. Chapter 2 presents a 

comprehensive literature review of various methods for infill stiffness and strength 
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calculations, North American masonry design standards and numerical modelling 

techniques. Chapter 3 compiles and summarizes results from existing experimental studies 

reported in the literature on masonry infills subjected to in-plane lateral loading; and 

assesses the validity of analytical equations proposed by several researchers as well as 

those specified in both CSA S304.1 and MSJC 2013 standards for the infill stiffness and 

strength calculation. Chapter 4 provides details of the two finite element models developed 

in this study and their validation using existing experimental results in the literature. 

Chapters 5 to 8 present a series of parametric studies using the models on the in-plane 

behaviour of concrete masonry infills bounded by steel frames. Chapter 5 studies the effect 

of infill opening size and location. Chapter 6 studies the effects of infill aspect ratio, 

masonry compressive strength, grouting extent and configuration, vertical and joint 

reinforcement, and the bounding frame stiffness. Chapter 7 investigates the effect of 

vertical load and its application manner. Chapter 8 investigates the effect of interfacial gaps 

between the infill and the bounding frame. The summary, main conclusions and 

recommendations from this study are given in Chapter 9.  
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Chapter 2 Literature Review 

The available literature on the in-plane behaviour of infilled frames is high in volume. For 

clarity, this chapter is divided into three main sections. The first section provides a 

summary of available analytical methods proposed by various researchers for both stiffness 

and strength evaluation of the infilled system; the second section describes infill design 

guidelines contained in the current Canadian and American masonry standards; the third 

section is a review of state-of-the-art numerical techniques used in the analysis of masonry 

infilled frames. Each of Chapters 5 to 8 is dedicated to a numerical study conducted on a 

specific parameter or a group of parameters. Thus, a literature review on studies more 

pertinent to those parameters is included in each chapter for ease of reference.     

2.1 General Behaviour 

The mechanism of interaction between the infill and its bounding frame described by 

Holmes (1961) provided the theoretical background for “diagonal strut” method. At the 

initial loading stage, the frame and infill work together as a whole. As the lateral load 

increases, the infill and frame begin to separate due to the different deformation modes of 

the infill and frame but with a certain area remaining in contact. A further increase in the 

lateral load results in the development of cracks and changes in the contact area. At failure, 

two diagonal corners where the compression force is transferred remain in contact with the 

frame forming an equivalent diagonal strut action. Based on this observation, the “diagonal 

strut” method was proposed to consider the infill as a strut connecting two diagonal corners 
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of the frame as shown in Fig. 2.1. 

The infill stiffness and strength can then be determined based on the width and the thickness 

of the strut where the thickness of the strut is often simply taken as the thickness of the 

infill. The width of the strut was found to be dependent on many factors such as infill and 

frame material and geometric characteristics, presence of gaps between the infill and frame, 

openings in the infill, and frame-to-infill stiffness ratio. Effects of these factors are 

interactive and complex and this, coupled with the high variability of masonry properties, 

makes the stiffness and strength evaluation of an infilled frame a challenge. The following 

section presents analytical methods proposed by various researchers for evaluating the 

stiffness and strength of infilled frames. 

a

w

h

ah

al

al

 

Fig. 2.1: “Diagonal strut concept” for in-plane behaviour of masonry infilled frames 

2.2 Analytical Methods for Stiffness and Strength Consideration 

2.2.1 Stiffness Models  

Much research has been dedicated to proposing equations for the diagonal strut width, w, 
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that can simulate the stiffness of the infilled frames. Most of these equations expressed the 

strut width as a function of some form of the relative infill-to-frame stiffness ratio and infill 

geometry. 

Based on the diagonal strut model and the results of seven series of experiments, Stafford-

Smith (1966) proposed the equation to determine the contact length between the infill and 

frame column as:  

HH

h





2
                         (2.1) 

In which λ is the relative stiffness of the infill to the frame and can be calculated as 

(Stafford-Smith & Carter, 1969): 

4

4

)2sin(

HIE

tE

cf

m 
                        (2.2) 

where Em and Ef are the elastic moduli of masonry and frame material respectively, t is the 

infill thickness, H is the height of the frame, Ic is the moment of inertia of the frame column, 

and )/(tan 1 lh .  

The parameter λ is often combined with H to form a non-dimensional parameter λH to 

express the relative stiffness of the infill to the frame. Curves for w/d as a function of λH 

were provided for determination of the width of strut w, where d is the diagonal length of 

the infill panel.  

Mainstone (1971) conducted experiments on small-scale concrete and brick masonry 
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infilled frames and developed two sets of equations for the initial strut width w based on 

the curve-fitting of test results to predict the initial stiffness.  

For brick infill: 

4.0)(175.0  H
d

w
        54  H           (2.3) 

  
3.0)(16.0  H

d

w
            5H           (2.4) 

For concrete infill: 

    
4.0)(115.0  H

d

w
    54  H              (2.5) 

  
3.0)(11.0  H

d

w
      5H                 (2.6) 

where  is defined as in Eqn (2.2) and H is the height of the frame. 

Based on experimental results of Barua and Mallick (1976) and non-linear finite element 

analysis, Liauw and Kwan (1984) suggested that the width of strut be expressed as the 

lesser of the following:  

                                 (2.7) 

)cos(45.0 Hw                      (2.8) 

Flanagan and Bennett (1999) proposed an empirical equation to calculate the width of the 

diagonal strut as: 

                               (2.9) 

where C is an empirical constant that depends on the displacement of the infill and the 

damage the infill has sustained. Flanagan and Bennett (2001) provided a table of values of 
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C for different infill and frame materials. Based on the various experimental results, a C 

value of 5 was proposed for all types of masonry infilled frames (SCT, CMU infills and 

RC frames) with a lateral displacement lower than 4 mm; a C value of 10 was proposed for 

infilled frames with a lateral displacement between 4 mm and 12 mm.  

Some research has shown that single-strut models were inadequate in accurately predicting 

the force and moment in members of the bounding frame around loaded corners. Multi-

strut models have thus been proposed to overcome such limitations (Thiruvengadam, 1985; 

Hamburger & Chakradeo, 1993; Chrysostomou et al., 2002; El-Dakhakhni et al., 2003). 

One example of the multi-strut model is the “three-strut model” proposed by El-Dakhakhni 

et al. (2003) as shown in Fig. 2.2. It was suggested that two additional off-diagonal struts 

are required at the point of maximum moments in the beam and columns to reproduce the 

moments in these members.  

 

Fig. 2.2: Schematic view of the three-strut model (El-Dakhakhni et al., 2003) 

The following equation was proposed for the total area of the struts:  
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                            (2.10) 

and αc is defined as: 

      H
ft

MM
Ha

m

pcpj

c 4.0
)2.0(2
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             (2.11) 

where 0mf 
 is the compressive strength of masonry parallel to the bed joint, Mpj is the 

minimum value of the plastic moment capacity between the beam and column, Mpc is the 

plastic moment capacity of the column. The area Ad is split among three struts; the middle 

strut which connects two loaded corners took one-half of the area whereas the upper and 

lower strut took one-quarter of the area each.  

Papia et al. (2003) proposed an analytical strut model for the stiffness of reinforced 

concrete infilled frame by introducing a correlation parameter *, which can be calculated 

as:  

  )
4

1
(

2

2
*

H

L

A

A

L

H

A

tH

E

E

b

c

cf

d                    (2.12) 

where Ed is the Young’s modulus of the infill along the diagonal direction which can be 

taken as Em for simplicity, Ac and Ab are the cross-section areas of the column and beam 

respectively, and the rest of symbols are the same as previously defined. The ratio of strut 

width w to its diagonal length d is given by: 

       )(

1
*z

c

d

w
                         (2.13) 

     2567.00116.0249.0 vvc              (2.14) 
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          2126.00073.0146.0 vv              (2.15) 

where z is the aspect ratio factor and z = 0.75+0.25×L/H,  is the Poisson ratio of infill. 

Furthermore, Amato et al. (2008) and Campione et al. (2015) derived a vertical load factor 

k based on finite element results obtained by Cavaleri et al. (2004), which can be applied 

to Eq (2.16) to account for the presence of vertical loads applied at the beam-column joints. 

Eq (2.16) is then modified into  

 )( *

k

z

c

d

w
                         (2.16) 

where k = 1 when there is no vertical load, and when vertical load exists: 

     vk  )20018(1 *    (Amato et al., 2008) (2.17) 

or v
z

k  )20018(
1 *   (Campione et al., 2015) (2.18) 

where εv is the axial strain in column caused by vertical load, which can be calculated as 

cc

v
v

EA

F

2
  and Fv is the vertical load.  

Based on regression analysis on the existing experimental data from steel frames infilled 

with CMU, Tucker (2007) proposed the following equation to determine the diagonal strut 

width, w and thus the stiffness of the masonry infilled system: 

   15.1)(25.0  Hdw                      (2.19) 

2.2.2 Strength Models 

The strength of infills is shown to be dependent on failure modes of the system which are 

in turn affected by the geometric and configuration characteristics of the infill and the frame. 
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For in-plane lateral loaded infilled frames, five failure modes have been identified, and 

they are described as follows:  

Corner Crushing Failure (CC) – Crushing at the two loaded corners of the infill.  

Compression Strut (CS) – Crushing in the central region of the infill, which happens when 

the diagonal strut is slender that causes the out-of-plane buckling of the infill. 

Sliding Shear (SS) – Sliding along the bed joints of the infill. This usually happens due to 

weak mortar joints and strong frame members.  

Diagonal Tension Failure (DT) – Diagonal cracking along the two loaded corners of the 

infill. This failure mode is often associated with the weak frame and strong infill.  

Frame Failure (FF) – Columns of the frame yielding in flexure or failed in compression 

due to an exceptionally strong infill. 

For most tested steel and concrete infilled frames, the failure mode is characterized by the 

development of diagonal cracking and corner crushing at failure. The frame failure is the 

least likely failure mode. In view of this, most past research focused on the studies of first 

cracking strength and corner crushing strength and the analytical models reported in the 

literature reflected this focus.  

Holmes (1961) gave the following formula to calculate the crushing load for infilled steel 

frames. 
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           (2.20) 

where εm is the infill failure strain, d is the length of the diagonal strut, f′m is the compressive 

strength of infill, and Ad is the strut area which is calculated as Ad = t×d/3 and t is the 

thickness of the infill. The rest of symbols are the same as previously defined. 

The ultimate diagonal load of infill for corner crushing mode given by Stafford-Smith and 

Carter (1969) can be described as:  

   
2 cos( )

m
c

tf
R



 


                    (2.21) 

where f′m is the compressive strength of infill, λ is defined in Eqn (2.2). The diagonal load 

Rc should be converted to corresponding lateral load by the following formula: 

                      cosu cH R                      (2.22) 

Mainstone (1971) proposed the formulas for first cracking strength Hcr and corner-crushing 

strength Hult respectively as follows: 

      Hcr = f′twettcos(θ)                 (2.23) 

         Hu = f′mwectcos(θ)                 (2.24) 

where t is the thickness of infill, f′t is the tensile strength of infill, wec and wet are the 

effective width of the diagonal strut at first cracking load and ultimate load respectively. 

According to the infill type and λH value, Mainstone has developed four equations to 

calculated wec and wet respectively. 



 

 16 

For brick infill: 

   
4.0)(17.0  H

d

wet     54  H               (2.25) 

    
3.0)(15.0  H

d

wet        5H                (2.26) 

  
875.0)(56.0  H

d

wec    54  H               (2.27) 

8.0)(52.0  H
d

wec        5H                (2.28) 

For concrete infill: 

4.0)(255.0  H
d

wet    54  H                (2.29) 

                 
3.0)(22.0  H

d

wet        5H                 (2.30) 

   
875.0)(84.0  H

d

wec    54  H                (2.31) 

8.0)(78.0  H
d

wec        5H                 (2.32) 

Liauw and Kwan (1985) proposed a formula to calculate the lateral load Hu as follows for 

each failure mode: 

For Corner Crushing/Column Failure: 
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For Corner Crushing/Beam Failure: 
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Diagonal Crushing/ Beam-connection Failure: 
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                     (2.35) 

Diagonal Crushing/ Column-connection Failure: 
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                    (2.36) 

where, Mpc and Mpb are the plastic moment capacity of column and beam, respectively; Mpj 

is the plastic moment capacity of the joint, which is taken as the smaller value of Mpc and 

Mpb for the moment-resisting frame. 

Wood (1978) suggested that due to the non-ideal plasticity of masonry, masonry cannot 

reach its full crushing stress at failure; a penalty factor γp should be applied to the masonry 

compressive strength. He proposed that the penalty factor γp be calculated as: 

 45.0406.0371.1663.2 2  mmp        (2.37) 

where m is the non-dimensional ratio for frame-to-wall strength which is calculated as: 
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              (2.38) 

Some researchers (McBride, 1984; Flanagan & Bennett, 2001) found that using the penalty 

factor in conjunction with the method by Liauw and Kwan (1985) produced an accurate 

prediction of the ultimate load.  

Based on the diagonal strut analogy, Stafford-Smith and Coull (1991) developed an 

empirical formula for the corner crushing strength of masonry infill as follows. 
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             (2.39) 

The symbols are the same as previously defined.  
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Saneinejad and Hobbs (1995) proposed a method which considered the inelastic behaviour 

of infills and steel frames to calculate the corner crushing strength of the infill.  

    LthtH bbcccu   )1(                (2.40) 

where c is a normal contact stress along the column, ch is the contact length along the 

column, b is the shear stress along the beam, and bL is the contact length along the beam. 

The shear stress along the beam is determined as: 

           bb                        (2.41) 

where  is the coefficient of friction of the frame/infill interface and b is the normal 

contact stress along the beam.  

The contact stress lengths are determined as follows: 
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where o is a nominal reduction factor to account for non-ideal plasticity of the frame and 

an upper bound value of 0.2 for o was suggested. The column and beam normal contact 

stresses are determined from the upper bound contact stresses, co, and bo: 
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where r is the aspect ratio (h/l < 1.0). The actual normal contact stresses can be obtained 
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as: 
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    )1( rA bbbob                    (2.49) 

From the formula of Mainstone (1971), the cracking load Hcr is expressed essentially as a 

product of the tensile strength of the masonry and the strut area. Since the tensile strength 

of masonry is often expressed in terms of mf  , a simplified cracking strength formula was 

developed by Flanagan and Bennett (1999) as: 

mcrcr fltKH                      (2.50) 

Flanagan and Bennett (1999) suggest that the frame properties and geometry have little 

effect on corner crushing strength, thus a simplified corner crushing strength formula is 

proposed as: 

                   Hult = Kutf′m                      (2.51) 

where Kcr and Kult are empirical constants. Based on the tests of clay tile infilled steel 

frames, values of 0.066 mm and 246 mm for Kcr and Kult respectively were suggested. 

Calibrated using 58 test results of both steel and concrete infill frames, Flanagan and 

Bennett (2001) proposed using of a Kult of 243 mm to calculate the infill ultimate load.   

Tucker (2007) compared the results from 13 analytical strength methods with test results 
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from 15 experimental programs at cracking load and ultimate load. Based on the 

comparison, Tucker proposed 6 new strength equations.  

For concrete masonry units: 

        Hcr = 0.6wtf′mcos(θ)               (2.52) 

  Hu = 1.05wtf′mcos(θ)              (2.53) 

For brick infill: 

  Hcr = wtf′mcos(θ)                 (2.54) 

    Hu = 1.9wtf′mcos(θ)               (2.55) 

For clay tile infill: 

          Hcr = 1.05wtf′mcos(θ)              (2.56) 

            Hu = 2.4wtf′mcos(θ)                (2.57) 

where w is determined by Eqn (2.19) (Tucker, 2007).  

2.3 Design Standards for the In-Plane Behaviour  

2.3.1 Canadian Standard CSA 304.1 

The Canadian masonry design standard, CSA S304.1, which adopts the semi-empirical 

formula proposed by Stafford-Smith (1966), suggests that the contact length between infill 

and frame column, αh, and between infill and frame beam, αl can be determined as: 

                    (2.58) 

                         (2.59) 

Assuming a triangular stress distribution along the strut width, w (Hendry, 1981), the 

effective diagonal strut width shall be calculated as:  
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   4/
2

1 22
dw lh                      (2.60) 

The upper limit of d/4 was prescribed empirically. It is noted that based on this research, 

an upgrade of the strut width calculation has been introduced in the latest Canadian 

masonry design standard CSA S304-14 where a reduction factor φst = 0.5 was adopted for 

the strut width when calculating stiffness.  

The compressive strength of the diagonal strut shall be calculated using the compressive 

strength of masonry normal to the head face times the effective cross-sectional area of the 

diagonal strut. The effective cross-sectional area of the diagonal strut shall be the lesser of 

the effective cross-sectional areas parallel or normal to the bed-joints. Slenderness effects 

shall be included. 

2.3.2 FEMA 

The Federal Emergency Management Agency (FEMA) 273 (1997) NEHRP Guidelines for 

the Seismic Rehabilitation of Buildings and FEMA 356 (2000) Prestandard and 

Commentary for the Seismic Rehabilitation of Buildings provide following guidelines to 

evaluate the stiffness and strength of the infills. Both FEMA 273 and FEMA 356 adopted 

the diagonal strut method proposed by Mainstone (1971) as their evaluation model. The 

evaluation formula in the guideline is described as follows: 

         dHw
4.0

175.0


                     (2.61) 

It should be noted that this formula is identical to Eqn (2.3) which was based on extensive 

experimental of brick infilled frames with 54  H . The test results of Mehrabi et al. 
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(1996) suggested that this formula significantly underestimated the stiffness of concrete 

block infilled frames. 

FEMA 273 (1997) and FEMA 356 (2000) do not provide a method to evaluate the corner 

crushing load of the infill. FEMA 306 (1998) Evaluation of Earthquake Damaged Concrete 

and Masonry Wall Buildings adopted the modified version of the method proposed by 

Stafford-Smith and Carter (1969) to calculate the corner crushing failure load. The lateral 

load Hu causing compression failure of the strut is calculated as: 

             Hu = wtf′m-90cos(θ)                 (2.62) 

where w is the equivalent strut width calculated previously in Eqn (2.64) and 90


mf is the 

masonry strength when loaded in compression parallel to the bed joint. 

2.3.3 American Standard MSJC 2013 

The American design standard MSJC 2013 adopts the method proposed by Flanagan and 

Bennett (1999, 2001) and the diagonal strut width is calculated as: 

                             (2.63) 

The factor of 0.3 is used to account for the effect of damage sustained by the infills. It 

should be noted that in the calculation of λ, the MSJC 2013 specified that the thickness of 

the infill shall be taken as the effective thickness of the infill tnet. In the case of ungrouted 

infills, it is taken as the sum of the thickness of the faceshells of the block. 

MSJC 2013 also provides an equation for corner crushing based on 68 test results of clay 

tile infilled steel frames. It is simple to use but seems to suggest that the strut width is a 
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constant term of 6 inches.   

                 Hu = 6(inch)tnetf′m                   (2.64) 

2.3.4 Eurocode 8 

The European seismic design standard Eurocode 8 (1988) recommends that the equivalent 

diagonal strut width for determining stiffness shall be calculated as: 

      dw 15.0                       (2.65) 

Eurocode 8 (2004) states that the strut width should take into account of the presence of 

openings and should not exceed 0.25l or 4t whichever is smaller. However, no provision 

on how to take openings into account was given.  

For all design standards mentioned above, the design guidelines only apply for the 

ungrouted and fully grouted infill. All are silent on the treatment of partially grouted infills 

and none mention the effect of vertical or joint reinforcement. None of the standards 

provides any provisions on the effects of infill opening, interfacial gap(s) between the infill 

and the frame, and vertical load on the lateral resistance of the infill. It should be pointed 

out that all the proposed strength equations in Sections 2.2 and 2.3 are for the net strength 

of the infill except for the equations from Holmes (1961) and Liauw and Kwan (1985) 

which were intended for the total load capacity of the infilled frames.  

2.4 Numerical Studies 

In general, there are two main approaches that have been employed in the modeling of 

masonry infills, i.e. micro-modeling and macro-modelling. Micro-modelling focuses on 
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the modeling of discrete masonry components (i.e. masonry unit, mortar and the interface 

between them). Commonly, units and mortar joints are represented by continuum elements 

whereas the unit-mortar interface is represented by discontinuous elements. Micro-

modeling studies are shown to give a better understanding of the local behaviour of 

masonry structures, and it allows the tracing of the developed stresses and cracks in the 

wall assembly. However, this type of modelling requires a detailed description of the 

material used and requires an excessively large number of elements and thus extensive 

computational time. Macro-modelling, on the other hand, considers the whole masonry 

assemblage as a composite continuum; units, mortar and unit-mortar interface are smeared 

out in one homogenous continuum. Macro-models are applicable when the structure is 

sufficiently large in dimensions so that the stresses along a macro-length are essentially 

uniform; however, it is not ideal in studying the failure patterns of masonry walls. The 

previously mentioned diagonal strut methods are examples of simple macro-models where 

the continuum infill is even further simplified by a truss element (strut). With the 

development of computer technology, the micro-modeling technique has been increasingly 

used in the numerical studies in the past 10 years.   

Page (1979) was one of the first to use the micro-modeling approach to model plain 

masonry structures. Rectangular plane stress elements with isotropic properties were used 

to model the bricks in running bond. The bricks were bonded with joints that were modeled 

using a user-defined linkage element which has limited tensile strength, high compressive 
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strength, and nonlinear deformation characteristics. However this model was only 

developed for stiffness evaluation, and since it did not have a failure criterion for bricks, it 

cannot predict the ultimate load of the masonry structure.  

Lourenҫo (1994, 1996) suggested that masonry micro-modelling has two forms: detailed 

micro-modelling and simplified micro-modelling. The detailed micro-modelling scheme 

requires the detailed knowledge of all material properties of masonry unit and mortar, 

especially the behaviour of the interface between the two materials whereas the simplified 

micro-modelling scheme simplifies the problem by lumping the mortar joint and the 

interface together. The finite element model proposed by Lourenҫo (1994,1996) modelled 

the mortar joint and interface using zero-thickness interface elements. All the damage and 

cracks that could occur in the head joints, bed joints, and masonry units were lumped in 

the weak interface elements; the geometry of the unit was expanded to include the thickness 

of the joint as shown in Fig. 2.3. This model was less accurate since the Poisson's ratio for 

mortar is ignored, but it improved the efficiency of the model significantly. 

Masonry Units

Mortar Joints

Masonry Element

Interface Element

 

Fig. 2.3: Simplified micro-modeling approach (Lourenço, 1994) 

Mehrabi and Shing (1997) developed a finite element model for the masonry infilled RC 
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frames. The smeared-crack finite element formulation proposed by Lotfi and Shing (1991) 

was employed to model concrete in the RC frame and masonry units in the infill panels 

and the cohesive crack formulation of Lotfi and Shing (1994) was adopted for interface 

elements. The mortar joints as well as the interfaces between infill and frame were modeled 

using two-node contact elements. A dilatant interface constitutive model for mortar was 

developed to account for the compressive hardening behaviour, the reversal of shear 

dilatancy, and the normal contraction of mortar interfaces. This model was successfully 

implemented for modeling the behaviour of a large variety of interfaces including rock 

joints and mortar joints. A bond-slip constitutive model was proposed and adopted for 

reinforced concrete structures. It was observed that although the bond-slip model improved 

the analytical response of a bare frame considerably, the influence of the bond-slip model 

on the behaviour of the infilled frames was insignificant. 

Seah (1999) developed a simplified micro-model using a self-written C++ code which had 

the flexibility of considering a wide range of parameters. The masonry units were modeled 

as continuum connected by dimensionless joint elements. Joint elements consisted of rigid 

springs to force the nodes connected by joints to move in unison. Comparison of the 

numerical results with the results of 31 specimens conducted by Dawe et al. (2001) showed 

that the model was reasonably accurate. However, this mode only works for steel infilled 

frame and not RC frames. 

Zucchini and Lourenço (2002, 2004, and 2007) adopted a homogenization technique 
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proposed by Lourenço (1995, 1996) and derived a basic periodic cell for modeling of 

masonry walls. The periodic cell then was homogenized into a continuum with appropriate 

deformation mechanisms which took into account the staggered alignment of the blocks. A 

damage model in tension and a Drucker–Prager plasticity model in compression for the 

homogenized wall were developed and incorporated into the iterative solution procedure 

to calculate the damage and the degradation and failure of masonry. 

Al-Chaar and Mehrabi (2008) incorporated the modelling approach and the constitutive 

models proposed by Mehrabi and Shing (1997) with commercial software, DIANA for 

masonry infilled RC frames. Both the RC frame and the masonry infill wall were modelled 

as a smeared-crack continuum; the mortar joints were modelled using an interface model. 

To capture the cohesion, separation and shear degradation at the interface, Al-Chaar and 

Mehrabi (2008) proposed a Coulomb friction model combined with a tension cutoff and 

elliptical compression cap. One of the drawbacks of this modelling technique is that it 

cannot capture the cumulative damage in mortar joints when the infill is subjected to cyclic 

loading.  

Stavridis and Shing (2010) adopted the model proposed by Mehrabi and Shing (1997) to 

capture different failure modes of the infilled system. Masonry infills and RC frames were 

modelled as rectangular smeared-crack continuum elements that were inter-connected with 

zero-thickness interface elements. In addition, interface brick elements were introduced at 

the middle of each block to account for possible splitting of each block. The comparison 
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of the numerical and experimental results indicated that the model is capable of capturing 

the highly nonlinear behaviour of the physical specimens and accurately predicting their 

strength and failure mechanisms. It showed that among all the material parameters, the 

mortar joint shear strength appeared to be the most influential in the accuracy of the model 

in simulating the behaviour around the cracking load.  

In summary, although several finite element models have been proposed by various 

researchers, each has some limitations in its application. Mehrabi and Shing (1997)’s 

approach has the capability of simulating concrete frames and parameters of infills that 

were ignored by other researchers; however the resultant models (Mehrabi & Shing, 1997; 

Al-Chaar & Mehrabi, 2008; Stavridis & Shing, 2010) were too complicated and 

cumbersome to be used as a parametric study tool. They demand considerable 

computational time and consider factors such as the shear dilatancy of mortar joints and 

the bond-slip effect between rebar and concrete which have little impact on the behaviour 

of infilled frames. In addition, it required material properties input which are not commonly 

provided by engineering practice. The model from Dawe et al. (2001) was coded in C++, 

and it enabled the researcher to incorporate elements and failure criteria that commercial 

software does not support. But the source code is not in the public domain, which prevents 

its use by others. The model proposed by Zucchini and Lourenço (2002, 2004, and 2007) 

provided theoretical support for modeling the infill as a homogenized continuum. However, 

their homogenization method cannot be implemented using the elements and material 
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models provided by the commercial FE softwares (ANSYS, ABAQUS etc.). In addition, 

no attempts have been made in reported literature to adopt their algorithm to the modeling 

of infilled frames. 
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Chapter 3 Comparative Study of Existing Analytical Methods 

3.1 Introduction  

In the past six decades of research on masonry infilled frames, considerable experimental 

research has been conducted on masonry infills of various material and geometric 

properties. However, the results have, until recently, been scattered, and there is a lack of 

systematic summarization of these results in their categories of frame and infill material 

and geometric characteristics. This chapter is to compile and summarize results from 

existing experimental studies reported in the literature on masonry infills subjected to in-

plane lateral loading; and to examine the validity of design equations proposed by several 

researchers as well as those specified in both CSA S304.1 and MSJC 2013 standards for 

the infill stiffness and strength calculation. Both steel and RC bounding frames were 

considered. Through this study, the performance of some existing analytical methods for 

infill design were examined and recommendations for the possible upgrading of design 

stiffness provisions in the Canadian standard were made.   

