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Abstract 

 Masonry shear walls are the main structural elements that resist in-plane lateral 

loads applied to a masonry building. The current Canadian Code assumes the shear 

resistance of a masonry wall to be the sum of two components: the shear resistance of the 

masonry and the shear resistance of horizontal reinforcement. This assumption is a point 

of debate with respect to other codes and design expressions. The results of estimating 

the shear resistance with the Canadian Code design formula are very conservative as they 

significantly underestimate the shear resistance of walls. 

 In the current study, the behaviour of sixty six concrete masonry walls with the 

same aspect ratio but with different methods of reinforcement, axial stress, methods of 

construction and grouting was investigated. The aim of the study was to understand the 

shear behaviour of concrete masonry walls better and to investigate the influence of 

changing each variable on the shear strength of the walls. In this study, the results were 

analyzed using different statistical methods to identify the significance of the variation 

between the results obtained. 

Finally, based on the results, a new formula for predicting the shear strength of concrete 

masonry walls with aspect ratios less than 2 is proposed. The formula was examined 

against test results reported in literature and the results of the tests described in the thesis. 

The formula proved on average to estimate the shear resistance of all the walls better than 

other code and design expressions and with less variability.  
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 CHAPTER ONE : INTRODUCTION 

1.1 General 

Masonry structures are structures which are composed of an assembly of small 

units that are bound together with mortar to produce the structure. These small units can 

be blocks, bricks or stones. Masonry buildings have been well known for thousands of 

years due to their ease of construction and durability. The Egyptian pyramid of Khufu is 

one of the most famous structures in history in which its myth has not been revealed until 

now (Figure 1.1). The Great Wall of China is another example of a masonry structure 

which is also considered one of the world’s greatest wonders (Figure 1.2). 

 
Figure 1.1 Pyramid Khufu in Giza, Egypt (Personal photo). 
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Figure 1.2 Great Wall of China (Personal  photo). 
 

Ancient forms of masonry were unreinforced and were able to carry significant 

compressive loads and minor tensile stresses. However, the large self-weight of walls and 

floors were generally sufficient to prevent the existence of tensile stresses that can be caused 

by any lateral loads and accordingly masonry structures performed satisfactorily.  

Stone was the first type of masonry unit used in construction, where a stack of rough 

natural stones were mortared together with packed earth. Later, the clay brick was introduced 

by pressing the mud into small masses and allowing it to dry under the sun before use. The 

development of masonry units passed through many stages; including the change in unit 
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ingredients (clay, calcium silicate,..) , the method of curing (air dry, steam curing, ..) and 

even the geometry of the masonry unit itself.  

Concrete blocks were unpopular when first introduced for construction because of 

their heavy weight as they were first made of solid concrete, but the development of hollow 

concrete block units encouraged masons to use them for their advantages. 

Hollow concrete blocks are now used in load-bearing wall construction and are 

often preferred to bricks as a single block of size 190 x 190 x 390 mm can be laid instead 

of six bricks of standard dimensions of 190 x 90 x 57 mm to cover the same area in the 

wall. Also, by using concrete blocks, mortar consumption is reduced and the speed of 

construction is increased significantly. In addition, the wall with fewer mortar joints will 

give better performance than the one with more mortar joints because in many cases the 

strength of the wall is dependent on the strength of the mortar. Another benefit of using 

hollow blocks is that it eliminates the form work cost for a wall of cast concrete.  

Sivarama et al. (2003) mentioned that the use of hollow concrete blocks  for load bearing 

panels resulted in 35% and 15% more floor area compared with brick and RC-framed 

constructions respectively. 

Mortars were first made of mud, lime and mud-straw mixes and were basically 

used to form a uniform bedding for the masonry units and to bind the units to each other. 

Later, hydraulic lime mortar was developed which was a better form of durable mortar. 

Using Portland cement combined with sand, water and lime was the most significant 

development in mortar: this mix gave more stable, durable and stronger mortars then all 

previous ones.    
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For masonry structures, shear walls are considered the main structural elements 

that resist lateral horizontal loads applied to the structure. These forces can develop from 

seismic motion occurring parallel to the wall or due to wind loading transmitted from a 

perpendicular exterior wall. 

Unreinforced masonry structures are still common and economical building types 

for low rise structures in regions with low seismic activity, while regions with high 

seismic activity require a more ductile structure. Hence, reinforced masonry was 

developed. 