3.2 Stiffness Method 

In this section, the validity of several existing analytical stiffness equations was assessed 

with the available experimental results. These analytical equations include those suggested 

in the Canadian masonry design standard, CSA S304.1 and American standard MSJC 2013 

as well as several proposed by researchers (Stafford-Smith, 1966; Mainstone, 1971; Liauw 

& Kwan, 1984; Eurocode 8, 1988; FEMA 356, 2000; Flanagan & Bennet, 2001; El-
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Dakhakhni et al., 2003; Papia et al., 2003; Tucker, 2007). The design equations given by 

CSA S304.1 were described in Eqn (2.58) to Eqn (2.60) whereas the design equation given 

by MSJC 2013 was described in Eqn (2.63). As mentioned earlier, this study has resulted 

in an upgrade in the infill design provisions which were incorporated in the latest version 

of CSA 304-14. To demonstrate the rationale for this upgrade, the comparison study was 

made using CSA S304.1 (2004). The equations of other analytical methods were also 

described in Section 2.2 to 2.3. For the design equations given by Flanagan and Bennet 

(2001), a C value of 5 was adopted for the initial stiffness calculation since this value was 

obtained from the test results of infilled frames at a low displacement (4 mm); a C value of 

10 was adopted for the cracking stiffness calculation since it was obtained from the test 

results of infilled frames experiencing diagonal cracking.  

3.3 Strength Method 

As mentioned in Chapter 2, compression strut failure or corner crushing has been identified 

to be the predominant failure mode for steel and RC infilled frames of typical material and 

geometric properties encountered in practice. Most analytical models were thus developed 

to predict the ultimate strength of infills corresponding to this failure mode. In both CSA 

S304.1 and MSJC 2013, compression failure strength or corner crushing strength is 

essentially a function of diagonal strut width and material compressive strength f′m except 

that CSA S304.1 also considers the slenderness effect. While MSJC 2013 proposes a 

constant term of 152.4 mm (6 inches) for diagonal strut width in the strength calculation, 
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CSA S304.1 uses the strut width determined by Eqn (2.60) for strength calculation.  

In addition to the standard equations, several strength methods proposed by various 

researchers are also evaluated. These methods included Mainstone (1971), Liauw and 

Kwan (1985), Stafford-Smith and Coull (1991), Saneinejad and Hobbs (1995), FEMA 306 

(1998), Flanagan and Bennett (2001), and Tucker (2007). All methods were based on 

diagonal strut concept except for those proposed by Liauw and Kwan (1985) and 

Saneinejad and Hobbs (1995) which were based on the plastic collapse theory. The 

equations of above-mentioned methods were described in Section 2.2 to 2.3. 

3.4 Experimental Studies 

A total of 15 experimental studies were considered, which resulted in 66 specimens 

including 30 steel frames with concrete masonry unit (CMU) infills, 18 steel frames with 

structural clay tile (SCT) infills, and 18 concrete frames with brick or CMU infills. The 

experimental results are summarized in Tables 3.1 and 3.2 for steel infilled frames and in 

Table 3.3 for concrete infilled frames. Details of these specimens are listed in Table 3.4 for 

frames and in Tables 3.5 to 3.7 for infills. In the case of studies conducted by Henderson 

(1994) and Flanagan (1994) shown in Table 3.2, cyclic static displacements were applied 

to the specimens. The displacements were increased in amplitude to investigate the 

response throughout the full range of loading. In Table 3.2, the ultimate loads obtained 

from the hysteresis curves in both the pull and push directions were reported where the 

specimen designation ending with L indicates the pull direction results and the other 



 

 33 

specimen in the pair show the push direction results. For other studies, a static loading or 

quasi-static loading was used where an in-plane lateral load was applied gradually to the 

frame top beam to the failure of the specimen. 
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Table 3.1: Experimental results – steel frames infilled with CMU 

Author ID 

Experimental Results 

Ki 

(kN/mm) 

Kcr 

(kN/mm) 

Pexp 

(kN) 

McBride 

(1984) 

WA1 72.9 54.9 471.0  

WA2 81.6  51.8 440.0  

WA3 73.8  69.0  463.0  

WA4 62.9  63.0  476.0  

Yong 

(1984) 

WB1 72.0  - 448.8  

WB2 74.0  74.0  556.0  

WB3 67.0  54.0  538.2  

Riddington 

(1984) 

2a 32.0 29.0 210.0 

2b 61.0 60.0 410.0 

Amos 

(1985) 

WC7 71.0  71.0 534.0  

WC8 65.0  65.0  445.0  

WC9 54.0  45.0  400.0  

WC10 68.0  53.0  458.0 

Richardson 

(1986) 

WD1 55.0  53.0  378.0 

WD2 63.0  44.0  445.0 

WD3 110.0  31.0  356.0 

WD4 73.0  43.0  467.0 

WD7 123.0  56.0  494.0 

WD8* 17.0  14.0  156.0 

WD9* 55.0  30.0  237.0 

WD10* 56.0  25.0  245.0 

Hendry & 

Liauw  

(1991) 

HN1 15.8  - 260.0 

El-Dakhakhni 

(2002) 
SP2 30.4 - 450.0  

Liu & Soon 

(2012) 

P1NA 27.1 19.9 111.0  

F1NA 38.8 22.7 156.9  

P3NA 35.4 24.9 93.8  

P3NI 17.9 13.1 78.9  

F3NA 56.4 26.9 131.7  

F3NI 21.4 18.4 121.9  

P6NA 29.7 23.4 104.2  

     
*Pinned connection frame 
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Table 3.2: Experimental results – steel frames infilled with SCT 

Author ID 

Experimental Results 

Ki 

(kN/mm) 

Kcr 

(kN/mm) 

Pexp 

(kN) 

Henderson 

(1994) 

HW2  87.4 200.0 

HW2L  87.3 200.0 

Flanagan 

(1994) 

F1   14.7 122.0 

F1L   11.7 165.0 

F2   10.9 166.0 

F2L   17.8 183.0 

F3   - 158.0 

F3L   - 168.0 

F4   26.7 228.0 

F4L   13.7 149.0 

F5   23.2 191.0 

F5L   28.3 168.0 

F9   28.7 220.0 

F9L   32.0 207.0 

F17   18.5 212.0 

F17L   16.0 206.0 

F21   12.7 180.0 

F21L   13.2 203.0 
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Table 3.3: Experimental results – RC frames 

  Experimental Results 

Author ID 
Ki 

(kN/mm) 

Kcr 

(kN/mm) 

Pexp 

(kN) 

Fiorato et al. 

(1970) 

S2B - - 41 

S2H - - 22 

S2I - - 28 

Mainstone & 

Weeks 

(1972) 

a1 135.0 65.0 440 

a2 75.0 55.0 480 

a3 50.0 25.0 310 

a4 315.0 265.0 1620 

Angel 

(1994) 

 

2a 46.9 - - 

3a 47.6 - - 

4a 68.3 - 209 

5a 219.9 - - 

6a 38.2 - - 

7a 89.1 - - 

8a 44.5 - - 

Crisafulli 

(1997) 

C1 - 27.3 43 

C2 - - 95 

Al-Chaar (1998) 
2 95.8 - 84 

3 71.8 - 89 
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Table 3.4: Details of frames used in the experimental studies 

 

  

  Frame Moment of inertia 

  
Height 

(mm) 

Length 

(mm) 

Ic 

(mm4) 

Ib 

(mm4) 

McBride (1984)  

Yong (1984)  

Amos (1985)  

Richardson (1986) 

all 2800 3600 1.87E+07 4.58E+07 

Riddington (1984) 
2a 2710 2710 1.78E+07 1.78E+07 

2b 2485 2485 1.24E+08 1.24E+08 

Hendry & Liauw (1991) HN1 2375 2600 3.80E+06 3.80E+06 

El-Dakhakhni (2002) SP2 2874 3670 4.92E+07 4.92E+07 

Liu & Soon (2012) 

P1NA 1080 1080 4.77E+06 4.77E+06 

F1NA 1080 1080 4.77E+06 4.77E+06 

P3NA 1080 1351 4.77E+06 4.77E+06 

P3NI 1080 1351 1.61E+06 4.77E+06 

F3NA 1080 1351 4.77E+06 4.77E+06 

F3NI 1080 1351 1.61E+06 4.77E+06 

P6NA 1080 1758 4.77E+06 4.77E+06 

Henderson (1994) HW2 6223 7315 1.51E+07 1.86E+08 

Flanagan (1999) 

F1 2240 2240 9.13E+05 1.19E+08 

F2 2240 2240 7.03E+06 1.19E+08 

F3 2240 2240 2.22E+07 1.19E+08 

F4 2240 2240 4.04E+06 5.56E+08 

F5 2240 2240 1.20E+07 2.97E+08 

F9 2240 2240 7.17E+07 1.19E+08 

F17 2240 3450 7.03E+06 1.19E+08 

F21 2240 2840 7.03E+06 1.19E+08 

Fiorato et al. (1970) al 381 762 2.81E+06 2.25E+07 

Mainstone & Weeks 

(1972) al 2770 3360 8.48E+08 4.29E+08 

Angel (1994) all 1626 2438 7.20E+08 9.63E+08 

Crisafulli (1997) all 2000 2516 4.22E+07 1.00E+08 

Al-Chaar (1998) all 1327 1829 8.85E+07 8.09E+07 



 

 38 

 

Table 3.5: Details of CMU infills used in the experimental studies 

 

 
 

ID 

Infill 

Thickness 

Infill/Faceshell 

(mm) 

f′m 

(MPa) 

Em 

(MPa) 

McBride 

(1984) 

 

WA1 190 66 27.4 23290  

WA2 190 66 27.7 23545  

WA3 190 66 26.5 22525  

WA4 190 66 24.4 20740  

Yong 

(1984) 

 

WB1 190 66 23.7  

WB2 190 66 33.3  

WB3 190 66 31.4  

Riddington 

(1984) 

2a 100 62 18.1  15400 

2b 100 62 18.1  15400 

Amos 

(1985) 

 

WC7 190 66 33.4 19000 

WC8 190 66 33.3 17500 

WC9 190 66 21.7 17400 

WC10 190 66 23.5 13200 

Richardson 

(1986) 

 

WD1 190 66 25.9 10060 

WD2 190 66 24.8 13000 

WD3 190 66 23.1 13000 

WD4 190 66 22.6 8000 

WD7 190 66 25.4 18000 

WD8 190 66 28.1 17700 

WD9 190 66 24.6 19800 

WD10 190 66 25.3 17000 

Hendry & 

Liauw (1991) 
HN1 100 62 11.2  9520  

El-Dakhakhni 

(2002) 
SP2 140 64 13.4  11390  

Liu & Soon 

(2012) 

P1NA 64 43 8.6 10496 

F1NA 64 64 9.6 14430 

P3NA 64 43 7.3 10496 

P3NI 64 43 10.3 10496 

F3NA 64 64 10.3 14430 

F3NI 64 64 7.3 14430 

P6NA 64 43 10.3 10496 
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Table 3.6: Details of SCT infills used in the experimental studies 

 ID 

Thickness 

(Solid infills) 

(mm) 

f′m 

 (MPa) 

Em 

(MPa) 

Henderson 

(1994) 
HW2 325 4.1 5300 

Flanagan 

(1994) 

F1 195 3 2300 

F2 195 3 2300 

F3 195 3 2300 

F4 325 2.6 2800 

F5 325 2.6 2800 

F9 195 3 2300 

F17 195 3 2300 

F21 195 3 2300 
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Table 3.7: Details of infills in the concrete infilled frame tests 

  Infill 

 ID 
Thickness 

 (mm) 

f′m 

 (MPa) 

Em 

(MPa) 
Infill type 

Fiorato et 

al. 

(1970) 

S2B 22.2  26.5 15858 Brick 

S2H 22.2  26.5 15858 Brick 

S2I 22.2  26.5 15858 Brick 

Mainstone 

(1971) 

a1 110.0  9.0  6600  Brick 

a2 110.0  9.0  6600  Brick 

a3 70.0  9.0  6600  Brick 

a4 340.0  9.0  6600  Brick 

Angel 

(1994) 

2a 47.6  10.9  8046  Brick 

3a 47.6  10.1  5212  Brick 

4a 92.1  22.9  12438  CMU 

5a 142.9  21.5  11625  CMU 

6a 98.4  4.6  2137  Brick 

7a 98.4  11.0  2923  Brick 

8a 187.3  3.5  2358  Brick 

Crisafulli 

(1997) 

C1 75.0  19.3  11500 Concrete 

Brick C2 75.0  19.3  11500 

Al-Chaar 

(1998) 

2 95.0  18.2  15470 CMU 

3 58.0  26.7  22695 Brick 

The typical test set-ups used in these studies are shown in Fig. 3.1 (a) for infilled steel 

frames and in Fig. 3.1 (b) for infilled RC frames. In both cases, the frame connections were 

considered to be rigid.  
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a)  

b)  

Fig. 3.1: Typical test setup used in the experimental studies: (a) steel frames (McBride, 

1984); (b) RC frames (Mehrabi & Shing, 1996)  

3.5 Stiffness Comparison 

3.5.1 Comparison of Standard Stiffness Equation 

Tables 3.8 to 3.10 present the comparison of experimental and design stiffness calculated 

based on CSA S304.1 and MSJC 2013 for steel and RC infilled frames. For most studies, 

both initial lateral stiffness (Ki) and secant lateral stiffness at the first cracking load (Kcr) 

were reported, and they are then included in the table while in some cases, only one 
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stiffness value was reported.   

In the calculation of design stiffness, the diagonal strut width was first determined, and a 

frame analysis was then carried out using commercial software ANSYS®. The thickness of 

infill used was consistent with the manner in which the f′m was determined in the studies. 

The experimentally determined properties of frames and infills were used as input in the 

computer analysis.  

As shown in Tables 3.8 and 3.9, the CSA S304.1 overestimates the stiffness of steel infilled 

frames regardless of whether the initial stiffness or cracking stiffness is concerned. The 

degree of overestimation by S304.1 for CMU and SCT infills is comparable. The average 

Ki/KCSA for steel infilled frames is around 0.51 with a coefficient of variation (COV) of 

40.0%, and the average Kcr/KCSA is 0.39 with a COV of 45.0%. A similar performance by 

CSA S304.1 is observed for RC infilled frames with an average Ki/KCSA of 0.49 with a COV 

of 33.8% as shown in Table 3.10. It can be concluded that in general, the design stiffness 

of infilled frames by CSA S304.1 was 2 to 2.5 times the experimental stiffness.  
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Table 3.8: Stiffness comparison - steel frames infilled with CMU 

 Author ID 

CSA  MSJC 

Kcsa 

(kN/mm) 

Ki / 

KCSA  

Kcr / 

KCSA  

 KMSJC 

(kN/mm) 

Ki / 

KMSJC 

Kcr / 

KMSJC  

McBride 

(1984) 

WA1 149.2 0.49  0.37   32.0 2.28  1.72  

WA2 150.2 0.55  0.35   32.2 2.55  1.61  

WA3 146.3 0.51  0.47   31.3 2.36  2.20  

WA4 139.1 0.45  0.45   29.6 2.13  2.13  

Yong 

(1984) 

WB1 136.6 0.53  -  29.1 2.47  - 

WB2 167.6 0.44  0.44   36.4 2.03  2.03  

WB3 161.9 0.41  0.33   35.0 1.91  1.54  

Riddington 

(1984) 

2a 70.9 0.45 0.41  23.1 1.39 1.27 

2b 93.0 0.65 0.65  47.7 1.27 1.26 

Amos 

(1985) 

WC7 131.8 0.54  0.54  28.0 2.54  2.54  

WC8 125.2 0.52  0.52   26.5 2.45  2.45  

WC9 124.8 0.43  0.36   26.4 2.05  1.70  

WC10 104.8 0.65  0.51   22.1 3.08  2.40  

Richardson 

(1986) 

WD1 87.9 0.63  0.60   18.6 2.96  2.85  

WD2 103.8 0.61  0.42   21.9 2.88  2.01  

WD3 103.8 1.06  0.30   21.9 5.02  1.42  

WD4 72.6 1.01  0.59   16.1 4.53  2.67  

WD7 127.4 0.97  0.44   27.0 4.56  2.07  

WD8 123.8 0.14  0.11   24.1 0.71  0.58  

WD9 132.9 0.41  0.23   26.1 2.11  1.15  

WD10 120.6 0.46  0.21   23.4 2.35  1.07  

Hendry & 

Liauw  

(1991) 

HN1 47.7  0.33  - 

 

12.2  1.30  - 

El-

Dakhakhni 

(2002) 

SP2 83.4  0.36  - 

 

25.1  1.21  - 

Liu & 

Soon 

(2012) 

P1NA 54.7 0.50 0.36  26.3 1.03 0.76 

F1NA 92.5 0.42 0.25  37.4 1.04 0.61 

P3NA 64.0 0.55 0.39  25.6 1.38 0.97 

P3NI 59.1 0.30 0.22  16.6 1.08 0.79 

F3NA 114.8 0.49 0.23  37.2 1.52 0.72 

F3NI 106.0 0.20 0.17  25.2 0.85 0.73 

P6NA 78.3 0.38 0.30  24.5 1.21 0.96 

AVG   0.51 0.38   2.14 1.56 

COV (%)     40.0 36.6   51.1 44.6 
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Table 3.9: Stiffness comparison - steel frames infilled with SCT 

Author ID 

CSA  MSJC 

Kcsa 

(kN/mm) 

Ki / 

KCSA  

Kcr / 

KCSA  
 

KMSJC 

(kN/mm) 

Ki / 

KMSJC 

Kcr / 

KMSJC  

Henderson 

(1994) 

HW2 91.6  0.95  17.0  5.14 

HW2L 91.6  0.95  17.0  5.14 

Flanagan 

(1994) 

F1 34.3  0.43  6.0  2.45 

F1L 34.3  0.34  6.0  1.95 

F2 41.8  0.26  11.6  0.94 

F2L 41.8  0.43  11.6  1.53 

F4 63.9  0.42  13.7  1.95 

F4L 63.9  0.21  13.7  1.00 

F5 71.4  0.32  19.6  1.18 

F5L 71.4  0.40  19.6  1.44 

F9 57.9  0.50  33.4  0.86 

F9L 57.9  0.55  33.4  0.96 

F17 65.6  0.28  11.9  1.55 

F17L 65.6  0.24  11.9  1.34 

F21 54.7  0.23  11.9  1.07 

F21L 54.7  0.24  11.9  1.11 

AVG    0.42    1.85 

COV (%)    54.5    73.3 

         

In the case of MSJC 2013, since the diagonal strut width equation is intended to consider 

the damage that may have been sustained by the infill, the following discussion is focused 

on the comparison with the cracking stiffness. In contrast to CSA S304.1, MSJC 2013 

underestimates the cracking stiffness for both steel and concrete infilled frames with the 

average Kcr/KMSJC of 1.67 with a COV of 59.1% for steel frames and 1.33 with a COV of 

42.6% for RC frames. An anomaly is observed for results by Henderson (1994) where 

Kcr/KMSJC ratios reached as high as 5. This is due to an unusually high experimental stiffness. 

If results by Henderson are excluded from the calculation, the average of Kcr/KMSJC is 



 

 45 

changed to 1.50 for steel frames with a much-improved COV of 41.8%.  

Table 3.10: Stiffness comparison - RC frames 

  CSA  MSJC 

Author ID 
Kcsa 

(kN/mm) 

Ki / 

KCSA  

Kcr / 

KCSA  

 KMSJC 

(kN/mm) 

Ki / 

KMSJC 

Kcr / 

KMSJC  

Mainstone & 

Weeks  

(1972) 

a1 181.5 0.74 0.36  51.1 2.63 1.26 

a2 181.5 0.41 0.30  51.1 1.46 1.07 

a3 115.5 0.43 0.22  36 .6 1.37 0.68 

a4 492.1 0.64 0.54  120.0 2.63 2.21 

Angel 

(1994) 

 

2a 130.4 0.36   95.6 0.49  

3a 109.8 0.43   89.0 0.54  

4a 242.8 0.28   125.9 0.54  

5a 315.4 0.70   143.1 1.54  

6a 104.1 0.37   87.0 0.44  

7a 115.8 0.77   91.0 0.98  

8a 143.8 0.32   98.4 0.45  

Crisafulli 

(1997) 
C1 84.9  0.32 

 
19.5  1.40 

Al-Chaar 

(1998) 

2 178.4 0.54   52.2 1.84  

3 164.5 0.44   49.2 1.46  

AVG   0.49 0.35   1.26 1.33 

COV (%)   33.8 34.1   61.9 42.6 

         

The drastic difference between CSA S304.1 and MSJC 2013 design stiffness is a result of 

the difference in the diagonal width value. For all specimens considered, the average strut 

width calculated by CSA S304.1 is 840 mm which was about 5 times the width determined 

by MSJC 2013. 

3.5.2 Comparison of Other Stiffness Equation 

Tables 3.11 to 3.13 compare the experimental stiffness of the reported tests with the design 

stiffness based on analytical methods (Kana) proposed by several researchers. Presented in 

the tables are the stiffness ratio values averaged over the experimental results in the specific 
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frame and infill category.   

In the case of steel frames infilled with CMU (Table 3.11), four methods underestimate the 

initial stiffness (Mainstone, 1971; FEMA 356, 2000; Flanagan & Bennet, 2001; Tucker, 

2007) with the method by Flanagan and Bennet (2001) having the average Ki/Kana ratio of 

1.09 which is closest to unity with a high COV (50%). In the case of cracking stiffness, 

only three methods (Mainstone, 1971; Flanagan & Bennet, 2001; and Tucker, 2007) give a 

conservative estimation of the cracking stiffness. The method by Mainstone (1971) 

provides the best estimation with an average Kcr/Kana of 1.04 with a COV of 39.7%. It 

seems that most methods overestimate the stiffness especially the cracking stiffness for 

steel frames infilled with CMU. 

In the case of steel frames infilled with SCT (Table 3.12), only the method by Tucker (2007) 

provides a conservative estimation of the cracking stiffness with a Kcr/Kana close to unity 

(1.08) but with the highest COV of 41.2%. The method by Flanagan and Bennet (2001) is 

ranked the second with an average Kcr/Kana of 0.68 and a COV of 28.8%. 
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Table 3.11: Stiffness comparison - steel frames infilled with CMU 

Methods 
Average 

Ki/Kana 

COV 

(%) 

Average 

Kcr/Kana 

COV 

(%) 

Stafford-Smith (1966) 0.61 46.9 0.45 41.2 

Mainstone (1971) 1.43 45.9 1.04 39.7 

Liauw & Kwan (1984) 0.59 44.3 0.43 38.6 

Eurocode 8 (1988) 0.69 44.4 0.51 39.1 

FEMA 356 (2000) 1.11 46.4 0.81 40.3 

Flanagan & Bennet (2001) 1.09 50.0 1.44 46.2 

El-Dakhakhni et al. (2003) 0.84 52.8 0.61 48.9 

Papia et al. (2003) 0.49 45.5 0.36 40.4 

Tucker (2007) 2.62 52.0 1.91 47.1 
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Table 3.12: Stiffness comparison - steel frames infilled with SCT 

Methods 
Average 

Ki/Kana 

COV 

(%) 

Average 

Kcr/Kana 

COV 

(%) 

Stafford-Smith (1966)   0.23 29.7 

Mainstone (1971)   0.36 28.2 

Liauw & Kwan (1984)   0.21 29.2 

Eurocode 8 (1988)   0.23 34.0 

FEMA 356 (2000)   0.39 27.0 

Flanagan & Bennet (2001)   0.68 28.8 

El-Dakhakhni et al. (2003)   0.25 35.4 

Papia et al. (2003)   0.17 35.6 

Tucker (2007)   1.08 41.2 

     

In the case of RC frames (Table 3.13), except for methods by Flanagan and Bennet (2001) 

and Tucker (2007), all methods overestimate both the initial stiffness and cracking stiffness. 

The method by Flanagan and Bennet (2001) overestimates the initial stiffness with an 

Ki/Kana of 0.64 but achieved an Kcr/Kana of 1.00. The method by Tucker (2007) produces 

an average Ki/Kana of 1.28 and an average Kcr/Kana of 1.39. The methods by FEMA 356 

(2000) and Mainstone (1971) show the same average test-to-analytical ratios since the two 

methods are the same for brick infills. These two methods produce an average Ki/Kana of 

0.86 and an average Kcr/Kana of 0.75.  
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In summary, no method is found to provide accurate stiffness estimate for all infill 

specimens. The methods by FEMA (2000) and Flanagan and Bennet (2001) perform well 

for the initial stiffness of CMU infills while the methods by Mainstone (1971), Flanagan 

and Bennet (2001) and Tucker (2007) perform well for the cracking stiffness of CMU, RC 

frame, and SCT infills respectively. In terms of the overall performance of all infill types, 

the methods by Mainstone (1971), Flanagan and Bennet (2001) and Tucker (2007) have 

achieved a relatively good overall performance.   

Table 3.13: Stiffness comparison – RC frames 

Methods 
Average 

Ki/Kana 

COV 

(%) 

Average 

Kcr/Kana 

COV 

(%) 

Stafford-Smith (1966) 0.38 37.4 0.27 47.8 

Mainstone (1971) 0.86 46.2 0.75 34.2 

Liauw & Kwan (1984) 0.47 34.3 0.33 34.9 

Eurocode 8 (1988) 0.69 39.0 0.53 31.2 

FEMA 356 (2000) 0.86 46.2 0.75 34.2 

Flanagan & Bennet (2001) 0.64 41.7 1.00 43.8 

El-Dakhakhni et al. (2003) 0.73 48.3 0.61 62.5 

Papia et al. (2003) 0.45 34.9 0.32 37.2 

Tucker (2007) 1.28 62.7 1.39 45.2 
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3.6 Strength Comparison 

Tables 3.14 to 3.16 compare the experimental ultimate loads of the reported tests with the 

design strengths based on various analytical methods. Presented in the tables are the 

strength ratio average value and indicators of the scatter of the value for all experimental 

results considered. The comparison shows again, that there is no one method that performs 

well for all infill specimens.  

In the case of steel frames infilled with CMU (Table 3.14), five methods underestimate the 

ultimate strength (CSA S304.1, 2004; MSJC, 2013; Tucker, 2007, FEMA 306, 1998; Liauw 

& Kwan, 1985; Liauw & Kwan, 1985 in combination with Wood, 1978) with Pexp/Pu ratios 

greater than unity while the remaining methods overestimate the strength. The 

overestimation is observed in methods based on the diagonal strut concept as well as those 

based on plastic collapse theory (Liauw & Kwan, 1985; Saneinejad & Hobbs, 1995). For 

the five methods that underestimate the strength, the method by FEMA 306 provides the 

best estimation with an average Pexp/Pu of 1.01 with a COV of 38.7%. The method by Liauw 

and Kwan (1985) in combination with Wood (1978) is ranked the second with an average 

Pexp/Pu of 1.09 and a COV of 35.8%. It confirms that the method of Liauw and Kwan (1985) 

needs to be modified by the reduction factor p applied to f′m to achieve a better comparison 

with the test results. CSA 304.1 provides the third best estimation with an average Pexp/Pu 

of 1.39 but with a higher COV of 44.0%. This is followed by MSJC 2013 while the method 

by Tucker (2007) provides the most significant underestimation. In the case of steel frames 
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infilled with SCT (Table 3.15), Liauw and Kwan (1985) in combination with Wood (1978) 

provides a strength estimation closest to the test results with an average Pexp/Pu of 1.04. 

CSA 304.1 and FEMA 306 show similar average Pexp/Pu ratios (1.07 vs. 1.08) but CSA 

S304.1 seems to perform better with a lower COV of 25.7%. The Pexp/Pu ratio based on 

MSJC 2013 is comparable with that for CMU infills.  

Table 3.14: Strength comparison - steel frames infilled with CMU 

Methods 
Average 

Pexp/Pu 

Standard 

Deviation 

Standard 

Error 

COV 

 (%) 

Mainstone (1971) 0.45 0.16 0.03 36.0 

Liauw & Kwan (1985) 0.61 0.24 0.04 39.6 

Liauw & Kwan (1985) in 

combination with Wood 

(1978) 

1.09 0.39 0.07 35.8 

Stafford-Smith & Coull 

(1991) 
0.76 0.28 0.05 36.7 

Saneinejad & Hoobs (1995) 0.69 0.25 0.05 36.7 

FEMA 306 (1998) 1.01 0.39 0.07 38.7 

Flanagan & Bennet (2001) 0.96 0.27 0.04 28.5 

CSA S304.1 (2004) 1.39 0.61 0.11 44.0 

Tucker (2007) 2.28 0.86 0.16 37.5 

MSJC 2013 1.44 0.46 0.08 31.8 

     

In the case of RC frames (Table 3.16), except for methods by Liauw and Kwan (1985) in 

combination with Wood (1978) and MSJC 2013, all methods overestimate the strength. In 
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particular, CSA S304.1 overestimates the strength by 21% with an average Pexp/Pu of 0.79. 

The average Pexp/Pu ratios by Liauw and Kwan (1985) in combination with Wood (1978) 

and MSJC 2013 are 1.53 and 1.03 respectively but both with high COV and high standard 

error, which indicates a significant scatter of experimental results. One factor to be 

attributed to the overall large scatter may be the experimental inaccuracies which may 

include variation in the quality of construction, loading procedures, and definition of 

stiffness and strength in the experimental studies (different studies may have defined 

stiffness differently). As reinforced concrete has inherently higher variation in qualities 

than steel, the results of RC infilled frames are thus more scattered than those of steel 

infilled frames. Another factor for the high scatter may be due to the inherent limitations 

in the analytical methods. Most analytical models have some constants that were calibrated 

using empirical curve-fitting with their own test results. Most analytical models were 

developed based on steel infilled frames where more results were available. Before more 

RC infilled frame results become available, using the current strength equations for the 

design of infills in the RC infilled frames should then be cautioned. 
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Table 3.15: Strength comparison - steel frames infilled with SCT 

Methods 
Average 

Pexp/Pu 

Standard 

Deviation 

Standard 

Error 

COV 

 (%) 

Mainstone (1971) 0.76 0.30 0.07 39.6 

Liauw & Kwan (1985) 0.56 0.21 0.05 36.9 

Liauw & Kwan (1985) in 

combination with Wood (1978) 
1.04 0.38 0.09 36.4 

Stafford-Smith & Coull (1991) 0.81 0.30 0.07 37.0 

Saneinejad & Hoobs (1995) 0.58 0.22 0.05 39.0 

FEMA 306 (1998) 1.08 0.33 0.08 30.5 

Flanagan & Bennet (2001) 0.96 0.24 0.06 24.8 

CSA S304.1 (2004) 1.07 0.28 0.07 25.7 

Tucker (2007) 1.14 0.58 0.14 51.4 

MSJC 2013 1.43 0.33 0.08 23.5 
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Table 3.16: Strength comparison - concrete frames 

Methods 
Average 

Pexp/Pu 

Standard 

Deviation 

Standard 

Error 

COV 

(%) 

Mainstone (1971) 0.70 0.72 0.21 103.6 

Liauw & Kwan (1985) 0.57 0.24 0.07 42.5 

Liauw & Kwan (1985) in 

combination with Wood (1978) 
1.53 1.12 0.32 73.7 

Stafford-Smith & Coull (1991) 0.38 0.23 0.07 61.6 

Saneinejad & Hoobs (1995) 0.50 0.20 0.06 40.2 

FEMA 306 (1998) 0.62 0.41 0.12 67.3 

Flanagan & Bennet (2001) 0.65 0.66 0.19 101.2 

CSA S304.1 (2004) 0.79 0.49 0.14 61.8 

Tucker (2007) 0.70 0.45 0.13 64.7 

MSJC 2013 1.03 1.07 0.31 103.0 

   

3.7 Diagonal Strut Width Study on Stiffness 

As discussed earlier, the significant overestimation in stiffness by CSA S304.1 indicates 

that the diagonal strut width equation provides unrealistically high values. A reasonable 

approach to improve the performance of the design equation is to keep the current 

methodology and to simply reduce the strut width by dividing the originally determined 

effective strut width (Eqn (2.60)) by a factor greater than one. In this section of the study, 

three strut widths, i.e. w/1.5, w/2, and w/3 were considered where w is the effective strut 
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width determined based on Eqn (2.60). The resulting stiffness values based on the three 

widths are compared with the experimental results in Table 3.17. The values in the table 

are the average for each experimental study. The overall Ki/KCSA ratios for w/1.5, w/2, and 

w/3 are determined to be 0.67, 0.84, and 1.17 respectively. The use of widths w/2 and w/3 

provide a significant improvement in the initial stiffness estimate. The width w/2 is 

recommended since the estimation still remains somewhat conservative with an average 

experiment-to-design ratio less than unity. This recommendation has been adopted in the 

latest Canadian masonry standard S304-14 for the strut width when calculating stiffness.  

For strength calculation using CSA S304.1, it is recommended that the original strut width 

is used. Since S304.1 provides an underestimate of strength with the original strut width, 

the use of a reduced strut width will make the underestimation more severe, rather than 

improving the strength value. Considering that the underestimation of the strength is not as 

significant as the overestimation of the stiffness, and it is also desirable to be on the 

conservative side on strength calculation, it is, therefore, reasonable to keep the original 

strut width for strength design.  
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Table 3.17: The in-plane design stiffness for varying strut width based on CSA 

S304.1 (2004) 

 
No. of 

Specimens 

w/1.5 w/2 w/3 

Authors 
Ki 

/KCSA  

Kcr 

/KCSA  

Ki 

/KCSA  

Kcr 

/KCSA  

Ki 

/KCSA  

Kcr 

/KCSA 

McBride (1984) 4 0.70  0.58  0.90  0.74  1.28  1.06  

Yong (1984) 3 0.64  0.54  0.82  0.69  1.18  0.99  

Riddington (1984) 2 0.64  0.62  0.79  0.75  1.05  1.01  

Amos (1985) 4 0.76  0.68  0.98  0.88  1.40  1.26  

Richardson (1986) 8 0.92  0.51  1.19  0.66  1.71  0.94  

Hendry& Liauw 

(1991) 
1 0.49   0.64   0.93   

El-Dakhakhni 

(2002) 
1 0.49   0.62   0.85   

Liu & Soon (2012) 7 0.54  0.29  0.68  0.36  0.92  0.49  

Henderson (1994) 2  1.26   1.56   2.16  

Flanagan (1994) 14  0.41   0.52   0.72  

Mainstone (1971) 4 0.74  0.48  0.98  0.64  1.48  0.96  

Angel (1994) 7 0.46   0.48   0.56   

Crisafulli (1997) 1  0.44   0.56   0.85  

Al-Chaar (1998) 2 0.65   0.81   1.12   

AVG  0.67 0.48 0.84 0.62 1.17 0.85 

COV (%)  44.9 51.3 47.6 52.9 50.7 53.2 
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Chapter 4 Finite Element Study 

4.1 General  

This chapter describes the two finite element modelling techniques used in this study. Both 

techniques were developed and implemented using software ANSYS® 13.0. The major 

difference between these two models is the treatment of interface between the masonry 

blocks. Model I adopted user-defined joint elements to model the interface between blocks. 

A Rankine type criterion was adopted to model failure in joint elements while a Hill type 

yield criterion was adopted to model compression failure in masonry elements. After 

validating the model with existing test results, Model I was used to investigate the effects 

of infill openings on the behaviour of infilled frames (Chapter 5). However, during the 

process, the author realized some drawbacks and limitations with Model I which reduced 

its efficiency (discussed in detail in Section 4.3). Although these limitations did not impact 

the study of the openings, it was felt that in order to conduct further parametric studies, a 

new model with the desired efficiency was necessary. Model II was then developed where 

cohesive zone interface contact pairs were adopted for simulation of the interface between 

blocks. The tension and shear failure in interface elements were realized by the traction–

separation law that follows the bilinear material model. This modification has greatly 

increased the efficiency and robustness of the model since it made detection and realization 

of tension and shear failure an integral part of the solution. After validating the model with 

existing test results, the Model II was used to conduct parametric studies on the effects of 
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several material and geometric properties (Chapter 6), vertical load (Chapter 7) and 

interfacial gaps (Chapter 8) on the behaviour of infilled frames.  

4.2 Model I  

4.2.1 General Description 

For the infill, a simplified micro-modeling approach which is similar to the method used 

by Seah (1999) was adopted. The infill was represented by homogeneous continuum 

elements. The mortar joints were omitted, and each masonry unit was expanded to its 

nominal size to account for the mortar thickness. The bond between the unit and mortar 

was modeled using user-defined joint elements which are capable of simulating the 

orthotropic characteristics of infill due to the presence of mortar and the unit-mortar 

interfacial connection. The interfacial connection between frame and infill was modeled 

using contact elements. A schematic representation of an infilled frame model is shown in 

Fig. 4.1. 

Applied Load

Augment

Spring

Plane stress element

Joint element

Contact element

Node J

Node I

Beam element

 

Fig. 4.1: In-plane finite element model of infilled frame 
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The infill in this study was modeled by masonry units placed in running bond. Each unit 

was meshed into 2x2 plane-stress elements. A convergence study on infills under in-plane 

loading was conducted and results presented in Table 4.1 showed that 2x2 meshing for each 

unit provides sufficient accuracy.  

Table 4.1: Convergence study results 

Meshing 

Max 

Displacement 

(mm) 

Max. Tensile 

Stress 

(MPa) 

Max. Compressive 

Stress 

(MPa) 

1x1 4.189  1.02  2.86  

2x2 4.307  0.99  2.79  

3x3 4.302  0.99  2.74  

4x4 4.323  0.99  2.72  

 

4.2.2 Element Description 

Several types of finite elements available in ANSYS were used in this modeling. The steel 

frame members were modeled using 3-D beam elements having six degrees of freedom per 

node and stress stiffening, and large deflection and strain capabilities. These features enable 

the simulation of inelastic behaviour and potential formation of plastic hinges of bounding 

frame members. 

The two-dimensional 4-node plane-stress element, PLANE42 was used to model the 

masonry infill continuum. As shown in Fig. 4.2 (a), PLANE42 has two degrees of freedom 

at each node: translations in the nodal x and y directions. The element has plasticity, creep, 

swelling, stress stiffening, large deflection, and large strain capabilities.  

The interface between the infill and the frame was modeled using 2-D point-to-point 
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contact elements, CONTAC12. Shown in Fig. 4.2 (b), CONTAC12 represents two surfaces 

which may maintain or break physical contact and may slide relative to each other. For 

CONTAC12, only compression in the direction normal to surface and shear in the 

tangential direction are supported; no propagation of tensile force is allowed. In addition, 

gaps between the infill and the frame can be introduced in CONTAC12 as an initial 

condition.   

 a)    b)   

Fig. 4.2: a) ANSYS PLANE42 element, b) ANSYS CONTACT12 element 

The stiffness of a contact element at the infill-frame interface needs to be assumed with a 

reasonable value. A low contact stiffness will cause the frame to penetrate the contact 

element and result in errors in displacements. However, an unreasonably high stiffness will 

result in ill-conditioning of the stiffness matrix of the model and then difficulties in 

convergence. If the stiffness is within a reasonable range, variation in the value does not 

cause much difference in results. In this study, the contact stiffness of each contact element 

was set as the contact area times the unit area normal stiffness. The unit area normal 

stiffness of a contact element at the infill-frame interface was calculated by the following 
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equation proposed by Lourenço (1994). 

)( mfm

fm

nf
EEh

EE
k


                        (4.1) 

where knf is the unit area normal stiffness; Em and Ef are the moduli of masonry and frame 

respectively; hm is the thickness of the mortar joint.  

The connection between masonry blocks was modeled using user-defined joint elements. 

The configuration of a joint is shown in Fig. 4. 3. Each joint consists of three nodes with 

six springs of zero length. The purpose of springs 1 to 6 is to transfer normal and shear 

stress between the masonry units and to ensure that nodes of the plane stress elements 

connected by the joint move in unison. It should be noted that the distances between 

masonry units are zero, the springs 1, 2 and 3 are normal to the bed joint and head joint; 

springs 4, 5 and 6 are shear springs which are parallel to the bed joint and head joint. When 

a failure occurred in the form of tensile cracking or sliding shear along joints, the stiffness 

of one or more springs was set to zero to reflect the corresponding failure.  

 1

Zero Thickness

Masonry

Units

2

3

4 5

6

 

Fig. 4.3: Configuration of a joint 

The springs in a joint were modeled using MATRIX27 elements specified in ANSYS. A 
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MATRIX27 element represents an arbitrary element whose geometry is undefined but 

whose elastic behaviour can be specified by stiffness, damping, or mass. The unit area 

stiffness of a normal spring, kn, and a shear spring, ks, in a joint element were determined 

by the following expressions proposed by Lourenço (1996). 
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                      (4.3) 

where Em and Emortar are the moduli of masonry units and mortar respectively; and Gm and 

Gmortar are the shear moduli of masonry units and mortar respectively. In lieu of 

experimental data, Emortar was taken as 0.1 times Em; Gm and Gmortar were taken as 0.4 times 

Em and Emortar, respectively where the Poisson’s ratio, v, for masonry was assumed as 0.25. 

The Poisson’s ratio for masonry in reported experimental studies varies from 0.15 to 0.25. 

A sensitive study of the Poisson’s ratio was then conducted and the results are presented in 

Table 4.2. It shows that the variation of the Poisson’s ratio from 0.1 to 0.25 results in no 

significant change in the behaviour of infilled frames.  

Table 4.2: Sensitivity study of the Poisson’s ratio 

Poisson’s ratio 
Stiffness 

(kN/mm) 

Ultimate 

Strength 

(kN) 

Displacement 

at the Ultimate 

Load 

(mm) 

Max. 

Compressive 

Stress 

(MPa) 

0.10 43.2 239.5 19.53  16.3 

0.15 43.0 240.5 19.89  16.7  

0.20 43.1 240.1 19.49  16.4  

0.25 43.4  239.0 19.73  16.2  
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4.2.3 Material Model and Failure Criteria  

The masonry units were assumed to be linear elastic with a modulus of elasticity of 850f′m 

based on CSA S304-14 (2014). The compression failure of masonry infill was monitored 

through the masonry unit element using a Hill type yield criterion (f1) while the tension 

failure of masonry infill was monitored through the joint element using a Rankine type 

criterion (f2). These two failure criteria are defined in the following expressions which were 

originally proposed by Lourenço and Rots (1997). 
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where σx and σy are the normal stresses in the x- and y- directions at the node, respectively; 

τxy is the shear stress at the node; ftx and fty are the uniaxial tensile strengths in x- and y- 

directions of the infill, respectively; fmx and fmy are the uniaxial compressive strengths in x- 

and y- direction of the infill, respectively. In general, x- direction means the direction 

parallel to the bed joint and y- directions means the direction normal to the bed joint. The 

value of fmy was taken as the compressive strength of masonry f′m. In lieu of experimental 

data, fmx can be taken as 0.7 f′m, and fty and ftx can be taken as 1/10 of fmy and fmx, respectively. 

The factor α accounts for the shear stress contribution to tension failure; the factor β 

controls the coupling between normal stresses in x- and y- directions; and the factor γ 

accounts for the shear stress contribution to compression failure. These factors may be 

determined experimentally (Lourenço & Rots, 1997). In this study the values of α, β and γ 
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were taken as 1.25, -1.0 and 5.5 respectively as suggested by Seah (1999). 

The failure detection process followed in the model is described as follows. Examining 

Eqn (4.5), if f2 was greater than zero and σx was positive in a joint, then a tensile failure in 

the x- direction was detected in that joint. The stiffness of normal spring in the x- direction 

(spring 3) and shear spring parallel to the joint (spring 6) were then reduced to zero. If f2 

was greater than zero and σy was positive in a joint, then a tensile failure in y- direction 

was detected in that joint. The stiffness of normal spring in the y- direction (springs 1 and 

2) and shear spring parallel to the joint (springs 4 and 5) were then reduced to zero. If f2 

was greater than zero and both σx and σy were negative in a joint, then the shear stress was 

the main contributor to the failure; the normal spring stiffnesses were then assumed to 

remain unchanged while a reduced shear stiffness was assigned to the shear springs. This 

reduced shear stiffness was to account for the frictional resistance of the joint even after 

shear crack occurred. If f2 was greater than zero and both σx and σy were positive, all spring 

stiffnesses were reduced to zero. Examining Eqn (4.4), when f1 was greater than zero, a 

compressive failure was detected in the masonry unit which was then deactivated to 

represent masonry crushing.  

4.2.4 Boundary Conditions and Loading Procedure 

The frame beam was modelled as rigidly connected to the columns and the columns were 

fix-supported at the ends. To obtain the falling branch in the load vs. lateral displacement 

response, an augmented spring was implemented as shown in Fig. 4.1. In a load controlled 
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analysis, the infill cracking and crushing could lead to sudden loss of infill stiffness which 

may in turn result in convergence difficulty. The spring was then implemented to regulate 

the load when the infill suddenly cracked or crushed so that the load vs. lateral displacement 

curve can reflect this load drop. The stiffness of this spring was set to be equal to the initial 

stiffness of the infilled frame.  

A monotonically increased load with a defined load increment was applied at the frame 

beam level. At each load step, stresses in the structure were checked for failure using the 

failure criteria described in Eqns (4.4) and (4.5). If a failure was detected, the stiffness of 

the joint element or masonry element associated with the failure was modified according 

to the rules described above; and the analysis was rerun with the updated system stiffness 

matrix until no new failure was detected. Then another increment of the load was applied, 

and the process was repeated. The analysis was terminated when an irreversible load drop 

was observed.  

4.3 Limitations of Model I 

The key characteristic of this Model I was the user-defined joint elements for simulating 

the bond between the mortar and the masonry unit. The advantage of this modeling 

technique over a detailed micro-modeling one was its simplicity for computer 

implementation. However, the simplicity has some inherent limitations as discussed as 

follows.   

1. Although the user-defined joint element can offer great flexibility in simulation, the 
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failure of a joint was realized by reducing the stiffness of springs according to the failure 

criteria and user-defined rules. The failure detection and stiffness modification of a failed 

joint can only be processed through user-developed programming at the end of each load 

step, and then the model restarted the solution to repeat the analysis until no new failure 

was detected. The whole process was time-consuming. 

2. By adopting the user-defined joint elements, the behaviour of interface is then 

concentrated at each nodes connected by joint elements instead of the surface, which is 

physically inaccurate.  

3. The model adopted a Rankine type criterion (f2) to monitor the joint failure as described 

in Eqn (4.5). However, this criterion was originally developed for smeared-crack 

continuum instead of a discrete model. In addition, the value of α needs to be determined 

by various tests proposed by Lourenco (1994, 1996) and was not explicitly given in the 

literature.  

4. When the Rankine type criterion (f2≤0) was violated, a failure was detected, however 

whether the failure was tensile cracking or sliding shear was unknown. A set of rules 

developed by the author (described in Section 4.2.3) was implemented to examine the stress 

state of the infill to determine the failure type by interpretation from the failure surface 

defined by f2. Although this set of rules functioned well in achieving a good agreement 

with experiment results, it was based on simple mechanics principles and many may 

consider it over-simplifying. 
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4. At joint failure, the stiffness of springs was assigned with a residual value which was 

determined through calibration with available experiment results. For tensile failure, the 

residual stiffness of normal springs was determined as 0.01 times the original stiffness. For 

shear failure, the stiffness of normal springs remained the same while shear springs were 

given the residual stiffness of 0.05 times the original stiffness to account for the frictional 

resistance. Although this assumption achieved a good agreement with experiment results 

in terms of initial stiffness and strength, the model tended to underestimate the post-

cracking stiffness of the infill.  

4.4 Model II  

4.4.1 Model Description 

To overcome the above-mentioned modeling limitations, an improved model which 

implemented a traction–separation law for contact elements was developed. While Model 

II adopted the same meshing for masonry infills as shown in Fig. 4.4(a), the mortar joints 

were simulated using surface-based cohesive contact pairs to capture the cracking and 

sliding failure of the mortar joints. Each contact pair consists of a zero-thickness surface-

to-surface cohesive zone interface element, CONTA171, and a zero-thickness target 

element TARGE169. The CONTA171 element was used to detect contact or separation 

between “target” surfaces (TARGE169) and a deformable surface defined by the 

CONTA171 element. These contact pairs were also used for the contact between the infill 

and the frame members. The geometry and configuration of inter-block contact pairs are 

shown in Fig. 4.4(b).  
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Detection of normal separation (tensile cracking) and/or tangential separation (shear 

sliding) in contact pairs was idealized by a traction–separation law that accounts for 

separations due to tension and shear cracks. The traction-separation law was represented 

by the bilinear cohesive zone material model of the contact pairs. The traction-separation 

law does not require the user-defined rules for normal or tangential separation detection, 

the value of constant α, or the user-defined constant residual stiffness for failed springs. 

The CONTA171 and TARGE169 contact pairs can integrate the softening of a failed joint 

with each iteration of the solution, thus increasing the efficiency of the model tremendously. 

4.4.2 Material Model and Failure Criteria 

The constitutive model for masonry adopted the one proposed by Priestley and Elder (1983) 

which was calibrated with experimental results, and it is expressed in Eqn (4.6). It should 

be pointed out that this model was assumed homogenous.  
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a)  

 

b)  

Fig. 4.4: a) Finite element model of the infilled frame, b) configuration of a joint 

Cracking and sliding failures of mortar joints were monitored using the linear elastic 

traction-separation laws as shown in Fig. 4.5. Represented by the bilinear cohesive zone 

material model of the CONTA171 element, separation initiates when the maximum normal 

or shear stress in a contact pair reaches the corresponding strength. The shear stress and 

the relative slip behaviour is plotted in Fig. 4.5(a) which shows separation begins at point 

A where the shear strength ( t ) is achieved and is completed at point C when the shear 

stress reaches zero. The softening stage provides mortar joints with a residual shear 
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strength for accounting for the frictional resistance of the joint after shear cracking has 

occurred. The ultimate slip at point C, uc
t is set as a very large value (180 times the slip at 

the separation imitate point A, uA
t) to provide a gradual and slow softening stage. It should 

be noted that uc
t is set to be sufficiently large that it will never be reached in any contact 

pairs in this study. As a result, there will always be considerable residual shear strength to 

account for the frictional resistance. The resulting slip vs stress relationship achieved a 

good agreement with the shear behaviour of mortar joints experimentally obtained by 

Vasconcelos and Lourenco (2009).  

For tension separation, a similar bilinear constitutive relationship but with a cut-off was 

adopted. As Fig. 4.5 (b) shows, once the tension stress in the contact pair reaches the tensile 

strength (ft) of the mortar joint, the contact pair is considered separated to represent the 

tensile cracking of the mortar joint. The values of the normal and shear stiffness of the 

contact pairs were determined the same way as in Model I. 

The damage initiation criterion was defined using a Mohr-Coulomb friction yield surface 

combined with a tension cut-off and elliptical compression cap as shown in Fig. 4.6 where 

ft is the tensile strength of the mortar joint and φ is the friction angle. Note that the 

compression cap was defined using the same Hill type yield criterion (f1) adopted in Model 

I to monitor compression failure of the masonry infill. This failure surface has been shown 

by Lourenço (1996) and Al-Chaar and Mehrabi (2008) to produce reasonably accurate 

estimates when compared with experimental results.  
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a)   

b)  

Fig. 4.5: Constitutive relationship for cohesive material, a) shear stress vs. slip, b) normal 

stress vs. gap 

 

Fig. 4.6: Yield surface for mortar interface elements. 
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4.5 Verification of Model 

A total of eight experimental studies were included in the verification of both models. It 

should be noted that only the infilled steel frames loaded statically or quasi-statically were 

considered. However, specimens used in the validation process covered a wide range of 

parameters including infill opening, reinforcement and interfacial gaps. The details of the 

specimens in these studies are summarized in Tables 4.3 to 4.5.  

4.5.1 Model I 

Since Model I was used in the study of infills with openings, the model was validated using 

experimental studies involving infills both with and without openings from the available 

literature (McBride, 1984; Yong, 1984; Amos, 1985; Richardson, 1986; Flanagan, 1994; 

Liu & Soon, 2012). The infills tested by McBride (1984), Yong (1984), Amos (1985), and 

Richardson (1986) were constructed using standard masonry units; those tested by 

Flanagan (1994) were constructed with structural clay tiles; and those tested by Liu and 

Soon (2012) were constructed with one-third scaled concrete masonry units. All mortar 

used were composed of cement, lime, and sand in specific proportions. A total of 26 

specimens were considered, of which 18 specimens had infills without openings (referred 

to as solid infills) and eight specimens had infills with an opening.  

Table 4.6 summarizes the comparison results where Kexp and Pexp are the initial stiffness 

and ultimate load obtained from experimental results whereas KFE and PFE are the 

corresponding results obtained from Model I. It should be noted that, due to the absence of 
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initial stiffness or highly scattered initial stiffness, in the case of infills tested by Flanagan 

(1994) and Liu and Soon (2012), the cracking stiffness was adopted as Kexp instead of the 

initial stiffness. The material properties reported in the original papers were also included 

in the table. It is noted that available f′t values listed in the table are obtained as mortar 

tensile strength, and the mean value was approximately the 1/10th of the mean value for 

f′m. 

The table shows that the average test-to-FE ratios of the ultimate load for solid infills and 

infills with openings are 0.97 with a COV of 13% and 0.92 with a COV of 11%, 

respectively. In the case of stiffness, the average test-to-FE ratio is 0.99 with a COV of 16% 

for solid infills and 1.11 with a COV of 18% for infills with openings. Fig. 4.7 compares 

the experimental and numerical load vs. lateral displacement curves for a solid infill 

(specimen WB2) and an infill with an opening (specimen WD12) as well as the failure 

mode for specimen P3WA. The figure shows that the finite element model is capable of 

simulating the degradation of stiffness due to cracking as well as capturing the cracking 

and crushing of the infill similar to that obtained from the test. 
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Table 4.3: Details of specimens used in validation of FE model (Full-scale CMU) 

  H 

(m) 

L 

(m) 

f′m 

(MPa) 

f′t 

(MPa) 

Em 

(MPa) 

te 
Beam section Column section 

Opening size 

(hxl, mm)   (mm) 

McBride 

(1984) 

WA1I, II 2.8 3.6 27.4 2.65 23290* 66 

W250x58 W200x46 

 

WA2I, II 2.8 3.6 27.7 2.63 23545* 66  

WA3I, II 2.8 3.6 26.5 2.10 22525* 66  

WA4I, II 2.8 3.6 24.4 1.22 20740* 66  

WA5 II 2.8 3.6 25.6 2.11 21760* 66  

Yong 

(1984) 

WB1I, II 2.8 3.6 23.7 2.55 20145* 66 

W250x58 W200x46 

 

WB2I, II 2.8 3.6 33.3 2.12 28305* 66  

WB3I, II 2.8 3.6 31.4 1.90 26690* 66  

WB4 II ① 2.8 3.6 32.8 1.76 27880* 66  

WB5 II ① 2.8 3.6 31.0 2.41 26350* 66  

WB6 II 2.8 3.6 35.4 3.23 30090* 66  

Amos   

(1985) 

WC1I 2.8 3.6 26.9 1.69 26945* 66 

W250x58 W200x46 

 

WC2I 2.8 3.6 27.7 0.97 11400 66  

WC3I 2.8 3.6 30.9 1.82 26265* 66 2.2x0.8 

WC4I 2.8 3.6 33.1 1.45 21650 66 2.2x0.8 

WC5I 2.8 3.6 32.5 2.23 27625* 66 2.2x0.8 

WC6I 2.8 3.6 30.9 2.45 26265* 66 2.2x0.8 

WC7I, II 2.8 3.6 33.4 1.31 19000 66  

WC8 II 2.8 3.6 33.3 3.05 17500 66  

WC9 II 2.8 3.6 21.7 1.16 17400 66  

WC10 II 2.8 3.6 23.5 2.63 13200 66  

           
 

 
 

7
4
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Table 4.3: Details of specimens used in validation of FE model (Full-scale CMU, Cont’d) 

  H 

(m) 

L 

(m) 

f′m 

(MPa) 

f′t 

(MPa) 

Em 

(MPa) 

te 
Beam section Column section 

Opening size 

(hl, mm)   (mm) 

Richardson   

(1986) 

WD6 II 2.8 3.6 26.3 2.70 17300 66 

W250x58 W200x46 

 

WD7 II 2.8 3.6 25.4 3.05 18000 66  

WD5I 2.8 3.6 29.4 2.87 19000 66 2.2x0.8 

WD11 II ① 2.8 3.6 24.6 1.46 12400 66  

WD12I 2.8 3.6 24.2 2.40 15500 66 2.2x0.8 

Riddington 

(1984) 

R2a II 2.71 2.71 7.0 - 15400 100 

152x152x30 UC* 152x152x30 UC* 

 

R3a II ② 2.71 2.71 7.0 - 15400 100  

R4a II ③ 2.71 2.71 7.0 - 15400 100  

R2b II 2.48 2.48 7.0 - 15400 100 

406x140x39 UB* 406x140x39 UB* 

 

R3b II ② 2.48 2.48 7.0 - 15400 100  

R4b II ③ 2.48 2.48 7.0 - 15400 100  

           
 

*Em was not reported in the paper, a value of 850 f′m was assumed 

① 20mm top gap 

② 3mm top gap 

③ 3mm Top gap+ 1.5mm gap on each side  

I : Specimen is used in verification of Model I 

II: Specimen is used in verification of Model II 

  

 
 

7
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Table 4.4: Details of specimens used in validation of FE model (One-third scale 

CMU) 

  

H 

(m) 

L 

(m) 

f′m 

(MPa) 

Em 

(MPa) 

te 

(mm) 

Beam 

section 

Column 

section 

Opening 

size 

(hl, 

mm) 

  

Liu & 

Soon 

(2012) 

P1NA II ** 1.08 1.08 8.6 10496 43 

W100x

19 

W100x

19 

 

F1NA II ** 1.08 1.08 9.6 14430 64  

P3NA II ** 1.08 1.35 7.3 10496 43  

P3NI II 1.08 1.35 10.3 10496 43  

F3NA II ** 1.08 1.35 10.3 14430 64  

F3NI II 1.08 1.35 7.3 14430 64  

P3WAI, II 1.08 1.35 10.3 10496 43 0.28x0.5 

P3DAI, II 1.08 1.35 10.3 10496 43 0.64x0.4 

P6NA II ** 1.08 1.76 10.3 10496 43  

         

Vertical 

load 

(kN) 

Liu & 

Manesh 

(2013) 

CF-113 II 1.08 1.35 9.1 12800 64 

W100x

19 

W100x

19 

111 

CF-213 II 1.08 1.35 9.1 12800 64 80 

CF-313 II 1.08 1.35 9.1 12800 64 49 

CP-113 II 1.08 1.35 9.4 10100 43 111 

CP-213 II 1.08 1.35 9.4 10100 43 80 

CP-313 II 1.08 1.35 9.4 10100 43 49 
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Table 4.5: Details of specimens used in validation of FE model (SCT) 

  H 

(m) 

L 

(m) 

f′m 

(MPa) 

Em 

(MPa) 

te 

(mm) 

Beam 

section 

Column 

section   

Flanagan 

(1994) 

F1I, II 2.24 2.24 3.0 2300 195 W310x52 W250x18 

F2I, II 2.24 2.24 3.0 2300 195 W310x52 W250x45 

F3I, II 2.24 2.24 3.0 2300 195 W310x52 W250x67 

F4I, II 2.24 2.24 2.6 2800 325 W460x113 W410x39 

F5I, II 2.24 2.24 2.6 2800 325 W460x67 W410x60 

F9I, II ** 2.24 2.24 3.0 2300 195 W310x52 W250x45 

F17I, II 2.24 3.45 3.0 2300 195 W310x52 W250x45 

F21I, II 2.24 2.84 3.0 2300 195 W310x52 W250x45 

         

**Columns are strong-axis oriented 

I : Specimen is used in verification of Model I 

II: Specimen is used in verification of Model II  
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Table 4.6: Stiffness and strength comparison of the experimental and Model I 

results 

  Kexp 

(kN/mm) 

Pexp 

(kN) 

KFE 

(kN/mm) 

PFE 

(kN) 

𝐾𝑒𝑥𝑝

𝐾𝐹𝐸
 

𝑃𝑒𝑥𝑝

𝑃𝐹𝐸
 

  

 Infills with opening 

Amos 

(1985) 

WC3 34 285 37 255 0.92 0.90 

WC4 34 335 32 307 1.06 0.91 

WC5 39 245 38 251 1.01 1.02 

WC6 50 365 37 358 1.35 0.98 

Richardson 

(1986) 

WD5 55 334 44 305 1.25 0.91 

WD12 22 196 25 189 0.88 1.07 

Liu & Soon 

(2012) 

P3WA 21 89 14 112 1.45 0.80 

P3DA 11 75 12 91 0.94 0.83 

AVG      1.11 0.92 

COV(%)      18 11 

 Solid infills 

McBride 

(1984) 

WA1 73 471 75 476 0.97 0.99 

WA2 82 440 75 481 1.09 0.91 

WA3 74 463 75 460 0.99 1.01 

WA4 63 476 68 424 0.93 1.12 

Yong (1984) 

WB1 72 449 62 412 1.16 1.09 

WB2 74 538 81 581 0.91 0.93 

WB3 67 556 77 546 0.87 1.01 

Amos   

(1985) 

WC1 41 420 68 451 0.60 0.93 

WC2 46 310 37 403 1.24 0.77 

WC7 71 534 81 537 0.88 0.99 

Flanagan 

(1994) 

F1 15 122 18 125 0.80 0.98 

F2 11 166 15 145 0.74 1.15 

F3 - 158 21 140 - 1.13 

F4 27 228 30 211 0.90 1.08 

F5 23 191 25 225 0.92 0.85 

F9 29 220 30 330 0.94 0.67 

F17 19 212 17 226 1.10 0.94 

F21 13 180 14 196 0.88 0.92 

AVG      0.94 0.97 

COV(%)      16 13 

 Overall 

AVG      0.99 0.96 

COV(%)      19 12 
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a)  

 

b)  

Fig. 4.7: Comparison of experimental and Model I results: (a) load vs. lateral 

displacement curves of WB2 and WD12; (b) cracking pattern of P3WA (the yellow/green 

area is stressed area whereas the red area is non-stressed area). 
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4.5.2 Model II 

Model II was adopted for investigation of the effects of the following parameters: aspect 

ratio, masonry compressive strength, grouting extent and configuration, vertical 

reinforcement, joint reinforcement, relative infill-to-frame stiffness, vertical load, and 

interfacial gaps. In addition to those experimental studies used in the verification of Model 

I (McBride, 1984; Yong, 1984; Amos, 1985; Richardson, 1986; Flanagan, 1994; Liu & 

Soon, 2012) the studies conducted by Riddington (1984) and Liu and Manesh (2013) were 

also added in the verification of Model II. A total of 45 specimens were considered 

including 24 specimens infilled with full-scale CMUs, thirteen specimens infilled with one-

third scale CMUs, and 8 specimens infilled with SCTs. In the case of full-scale CMU 

infilled specimens as shown in Table 4.3, specimen WA4, WC7, WD7, R2a and R2b were 

control specimens constructed without reinforcement, grouting, openings, or gaps, or ties; 

nine specimens (WA1, 2, 3; WB1, 2, 3 and WC8, 9, 10) had horizontal truss-type joint 

reinforcement (Blok-Trus BL30) placed in alternate bed joints starting at the second course 

from the bottom; two specimens (WA5 and WB6) had panel-to-column flat bar ties at 

alternate joints; WD6 had a 600 mm length of 20M rebar placed vertically in each cell 

along the compression diagonal. Seven specimens had a gap(s) between the infill and the 

frame, among which five specimens had a top beam-infill gap (WB4, WB5, WD11, R3a 

and R3b) and two specimens had both column-infill and beam-infill gap (R4a and R4b). In 

the case of one-third scale CMU infilled specimens (Table 4.4), seven specimens were 

partially grouted and vertically reinforced with steel rebar with a diameter of 6 mm (P1NA, 
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P3NA, P3NI, P6NA, CP-113, CP-213, and CP-313); six specimens were fully grouted 

(F1NA, F3NA, F3NI, CF-113, CF-213, and CF-313). The vertical reinforcement location 

and amount remained the same as their partially grouted counterparts. In addition to the 

grouting variation, specimen CF-113, CF-213, CF-313, CP-113, CP-213 and CP-313 were 

subjected to combined lateral and vertical load. Three vertical load levels including 111 kN, 

80 kN, and 49 kN, applied at the two one-third points of the beam were considered. In the 

case of SCT infilled specimens (Table 4.5), F1, F2, F3, F4, F5, F9, F17 and F21 had frame 

members varies from W250x19 to W460x113. Tables 4.7 to 4.9 summarize the comparison 

results. All SCT specimens were subjected to cyclic static loading with increasing 

displacement amplitude in both directions and values for the stiffness and strength in both 

directions are listed. The FE values, however, were obtained from models loaded in one 

direction monotonically to failure, and this value was used for the other direction as well.  

Tables 4.7 to 4.9 show that for either CMU infills or SCT infills, the average test-to-FE 

ratios of ultimate load and stiffness are all close to unity with an overall coefficient of 

variation (COV) of 16% for cracking stiffness and 15% for ultimate load. This suggests 

that the finite element model is accurate in providing the stiffness and strength estimates, 

and this accuracy is reasonably consistent for all specimens considered. Fig. 4.8 compares 

the experimental and numerical load vs. lateral displacement curves for two standard infill 

(WC7 and WB2), an infill with joint reinforcement (specimen WA2), three infilled frames 

subjected to combined loading (specimen CF-113, CF-213 and CF-313), a fully grouted 
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infill with vertical reinforcement (specimen F3NA), and two gapped infills (specimen R3a 

and R4a). The crack pattern and failure mode comparison of specimen WB2, R3a and R4a 

are presented in Fig. 4.9. These figures further illustrate that the finite element model can 

simulate the behaviour and failure mode reasonably well where the degradation of stiffness 

due to cracking in the infill and development of cracking and crushing as loading 

progressed is accurately captured.  
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Table 4.7: Stiffness and strength comparison of the experimental and Model II 

results (Full-scale CMU) 

  
Kexp 

(kN/mm) 

Pexp 

(kN) 

KFE 

(kN/mm) 

PFE 

(kN) 
FEK

K exp
 

FEP

Pexp
 

  

McBride 

(1984) 

WA1 73 471 68 475 1.07 0.99 

WA2 82 440 90 420 0.91 1.05 

WA3 74 463 87 455 0.85 1.02 

WA4 63 476 77 449 0.82 1.06 

WA5 78 445 83 445 0.94 1.00 

Yong 

(1984) 

WB1 72 449 80 409 0.90 1.10 

WB2 74 538 81 581 0.91 0.93 

WB3 67 556 80 549 0.84 1.01 

WB4 27 209 24 219 1.13 0.95 

WB5 34 231 29 254 1.17 0.91 

WB6 73 423 94 464 0.78 0.91 

Amos   

(1985) 

WC7 71 534 76 490 0.93 1.09 

WC8 65 445 81 578 0.80 0.77 

WC9 54 400 58 460 0.93 0.87 

WC10 68 458 62 487 1.10 0.94 

Richardson   

(1986) 

WD6 65 623 69 564 0.94 1.10 

WD7 56 494 61 457 0.92 1.08 

WD11 14 167 13 175 1.08 0.95 

Riddington 

(1984) 

R2a 30 209 36 226 0.83 0.92 

R2b 60 411 67 423 0.90 0.97 

R3a 29 199 23 189 1.26 1.05 

R3b 45 382 35 323 1.29 1.18 

R4a 7 170 7 167 0.97 1.02 

R4b 19 363 18 331 1.06 1.10 

AVG      0.97 1.00 

COV      14% 9% 
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Table 4.8: Stiffness and strength comparison of the experimental and Model II 

results (One-third scale CMU) 

  
Kexp 

(kN/mm) 

Pexp 

(kN) 

KFE 

(kN/mm) 

PFE 

(kN) 
FEK

K exp
 

FEP

Pexp

 

Liu & 

Soon 

(2012) 

P1NA 20 111 21 148 0.95 0.75 

F1NA 23 157 27 177 0.85 0.89 

P3NA 25 94 22 148 1.14 0.64 

P3NI 13 79 12 61 1.08 1.30 

F3NA 26 132 31 130 0.84 1.02 

F3NI 18 122 17 96 1.06 1.27 

P6NA 23 104 20 106 1.15 0.98 

Liu & 

Manesh 

(2013) 

CF-113 37 198 36 203 1.03 0.98 

CF-213 32 169 32 163 1.00 1.04 

CF-313 29 152 28 161 1.04 0.94 

CP-113 26 126 28 133 0.93 0.95 

CP-213 25 120 27 129 0.93 0.93 

CP-313 26 109 24 99 1.08 1.10 

AVG      1.01 0.98 

COV      10% 18% 
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Table 4.9: Stiffness and strength comparison of the experimental and Model II 

results (SCT) 

  
Kexp 

(kN/mm) 

Pexp 

(kN) 

KFE 

(kN/mm) 

PFE 

(kN) 
FEK

K exp
 

FEP

Pexp
 

  

Flanagan 

(1994) 

F1 14.7 122 14.3 134 1.03 0.91 

F1L 11.7 165 14.3 134 0.82 1.23 

F2 10.9 166 17.5 189 0.62 0.88 

F2L 17.8 183 17.5 209 1.02 0.88 

F3 - 158 20.9 134  1.18 

F3L - 168 20.9 134  1.25 

F4 26.7 228 23.9 214 1.12 1.07 

F4L 13.7 149 23.9 214 0.57 0.70 

F5 23.2 191 25.5 172 0.91 1.11 

F5L 28.3 168 25.5 172 1.11 0.98 

F9 28.7 220 27.6 325 1.04 0.68 

F9L 32.0 207 27.6 325 1.16 0.64 

F17 18.5 212 22.6 228 0.82 0.93 

F17L 16.0 206 22.6 228 0.71 0.90 

F21 12.7 180 16.9 218 0.75 0.83 

F21L 13.2 203 16.9 218 0.78 0.93 

AVG      0.89 0.94 

COV      22% 20% 
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Fig. 4.8: Comparison between Model II and experimental load vs. lateral displacement 

curves: a) WB2, b) WA2, c) CF113, d) CF213, e) CF313, f) F3NA, g) R3a andh) R4a 

0

100

200

300
400

500

600

0 10 20 30

L
o
ad

 (
k
N

)

Lateral displacement (mm)

0
100
200
300
400
500
600

0 5 10 15 20 25

L
o
ad

 (
k
N

)

Lateral displacement (mm)

0

50

100

150

200

250

0 10 20 30

L
o
ad

 (
k
N

)

Lateral displacement (mm)

0

50

100

150

200

0 10 20 30

L
o
ad

 (
k
N

)

Lateral displacement (mm)

0

50

100

150

200

0 10 20 30 40 50

L
o
ad

 (
k
N

)

Lateral displacement (mm)

0

50

100

150

0 10 20 30

L
o
ad

 (
k
N

)

Lateral displacement (mm)

0

50

100

150

200

250

0 10 20 30

L
o
ad

 (
k
N

)

Lateral displacement (mm)

0

50

100

150

200

0 10 20 30

L
o
ad

 (
k
N

)

Lateral displacement (mm)

050100150200

0 5 10 15 20 25 30

L o a d
 ( k

Lateral displacement (mm)

Experimental Finite element model



 

 
87 

a)   

b)  

c)  

Fig. 4.9: Comparison of cracking patterns between Model II and experimental results: a) 

specimen WB2, b) specimen R3a, and c) specimen R4a 
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4.6 Comparison of Two Models 

In comparison with the Model I, adoption of Model II reduces the computing time by about 

30%. The saving mainly resulted from elimination of the need to examine the stress state 

of each element and modify the stiffness of each failed spring using user-defined macro 

commands at the end of each load step. In addition, the Model II requires no user-defined 

rules or user-assumed α value and thus requires less input. A comparison between the load 

vs lateral displacement curves produced by both models is shown in Fig. 4.10. It shows 

that while values for the initial stiffness as well as the ultimate load obtained from two 

models are comparable, the discrepancies are observed in the post-cracking behaviour. The 

Model I tends to underestimate the post-cracking stiffness of the infill due to user-defined 

rules and parameters whereas the Model II with cohesive zone interface element has a load 

vs displacement curve very similar to experimental results. 
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a)  

b)  

c)  

Fig. 4.10: Comparison of FE and experimental load vs. lateral displacement curves: a) 

WA3 (McBride, 1984) b) WC7 (Amos, 1986) and c) R3a (Riddington, 1984) 
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Chapter 5 Parametric Study on Infill Openings 

5.1 Introduction 

Door or window openings are often provided in masonry infills for either architectural or 

ventilation purposes. In comparison with extensive experiments on solid masonry infills, 

infills with door or window openings are less researched and even within the few available 

studies, limited parameters were considered. It is commonly accepted that the presence of 

infill openings reduces the lateral stiffness and strength of the infilled system (Mallick & 

Garg, 1971; Amos, 1985; Richardson, 1986; Schneider et al., 1998; Kakaletsis & 

Karayannis, 2008; Liu & Soon, 2012; Liu & Manesh, 2013). Liu and Soon (2012) further 

showed that the reduction in stiffness and strength is not proportional to the opening size 

and opening aspect ratio may be a factor as well. 

Flanagan (1994) introduced a 600×600 mm opening placed in the corner of the clay tile 

infill wall within a steel frame. He reported that the opening on the loaded side of the panel 

reduced the in-plane capacity of the system by approximately 25% in the pull direction and 

over 50% in the push direction. Results of the experimental study conducted by Tasnimi 

and Mohebkhah (2011) indicated that infilled frames with openings are not always more 

ductile than the ones with solid infills. It seems that the ductility of such frames depends 

on the failure mode of infill piers. The infills in this experimental investigation experienced 

pier diagonal tension or toe crushing failure and had smaller ductility factors than those 

frames with solid infills. Tasnimi and Mohebkhah (2011) attributed such loss of ductility 
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to the brittle failure of the masonry piers having strong mortar as well as the out-of-plane 

instability of infill piers. 

As for the location of the opening, conflicting findings have been reported. Kakaletsis and 

Karayannis (2008) suggested placing the opening near the edge of infill to achieve best 

improvement in the performance whereas others indicated that the openings be located at 

the center of the infill (Amos, 1985; Dawe & Seah, 1989; Mallick & Garge, 1971).  

Due to the lack of technical information, the current Canadian and American masonry 

design standards (CSA S304-14, 2014; MSJC, 2013) do not contain design provisions for 

masonry infills with openings. In this chapter, a numerical study was conducted to 

investigate the effect of opening size and location on the in-plane behaviour and strength 

of masonry infills bounded by steel frames. An analytical method that take into account the 

effect of openings on the stiffness and strength of infills was proposed based on the finite 

element results, and the efficacy of the proposed method and other existing methods was 

assessed using available experimental results. 

5.2 Existing Analytical Methods 

Based on the diagonal strut approach for solid infills, the simple and practical way of taking 

into account of opening effect is to apply a reduction factor, RF, to the width of the 

corresponding solid infill, w, resulting in an effective width of RF × w. The existing 

analytical methods adopted this approach and details of each method are summarized in 

the following sections. All existing methods expressed the reduction factor as some form 
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of a polynomial function of opening-to-infill area ratio. It is noted that some proposed 

equations are valid for only stiffness or strength reduction factors whereas others are 

intended for both.  

5.2.1 Durrani and Luo (1994) 

Durrani and Luo (1994) proposed the following empirical equations to calculate the 

reduction factor, RF, for both stiffness and strength consideration based on a finite element 

study.  

2)(1
LH

A
R d

F


                        (5.1) 

2

)2sin(2

)]sin()2sin([



 oo

d

RR
LHA


          (5.2) 

22

0 oo LHR                          (5.3) 

22 LHR                           (5.4) 

where Ho and Lo are the height and length of the opening respectively; θo is calculated as 

tan-1(Ho/Lo), the rest of the symbols are the same as previously defined. 

5.2.2 Al-Chaar et al. (2003) 

Al-Chaar et al. (2003) developed an expression for the reduction factor as a function of the 

ratio of opening-to-infill area, Ao/Ap, to account for the effect of openings on both stiffness 

and strength by conducting a series of experimental tests and analytical studies. 

    )/(6.1)/(6.01 2

popoF AAAAR               (5.5) 

5.2.3 New Zealand Society for Earthquake Engineering (2006) 

Based on the work of Dawe and Seah (1989), the New Zealand Society for Earthquake 

Engineering (NZSEE) recommends a simplified expression for RF to account for the 
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reduction in stiffness and strength due to an opening.  

L

L
R o

F




5.1
1                         (5.6) 

This formula calculates the RF factor solely based on the length of the opening and infill 

instead of the area of the opening and infill. When the length of opening exceeds 2/3 of the 

length of infill, the contribution of infill can be ignored.  

5.2.4 Mondal and Jain (2008) 

Based on finite element studies and experimental data of reinforced concrete infilled 

frames, Mondal and Jain (2008) proposed a linear relationship for stiffness reduction factor 

as follows: 

      )/(6.21 poF AAR                   (5.7) 

It suggests that the contribution of the infill to the stiffness of the system can be neglected 

when the opening area is greater than 38% of the infill area.  

5.2.5 Tasnimi and Mohebkhah (2011) 

Based on a series of experiments on the in-plane seismic behaviour of steel frames with 

clay brick masonry infills having openings, Tasnimi and Mohebkhah (2011) proposed the 

following expression as the reduction factor in strength only where an upper limit of Ao/Ap 

is set to be 0.4. 

  )/(238.2)/(49.11 2

popoF AAAAR                (5.8) 

5.2.6 Asteris et al. (2012) 

Asteris et al. (2012) proposed the following expression for reduction factor in stiffness only. 

The authors placed an upper limit of Ao/Ap of 0.5, above which the infill was considered 
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negligible.  

14.154.0 )/()/(21 popoF AAAAR 
                (5.9) 

5.2.7 Mohammadi and Nikfar (2013) 

Through a statistical analysis using experimental data, Mohammadi and Nikfar (2013) 

concluded that the material of confining frames (steel or RC) affected the reduction in 

strength but not the stiffness due to openings. Reduction in the infill strength with RC 

bounding frames was less than that with steel bounding frames. Hence, Mohammadi and 

Nikfar (2013) proposed two separate sets of reduction factor expressions for strength and 

stiffness of infill with openings as follows: 

For stiffness: 

    )/(6781.1)/(1859.11 2

popoF AAAAR             (5.10) 

For strength: 

    )/(122.21 poF AAR   for steel frames       (5.11) 

  )/(085.11 poF AAR     for RC frames       (5.12) 

It is noted that none of the methods consider the eccentricity of openings; all openings are 

assumed to be located at the center of the infill.  

5.3 Numerical Study of Openings 

The Model I was adopted in this study. For the standard specimen, the bounding frame was 

made of W250x58 columns and W200x46 beams. The frame members were oriented such 

that the webs of the beams were in the plane of the infill while the webs of the columns 
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were perpendicular to the plane of the infill. This orientation was also used for parametric 

studies presented in Chapter 6 to 8. The infill was 2800 mm high by 3600 mm long. The 

infill compressive strength was assumed to be 25 MPa and the tensile strength was taken 

as the 1/10th of the compressive strength. Three variables, i.e., the size, location and the 

aspect ratio (Ho/Lo) of the opening in the infill were considered, and the resulting model 

specimens are summarized in Table 5.1. 

Table 5.1: Infill opening study parameters 

Nominal 

percentage 

of opening 

Ao/Ap 
Ho 

(m) 

Lo 

(m) 
Ho/Lo 

H 

(m) 

L 

(m) 
ec/L 

 Size and location of the opening 

10% 0.107  0.9  1.2  0.75 2.8  3.6  -1/6~1/6  

20% 0.190  1.2  1.6  0.75 2.8  3.6  -1/6~1/6  

30% 0.318  1.6  2.0  0.80 2.8  3.6  -1/6~1/6  

40% 0.429  1.8  2.4  0.75 2.8  3.6  -1/6~1/6  

50% 0.556  2.0  2.8  0.71 2.8  3.6  0  

60% 0.611  2.2  2.8  0.79 2.8  3.6  0  

 Aspect ratio of the opening 

3% 0.032 0.8 0.4 2.00 2.8  3.6  0 

13% 0.127 1.6 0.8 2.00 2.8  3.6  0 

29% 0.286 2.4 1.2 2.00 2.8  3.6  0 

3% 0.032 0.4 0.8 0.50 2.8  3.6  0 

10% 0.071 0.6 1.2 0.50 2.8  3.6  0 

15% 0.127 0.8 1.6 0.50 2.8  3.6  0 

20% 0.198 1.0 2.0 0.50 2.8  3.6  0 

30% 0.286 1.2 2.4 0.50 2.8  3.6  0 

The opening was introduced in the infill by removing the plane stress elements and joint 

elements on the infill panel which were covered by the opening. The opening dimensions 

were then designed to be multiples of the mesh size of plane stress elements so no 
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complication in meshing would be caused by introducing openings. Since the model 

adopted a 2x2 meshing for each concrete block (0.2 m by 0.4 m), the height of the opening 

must be multiple of half of the height of block (0.1m) and the length of the opening must 

be multiple of half of the length of block (0.2 m). Due to this limitation, the Ao/Ap ratios in 

this study were not round numbers. 

For the opening sizes study, six sizes of window opening which represent about 10 to 60% 

of the infill area were studied. The length of the opening ranged from 1200 to 2800 mm 

whereas the height of the opening ranged from 900 to 2200 mm, resulting in an standard 

aspect ratio (Ho/Lo) around 0.75. In the study of opening location, locations including 

central, left-leaned and right-leaned were considered for opening size less than or equal to 

40% of the infill area,, as shown in Fig. 5.1. The eccentricity of the opening, measured 

from the centre of the infill is indicated by ec. Eccentricity towards the left (loaded side) is 

taken as negative, and eccentricity towards the right is taken as positive. For each direction, 

three offset values of 0.2, 0.4, and 0.6 m were considered resulting in ec/L of 1/18, 1/9 and 

1/6. For openings greater than 40% of the infill area, offsetting the opening away from the 

center of the infill caused part of the opening to be outside of the infill panel. Thus, the 

study on eccentricity was only conducted on openings that are smaller than or equal to 40% 

of the infill area. In the study of aspect ratio of the opening, in addition to the standard ratio 

of 0.75, two aspect ratios, i.e., Ho/Lo = 0.5 and Ho/Lo = 2.0 were considered, corresponding 

to a range of Ao/Ap from 0.032 to 0.286.  
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Note that in this as well as the following chapters, the following terms are adopted for 

evaluation of the infill behaviour: the lateral cracking stiffness, Kcr, which is defined as the 

lateral stiffness at the first major cracking load; the lateral ultimate strength of the infilled 

system, Pu, which is defined as the highest point on the load vs. lateral displacement curve; 

the net lateral strength of infills, Pnet, which is calculated as the ultimate strength of the 

infilled system, Pu, subtracted by the corresponding load for a bare frame at the same 

displacement. 

5.4 Discussion of Results 

5.4.1 General Behaviour 

The load vs. lateral displacement curves of infills with central openings are plotted in Fig. 

5.2. As expected, a bare frame has the lowest stiffness which is approximately 5% of an 

infilled frame with solid infill. The presence of openings reduces the Kcr and Pu of infilled 

frames, and this reduction is related to the size of the opening. However, the ductility seems 

to increase as the size of the opening increases. Also observed in the behaviour typical of 

most specimens is that in the rising branch of the curve, there might be a drop in the load 

which often corresponded to the first crack in the infill and the load continued to increase 

immediately thereafter at a reduced stiffness. This behaviour is an indication of the ability 

of the infill to realign itself and establish alternate load path and thus maintain some level 

of resistance even after the development of cracking. However, when the opening size 

exceeds 40%, the alternative failure paths diminish and after reaching the maximum load, 

the load vs. lateral displacement curve becomes almost flat which is similar to a bare frame.  
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b) = -600~0ce c) = 0~600ce  

Fig. 5.1: Configuration of openings, unit (mm): a) central opening, b) left-leaned opening 

and c) right-leaned opening 
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Fig. 5.2: Load vs. lateral displacement curves of Infills with different size of central 

opening 

5.4.2 Effect of Opening Size 

The effect of opening size is shown in Fig. 5.3 where the relationship between opening size 

and reduction factor RF in the Kcr, Pu, and Pnet for infills with a central opening is plotted. 

Two dotted lines in the figure mark the strength and stiffness of a bare frame as indicated.  

Fig. 5.3 shows that the stiffness and strength of infills decrease drastically due to the 

presence of an opening. The rate of decrease slows down as the opening size increases. The 

overall relationship between the RF in Kcr and Pnet and the opening area ratio is 

approximately asymptotic, and for the opening area ratios considered in this study, the 

relationship can be approximated by a parabolic function. Comparison with the bare frame 

shows that when the opening area reaches 50% of the infill area, Kcr of the infilled frame 

is just slightly higher than the stiffness of a bare frame and Pnet of the infill is less than 20% 

of the solid infill. 
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Fig. 5.3: The effect of openings sizes on the RF in stiffness and strength of the infill 

 

5.4.3 Effect of Opening Location 

The relationship between ec/L and RF in Kcr and Pnet for infills with openings is presented 

in Fig. 5.4. Regardless of the location of the opening, an increase in the opening area results 

in reductions in both Kcr and Pnet of infills. However, the rate of this reduction is associated 

with the opening location. In general, as the opening moves from the left off-centre to 

centre to right off-centre, the reduction lessens. In other words, when the opening offset is 

toward the loaded side, the Kcr and Pnet are the lowest. As the opening offset moves away 

from the loaded side, the Kcr and Pnet increase. This is more pronounced when the opening 

size becomes larger. Fig. 5.5 shows a finite element generated stress distribution in the 

infill. For an opening toward the loaded side, the pier on the loaded side becomes too thin 

to develop an effective strut while for an opening away from the loaded side, the pier on 

the loaded side is still capable of forming a strut resulting in an increase in Kcr and Pnet. If 

the infill in a practical application is expected to resist lateral load in either direction, the 
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ideal location of the opening would, therefore, be at the centre of the infill. 

5.4.4 Effect of Opening Aspect Ratio  

The relationship between opening aspect ratio and RF in Kcr and Pnet is presented in Fig. 

5.6. It can be observed that the aspect ratio of the opening does show some effect on the 

reduction in either Kcr or Pnet while the effect of the latter is more pronounced. For a given 

Ao/Ap ratio, an opening aspect ratio decrease from Ho/Lo = 2.0 to 0.5, results in about 3% 

and 6% reduction in stiffness and strength respectively. It suggests that for a given Ao/Ap 

ratio, a narrow tall opening performs better than a narrow long opening, and the standard 

Ho/Lo = 0.75 is somewhat in between. However, the differences are only marginal.  

a)  

b)  

Fig. 5.4: The effect of opening location on a) the stiffness and b) the strength of infill 
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a)  b)  

Fig. 5.5: Stress distribution and failure mode for infills with a) left-leaned opening; and b) 

right-leaned opening 

a)  

b)  

Fig. 5.6: The effect of opening aspect ratio on the reduction factor : a) Kcr and b) Pnet 
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In order to further confirm the above finding for extremely wide or tall openings, studies 

on additional two series of specimens were conducted. As shown in Table 5.2, Series 1 

consists of three specimens each with an extremely tall opening (Ho = 2.6m) while Series 

2 consists of three specimens each with an extremely wide opening (Lo = 3.2m). The RF(s) 

in Kcr and Pnet for these two series of specimens are compared to the standard Ho/Lo = 0.75 

cases, the comparison is presented in Fig. 5.7.  

Table 5.2: Parameters of additional specimens 

Nominal 

percentage 

of opening 

Ao/Ap 
Ho 

(m) 

Lo 

(m) 
Ho/Lo 

H 

(m) 

L 

(m) 

        Series 1  

20% 0.206  2.6  0.8 3.25  2.8  3.6  

30% 0.310  2.6  1.2 2.17  2.8  3.6  

40% 0.413  2.6  1.6 1.63  2.8  3.6  

         Series 2 

20% 0.190  0.6  3.2 0.19  2.8  3.6  

30% 0.317  1.0  3.2 0.31  2.8  3.6  

40% 0.444  1.4  3.2 0.44  2.8  3.6  

It can be seen that for a given opening area, when an opening is either extremely tall or 

wide, the reduction in Kcr or Pnet is generally larger than that of the standard Ho/Lo = 0.75 

cases. This is expected since, in both series, the openings, running through almost the whole 

height or the whole width of the infill, divide each infill into either two vertical or two 

horizontal piers and completely disrupt formation of the diagonal strut in the infill. The 

remaining height or length that connects two piers of the infill is not stiff or strong enough 

to transfer lateral load from one pier to the other. Thus the resulted reduction is greater than 

other cases where an effective load transfer path can still be established despite of the 
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openings. It can also be observed that the reduction is more pronounced in Series 2 (Lo = 

3.2 m) than in Series 1 (Ho = 2.6 m). Load transfer for these two specimens is shown in 

Fig. 5.8 where one may observe that in Series 1, the diagonal strut can still be relatively 

effectively established in the left pier of the infill which governs the behaviour of the infill 

(Fig. 5.8a) whereas in Series 2, the left pier is significantly weaker than in Series 1 and 

governs the failure of the whole infill (Fig 5.8b). It should be noted that while the openings 

of this configuration serve to complete a scientific discussion, they are not likely to occur 

in practice. For openings with aspect ratios within a realistic range (0.5~2.0), the variation 

in aspect ratio will not cause any significant change in RF. This can be shown by the 

specimen with an opening of Ho×Lo = 2.6 m×1.2 m and the specimen with an opening of 

Ho×Lo = 2.6 m×1.6 m. These two specimens from Series 1 have an aspect ratio of 2.16 and 

1.63, respectively. The resulted RF in Kcr and Pnet are very close to that of the standard 

Ho/Lo = 0.75 case.   
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a)  

b)  

Fig. 5.7: Reduction factor in specimens with an extrmely tall opening or an extremly 

wide opening: a) Kcr and b) Pnet 

a) b)  

Fig. 5.8: Load transfer path in an infill with: a) a tall opening and b) a wide opening 
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5.4.5 Effect of Material and Geometric Input Properties  

Recognizing that masonry infilled steel frames may have a large variability in the infill 

material properties and frame member sections, the effect of some input parameters on the 

trend of the reduction factor was studied, and results on infills with central openings are 

shown in Fig. 5.9. The line in the figure represents the trend determined from the standard 

model input values. Parameters considered were the masonry compressive strength f′m, the 

Young’s modulus of mortar Emortar, and the infill-to-frame stiffness ratio 

In each case, two additional values were considered to represent a range of masonry or 

frame properties that may be encountered in practice. The infill-to-frame stiffness ratio was 

considered using a factor λH where 4

4

2sin

HIE

tE

cf

m 
  as defined in Eqn (2.2). 

The figure shows that the change in masonry strength f′m and mortar modulus Emortar does 

not result in any significant variation in either the stiffness or strength reduction factor. 

Since both Em and ft are related to f′m values, it is hence reasonable to deduce that variation 

on Em and ft input values will not result in any significant impact on the reduction factors 

either. The most marked variation on the strength reduction factor is observed when the 

infill-to-frame stiffness ratio was varied. As the infill-to-frame stiffness ratio decreases 

indicating a stiffer frame than the standard model, the same size of opening results in a 

greater reduction in strength. To account for the effects of all these parameters and aspect 

ratios, a lower bound reduction factor curve can be established using regression analysis as 

shown in Fig. 5.9. 
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Fig. 5.9: The effect of material and geometric input properties on the reduction factor:  

a) Kcr and b) Pnet 
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parameters considered, frame stiffness has the greatest effect on the reduction in stiffness 

and strength. Keeping in line with the reduction factor approach, this study uses the 

following expression for determination of the reduction factor RF: 

        /L)g(e)/Af(AR cpoF 1                   (5.13) 

where f(Ao/Ap) and g(ec/L) are two functions to account for the effects of size and location 

of the opening respectively. Through nonlinear regression analysis on the results of 61 

finite element models, the expressions of f(Ao/Ap) and g(ec/L) are determined as follows 

noting that the effect of material input parameters is accounted for using a lower bound 

approximation as described above. 

For stiffness:  

   )/(170.3)/(751.2)/( 2

popopo AAAAAAf             (5.14a) 

    )/(533.01)/( LeLeg cc               (5.14b) 

For strength:  

      )/(981.2)/(517.2)/( 2

popopo AAAAAAf              (5.15a) 

        )/(738.11)/( LeLeg cc                (5.15b) 

The correlation between the equation and FE results is shown in Fig. 5.10 and a reasonably 

good correlation (R2 > 0.98) for both Kcr and Pnet is achieved. The equations show that the 

reduction factors in Kcr and Pnet have a similar relationship with variables Ao/Ap and ec/L. 

For simplicity, one general reduction factor is proposed as follows for both Kcr and Pnet. 

)/(170.3)/(751.2)/( 2

popopo AAAAAAf                (5.16a) 



 

 
109 

      )/(121.11)/( LeLeg cc                  (5.16b) 

The correlation of this set of equations with FE results is illustrated in Fig. 5.11. It shows 

that the use of a single reduction factor still achieves reasonable agreement with FE results, 

and the loss of accuracy is not significant.  

5.6 Verification of Proposed Method 

The efficacy of the proposed equations was assessed using existing experimental results on 

both solid and infills with openings (Amos, 1985; Richardson, 1986; Liu & Soon, 2012; 

Mondal & Jain, 2008; Mosalam et al., 1997). Detailed descriptions of these studies are 

available in the above-mentioned papers, and those key parameters are summarized in 

Table 5.3. It is noted that both window and door opening configurations were present in 

the studies. The Ao/Ap ratios covered by sample specimens ranged from 0.1 to 0.25, and the 

maximum aspect ratio was 2.75. The experimental reduction factors for both the stiffness, 

RF,k, and strength, RF,P, were calculated by dividing the stiffness and strength of specimens 

with openings by those of corresponding solid specimens. For experimental studies where 

the specimens with openings had different material properties from the solid counterpart 

(Amos, 1985; Richardson, 1986; Liu & Soon, 2012), the strengths of specimens with 

openings were first normalized using the material properties of solid infills. 
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a)  

b)  

Fig. 5.10: Analytical values vs. FE results: a) Kcr and b) Pnet 
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Fig. 5.11: Analytical values vs. FE results for both stiffness and strength 
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not linear. It is reasonable to evaluate the stiffness of the diagonal strut as: 

d

Etw
K m

d


                            (5.20) 

where d is the diagonal length of infill, and other terms are as defined before. Note that the 

diagonal strut width w is commonly accepted as a function of λH, and hence, Kd is 

dependent on Em
0.75. Therefore, a factor of (18,000/1900)0.75 was applied to the stiffness of 

WD5 before making a comparison with WD7.
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Table 5.3: Experimental stiffness and strength reduction factors 

 ID Ao/Ap 
Ho 

(m) 

Lo 

(m) 

H 

(m) 

L 

(m) 

f′m 

(MPa) 

Em 

(MPa) 

Kexp 

(kN/mm) 
RF,k 

Pu 

(kN) 
RF,P 

Amos 

(1985) 

WC3# 0.175 2.2 0.8 2.8 3.6 30.9 26265*  34 0.47  285 0.58  

WC4# 0.175 2.2 0.8 2.8 3.6 33.1 21650 34 0.44  335 0.63  

WC5# 0.175 2.2 0.8 2.8 3.6 32.5 27625*  39 0.42  245 0.47  

WC6# 0.175 2.2 0.8 2.8 3.6 30.9 26265*  50 0.55  365 0.74  

WC7    2.8 3.6 33.4 19000 71  534  

Richardson 

(1986) 

WD5# 0.175 2.2 0.8 2.8 3.6 29.4 19000 55 0.43  334 0.58  

WD7    0.8 2.8 3.6 25.4 18000 123  494  

WD12# 0.175 2.2 0.8 2.8 3.6 24.2 15500 22 0.50  196 0.74  

WD9    2.8 3.6 24.6 19800 55  267  

Mosalam et 

al. (1997) 

S2-N-II    0.9 1.8 - - 8.9  42.7  

S2-SYM# 0.055 0.31 0.3 0.9 1.8 - - 4.4 0.49  33 0.77  

Tasnimi & 

Mohebkhah 

(2011) 

SW    1.8 2.26 7.4 6290*  20.8  211  

PW1# 0.061 0.5 0.5 1.8 2.26 7.4 6290*  22.2 1.07  176 0.84  

PW2# 0.138 0.8 0.7 1.8 2.26 7.0 5950*  21.9 1.05  152 0.75  

PW3# 0.177 0.6 1.2 1.8 2.26 7.0 5950*  19.2 0.92  137 0.68  

PW4# 0.25 1.45 0.7 1.8 2.26 8.5 7225*  17.4 0.75  117 0.50  

Liu & Soon  

(2012) 

P3NA    1.1 1.36 7.3 10496 58.3  93.8  

P3WA# 0.103 0.28 0.5 1.1 1.36 10.3 10496 31.2 0.83  89.1 0.67  

P3DA# 0.176 0.64 0.4 1.1 1.36 10.3 10496 13.7 0.45  75.3 0.57  

             

Note:  # Specimens with opening  * Em was not reported in the paper, a value of 850 f′m was assume

1
1

2
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Comparisons between RF(exp)/RF(ana) for the proposed method and other empirical methods 

are listed in Tables 5.4 and 5.5. In the case of stiffness, the proposed stiffness Eqn. (5.14) 

or general Eq.(5.16) shows the best overall performance with an average RF(exp)/RF(ana) 

slightly higher than unity and a reasonable COV of 36%. In the case of strength, the 

proposed strength Eqn. (5.15) provides the reasonably accurate estimate and also on the 

conservative side with an average RF(exp)/RF(ana) of 1.08 and a COV of 9%. The proposed 

general Eqn. (5.16) has an average RF(exp)/RF(ana) of 1.14 and a COV of 12%. It should be 

noted that Eqn. (5.15) was developed based on the Pnet of FE models. However, it was 

compared against the total strength of the infilled system from experimental tests. The main 

reason for this is the net strength of experimental specimens was not reported in the 

literature. Due to the small displacement of experimental specimens at failure, it is believed 

that the contribution of the frame to the total strength was negligible in these specimens. 

And thus, comparing Eqn. (5.15) with the experimental total strength will not cause any 

major discrepancy in results.      

Among the existing methods, the methods by Tasnimi and Mohebkhah (2011) (Eqn. (5.8)) 

and Mohammadi and Nikfar (2013) (Eqn. (5.11)) provide estimates close to test results 

where the average RF(exp)/RF(ana) is 0.93 and 0.96 respectively and a COV of 13% for both 

methods. However, the overestimation of strength is not desirable for design. The method 

by Mondal and Jain (2008) (Eqn. (5.7)) also provides estimates close to tests results where 

the average RF(exp)/RF(ana) is 1.04. However it is intended only for stiffness calculation and 
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for opening area smaller than 38% of the infill area. It should be pointed out that the 

comparison sample size was small with only 13 for stiffness and 11 for strength, and only 

two (specimens WC5 and WC6) had an eccentric opening. The majority Ao/Ap ratios were 

less than 0.2 and the average Ao/Ap ratio was 0.15. The infill-to-frame stiffness ratios λH 

for specimens was around 6. The capability of dealing with wide range of openings sizes, 

eccentric openings and a range of infill-to-frame stiffness ratios using the proposed method 

was not fully reflected by the comparison. Those existing reduction factor equations 

intended for both stiffness and strength (Eqn. (5.1), (5.5) and (5.6)) show large disparities 

with test results, making them inferior to the proposed general equation. 

  



 

 
115 

 

Table 5.4: Comparison of RF(exp)/RF(ana) values for stiffness methods 

  

Eqn 

(5.1) 

Eqn 

(5.5) 

Eqn 

(5.6) 

Eqn 

(5.7) 

Eqn 

(5.9) 

Eqn 

(5.10) 

Eqn 

(5.14)* 

Eqn  

(5.16)* 

1994 2003 2006 2008 2012 2014   

Amos 

(1985) 

WC3 1.09 0.64 0.71 0.86 1.32 0.63 0.89 0.89 

WC4 1.02 0.60 0.66 0.81 1.23 0.59 0.83 0.83 

WC5 0.97 0.57 0.63 0.77 1.18 0.56 0.86 0.95 

WC6 1.27 0.74 0.83 1.01 1.54 0.74 0.96 0.89 

Richardson 

(1986) 

WD5 1.00 0.58 0.65 0.79 1.20 0.58 0.81 0.81 

WD12 1.16 0.68 0.75 0.92 1.40 0.67 0.94 0.94 

Mosalam et 

al. (1997) 
S2-SYM 0.61 0.54 0.65 0.58 0.80 0.54 0.59 0.59 

Tasnimi & 

Mohebkhah 

(2011) 

PW3 1.70 1.25 4.52 1.70 2.60 1.24 1.75 1.75 

PW4 2.12 1.18 1.40 2.14 2.88 1.14 1.71 1.71 

Liu & Soon 

(2012) 

P3WA 1.15 0.97 1.85 1.10 1.63 0.97 1.18 1.18 

P3DA 0.85 0.61 0.81 0.81 1.24 0.60 0.85 0.85 

AVG  1.18 0.76 1.22 1.04 1.55 0.75 1.03 1.04 

COV (%)  35 34 95 44 41 33 36 36 

 
* the proposed analytical method of this study 
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Table 5.5: Comparison of RF(exp)/RF(ana) values of strength methods 

  

Eqn 

(5.1) 

1994 

Eqn 

(5.5) 

2003 

Eqn 

(5.7) 

2006 

Eqn 

(5.9) 

2011 

Eqn 

(5.11) 

2013 

Eqn 

(5.15)* 

Eqn 

(5.16)* 

Amos 

(1985) 

WC3 1.34 0.78 0.87 0.89 0.92 1.04 1.10 

WC4 1.46 0.85 0.95 0.96 1.00 1.13 1.19 

WC5 1.09 0.64 0.71 0.72 0.75 1.10 1.06 

WC6 1.71 1.00 1.11 1.13 1.17 1.08 1.20 

Richardson 

(1986) 

WD5 1.34 0.78 0.87 0.89 0.92 1.04 1.10 

WD12 1.71 1.00 1.11 1.13 1.17 1.13 1.40 

Mosalam et 

al. (1997) 

S2-

SYM 
0.96 0.85 1.03 0.88 0.88 0.91 0.92 

Tasnimi & 

Mohebkhah 

(2011) 

PW1 1.04 0.93 1.26 0.97 0.97 1.02 1.03 

PW2 1.20 0.95 1.40 1.04 1.06 1.18 1.22 

PW3 1.26 0.92 3.34 1.05 1.09 1.23 1.30 

PW4 1.42 0.78 0.93 0.94 1.06 1.21 1.32 

Liu & Soon 

(2012) 

P3WA 0.93 0.78 1.49 0.83 0.84 0.93 0.95 

P3DA 1.07 0.77 1.02 0.86 0.89 1.03 1.08 

AVG  1.27 0.85 1.24 0.93 0.96 1.08 1.14 

COV (%)  20 13 54 13 13 9 12 

         
* the proposed analytical method of this study 
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Chapter 6 Parametric Study on Geometric and Material 

Properties  

6.1 Introduction 

As mentioned in Chapter 2, previous studies have shown that the extent of interaction 

between the infill and its bounding frame largely depends on the geometric and material 

properties of both components. Although considerable research has been conducted on this 

general topic, some important factors such as infill grouting extent and configuration, and 

vertical and joint reinforcement are less researched with only a few studies on limited 

variation of parameters (Mainstone, 1971; McBride, 1984; Focardi & Manzini, 1984; 

Zarnic & Tomazevic, 1984; Amos, 1985; Richardson, 1986; Liu & Soon, 2012; Nazief, 

2014). Even within the available studies on common parameters such as infill aspect ratio, 

and infill-to-frame stiffness ratio, an investigation covering a wider range of variation is 

still needed to provide an in-depth understanding of the interaction of frame and infill of 

varying material and geometric characteristics. For example, while a decrease in aspect 

ratio has been shown to result in an increase in stiffness, cracking strength and ultimate 

strength (Riddington & Stafford-Smith, 1977; Mehrabi et al., 1996; Flanagan & Bennett, 

1999; Ng’andu, 2006; Nazief, 2014), some other studies (Dawe et al., 2001) indicated that 

the highest load was achieved in the infilled frame with aspect ratio 1.0. Nazief (2014) 

reported that aspect ratio had more impact on steel infilled frames than RC infilled frames. 

Because of the high stiffness and strength of the bare RC frame, changing the aspect ratio 
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resulted in a relatively lower change in the strength and stiffness of RC infilled frames. 

While Ng’andu (2006) reported that the changes in the bounding frame member sizes were 

influential for the stiffness of infilled frames, Riddington and Stafford-Smith (1977) and 

Parducci and Mezzi (1980) showed that the stiffness of the columns is much more 

influential than the beam stiffness. Flanagan (1994) found that although the increases in 

frame stiffness resulted in stiffer infilled frames, the net infill capacities remained the same.  

In light of the above, this study was motivated to investigate the effect of aspect ratio, 

grouting extent and configuration, vertical and joint reinforcement of the infill, and 

bounding frame stiffness on the behaviour of infills bounded by steel frames. The Model 

II was used in this study. A wide range of aforementioned parameters were considered. The 

validity of design provisions in both CSA S304-14 and MSJC 2013 for the design of 

masonry infills was examined using the finite element results.  

6.2 Parametric Study 

6.2.1 Parameter Description  

In this study, parameters considered included aspect ratio, masonry compressive strength, 

grouting extent and configuration, vertical and joint reinforcement of the infill as well as 

the stiffness of the bounding frame. For the standard model, the bounding frame consisted 

of W250x58 columns and W200x46 beams. The infill was 2800 mm high by 2800 mm 

long. The infill compressive strength (f′m) was assumed to be 15 MPa and the tensile 

strength was taken as the 1.5 MPa. As the infill panel was assumed to be orthotropic, the 
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elastic modulus and compressive strength of masonry in head joint direction (x- direction) 

were taken as 0.7 times that in bed joint direction (y- direction). The boundary conditions, 

constitutive model, and the analysis and loading procedures described for the Model II in 

the previous section were used in this study. It is noted that in the case of reinforcement 

modeling, either vertical or joint reinforcement was modeled using a 2D plastic spar 

element LINK1, which is a uni-axial tension-compression element with two degrees of 

freedom at each node, i.e. translations in the nodal x and y directions. For the joint 

reinforcement, shape of the reinforcement (ladder or truss) was not simulated, and the 

reinforcement was modelled using the LINK1 element with an equal cross-sectional area. 

Table 6.1 summarizes the finite element models reflecting these parameters in this study. 

In addition to the standard model (h/l=1.0, f′m =15 MPa, W250x58 columns and W200x46 

beams), five additional aspect ratios were considered and they were h/l = 2.33, 1.4, 0.78, 

0.62, and 0.5, representing infills ranging from slender to squat. The change in aspect ratio 

was realized by increasing the length of infill from 1200 mm to 5600 mm while keeping 

the height of infill at 2800 mm. Three additional f′m were considered, and they were f′m = 

10 MPa, 20 MPa and 25 MPa, respectively. For the frame member stiffness study, four 

additional column cross-sections which represent 0.1, 0.5, 5, and 10 times the column 

stiffness of the standard model and four additional beam cross-sections which represent 

0.1, 0.5, 5, and 10 times the beam stiffness of the standard model were considered. Together 

with the standard model, a total of 25 combinations of beam and column stiffness were 
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included in the study.  

For the grouting and reinforcement study, the standard model was used. Grouting extents 

including 0%, 30%, 50%, and 100% grouting were considered. For partially grouted cases 

(30% and 50% grouting), two grouting configurations were considered where either the 

first column of cells at the loaded side were grouted or ungrouted. For the case of 30% 

grouting with the first column of cells grouted, three cases of vertical reinforcing were 

considered including un-reinforced, reinforced with 10M bars, and reinforced with 25M 

bars, respectively. The configuration of grouting along with the vertical reinforcing cases 

is plotted in Fig. 6.1. For the joint reinforcement study, as the shape of reinforcement was 

not modelled, the main parameter selected was the cross-sectional area. Four cases of joint 

reinforcement were considered, and they were un-reinforced, 3.66 mm gauge wire (21.1 

mm2/course), 4.76 mm gauge wire (46.6 mm2/course), and a fictitious reinforcement type 

which has an effective area equal to five times that of 3.66 mm gauge wire (105.3 

mm2/course) to simulate extra heavy reinforced infills. The joint reinforcement was placed 

in the bed joint of each course.  
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Table 6.1: Parameters in the study of geometric and material factors and 

reinforcement 

ID h l h/l f'm Beam 

section 

Column 

section  (m) (m)  (MPa) 

1 2.8 5.6 0.50 10 

W200x46 W250x48 

2 2.8 4.5 0.62 10 

3 2.8 3.6 0.78 10 

4 2.8 2.8 1.00 10 

5 2.8 2 1.40 10 

6 2.8 1.4 2.00 10 

7 2.8 5.6 0.50 15 

W200x46 W250x48 

8 2.8 4.5 0.62 15 

9 2.8 3.6 0.78 15 

10* 2.8 2.8 1.00 15 

11 2.8 2 1.40 15 

12 2.8 1.4 2.00 15 

13 2.8 5.6 0.50 20 

W200x46 W250x48 

14 2.8 4.5 0.62 20 

15 2.8 3.6 0.78 20 

16 2.8 2.8 1.00 20 

17 2.8 2 1.40 20 

18 2.8 1.4 2.00 20 

19 2.8 5.6 0.50 25 

W200x46 W250x48 

20 2.8 4.5 0.62 25 

21 2.8 3.6 0.78 25 

22 2.8 2.8 1.00 25 

23 2.8 2 1.40 25 

24 2.8 1.4 2.00 25 

       

*Standard Model
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Table 6.1: Parameters in the study of geometric and material factors and reinforcement (Cont’d) 

 

 

 +Anchored joint reinforcement 

ID h l h/l f'm Beam 

section 

Column 

section 
Grouting 

Joint reinf. 

 (m) (m)  (MPa) (mm) 

grouting and vertical reinforcement 

25 2.8 2.8 1.00 15 

W200x46 W250x48 

30%, conf. 1  

26 2.8 2.8 1.00 15 30%, conf. 2  

27 2.8 2.8 1.00 15 50%, conf. 1  

28 2.8 2.8 1.00 15 50%, conf. 2  

29 2.8 2.8 1.00 15 100%  

30 2.8 2.8 1.00 15 ID 25 with 10M vert.   

31 2.8 2.8 1.00 15 ID 25 with 25M vert.  

joint reinforcement 

32 2.8 2.8 1.00 15    3.66  

33 2.8 2.8 1.00 15    4.76  

34 2.8 2.8 1.00 15    5x 3.66  

35 2.8 2.8 1.00 15    3.66+  

36 2.8 2.8 1.00 15    4.76+  

37 2.8 2.8 1.00 15    5x 3.66+  

         

1
1

2
 

1
2

2
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Table 6.1: Parameters in the study of geometric and material factors and 

reinforcement (Cont’d) 

 

  

ID h l h/l f'm Beam 

section 

Column 

section  (m) (m)  (MPa) 

38 2.8 2.8 1.00 15 

W100x19 

W150x24 

39 2.8 2.8 1.00 15 W200x42 

40 2.8 2.8 1.00 15 W250x48 

41 2.8 2.8 1.00 15 W310x129 

42 2.8 2.8 1.00 15 W460x286 

43 2.8 2.8 1.00 15 

W150x37 

W150x24 

44 2.8 2.8 1.00 15 W200x42 

45 2.8 2.8 1.00 15 W250x48 

46 2.8 2.8 1.00 15 W310x129 

47 2.8 2.8 1.00 15 W460x286 

48 2.8 2.8 1.00 15 

W200x46 

W150x24 

49 2.8 2.8 1.00 15 W200x42 

50 2.8 2.8 1.00 15 W250x48 

51 2.8 2.8 1.00 15 W310x129 

52 2.8 2.8 1.00 15 W460x286 

53 2.8 2.8 1.00 15 

W360x79 

W150x24 

54 2.8 2.8 1.00 15 W200x42 

55 2.8 2.8 1.00 15 W250x48 

56 2.8 2.8 1.00 15 W310x129 

57 2.8 2.8 1.00 15 W460x286 

58 2.8 2.8 1.00 15 

W460x106 

W150x24 

59 2.8 2.8 1.00 15 W200x42 

60 2.8 2.8 1.00 15 W250x48 

61 2.8 2.8 1.00 15 W310x129 

62 2.8 2.8 1.00 15 W460x286 
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a)  

b)  

conf. 1 without reinforcement 

   

conf. 1 with reinforcement 

  

conf. 2  

c)  

conf. 1  

   

conf. 2  

d)  

Fig. 6.1: Extent and configuration of grouting: a) 0% grouting, b) 30% grouting 

(configuration 1: loaded corner column grouted without and with reinforcement; 

configuration 2: loaded corner column ungrouted), c) 50% grouting (Configuration 1 and 

2), d) full grouting 
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6.2.2 Special Consideration for Reinforcement Modeling 

Since the mortar joint between masonry units was modelled using zero-thickness interface 

elements, to avoid creating a zero-length link element when modelling the joint 

reinforcement, the reinforcement scheme as shown in Fig. 6.2 (a, b) was adopted. The joint 

reinforcement at each course was divided equally into three strands of link elements based 

on the cross-sectional area. In each strand of link elements, each link element connects two 

nodes which belong to two blocks in adjacent courses and have a horizontal distance of 

one-half of the block length (Fig. 6.2 (b)). Altogether, three strands of reinforcement cover 

all the nodes in each course of bed joint. In practice, horizontal reinforcement may be 

welded to the bounding steel frame or tied to the reinforcement in RC columns. In such 

cases, the joint reinforcement was considered as anchored to the frame. In order to model 

the anchorage effect, the end node of each strand of link elements was coupled with the 

node on the bounding frame which shared the same physical location.  

As previously discussed, this study adopted a 2x2 mesh for each masonry block. However, 

in the case of the vertical reinforcement study, a finer mesh must be adopted to ensure that 

the vertical reinforcement was located in the middle of a grouted cell. A mesh of 4x2 was 

then adopted in which, a masonry block was divided into 4 units along its length and 2 

units along its height. This meshing scheme (Fig. 6.2 (a, c)) shows that dividing the whole 

block into 4 units lengthwise creates a middle node for each grouted cell to which the 

vertical reinforcement is connected. Since the bed joint has zero-thickness, the vertical 

reinforcement only connects the middle nodes of each grouted cell to avoid creating zero-
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length elements. 

It should be pointed out that these techniques for reinforcement modeling were used due 

to the limitations of simplified micro-modelling. For a more accurate simulation of 

reinforcement, a detailed micro-model would be required where the actual mortar joint 

with a material constitutive model can be considered, and the reinforcement can then be 

modelled using a discreet reinforcement model. As the detailed micro-modelling technique 

is outside the scope of this research, the simplified treatment of reinforcement is reasonable, 

and it is believed that the key characteristics of reinforcement and its contribution to 

stiffness and strength can still be captured. Despite some stress concentration at 

reinforcement connected nodes, the simulation of the overall reinforcing effect on infills 

was acceptable. Since the physical dimension of mortar joints was not modelled, the failure 

mechanism of mortar surrounding a rebar such as cracking of mortar, crushing of mortar 

between steel ribs, and the bond-slip behaviour between rebar and mortar are beyond the 

capability of this model.  
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a)                  

b) 

 

c)         

Fig. 6.2: Modeling of reinforcement: a) elevation of the infill b) horizontal joint 

reinforcement, c) vertical reinforcement 
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6.3 Discussion of Results 

6.3.1 Infill Aspect Ratio and Masonry Compressive Strength 

The effects of infill aspect ratio (h/l) and masonry compressive strength (f′m) on the 

cracking stiffness Kcr and net load Pnet of the infill are collectively illustrated in Fig. 6.3 

and 6.4 respectively where the Kcr and Pnet of the infills were normalized with respect to 

the standard model. Fig. 6.3 shows that for a given aspect ratio, both the Kcr and Pnet 

increase in an approximately linear manner as the masonry strength f′m increases. This is 

reasonable since the elastic modulus of masonry was assumed to be proportional to f′m (850 

f′m). An increase in f′m value corresponds to an increase in masonry modulus, which in turn 

results in an increase in the masonry cracking stiffness, a delay in cracking and thus a 

higher strength. This trend is true for other all aspect ratios studied.  

For a given masonry strength f′m, an increase in h/l results in a reduction in both the Kcr and 

Pnet and the rate of reduction becomes greater as h/l increases. For example, in the case of 

f′m =15 MPa, an increase in h/l from 1.0 to 2.33 results in reductions in the Kcr, and Pnet of 

73%, and 56% respectively while the corresponding reductions in Kcr and Pnet are 20% and 

21% for an increase of h/l from 0.5 to 1.0. A similar trend can be observed for other f′m 

values. The load transferr mechanism of infills can be assumed to be a combination of 

flexural behaviour and diagonal strut action. The contribution of each in load transferr is 

largely dependent on the slenderness of the infill. As the infill becomes slender (h/l 

increases), the flexural behaviour of the infill increases and the diagonal strut action 

diminishes. The infilled frame behaves more like a cantilever member with increasingly 
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smaller flexural in-plane stiffness. Note that the flexure is not as effective in transferring 

the load as the strut action, the combined effect of an increase in flexural behaviour and 

reduction in flexural stiffness is believed to result in reductions in both the stiffness and 

strength of infills with increasing aspect ratios.  

  

 

Fig. 6.3: Effect of f′m on Kcr and Pnet 

 

 

 

Fig. 6.4: Effect of aspect ratio on Kcr and Pnet 
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The effect of grouting is shown in Fig. 6.5 where the Kcr and Pnet of the infills were 
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general, grouting is beneficial to the cracking stiffness and infill net load. As shown in Fig. 

6.5(a), the increase in the stiffness in relation to the increase in grouting extent is 

approximately linear, and a fully grouted infill has 1.12 times higher stiffness than an 

ungrouted infill. However, the degree of the benefit is dependent on the location of the 

grouting. For example, in the case of cracking stiffness, when the loaded corner column is 

grouted, the increase from ungrouted infill is 35% for a 30% total grouting area and 54% 

for a 50% total grouting area. On the other hand, when the loaded corner column is 

ungrouted, the corresponding increase is 12.3% for 30% total grouting area and 32.9% for 

50% total grouting area.  

The difference in the degree of benefit due to grouting location is even more evident in Pnet. 

As shown in Fig. 6.5(b), when the loaded corner column is grouted, the increase in Pnet 

from ungrouted infill is 74.2% for a 30% total grouting area and 94.7% for a 50% total 

grouting area. When the loaded corner column is ungrouted, the corresponding increase is 

18.4% for 30% total grouting area and 20.5% for 50% total grouting area. When the 

grouting extent reaches 100%, an increase of 124% in Pnet is achieved. 

It is evident that the benefit of grouting can only be realized to the largest degree if the 

loaded corner column is grouted. Loaded corners of the infill experience the highest 

compressive stress concentration during loading. If the loaded corner column is not grouted, 

it would be crushed at the approximately same load as the ungrouted infill which 

accelerates the loss of strength of the whole system. When the loaded corner column is 
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grouted, the effective thickness of the infill in the most compressed zone is greatly 

increased, resulting in a marked increase in strength.  

a)  

b)  

Fig. 6.5: Effect of grouting on behaviour of infills, a) Kcr, b) Pnet 

6.3.3 Reinforcement 

The effect of vertical reinforcement is found to be insignificant as shown in Fig. 6.6. 

Regardless of the amount used, reinforcement generally has little to no effect on the Kcr or 

Pu, or behaviour of the system. The Kcr or Pu of reinforced infills remains practically the 
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joint reinforcement amount are plotted in Fig. 6.7. The Figure shows that the joint 

reinforcement has some effect on the cracking behaviour of the infill where the presence 

of joint reinforcement increases the post-cracking stiffness of the infill and reduces the 

magnitude of load drop after each cracking. As a result, the infill reaches Pu at a lower 

displacement. However, there is no significant impact on the ultimate strength of the infill 

system. A greater impact of joint reinforcement is observed when joint reinforcement is 

anchored to the bounding frame as shown in Fig. 6.7 (b). Fig. 6.8 further plots the 

normalized Kcr and Pnet curves where values were normalized using un-reinforced infill as 

the reference. Referring to both figures, comparing with no joint reinforcement case, the 

use of 3.66 mm gauge wire results in less than 1.5% increase in Kcr and about 7% increase 

in Pnet. Even increasing the joint reinforcement area to 5 times that of 3.66 mm gauge wire 

only results in an increase of merely 3% in the Kcr and 15% in the Pnet. When anchored to 

the bounding frame, joint reinforcement has a greater effect on the stiffness and strength of 

the infill. The infills with 3.66 mm gauge wire anchored to the frame achieves a Kcr that is 

8% higher, and a Pnet that is 24% higher than the unanchored joint reinforcement case.  

 

Fig. 6.6: Effect of vertical reinforcement on load vs displacement curve of infills 
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a)  

b)  

Fig. 6.7: Load vs. lateral displacement curves of infills with different joint reinforcement: 

a) unanchored joint reinforcement and b) both unanchored and anchored joint 

reinforcement. 
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a)  

b)  

Fig. 6.8: Effect of joint reinforcement on a) Kcr, b) Pnet 
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with and without vertical reinforcement or joint reinforcement prior to failure. It can be 
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the joint reinforcement prevents the infill from separating from the columns. As a result, 

the infill is better integrated into the lateral load resisting system which leads to a higher 

stiffness and strength.  

a)  

b) c)  

d)  e)  

Fig. 6.9: Distribution of compressive stress and cracks in infill (Deformation is 

exaggerated): a) unreinforced, b) 30% grouting extent without vertical reinforcement, c) 

30% grouting extent with 10M vertical reinforcement, d) reinforced with 3.66 mm gauge 

wire (unanchored), e) reinforced with 3.66 mm gauge wire (anchored) 
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The insignificant reinforcement effect can be reasoned as follows. According to 

Moghaddam and Dowling (1987), the vertical reinforcement in infills acts predominately 

in bending and shear rather than in tension. Due to its low bending and shear stiffness, 

vertical reinforcement contributes little to the lateral stiffness and strength. The vertical 

reinforcement may have a greater impact on infills where the bending mode of failure 

predominates. On the other hand, joint reinforcement acts in tension when controlling the 

vertical cracks. Its high tensile stiffness contributes to the joint stiffness and, in turn, results 

in higher overall infill stiffness and strength. When it is anchored to the bounding frame, 

this effect is more significant.  

6.3.4 Frame Stiffness  

The load vs. lateral displacement curves of infilled frames with changing columns stiffness 

and with changing beam stiffness are plotted in Fig. 6.10 (a) and (b) respectively. Although 

the behaviour trend is similar, column stiffness appears to be more influential in increasing 

Kcr and Pu than beam stiffness. Taking the standard model (Ic/Ic0 = 1 and Ib/Ib0 = 1) as a 

reference, the effect of Ic/Ic0 ratio on the normalized stiffness and strength of infilled frames 

with varying Ib is shown in Fig. 6.11. Note that the net stiffness of the infill (Knet) is 

considered in both figures which is calculated as the Kcr less the bare frame stiffness. In 

this section of the study, the contribution of the frame is greatly amplified by increasing of 

the frame sections and thus the use of Knet is necessary for studying the behaviour of the 

infill itself. 
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It can be seen that for a given Ib, an increase in Ic/Ic0 results in a marked increase in Kcr. 

For example, for Ib = Ib0, as the Ic/Ic0 increases from 1 to 9.73, the Kcr is increased by 47%. 

On the other hand, for Ic= Ic0, increasing beam stiffness from 1 to even 10.75 times Ib0 

results in only 5.3% increase in Kcr. It can be concluded that the changing column stiffness 

has more significant effect on the infill behaviour than changing beam stiffness. From Fig. 

6.11, it can also be observed that while Kcr is immensely increased by increasing column 

section, Knet and Pnet are relatively less affected by the change of either column stiffness or 

beam stiffness. Increasing the stiffness of the column by tenfold results in a maximum of 

28% and 18% increase in Knet and Pnet, respectively while increasing the stiffness of the 

beam by tenfold results in a maximum of 7% and 22% increase in Knet and Pnet, respectively. 

The use of the strongest beam and the strongest column results in the greatest increase in 

Pnet, which is in the order of 40% comparing with the standard model. It can be concluded 

that the greater variation in the Kcr and Pu previously observed is mainly a result of the 

variation in the stiffness of the frame. The net stiffness and net strength of the infill are 

affected by the stiffness of frame members to a lesser extent. The stiffness of frame 

members affected the net stiffness and strength of infill through changing the diagonal strut 

width in the infill. In general, the stiffer the bounding frame, the greater width of the 

diagonal strut. Fig. 6.12 shows the distribution of compressive stress in infills with Ic/Ic0 = 

0.1, Ib/Ib0 = 1 and Ic/Ic0 = 5, Ib/Ib0 = 1, respectively. It is evident that the infilled frame with 

Ic/Ic0 = 5 has a wider diagonal strut.  
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a)  

b)  

Fig. 6.10: Load vs. lateral displacement curves of infilled frame with a) different column 

stiffness and b) different beam stiffness 
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a)  

b)  

c)  

 

 

Fig. 6.11: Effect of Ic/Ic0 ratio on a) Kcr, b) Knet and c) Pnet 
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a)  b)  

Fig. 6.12: Distribution of compressive stress in infill with: a) Ic/Ic0 = 0.1 b) Ic/Ic0 = 5 

While changing column stiffness has more effect on the infill behaviour than changing 

beam stiffness as previously observed, the results also showed that in order to achieve the 

maximum increase in the frame stiffness, a compatible beam is required to serve as an 

adequate restraint at the top of columns. A simple frame analysis revealed that if the 

flexural stiffness of the top beam (EIb/L) is the same as the flexural stiffness of the column 

(EIc/H), the lateral stiffness of the bare frame is 70% of that of a frame which consists of 

the same columns but a totally rigid beam (Ib = ∞). Increasing the top beam flexural 

stiffness to 10 times column flexural stiffness will increase the bare frame stiffness to 95% 

of that of a frame with a totally rigid beam. The standard specimen in this study has a beam-

to-column flexural stiffness ratio of 1.88. This study suggests that a beam should preferably 

have greater flexural stiffness than the column to be considered comparable to provide 

adequate restraints. 

6.4 Comparative Study of Standard Equations and FE Results  

In this section, the FE results from this study were used to examine the validity of the 

stiffness and infill strength equations based on both CSA S304-14 and MSJC 2013. The 
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design provisions from both standards are summarized in Section 2.3 in Chapter 2. 

Table 6.2 presents comparison results of design stiffness and strength where KCSA and PCSA, 

and KMSJC and PMSJC are the design stiffness and strength calculated based on the CSA 

S304-14, and MSJC 2013, respectively; and Kcr and Pnet represent the finite element values. 

The design strength refers to as the strength of infill alone calculated based on the 

abovementioned standards. As shown in the table, the CSA S304-14 in general archives a 

good agreement with the FE results with a slight overestimation of the stiffness. The overall 

average Kcr/KCSA is 0.91 with a COV of 17%, and the overall average Pnet/PCSA is 0.99 with 

a COV of 14%. It can be seen from the table that the effect of infill aspect ratio, masonry 

f′m, frame stiffness ratio and grouting extent can be reflected with relatively good accuracy. 

However, some discrepancies are observed. They are discussed in the following. 
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Table 6.2: Comparison between FE and design results 

 CSA MSJC 

ID 
KCSA Kcr/ 

KCSA 

PCSA Pnet/ 

PCSA 

KMSJC Kcr/ 

KMSJC 

PMSJC Pnet / 

PMSJC (kN/mm) (kN) (kN/mm) (kN) 

 aspect ratio and f'm 

1 84.6 0.59 197.8  0.88  18.8 2.66 100.6 1.73 

2 69.1 0.72 175.7  0.96  17.5 2.82 100.6 1.67 

3 57.0 0.85 156.4  1.03  16.4 2.97 100.6 1.61 

4 43.4 0.97 132.5  1.04  15.0 2.82 100.6 1.37 

5 28.7 0.99 103.4  1.00  13.0 2.17 100.6 1.03 

6 14.6 0.83 66.8  0.87  10.4 1.18 100.6 0.58 

7 111.8 0.64 266.9  0.88  24.0 2.98 150.9 1.56 

8 90.7 0.77 237.5  0.99  22.2 3.15 150.9 1.56 

9 74.3 0.90 211.7  1.02  20.7 3.23 150.9 1.44 

10 56.0 1.01 179.8  1.03  18.7 3.03 150.9 1.22 

11 36.3 1.04 140.2  1.03  16.1 2.35 150.9 0.96 

12 18.0 0.87 91.8  0.88  12.4 1.27 150.9 0.54 

13 136.1 0.66 330.2  0.87  28.8 3.12 201.2 1.43 

14 109.8 0.78 294.2  0.96  26.5 3.24 201.2 1.40 

15 89.6 0.92 262.3  1.03  24.6 3.35 201.2 1.35 

16 67.0 1.05 222.9  1.01  22.1 3.18 201.2 1.12 

17 43.0 1.07 174.0  1.01  18.8 2.45 201.2 0.88 

18 20.7 0.91 113.9  0.88  14.2 1.33 201.2 0.50 

19 158.3 0.65 389.5  0.85  33.2 3.09 251.5 1.31 

20 127.2 0.80 347.3  0.94  30.5 3.35 251.5 1.29 

21 103.3 0.93 309.8  1.01  28.2 3.41 251.5 1.25 

22 76.9 1.08 263.3  1.02  25.3 3.27 251.5 1.07 

23 48.9 1.10 205.6  1.01  21.3 2.52 251.5 0.82 

24 23.2 0.93 134.6  0.87  15.8 1.37 251.5 0.47 

AVG  0.88  0.96  2.68  1.17 

COV (%)  17  7  27  32 
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Table 6.2: Comparison between FE and design results(Cont’d) 
 

CSA MSJC 

ID 
KCSA Kcr/ 

KCSA 

PCSA Pnet/ 

PCSA 

KMSJC Kcr/ 

KMSJC 

PMSJC Pnet / 

PMSJC (kN/mm) (kN) (kN/mm) (kN) 

 grouting and vertical reinforcement 

25 79.8 0.96 273.4  1.18  24.1 3.17 231.8 1.39 

26 79.8 0.80 273.4  0.81  24.1 2.64 231.8 0.96 

27 101.4 0.86 361.2  1.00  28.9 3.02 312.7 1.15 

28 101.4 0.74 361.2  0.61  28.9 2.61 312.7 0.70 

29 130.0 0.92 474.6  0.88  35.4 3.39 434.3 0.96 

AVG  0.86  0.90  2.97  1.03 

COV (%)  10  24  11  25 

  frame stiffness 

38 28.8 1.22 101.2  1.33  8.5 4.15 150.9 0.90 

39 34.2 1.41 109.2  1.29  14.1 3.41 150.9 0.94 

40 38.9 1.34 115.4  1.26  18.8 2.78 150.9 0.96 

41 64.4 0.98 138.4  1.10  44.1 1.44 150.9 1.01 

42 87.0 0.84 151.0  1.03  65.6 1.11 150.9 1.03 

43 38.6 1.06 143.9  0.97  8.5 4.82 150.9 0.93 

44 44.6 1.13 149.7  1.12  14.1 3.57 150.9 1.12 

45 49.4 1.13 154.3  1.15  18.8 2.97 150.9 1.18 

46 74.4 0.93 172.4  1.09  44.2 1.56 150.9 1.25 

47 97.2 0.82 182.6  1.05  66.2 1.21 150.9 1.27 

48 44.2 0.93 170.9  0.83  8.5 4.84 150.9 0.94 

49 51.0 1.00 175.9  0.99  14.1 3.60 150.9 1.15 

50 56.1 1.01 179.8  1.03  18.8 3.02 150.9 1.22 

51 81.0 0.89 195.2  1.04  44.3 1.62 150.9 1.34 

52 103.9 0.80 204.3  0.99  66.3 1.26 150.9 1.33 

53 55.8 0.75 232.8  0.67  8.5 4.90 150.9 1.03 

54 64.0 0.81 232.8  0.83  14.1 3.70 150.9 1.27 

55 69.2 0.85 232.8  0.90  18.8 3.14 150.9 1.38 

56 91.4 0.87 232.8  1.03  44.3 1.79 150.9 1.58 

57 112.4 0.86 232.8  1.06  66.4 1.45 150.9 1.63 

58 55.8 0.75 232.8  0.68  8.5 4.95 150.9 1.05 

59 64.0 0.82 232.8  0.85  14.1 3.72 150.9 1.32 

60 69.2 0.86 232.8  0.94  18.8 3.18 150.9 1.46 

61 91.4 0.90 232.8  1.03  44.3 1.86 150.9 1.60 

62 112.4 0.91 232.8  1.11  66.4 1.54 150.9 1.72 

AVG  0.95  1.01  2.86  1.22 

COV (%)  18  16  45  20 

 Overall 

AVG  0.91  0.99  2.80  1.18 

COV (%)  17  14  36  26 
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In the case of infill aspect ratio, the CSA S304-14 significantly overestimates the Kcr of 

infills with low aspect ratios (h/l=0.5 and 0.64) but accurately predicts the Kcr of infills 

with higher aspect ratios (h/l ≥ 0.78). The CSA S304-14 shows an approximately linear 

relationship between the KCSA and h/l while this relationship from the FE results is 

nonlinear. Such discrepancy can be attributed to the fact that CSA S304-14 overestimates 

the contact length between the infill and beam (αl) for low aspect ratio infills. According 

to Eqn (2.59) provided by the CSA S304-14, an increase in the length of infill (l) results in 

a proportional increase in αl. However, the FE model shows that αl does not have such a 

linearly increasing relationship with l, rather, as the length of infill increases, the rate of 

increase in αl slows down due to the diminishing diagonal compression action and 

increasing shear action of the infill. The over-prediction of the αl results in an over-

prediction of the diagonal strut width and Kcr for infills with low aspect ratios. As the infill 

aspect ratio increases, the length of the infill decreases and so does the contribution of αl 

to the diagonal strut width. Thus for infills with high or medium aspect ratios, the over-

prediction of αl by CSA S304-14 is not as pronounced. Considering the fact that squat 

infills (aspect ratio < 1) are more often encountered in practice, the over-prediction of the 

Kcr for squat infills is a significant drawback of the Canadian masonry standard.  

In the case of bounding frame stiffness where the aspect ratio is kept as 1, a noted 

discrepancy is observed in Pnet in the cases of infills bounded by strong beams (Ib/Ib0 ≥ 5.0). 

When the strong beams are combined with weak columns (Ic/Ic0 ≤ 1.0), the PCSA values are 
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markedly greater than Pnet values. This over-prediction in Pnet for infills bounded by a 

strong beam combined with weak columns is attributed to the over-prediction of the contact 

length. According to the Eqn (2.58) and (2.59), an increase in Ic or Ib results in an 

independent increase in either αh or αl, respectively. However, a strong beam needs 

compatible columns to provide end restraints in order for the contact length to develop. For 

those infills which are bounded by a strong beam and weak columns, the increases from 

FE results in αh or αl were far less than the values predicted by CSA S304-14. In addition, 

CSA S304-14 overemphasizes the contribution of beam stiffness. As discussed in the 

previous section, the beam stiffness has less effect on the behaviour of the infill system 

than column stiffness. However, according to Eqn (2.58) and (2.61), the beam stiffness has 

twice the amount of influence on the diagonal strut as column stiffness. It should be noted 

that, for all infills bounded by strong beams (Ib/Ib0 ≥ 5.0), the PCSA predicted by CSA S304-

14 was the same (232.8kN). This can be attributed to the upper limit (d/4) of w imposed by 

Eqn (2.60). For all these infills, the term 22

2

1
lh    in Eqn (2.60) far exceeds the cap 

value (d/4) and thus all design strengths are calculated based on the same strut width w = 

d/4. If w = 22

2

1
lh   is used instead, the resulted PCSA and KCSA values for these infills 

would be higher which will in turn lead to a more severe over-prediction of Pnet and Kcr.  

It is noted that for the grouting study, the infill thickness used in the standard is the face-

shell thickness for hollow infills and the weighted average thickness for partially grouted 

infills. The KCSA and PCSA obtained from the CSA S304-14 using these thicknesses are close 
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to FE results except for those with the loaded corner column ungrouted. It should be 

recommended that if grouting is used in infills, the loaded corner columns be grouted. 

In contrast to CSA S304-14, MSJC 2013 generally underestimates stiffness with the 

average Kcr/KMSJC of 2.80 with a COV of 36%. The diagonal strut width equation in MSJC 

2013 does not take into account of the influence of beam stiffness, and the effect of the 

length of infill is only accounted for through the direction angle θ. As a result, the 

underestimation of Kcr becomes most severe for infills with great length (l ≥ 2.8m) and 

infill with strong beams (Ib/Ib0 ≥ 5.0). A much-improved performance of MSJC 2013 in 

predicting strength is observed with an average Pnet/PMSJC of 1.18 with a COV of 26%. 

However, in the calculation of PMSJC, MSJC 2013 assigns a constant (6 inches) to w. As a 

result, a constant PMSJC is obtained for infills bounded by various frame members and infills 

with various aspect ratios. Although this design strength obtains a reasonable overall 

average Pnet/PMSJC ratio, it should be noted that the PMSJC fails to capture changes caused 

by any parameters other than f′m. The simple treatment of w in MSJC 2013 works 

moderately well for infills with intermediate aspect ratios (0.78≤ h/l ≤1.4) and infills with 

low to moderate frame members (Ib/Ib0 ≤ 5.0 and Ic/Ic0 ≤ 5.0). However, in an infill with a 

parameter which can cause a drastic change in w (Ib/Ib0 > 5.0, Ic/Ic0 > 5.0, h/l <0.78 or 

h/l >1.4), a great discrepancy in Pnet and PMSJC is found. 

The difference between CSA S304-14 and MSJC 2013 design stiffness results from the 

difference in the diagonal width value. For all specimens considered, the average strut 
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width in the stiffness calculation determined by CSA S304-14 is 394.5 mm (with φst =0.5 

applied), which is about 2.47 times the width determined by MSJC 2013; the average strut 

width determined by CSA S304-14 in strength calculation is 789 mm, which is about 5.18 

times the width determined by MSJC 2013. 

In summary, the results obtained from CSA S304-14 achieve better agreement with the FE 

results and is able to reflect reasonably the effects of several parameters. The exception are 

that for an infill with a great length or bounded by a strong beam, the CSA S304-14 

overestimates the contact length especially between the beam and the infill (αl) which 

results in an overestimation of the stiffness and strength. On the other hand, MSJC 2013 

significantly underestimates the Kcr for all cases. The MSJC 2013 diagonal width equation 

is unable to reflect accurately the effect of infill length and frame beam stiffness. Moreover, 

the PMSJC equation by MSJC 2013 is unable to capture the influence of any parameters 

other than f′m.  
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Chapter 7 Parametric Study on Vertical Loading  

7.1 Introduction 

The presence of vertical loading on the bounding beam or columns could be a common 

occurrence in practice. If the bounding frame is an integral part of the gravity loading 

system, the vertical load can be either applied through columns or beams depending on the 

framing plan. Fiorato et al. (1970), Mehrabi et al. (1996), Manos et al. (2012) and 

Stylianidis (2012) conducted experimental tests on masonry infilled RC frames under 

lateral load along with vertical load applied on the frame columns. Test results showed that 

the vertical load applied to the frame columns resulted in an increase in the lateral stiffness 

and strength of the infilled system. As mentioned in Chapter 2, Amato et al. (2008) and 

Campione et al. (2015) derived a vertical load factor k (Eqn 2.17 and 2.18) based on the 

work conducted by Cavaleri et al. (2004) and by Papia et al. (2003) (Eqn 2.13) to account 

for the presence of vertical loads applied at the beam-column joints. Asteris et al. (2015) 

integrated the work of Papia et al. (2003) and Amato et al. (2008) and proposed an 

analytical equation taking into account the effect of both the opening in the infill wall and 

the vertical load applied at the beam-column joints as well as the interaction between the 

two. The aforementioned studies were all on masonry infilled RC frames where the k 

factors in these studies were developed for determination of only the initial stiffness of the 

infilled systems. Due to different characteristics between RC and steel frames, it is believed 

that the extent of interaction between the infill and its bounding frame is affected by the 
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material of the frames. The results obtained for RC bounding frames may not be directly 

applicable to steel bounding frames. Comparing to infilled RC frames, the research on 

infilled steel frames was limited in the available literature. One such study was conducted 

by Stafford-Smith (1968) nearly 50 years ago where infills made of just mortar and 

bounded by steel bar frames were tested under a lateral load and a uniformly distributed 

vertical load imposed on the upper beam of the frame. The study found that vertical load 

up to a certain level increased the lateral stiffness and strength of the infill. This finding 

was also supported by experimental work of Liu and Manesh (2013) where thirteen 

concrete masonry infilled steel frames subjected to either in-plane lateral loading or 

combined lateral and axial loading were tested. However, no quantified correlation between 

the vertical load and the lateral stiffness and strength was provided in either studies.  

Noting that most analytical equations for estimating the stiffness and strength of infills 

were developed for infilled frames subjected to in-plane lateral loading only, this chapter 

focused on the investigation of vertical load effect on the lateral stiffness and strength of 

the infills. The main objective was to determine the correlation between the vertical load 

and the lateral stiffness and strength of the infills. The effects of a wide range of geometric 

and material properties of the infilled frame, vertical load levels as well as manners of 

application were included in the study. 

7.2 Parametric Study  

The Model II was used for this study. For the standard model, the bounding frame was 
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made of W250x58 columns and W200x46 beams. The infill was 2800 mm high by 2800 

mm long. The infill compressive strength, f′m, was assumed to be 25 MPa and the tensile 

strength was taken as the 1/10th of f′m. The parameters considered included the magnitude 

of vertical loading and the manner of its application; infill aspect ratio; infill compressive 

strength; and bounding frame stiffness.  

Table 7.1 summarizes the finite element models used in this study. Five vertical load levels, 

V, representing 10, 20, 30, 40, and 50% of the axial capacity of 350W W250x58 (CSA S16-

14, 2014) columns were studied. It is recognized that in practice, the vertical load may be 

applied directly through frame columns or some of it may be applied through the frame 

beam. Thus, for each vertical load level, three different manners of application were 

considered including: 1) applied as a uniformly distributed load (UDL) on the top beam of 

the frame; 2) applied as point loads at the top of two columns; and 3) half of the vertical 

load applied as UDL on the top beam and the other half as point loads at the top of two 

columns, referred to as 50-50 manner. Also included in the parametric studies were four 

aspect ratios of the infill (h/l=0.78, 1.00, 1.40, 2.33) covering a range of stocky to slender 

infills; three masonry compressive strengths (f′m =10, 15 and 25 MPa); and in addition to 

the standard model, a strong frame (SF,W310x129 columns and W360x79 beam) and a 

weak frame (WF, W200x42 columns and W150x37 beam). Columns of the strong and 

weak frame had an EI/L approximately 5 and 0.5 times respectively those of the standard 

model frame which is referred to as the normal frame (NF). 
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Table 7.1: Summary of finite element models in the study of vertical load effect 

No. of 

models 

Vertical 

load 

level 

(%) 

h 

(m) 

l  

(m) 

Aspect 

ratio 

f′m 

(MPa) 

Appl. 

method 

Frame 

type 
L p 

24 0-50 2.8 1.2~3.6 0.78~2.33 25 UDL NF 2.66~8.58 0~0.37 

24 0-50 2.8 1.2~3.6 0.78~2.33 25 
Point 

load 
NF 2.66~8.58 0~0.37 

24 0-50 2.8 1.2~3.6 0.78~2.33 25 50-50 NF 2.66~8.58 0~0.37 

10 0-40 2.8 2~2.8 1.00~1.40 15 UDL NF 4.17~5.92 0~0.29 

6 0-50 2.8 3.6 0.78 15 UDL NF 7.55 0~0.30 

5 0-40 2.8 2.8 1 10 UDL NF 5.35 0~0.30 

18 0-50 2.8 2~3.6 0.78~2.33 25 UDL SF 3.19~5.78 0~0.19 

18 0-50 2.8 2~3.6 0.78~2.33 25 UDL WF 5.70~10.32 0~0.37 

          

1
5

1
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7.3 Discussion of Results 

7.3.1 Effect of Vertical Load Level 

In this case, the material and geometric properties of the standard model were used, and 

the vertical load was assumed to be applied as a UDL on the frame beam. The finite element 

results showed that the effect of the vertical load level on Kcr and Pnet of the infilled system 

are also dependent on the aspect ratio of the infill. This collective effect can be seen in Fig. 

7.1 where the applied vertical load V versus normalized Kcr and Pnet are plotted. The Kcr 

and Pnet values were normalized with respect to the model of each aspect ratio but without 

vertical load. Fig. 7.1 shows that the presence of vertical load affects both the stiffness and 

strength of infilled systems to various degrees depending on infill aspect ratios. Overall, 

there seems to exist an optimal vertical load level up to which an increase in the vertical 

load results in an increase in both Kcr and Pnet of the system. A further increase above this 

level, however, Kcr and Pnet begin to decrease gradually. This optimal load level varies for 

different infill aspect ratio, and this is discussed in more detail in the next section.  

The increase in stiffness and strength due to the presence of vertical load is believed to be 

attributed to the increase in diagonal strut width caused by the vertical load. This is 

qualitatively shown in Fig. 7.2. The strut width of the infill without vertical loading (Fig. 

7.2 (a.i)) is much narrower than that of the infill with vertical load (Fig. 7.2 (b.i)) during 

the loading. For the latter case, even after localized corner crushing of the infill, there is 

still a relatively large region in contact between the beam and the infill at failure (Fig. 7.2 

(b.ii)), which enables possible loading paths for lateral load transfer thus achieving a higher 



 

 
153 

strength. However, as the vertical load increases, local crushing at the loaded corners 

occurs increasingly earlier. It is reasonable to deduce that at some vertical load level, the 

occurrence of crushing will outweigh the increase in the contact length. This is believed to 

be the reason that the lateral strength of the infilled frame begins to decrease beyond the 

optimal load level. 

a)  

b)  

Fig. 7.1: Effect of vertical load level on a) Kcr and b) Pnet of the infilled frame for varying 

infill aspect ratios 
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a) 

i)  ii)  

b) 

i)  ii)  

 

Fig. 7.2: FE distribution of compressive stress in the infill a) subjected to only lateral 

load, b) subject to combined loading: i) early stage of loading, ii) at failure 

 

7.3.2 Effect of Aspect Ratio 

Referring to Fig. 7.1, it can be observed that the percentage increase in Kcr and Pnet caused 

by the vertical load is increasingly significant as the infill becomes stockier. The behaviour 

of the most slender infill (h/l = 2.33) seems to be least affected by the presences of vertical 

load. Shown in Fig. 7.3 is a plot of optimal vertical load level versus infill aspect ratio. It 
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shows that in general, an increase in slenderness of the infill corresponds to a decrease in 

the optimal load level. The lateral load transfer mechanism for infills consists of flexure 

characterized by the overall bending of the infill and shear characterized by the diagonal 

strut action. It is reasonable to assume that more forces are transferred through flexural 

behaviour than the diagonal strut action as infills become more slender. The benefit of 

vertical load on increasing Kcr and Pnet by increasing the width of the diagonal strut is thus 

not significant for slender infills. Slender infills have smaller lengths than other infills and 

consequently lower axial capacities. As a result, the vertical load induced masonry crushing 

happens at a lower vertical load levels in slender infills. On the other hand, the combined 

lateral and vertical loading results in second-order effects by magnifying the bending 

moment the infill experiences. This secondary effect is more pronounced for the slender 

infill than for the stocky infill. The decrease of optimal load level as the aspect ratio of the 

infill increases is attributed to the combination of these two factors.  

 

Fig. 7.3: Optimal load level vs. aspect ratio for Kcr and Pnet 
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7.3.3 Effect of Infill Compressive Strength 

The effect of varying masonry compressive strengths on infilled frames subjected to 

combined loading is presented in Fig. 7.4 for infill with an aspect ratio of 1.0 as an example. 

A similar trend is observed for other aspect ratios. The figure shows that the presence of 

the vertical load on increasing the Kcr and Pnet up to a certain level is true for all masonry 

compressive strengths studied. However, the optimal vertical load level decreases as the 

compressive strength of the infill decreases, from 30% for f′m = 25 MPa to about 10% for 

f′m = 10 MPa. At 40% vertical load level, infill with f′m = 10 MPa failed directly by crushing 

even without any lateral load since the vertical load at this level is greater than (1.1 times) 

the compressive capacity of the infill. It is hence concluded that the benefit of vertical load 

is better realized for strong infills than for weak infills.   

7.3.4 Effect of Frame Stiffness 

The effect of frame stiffness on infilled frames subjected to combined loading is presented 

in Fig. 7.5 for the infill with an aspect ratio of 1.0 as an example. A similar trend is observed 

for other aspect ratios. As shown in the figure, the stiffness of the frame does influence the 

optimal load level and degree of increase in Kcr and Pnet due to the vertical load. As the 

frame stiffness increases, the optimal load level increases while the percentage increase 

due to vertical load decreases. This suggests that strong frames can sustain a higher level 

of vertical load up to which the increase in Kcr and Pnet exists, however, the rate of this 

increase is less than the weak frame. For a given infill, at a same applied vertical load level, 

less vertical load is transferred to the infill in a strong frame than in a weak frame. Thus, a 
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strong frame can sustain a higher applied vertical load prior to the infill failure. However, 

the strong frame experiences less deformation due to its high rigidity and thus less increase 

in contact length than a relatively weak frame. This is attributed to its lower rate of increase 

in stiffness and strength as the vertical load increases than weak frames. 

a)   

b)  

Fig. 7.4: Effect of masonry compressive strength on a) Kcr and b) Pnet of the infilled 

frame 
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a)  

b)  

Fig. 7.5: Effect of frame stiffness on a) Kcr and b) Pnet of the infilled frame 

7.3.5 Effect of Vertical Load Application Methods 

Fig. 7.6 shows the effect of vertical load application methods for infills using an aspect 

ratio of 1.0 as an example. The manner of vertical load application significantly affects the 

behaviour of the infilled system especially between the cases of applying through the frame 

beam and through the frame columns. When the vertical load is applied through columns, 

the Kcr shows a continuous increase trend as the vertical load level increases while the Pnet 

showed an approximately linear decrease. When the vertical load is applied in the 50-50 

manner, both the Kcr and Pnet seem to increase in a linear relationship with the increase in 

vertical load. This suggests that the benefit of the vertical load applied through the beam 

0.0

0.5

1.0

1.5

2.0

0 10 20 30 40 50

N
o
rm

al
iz

ed
 K

cr

V(%)

0.0

0.5

1.0

1.5

2.0

0 10 20 30 40 50

N
o
rm

al
iz

ed
 P

n
et

V (%)
WF NF SF



 

 
159 

outweighs the detrimental effect of the vertical load applied through columns, resulting in 

a net result of a beneficial effect on the Kcr and Pnet of the infill.   

a)  

b)  

Fig. 7.6: Effect of vertical loading application methods on a) Kcr and b) Pnet of the infilled 

frame 

The difference in behaviour due to the manner of vertical load application is believed to be 
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application methods. When the vertical load is applied as a UDL on the frame beam, the 

amount of load transferred through columns depends on the infill aspect ratio and more 

load is transferred to infills as the aspect ratio increases. The load transferred to the infill 

will effectively increase the contact regions between the beam and the infill. When the 

vertical load is applied through the columns, the majority of this load is directly transferred 

into columns (about 83%) which leaves a small portion (about 17%) transferred through 

the infills. Thus, the contact regions developed between the beam and the infill are less 

than the former case. Instead, the shortening of the columns makes the loaded corner highly 

stressed. The already stressed corner crushes much earlier and more extensively as the 

lateral load is applied than the case when no vertical load is present. This is believed to be 

the reason of the negative impact on the lateral strength caused by the vertical load applied 

directly through the columns. It is important to note that this observation is different from 

that for RC frames where the vertical load applied to the columns is shown to increase the 

strength of the infilled frame. For RC frames, the vertical load applied through the columns 

delays cracking and thus results in increases in stiffness and ultimately the moment 

capacity of the columns. For steel columns, these beneficial effects of vertical load do not 

exist. Instead, the vertical load through columns reduces their moment capacity. 
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Table 7.2: Vertical load transferred through columns for different load application 

methods (V=10% of axial capacity of column W250x28) 

h/l 
UDL Point load 50-50 

 Vc (kN)  Vc/V(%)  Vc (kN)  Vc/V (%)  Vc (kN) Vc/V (%) 

2.33 331.4 63.8 447.6 86.2 395.6 76.2 

1.40 209.6 40.4 434.0 83.6 337.4 65.0 

1.00 150.4 28.9 430.4 82.9 307.0 59.1 

0.78 117.4 22.6 430.0 82.8 288.4 55.5 

7.4 Analytical Model 

7.4.1 Development of Modification Factor 

Based on the diagonal strut approach, the effect of vertical loading on the Kcr and Pnet of 

the infilled frame may be considered through a modification factor MF to the Kcr and Pnet 

of the infill subjected to lateral load only. Due to the complexity of the problem, this study 

focused on the vertical load applied as a UDL to the frame beam. To develop an analytical 

model that incorporates effects of the aforementioned factors and is also simple to use, this 

study adopted the use of the unit-less factor L to account for effects of both infill aspect 

ratio and relative infill and frame stiffness on the sharing of vertical load between columns 

and infill, and proposed the use of a vertical load ratio p as a measurement of vertical load 

level. The term  was commonly used in previous studies and was defined in Eqn (2.2) 

while L is the length of the frame beam. Unlike previous studies (Stafford-Smith, 1962; 

Stafford-Smith & Carter 1969; Mainstone, 1971; Wood 1978; Liauw & Kwan 1984), this 

study adopted factor L instead of H because the change in the length of the infill 

panel/frame beam is more crucial to the sharing of vertical load between the infill and the 

bounding frame than the change in height. A change in the infill length results in a 
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significant change in the lateral stiffness of the infill panel and thus, changes the load 

sharing between the infill and the columns. However, a change in infill/frame height affects 

the lateral stiffness of both the infill panel and the columns in equal proportion, and thus, 

the load sharing between the frame and the infill will not be affected.  

The ratio p is defined as the applied vertical load divided by the combined axial capacity 

of the columns and the infill and can be expressed as: 

ycm fAtLf

V
p

2
                      (7.1) 

where V is the applied vertical load, f′m is the infill strength, Ac is the column cross-sectional 

area, and fy is the yield strength of steel columns. The resulting L and p values for all 

model specimens ranged from around 3 to 10.5 and 0 to 0.37 respectively as summarized 

in Table 7.1.  

This study proposes that the modification factor MF be expressed as follows where f(p)and 

g(L) are two independent functions:  

              )()(1 LgpfM F               (7.2) 

Fig. 7.7 plots the relationship between p and normalized stiffness and strength of infilled 

model specimens. For clarity, three L scenarios are shown in the figure. The details of 

each scenario are described as follows: 1) L=2.66 corresponds to an infill with an aspect 

ratio of 2.33 and f′m = 25 MPa and bounded by the standard frame; 2) L=4.53 corresponds 

to an infill with an aspect ratio of 1.00 and f′m = 25 MPa and bounded by the strong frame; 
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3) L=7.55 corresponds to an infill with an aspect ratio of 0.78 and f′m = 15 MPa and 

bounded by the standard frame. These three scenarios cover different combinations of infill 

aspect ratio, f′m and frame stiffness, therefore, were chosen as examples for demonstration. 

Fig. 7.7 shows that the relationship between p and the increase in Kcr and Pnet is 

approximately parabolic. This observation is also true for other L values in this study. Fig. 

7.8 plots the L values vs. maximum increase of normalized Kcr and Pnet of infilled frames 

as a result of the vertical load increase. It can be seen that the maximum increase in both 

Kcr and Pnet has an approximately linear relationship with L values.  

  



 

 
164 

 

a)  

c)  

Fig. 7.7: Vertical load ratio p vs. a) normalized Kcr and b) normalized Pnet 
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Fig. 7.8: L vs. maximum increase in stiffness and strength 

7.4.2 Equation of Modification Factor and Comparison with FE Results 

Based on the above discussion and through nonlinear regression analysis on results of finite 

element models, the expressions of f(p) and g(L) are then determined as follows:  

For stiffness: 

                pppf 180.1635.4)( 2              (7.3) 

    690.2406.1)(  LLg                (7.4) 

For strength:  

           pppf 955.0941.2)( 2                  (7.5) 

     417.4912.1)(  LLg                    (7.6) 

The comparison of these sets of equations with FE results is illustrated in Fig. 7.9 where 

three scenarios of L are illustrated. It can be seen that the proposed analytical equations 

achieve a good agreement with the FE results. When the FE results were compared with 
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the equation values for all models, the stiffness Eqns (7.3) and (7.4) obtained an R2=0.967 

while the strength Eqns (7.5) and (7.6) obtained an R2=0.984, indicating a good 

performance of the analytical model over a wide range of parameters. It is noted though 

that the failure mode of all FE models was by corner crushing and hence Eqns (7.5) and 

(7.6) should be used corresponding to this failure mode.   

a)  

b)  

 

Fig. 7.9:Analytical model values vs. FE results: a) Kcr and b) Pnet 
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The modification factor developed based on normalized Kcr and Pnet trend as described 

above, is intended to be used to modify the stiffness and strength of the infills subjected to 

only lateral load. It is noted though that this modification factor equation was developed 

for infills bounded by steel frames with the vertical load applied through frame beams. For 

other bounding frame materials or vertical load applied in different manners, this set of 

equations is not directly applicable.  
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Chapter 8 Parametric Study on Interfacial Gaps  

8.1 Introduction 

In practice, initial gaps between the infill and its bounding frame are common occurrences 

due to shrinkage and settlement of the infill or defects in workmanship. These gaps could 

be located either at the beam-infill interface, or column-infill interface, or both. Since the 

total elimination of gaps is not practical, it is thus important to understand the effect of 

gaps on the infill contribution to the behaviour and strength of an infilled system.  

Despite a large amount of research available to address the infill behaviour in general, 

studies focusing on the effect of gaps were limited. Within the few available studies on 

gaps, the common findings showed that gapped infilled frames exhibited a much lower 

stiffness in early loading stage regardless of whether gaps were present at the column-infill 

interface or the beam-infill interface. Once the gap was closed at the loaded corner, a 

sudden increase in stiffness was observed. The detrimental effect of frame-infill interfacial 

gaps on both the strength and stiffness of the infilled system has been reported (Yong, 1984; 

Dawe & Seah, 1989; Liu & Soon, 2012; Riddington, 1984). However, the range of 

reduction observed in these studies was scattered and due to limited data points, no 

correlation between the gap and the infill stiffness and strength was defined. For example, 

the experiment program of Yong (1984) and Dawe and Seah (1989) showed that a 20 mm 

gap at the roof beam and infill interface reduced both the cracking strength and ultimate 

strength of the infilled steel frame by 50 and 60% respectively. Flanagan (1994) reported 
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that a 25.4 mm gap at the column-infill interface resulted in nearly no reduction in the 

infilled steel frame ultimate capacity but a nonsymmetrical cracking pattern where more 

cracks developed in the lower portion of the panel. In the study conducted by Kadir (1974) 

showed that a gap of 1.6 mm between the top beam and the infill did not significantly affect 

the ultimate strength, but it reduced the cracking strength. In the experimental study 

conducted by Ng'andu (2006) on infilled steel frames, a 12 mm gap at the beam-infill 

interface was found to reduce the system stiffness by about 20% but had no significant 

effect on the cracking load or ultimate strength. Nazief (2014) conducted a finite element 

study where the effect of the beam-infill gap and full separation gap (around the three infill-

frame interfaces) was studied. Both steel and RC frames were considered. Results showed 

that a top beam-infill gap or a full separation gap up to 5 mm did not have a significant 

impact on the infill ultimate strength while the lateral stiffness was reduced by around 30%. 

A top beam-infill gap of 10 to 15 mm resulted in a reduction in the ultimate strength of 24% 

while a full separation gap of the same size resulted in a reduction of 50%. Nazief (2014) 

also reported that a large gap (15mm at the top beam-infill interface) width may result in a 

change in failure modes. In the studies mentioned above, the gap scenarios were often 

limited to the top beam-infill gap (Yong, 1984; Dawe & Seah, 1989; Kadir, 1974; Ng’andu, 

2006); the magnitudes of gaps studied were limited; and no systematic comparison between 

different gap locations was made. 
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The treatment of the effect of interfacial frame-infill gaps in the various design standards 

is either non-existent or incomplete. For example, both the Canadian masonry design 

standard S304-14 (2014) and Eurocode 8 (2004) require that there are no interfacial gaps 

for infills to be considered as participating infills while no guidelines are provided for the 

treatment of interfacial gaps in either document. The American masonry standard MSJC 

2013 (2013) states that infills can be considered as participating infills provided that the 

top beam-infill gap is less than 9.5 mm (3/8″), but in such a case, a factor of 0.5 must be 

applied to the stiffness and strength of the infill. However, there was no sufficient 

background information provided on the given gap size limit or the reduction factor in 

stiffness and strength. 

In light of the above, this study was motivated to investigate the effect of gaps on the 

behaviour of infills bounded by steel frames. The objective of the study is to determine 

correlations between the gap size and location and the lateral stiffness and strength of the 

infilled frame and to assess the validity of design provisions on gapped infills contained in 

the American design standard MSJC 2013. To this end, various gap magnitudes and 

arrangement scenarios were considered as main parameters. The effect of bounding frame 

stiffness, as well as the friction coefficient, was also included in the study.  

8.2 Parametric Study  

The Model II was used in this study. The model specimens and associated parameters used 

in this parametric study are summarized in Table 8.1. Parameters considered included the 
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gap size and location, bounding frame stiffness, and friction coefficient at the frame-infill 

interface. The gap size and location were two main parameters where the gap sizes ranging 

from 0 to 60 mm were considered in three location scenarios. These scenarios were 1) gap 

present at the top beam-infill interface (labeled as BB); 2) gaps present at two column-infill 

interfaces (labeled as BC); and 3) full separation gap with equal width at three interfaces 

(labeled as AA). The model of the infill with no gaps was considered as the control model 

(labeled as N0). The infill was taken to be 2800 mm high by 2800 mm long. The infill 

compressive strength was assumed to be 15 MPa, and the tensile strength was taken as the 

1/10th of that value.  

Three types of bounding frames, representing normal, strong and weak frames, were 

considered. They were 1) the normal frame (NF) which consisted of W250x58 columns 

and W200x46 beam; 2) the strong frame (SF) which consisted of W310x129 columns and 

W360x79 beam; and 3) the weak frame (WF) which consisted of W150x24 columns and 

W100x19 beam. Members of the strong and weak frame have an EI/L approximately 5 and 

0.1 times respectively those of the normal frame. The analysis for all gap location and sizes 

was performed for all three types of frames.  

The gap width and its arrangement are indicated in the specimen label. For instance, 

specimen BB-10 stands for a model with a 10 mm gap at the top beam-infill interface (total 

width = 10 mm); specimen BC-15-30 stands for a model with a 15 mm gap at each of the 

column-infill interfaces with a total width of 30 mm; whereas specimen AA-10-30 
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indicates a model with a separation gap of 10 mm between the infill and three members of 

the frame with a total width of 30 mm. In the case of column-infill gap scenario for 

specimen BC-10-20, two different arrangements of gaps were also considered where 

specimens L0R20 and L20R0 indicate that the total 20 mm gap was located between either 

the right column or the left column whereas the other column-infill interface was assumed 

in tight contact.   

The default friction coefficient (μ) at the frame-infill interface was chosen as 0.4 since it 

was recommended for concrete on steel surfaces by King and Pandey (1978) and it 

provided a reasonably good agreement with experimental results. For specimens BC-10-

20, L20R0 and L0R20, two additional μ values of 0.7 and 1.0 were considered. The value 

of 0.7 is suggested by CSA S304-14 for sliding shear between masonry and bare steel while 

the value of 1.0 was selected to represent sliding on very rough surfaces.  

A finite element analysis conducted on the bare frame showed that for the normal frame 

(NF), yielding of columns occurred when the lateral displacement reached 28 mm. For the 

weak (WF) and the strong frame (SF), the yielding commenced at a lateral displacement 

of 62 mm and 23 mm, respectively. When the column-infill gap size exceeds the elastic 

limit for lateral displacement, yielding is expected to initiate in the columns before the gap 

is closed. As can be seen, some gap sizes studied place the frame in the yielding region. 

These cases are identified in Table 8.1.  
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Table 8.1: Parameters in the study of gap 

Gap location ID 
Gap size 

Frame type Fric. coef. 

Per side total 

None C0 0 NF, SF, WF 0.4, 0.7, 1.0 

Full separation 

AA-1-3 1 3 

NF, SF, WF 0.4 

AA-5-15 5 15 

AA-10-30
①②

 10 30 

AA-15-45
①②

 15 45 

AA-20-60
①②

 20 60 

Beam-infill 

BB-1 1 1 

NF, SF, WF 0.4 

BB-5 5 5 

BB-10 10 10 

BB-15 15 15 

BB-20 20 20 

BB-30
①② 30 30 

Column-infill 

BC-1-2 1 2 

NF, SF, WF 

0.4 

BC-5-10 5 10 0.4 

BC-10-20 10 20 0.4, 0.7, 1.0 

L0R20
 

0, 20 20 
NF 

0.4, 0.7,1.0 

L20R0
 

20, 0 20 0.4, 0.7, 1.0 

BC-15-30
①②

 15 30 

NF, SF, WF 0.4 

 BC-20-40
①②

 20 40 

      

① total gap magnitude exceeds the maximum elastic lateral displacement of a normal frame (NF).  
②

 total gap magnitude exceeds the maximum elastic lateral displacement of a strong frame (SF).  

8.3 Numerical Study Results 

8.3.1 General Discussion  

The typical load vs. lateral displacement curves are presented in Fig. 8.1 using specimen 
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AA-10-30 bounded by the normal frame as an example. It can be seen that before the gap 

is closed, the gapped infill system behaves similarly to a bare frame, and a sudden increase 

in stiffness is observed upon closure of the gap. The specimen reaches failure at a larger 

displacement and thus higher member forces would be developed in the frame. Note that 

in this section, in addition to the previously defined lateral cracking stiffness (Kcr), the 

ultimate lateral strength of the infill system (Pu) and the net lateral strength (Pnet) carried 

by the infill, the following terms are introduced to evaluate the infill behaviour. As 

illustrated in Fig. 8.1, the initial stiffness, Ki, is defined as the initial slope of the response 

curve of the gapped infill frame; and the tangent cracking stiffness Kt, is defined as the 

slope of the straight line connecting the point of the sudden stiffness increase and the 

cracking load point. For the infilled frame without gaps (C0), the initial stiffness is denoted 

as Ks.  

 

Fig. 8.1: Definition of Ks, Ki, Kcr, Kt and Pnet in this study 
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Fig. 8.2 compares the load vs. lateral displacement curves of specimens with the same total 

gap size (AA-10-30, BB-30, and BC-15-30) bounded by the normal frame. As shown in 

Fig. 8.2(a), the initial stiffnesses of specimens AA-10-30 and BC-15-30 are similar, and 

they are more or less the same as that of the bare frame. This is expected since the gap 

present between the infill and the columns will enable some “free” deformation of the 

frame before the infill is engaged. In the case of specimen BB-30, the initial stiffness is 

slightly higher than that of a bare frame. In this case, although there is no bearing at the 

beam-infill interface, the infill is engaged at the initial loading stage through bearing at the 

two column-infill interfaces. Fig. 8.2(b) shows that before the gaps are closed, only the 

infill of specimen BB-30 shows noticeable load carrying which further confirms the above 

observation of loading transfer at the onset of loading. The general trend of all three 

specimens is similar where an elastic linear behaviour is observed before engagement of 

the infill indicating the frame deformed elastically up to the closure of the gap(s) and after 

which point, the infill system behaves similarly to the control specimen C0. The 

development of cracking is reflected through small drops in the load but with an immediate 

increase in the curve. After the ultimate strength, the system still shows marked ductility 

maintaining about 80% of the ultimate strength with increasing lateral deflection.  
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a)  

b)  

Fig. 8.2: Load vs. lateral displacement curves of infill with gaps: a) Pu of the infill 

system, b) Pnet of infill 
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8.3.2 Failure Mode 

The finite element results show that for all gapped specimens bounded by the normal or 

weak frames, once the gap(s) is closed, the diagonal strut forms in the infill, and failure is 

still predominated by crushing of the masonry at the loaded corners, which is the same as 

the failure mode for the infill without gaps. One such failure mode is shown in Fig. 8.3(a). 

For specimens with gap sizes exceeding the elastic lateral displacement of the frame (28 

mm), the frame begins to yield at column bases and beam-column joints before gap(s) is 

closed. However, the FE model shows that the diagonal strut action is still developed in the 

inelastic stage of the frame.  

a)  b)  

Fig. 8.3: Compressive stress distribution in specimen: a) AA-5-15, b) BB-10 bounded by 

the strong frame (where grey areas indicate crushing failure of masonry) 

For specimens with BB gap scenario and bounded by strong frames, however, failure is 

initiated by sliding shear where the resistance is mainly achieved through bearing at 

column-infill interfaces. The high rigidity of beam-column connection of strong frame 

yielded smaller rotation at a given lateral displacement and thus the contact area achieved 
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between the top beam and the infill is less than that in the normal or weak frame, resulting 

in the majority of the lateral load being transferred through the contact at the columns-infill 

interfaces. The mode of failure of specimen BB-10 is shown in Fig. 8.3(b) as an example. 

As the figure shows, the load is transferred through two alternative struts developed 

between the mid-height of the column and the two diagonal corners, which results in sliding 

of the two portion of the infill with respect to each other along the mortar joints. It should 

be pointed out that this failure mechanism is only observed in specimens with BB gap 

scenario and bounded by strong frames. 

8.3.3 Effect of Gap Size  

Fig. 8.4 shows the normalized stiffness (Kcr and Kt) and normalized strength (Pnet) of infills 

plotted against the gap size for specimens with the normal frame for all three gap scenarios. 

The stiffness and strength values are normalized using the corresponding values of the 

control specimen C0 without gaps. Since specimen C0 behaves linearly to the first cracking 

load, the Kcr and Kt for specimen C0 are identical and they are essentially the initial stiffness 

Ks (Fig. 8.1). It is evident that both Kcr and Kt show a significant decrease as gap size 

increases and also the reduction in Kcr is more severe than in Kt. For example, for a given 

gap location (BB for example), the normalized Kcr is reduced to 0.11 while Kt is about 0.56 

with a beam-infill gap size of 30 mm (specimen BB-30). This is reasonable since Kcr is 

largely dependent on the lateral displacement of the system before the infill engagement 

whereas Kt is a measure of stiffness after the infill engagement. The increase in gap size 

has more impact on Kcr as the frame needs to deform a greater amount before the infill 
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becomes engaged. The infill strength Pnet also shows significant reduction as a result of an 

increase in the gap size where specimen BB-30 has a Pnet of 54% of that of specimen C0. 

The general trend described above also applies to gap scenarios AA and BC. The reduction 

in infill strength is believed to be attributed to the reduction in contact area developed 

between the infill and the frame. According to the diagonal strut concept, as the lateral 

loading increases, the flexural deformation of the frame causes the frame to separate from 

the infill and at failure with only two loaded corners remaining in contact with the infill to 

provide the resistance. For a gapped specimen, as gap size increases, the flexural 

deformation required to engage the infill is increasingly greater. The larger deformation of 

frame members leads to less contact area between the infill and the frame, which ultimately 

reduces the effective width of the diagonal strut for the load transfer. 

Referring to Fig. 8.4 (a), while the yielding reduces Kcr significantly, e.g. Kcr for specimen 

AA-20-60 is reduced below the stiffness of a bare frame, the Pnet seems less affected by 

yielding of the frame since there is no sudden change in the rate of reduction as shown in 

Fig. 8.4 (c). In practice, the gap size should be maintained within the elastic limit of the 

frame deformation. In the case that the gap size exceeds the elastic deformation of the 

frame, this study suggests that the diagonal strut can still develop and a large portion of the 

infill strength can still be achieved, provided that the frame is allowed to develop its full 

plastic capacity.   
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a)  

b)  

c)  

 

Fig. 8.4: Normalized stiffness and strength of infills with varying gap sizes and locations: 

a) Kcr, b) Kt and c) Pnet 
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8.3.4 Effect of Gap Location 

It can also be observed in Fig. 8.4 that with the same total size of the gap, the gap scenario 

BB results in the greatest reduction in both the stiffness and strength while the BC scenario 

shows the least reduction. It suggests that for a given total gap size, the beam-infill gap has 

a more detrimental effect on infill strength than the column-infill gap. The load transfer 

mechanism for an infill without gaps is a combination of direct bearing and friction 

between the infill and frame members. In the case of top beam-infill gap, the load transfer 

can only rely on the direct bearing between the infill and frame columns; whereas in the 

case of column-infill gaps, the load is transferred initially through friction between the infill 

and the top beam and after the gaps closes, the bearing between the infill and the frame 

members also partakes in loading transfer. Therefore, the presence of the top gap is more 

disruptive in establishing an effective loading path. Fig. 8.4(c) also shows that the reduction 

in stiffness or strength for the case of full separation gap is not simply the addition of the 

reduction due to the beam-infill gap (BB) and the column-infill gap (BC). For example, 

specimen AA-5-15 scenario is equivalent to the superposition of specimen BB-5 and 

specimen BC-5-10 scenarios. The reduction in strength in specimen AA-5-15 (21%) is 

greater than the summation of reduction in the latter two specimens (10% + 7% = 17%).  

8.3.5 Effect of Frame Stiffness  

The effect of gaps on infills bounded by different frames is presented in Fig. 8.5 using gap 

scenario AA as an example. It can be seen that the decreasing trend on Kcr, Kt, and Pnet as 

a result of an increase in gap size remains true for varying frame stiffness. However, as the 
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stiffness of the bounding frame increases, reductions in Kt and Pnet increases. In other words, 

weak frames results in smaller reductions whereas strong frames results in larger reductions 

in stiffness (Kt) and strength (Pnet) than those bounded by the normal frame. This may be 

attributed to the fact that a weak frame, especially a weak beam allows more rotation to 

develop at beam-column joints which can accommodate the presence of gap better than a 

stiffer frame. A stiff beam remains relatively horizontal during loading with little end 

rotation at beam-column joints. This leads to small contact regions at the loaded corners. 

In the case of Kcr, it is greatly influenced by the bare frame stiffness. As a result, a weak 

frame has a low Kcr while a strong frame has a high Kcr.  

The above findings are also valid for BB and BC gap scenarios in general. However, a 

noted difference is that the normalized strength Pnet of infills bounded by strong frames for 

the BB gap scenario shows a more drastic decrease than those bounded by normal or weak 

frames. This is shown in Fig. 8.6. This may be attributed to the change in failure mechanism 

in specimens with BB gap scenario and bounded by strong frames. As previously discussed, 

for these specimens, the failure is initiated by sliding shear where the top left portion of the 

infill tends to slide with respect to the bottom right portion of the infill. This load transfer 

mechanism is much less efficient than the original diagonal strut which ultimately leads to 

a lower strength.  
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a)  

b)  

c)  

Fig. 8.5: Normalized stiffness and strength of infills bounded by different frames (AA 

scenario): a) Kcr, b) Kt and c) Pnet 
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Fig. 8.6: Normalized Pnet of infills bounded by different frame with BB scenario gaps 
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infill becomes engaged and the system had a sudden increase in stiffness. 
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a)  

b)  

c)  

Fig. 8.7: Net load vs. lateral displacement curves of infill with different μ: a) μ =0.4, b) μ 

=0.7 and c) μ =1.0 

0

50

100

150

200

250

0 10 20 30 40 50

L
o

ad
 (

k
N

)

Lateral displacement (mm)

0

50

100

150

200

250

300

0 10 20 30 40 50

L
o
ad

(k
N

)

Lateral displacement (mm)

0

50

100

150

200

250

300

0 10 20 30 40 50

L
o
ad

 (
k
N

)

Lateral displacement (mm)

C0 L0R20 BC-10-20 L20R0



 

 
186 

When μ is 1.0, however, different column-infill gap locations result in different infill 

behaviour. Fig. 8.7(c) shows that when μ = 1.0, L0R20 is participating from the beginning 

with the highest Ki of 44.6 kN/mm, albeit still lower than that of specimen C0 (62.6 

kN/mm). Since in this case the gap on the loaded column side is non-existent, the diagonal 

strut began to develop at the onset of loading. For both specimens BC-10-20 and L20R0, 

due to the gap at the loaded column side, the initial infill behaviour is non-participating 

until the displacement reached 10 and 20 mm respectively. 

In terms of strength, when μ = 0.4 and 0.7, there is little variation in the net strength of the 

three gapped frames. When μ = 1.0, the lowest net strength (166 kN) occurs in specimen 

L0R20 while the highest net strength (189 kN) occurs in specimen L20R0 and specimen 

BC-10-20 has a strength (172 kN) in between. The finding that the infill (specimen L0R20) 

with the highest initial stiffness but lowest strength may be attributed to the following 

reason. Due to the high friction coefficient, the right side of the column-infill gap in 

specimen L0R20 was never fully closed. This can be seen in the finite element failure mode 

comparison shown in Fig.8.8. The direct bearing of the right column at the bottom right 

corner was absent for specimen L0R20, and the transfer of lateral load relied solely on the 

beam-infill interface. For specimen L20R0, the left gap was closed through frame 

deformation and thus the lateral load was transferred through both the column-infill 

interface and beam-infill interface at both loaded corners. As a result, specimen L20R0 has 

a better-developed diagonal strut than specimens L0R20 and BC-10-20 and thus achieves 
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higher strength.  

a) 
 

b)  

Fig. 8.8: Distribution of compressive stress prior to failure in a) specimen L20R0 and b) 

specimen L0R20 

In summary, when the friction coefficient is less than 1.0 which is commonly the case for 

masonry on steel surfaces, the effect of friction coefficient to the infill stiffness and strength 

for gapped frames is negligible. When the friction coefficient is greater than 1.0 which may 

be considered for very rough surface contact, the infill stiffness and strength are noticeably 

affected by the column-infill gap location. 

8.3.7 Discussion of Gap-Related Clauses in MSJC 2013   

As mentioned earlier, the guidelines contained in the MSJC 2013 on the treatment of 

interfacial gaps in the design of masonry infills specifies a 9.5 mm limit for the beam-infill 

gap along with a 0.5 reduction factor for the infill stiffness and strength. In practice, most 

steel frames have an elastic deformation greater than 10 mm. Therefore, it is safe to assume 

that for most practical frames, the compressive diagonal strut can be developed without 

resulting in plastic strains at column bases or beam-column joints if the gap is within 10 
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mm. The finite element results of the entire parametric study in terms of normalized 

stiffness and strength are plotted against the gap size (total width) in Fig. 8.9. The lower 

bound of all results is also shown in the figure together with the 0.5 reduction factor line.  

It can be seen that, in the case of Kcr, the 0.5 reduction factor becomes un-conservative 

when gap size reaches 3 mm. In the case of Kt, the reduction factor is adequate up to a gap 

size of 20 mm and beyond that, the reduction factor is only un-conservative for a few infills 

bounded by the strong frame, as identified in Fig. 8.9(b). This suggests that the stiffness 

referred to in the MSJC 2013 should be intended for the tangent stiffness after the infill 

engagement. In the case of infill strength, up to a total gap size of 10 mm, the 0.5 reduction 

factor provides a markedly conservative estimate for cases with normal and weak bounding 

frames. The average reduction factor for a gap size of 10 mm is around 0.83. For strong 

bounding frames, however, the 0.5 reduction factor is closer to the FE results for a gap size 

of 10 mm but on the un-conservative side for a few cases beyond 10 mm. Note that these 

specimens were infills with BB gap scenario and bounded by strong frames, it suggests 

that the reduction factor should be used with caution with strong bounding frames. In the 

case of a normal and weak frame, the 0.5 reduction factor was conservative up to 30 mm.  
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a)  

b) 

 

c)  

 

Fig. 8.9: Comparison of the lower bound envelope from FE results and the MSJC 

reduction factor: a) Kcr, b) Kt ,and, c) Pnet 
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To obtain overall reduction factor expressions that may cover all parameters as discussed 

previously, a linear regression analysis of the finite element results was conducted. A term 

“effective gap size” is introduced and labeled as “x”. As shown in Fig.8.10 (a), to fully 

close the side gaps with a total magnitude of δBC, the amount of lateral displacement needed 

simply equals δBC provided that slippage of infill is allowed. However, to close a top gap 

with the magnitude of δBB, the infill needs to undergo a certain amount of rigid body 

rotation to close the top gap. And this rigid body rotation can be calculated as (h/l) × δBB, 

where h/l is the aspect ratio of infill. Thus, the effective gap size (x) is defined as: 

 x = δBC + (h/l) × δBB.                     (8.1) 

Adopting this effective gap size, a set of analytical equations was then proposed as follows 

for the lower bound curves of normalized Kcr, Kt, and Pnet.  

RF,cr

42.1817.0

42.10324.0






x

x , 0.9962 R                      (8.2a) 

RF,t

97.2157.0

97.20103.0






x

x ,  0.9812 R                      (8.2b) 

RF,net

37.0501.0

37.0202.0






x

x ,  0.9962 R                      (8.2c) 

where “RF,cr” , “RF,t” and “RF,net” are reduction factors for Kcr, Kt, and Pnet, respectively, and 

R2 is the coefficient of determination of the regression analysis.   

The comparison of these equations with FE results is illustrated in Fig. 8.9. It can be seen 

that all proposed analytical equations obtained an R2>0.98, indicating a good performance 

of the equations against FE results.  
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a) 

 

b)  

Fig. 8.10: The calculation of the lateral displacement required to close gaps a) side gaps, 

b) top gaps 

 

8.3.8 Application of Reduction Factors and Limitations 

These reduction factors (Eqn (8.2a)-(8.2c)), developed based on normalized stiffness and 

strength trend, and are intended to be used to modify the stiffness and strength of the infills 

without gaps. Although the study suggests that some yielding in frame members does not 

adversely impact the infill strength, it is recommended that the gap size be kept within the 

elastic limit of the frame deformation to ensure the frame integrity in the event of infill 

failure. It is also noted that while the previous discussion was presented for aspect ratio 

equal to 1.0, other aspect ratios (h/l =1.4 and 0.78) were also investigated and the results 

tan θ =h/l 
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were included in the development of the reduction factors. It can then be reasonably 

assumed that the proposed reduction factor equations are also valid for other aspect ratios. 

It is noted that these equations were developed for infills bounded by steel frames. For 

other bounding frame materials, it is believed that the general trend presented is still valid 

while the set of equations may not be directly applicable.  
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Chapter 9 Conclusions  

9.1 Summary 

This research was conducted to investigate the in-plane behaviour of concrete masonry 

infills bounded by steel frames using the finite element modeling technique. The thesis is 

divided into two sections. The first section is dedicated to a comparative study including a 

summarization and compilation of existing experimental results on the in-plane stiffness 

and strength of masonry infilled frames in their specific infill and frame material categories, 

and a performance assessment of several analytical methods and standard design equations 

based on these results. The second section of the thesis focuses on the finite element 

modeling and subsequent parametric studies using the model. To this end, two finite 

element models were developed where the Model I adopted the self-defined joint elements 

to simulate the mortar effect between masonry units whereas the Model II implemented the 

cohesive zone interface contact pairs for simulation of the mortar effect. Both models were 

validated with experimental results obtained from the available literature. Following the 

validation of the models, a series of studies was conducted to investigate the effect of 

several influential parameters on the in-plane behaviour and strength of masonry infills and 

to propose analytical models for stiffness and strength prediction. These parameters 

included the material and geometric properties of the infilled system; the infill opening; the 

presence of vertical loading; and the frame-to-infill interfacial gaps.  
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Conclusions drawn from the results of this research are summarized in the following 

sections organized according to each parametric study. 

9.2 Section 1: Comparative Study 

1. The comparison analysis shows that the Canadian masonry standard CSA S304.1 

markedly overestimates the stiffness to 2 to 2.5 times the test results for all infill 

materials investigated and for both the steel and concrete bounding frames. A reduced 

strut width by a factor of 0.5 shows a much-improved estimate of stiffness. Contrary 

to CSA S304.1, the MSJC 2013, on average, underestimates the stiffness by 

approximately 40% for all results considered.  

2. In the case of strength comparison, both the S304.1 and MSJC 2013 provide a 

conservative estimate of strength for steel infilled frames with S304.1 showing a better 

test-to-design average. In the case of infills bounded by concrete frames, the current 

strength equations in both standards result in high COVs in test-to-design ratios. The 

validity of the standard equations for infilled concrete frame needs further 

investigation.  

3. The comparison with multiple analytical methods shows that there is no one method 

that performs well for all infill specimens in predicting stiffness or strength. The 

existing analytical strength method that provides the best comparison with the stiffness 

or strength of test results for each infill type or frame type was identified. 
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9.3 Section 2: Parametric Study 

9.3.1 Infill Opening 

1. An increase in the opening area results in a reduction in both stiffness and strength of 

infills. However, the rate of this reduction is associated with the location of the opening. 

Openings offsets away from the loaded side have lesser reduction effect than openings 

located toward the loaded side. The reduction factor RF has an approximately linear 

relationship with ec/L and a parabolic relationship with opening-to-infill area ratio. 

2. Of the material and geometric properties studied, the variation in opening aspect ratios 

and several key masonry infill material properties do not have a significant effect on 

the reduction factor while the variation in infill-to-frame stiffness ratio shows a 

noticeable impact on the reduction factor. 

3. The proposed equations for calculating the reduction factor consider a wide range of 

masonry infill properties and frame-to-infill stiffness ratios, and they compare well 

with test results of infills bounded by steel frames. In comparison with other existing 

methods, the proposed equations provide slightly conservative and overall the best 

performance in both stiffness and strength predictions. 

9.3.2 Material and Geometric Properties of Infill and Frame 

1. As the infill aspect ratio increases, the cracking stiffness and infill strength decrease 

and the rate of this decrease increases as aspect ratio increases. The change in aspect 

ratio affects infills with different compressive strength almost equally in terms of the 

cracking stiffness and infill strength. 
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2. The stiffness of the infill is affected by both grouting extent and configuration while 

the strength of the infill is primarily influenced by grouting configuration.  

3. The vertical reinforcement is ineffective in strengthening the infills. By comparison, 

joint reinforcement shows a greater benefit in strengthening infills especially when it 

is anchored to the bounding frame. 

4. Column stiffness has a greater effect on the behaviour of the infilled system than beam 

stiffness. The stiffness and strength of infills alone are less affected by the change in 

frame stiffness.   

5. Comparison between the design values and FE results shows that CSA S304-14 

achieves good agreement with FE results and is able to reflect the effects of various 

parameters with reasonable accuracy. However, the CSA S304-14 tends to 

overestimate the beam-to-infill contact length and thus the infill stiffness and strength 

for infills with low aspect ratios and infills bounded by strong beams. The MSJC 2013 

significantly underestimates the cracking stiffness and infill strength in most cases. 

This is attributed to the fact that MSJC 2013 method is unable to take into account of 

the effect of frame stiffness and infill aspect ratios in the diagonal strut width 

calculation.  

9.3.3 Vertical Load 

1. When applied as a UDL on the frame beam, the presence of a vertical load, up to a 

certain level, results in an increase in the stiffness and the strength of the infills. And 

beyond that level, the benefit of vertical load begins to diminish. Defined as the optimal 
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load level, it is found to be dependent on the infill aspect ratio, infill strength, and 

bounding frame stiffness.  

2. When the vertical load is applied on columns, the cracking stiffness of infilled system 

is increased with an increase in the vertical load level. However, the strength of the 

infill shows a decrease. When the vertical load is applied in a 50-50 manner on both 

the frame beam and columns, infilled systems show almost linearly increasing 

cracking stiffness and strength as the load level increases.  

3. A set of equations for calculating modification factor MF for vertical load effect is 

proposed for the vertical load applied to the frame beam case. The equations are shown 

to produce results in good agreement with FE values for a wide range of vertical load 

levels. The development of MF also considered the effect of aspect ratio and material 

strength of infills as well as frame stiffness.  

9.3.4 Interfacial Gaps 

1. For all specimens considered, an increase in gap size results in a reduction in infill 

secant cracking stiffness and tangent cracking stiffness, as well as in the infill strength. 

The degree of reduction is dependent on the gap location and the bounding frame 

stiffness. When comparing beam-infill and column-infill gap scenarios for a given 

total gap size, the beam-infill gap results in the greater reduction in both the stiffness 

and strength than the column-infill gap scenario. The reduction in stiffness or strength 

for the full separation gap is not simply the addition of the reduction of the cases of 

beam-infill and column-infill gaps. It is greater than the summation of reduction in the 
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latter two cases. 

2. For varying bounding frame stiffness, results show that gap(s) has less effects on infills 

bounded by weak frames than on those bounded by stronger frames. In the case of a 

beam-infill gap on infills bounded by strong frames, sliding shear failure was observed 

which resulted in a significant reduction in infill strength.   

3. For the friction coefficient, results show that increasing friction coefficient from 0.4 to 

0.7 has no significant effect on the column-infill gap, regardless of whether the gap is 

located on both column-infill interfaces or only on one side. However, when friction 

coefficient = 1.0, the infill stiffness and strength are noticeably affected by the column-

infill gap location. 

4. The examination of MSJC 2013 shows that in the case of infill strength, up to a total 

gap size of 10 mm, the 0.5 reduction factor provides a markedly conservative estimate 

for cases with normal and weak bounding frames. For strong bounding frames, 

however, the 0.5 reduction factor is adequate and even slightly on the high side. In the 

case of tangent cracking stiffness, the reduction factor provides marked underestimates 

for a gap size up to 10 mm for all bounding frame cases.  

5. A set of equations was proposed for calculating reduction factors for stiffness and 

strength over a wide range of gap size and locations and they are shown to achieve a 

good agreement with FE results.   
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9.4 Recommendations for Future Research  

While this research has contributed to the advancement of knowledge of the in-plane 

behaviour of masonry infills bounded by steel frames, it is recognized that some aspects of 

the behaviour need further investigations. The following is recommended for future 

research:  

1. A detailed 3-D micro-modelling technique should be further studied and implemented. 

With the advancement of computer technology, it is expected that a 3-D model may 

become more cost effective as an analysis tool. In that case, the actual geometry of the 

masonry units, grouting, and reinforcement can be more accurately simulated.     

2. The proposed equations for openings were developed based on FE results and 

calibrated with experimental results. They are intended for window openings. Further 

validation of the analytical model for door openings with high aspect ratios is needed.  

3. It is also noted that this study used a single frame configuration, the applicability of 

conclusions and proposed analytical equations on multi-storey, multi-bay infilled steel 

frames needs further investigation. Moreover, the proposed equations are only intended 

for steel bounding frames, their applicability to reinforced concrete bounding frames 

needs validation. It is recommended as a supplement to this research, a study on the 

masonry infilled RC frames should be carried out. 

4. The current model was developed to simulate the static loading. For evaluating the 

seismic behaviour of masonry infills, the development of material models capable of 
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simulating the cumulative damage and cracks development in the masonry infill wall 

and the bounding frame is needed.  

5. Due to the lack of experimental data, the proposed analytical equations in Chapter 5, 7, 

8 are not calibrated or verified against experimental results. Further experimental tests 

are required to verify the efficacy of these equations. It is recommended that 

experimental tests on the following aspects be conducted: tests on infills with large 

(Ao/Ap > 0.2) and eccentric openings are needed to examined the efficacy of Eqn (5.14-

5.16) in dealing with large openings and openings with eccentricities; tests on infills 

with openings that bounded by frames with various stiffnesses are needed to examine 

the lower bound envelope proposed in Section5.4.5; tests on steel infilled frames with 

vertical load applied as an UDL or multiple point loads on the top beam are needed to 

examine the efficacy of Eqn (7.3-7. 6); tests on infills with effective gaps size greater 

than 20 mm are needed to examine the capability of equation Eqn (8.2) in dealing with 

large gap(s); and tests on infills bounded by strong frames with a gap at top beam-infill 

interface are needed to verify the theory that sliding shear failure mode will be initiated 

by the gap in strong frame bounded infills.   
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