Steel reinforcement was introduced to masonry assemblages to allow for the 

provision of adequate lateral strength and ductility in the masonry structure to resist 

horizontal loads and consequently overcome the poor seismic performance of un-

reinforced masonry.  Steel reinforcement can be used in masonry in different forms: for 

instance, vertical reinforcing bars connected to a concrete base beam are used in masonry 

walls to increase the flexural resistance. Horizontal reinforcement can be used in masonry 

walls supposedly to increase the shear resistance  and to improve the post cracking 

behaviour of such walls subject to in-plane horizontal loads. Horizontal reinforcement 

can be placed in two ways in masonry walls – either as bed joint reinforcement where 

truss type or ladder type reinforcement is commonly used, or in the form of horizontal 

reinforcing bars in bond beams. 

1.2 Motivation 

 Due to the lack of understanding and uncertainty in determining a specific 

mechanism by which concrete block masonry resists shear, codes differ from one another 

in how the shear resistance of a masonry wall is calculated. Where all codes and design 
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expressions account for the contribution of both the masonry and horizontal 

reinforcement, but each model has its own formula that differs from the others in 

calculating the contributions of the masonry and the reinforcement. Some models account 

for the anchorage effect of the vertical steel in base beams (e.g. Shing et al. 1990 and 

NZS 2004), while most of the other models do not consider the anchorage effect in 

calculating the shear resistance of a masonry wall. 

Also, in most of the previous research which showed an increase in the shear resistance 

of masonry walls due to the use of horizontal reinforcement, the increase in resistance 

was only in the range of  5% - 10 %. This can be considered an insignificant effect. 

Finally, the results obtained for most of the previous data in the literature were based on 

testing one of each kind test specimen : this can be a point of debate for the level of 

confidence when comparing the results between individual specimens. 

 For the reasons above, an extensive experimental program was designed to study 

the effect of different parameters on the shear resistance of concrete masonry walls. The 

program was designed to test three replicates from  each specimen configuration to allow 

for the statistical analysis of data and to give more reliable data. The vertical 

reinforcement in the experimental programme was not anchored to a base beam to study 

its effect separately from its anchorage effect, using the vertical reinforcement in this way 

was never used in any previous research. 

1.3 Objectives 

The main objectives of this research were to study the effect of different 

parameters on the shear resistance of concrete masonry walls, compare the results 

obtained with different code and design expressions and to introduce proposed 
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modifications for the Canadian code that can help improve the prediction of the shear 

strength of concrete masonry walls failing in diagonal shear. 

To achieve this goal, several parameters were studied  

- The effect of axial stresses. 

- The effect of horizontal reinforcement. 

- The effect of vertical reinforcement. 

- The effect of grid reinforcement. 

- The effect of grouting. 

- The method of placing the bed joint reinforcement in the wall. 

A secondary objective of this research was to utilize statistical methods to identify the 

importance and significance of the variation in the experimental results. Very few 

researchers have used such an approach. In this research, ANOVA (Analysis Of 

Variance) and t-test statistical methods will be used in the analysis. 

1.4 Experimental Program 

The experimental program consisted of testing sixty six concrete masonry walls. 

The experimental program was divided into two phases to study the effect of several 

parameters on the shear strength of concrete masonry walls. In phase one, fifty four walls 

were tested in a study designed to assess the effect of axial load, grouting and size of 

reinforcement. Phase two involved twelve more walls and was designed to study the 

effect of the method of construction – whether different ways of incorporating the 

reinforcement in the wall during construction had any effect. 

For phase one the variables were:- 

 Axial stress ( 2, 3 and 4 MPa) 
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 Size of ladder bed joint reinforcement ( D = 3.7 mm and 4.9 mm) 

 Grouting ( partially grouted and ungrouted walls) 

For phase two, two different methods of laying the bed joint reinforcement were used. 

The first method was to put the bed joint reinforcement on the dry block and then to lay 

the mortar on top, while the second method was to place the mortar and then embed the 

joint reinforcement in the mortar. The first method is the practical method applied on site 

while second method is supposed to give better results as it avoids the potentially un-

bonded area under the reinforcement.  

The results obtained from the experiments were compared using Analysis Of 

Variance (ANOVA), which is a statistical analysis method to compare the means of more 

than two groups of data to show if the difference between the means is significant or not. 

The method is based on separating the total variability found within a data set into two 

components, that due to random factors and that due to systematic factors. A random 

factor does not have any statistical influence on the data set whereas a systematic factor 

does. ANOVA is based on data sets having a normal distribution. As this is difficult to 

prove with groups of three, the non-parametric equivalent to ANOVA, the Kruskal -

Wallis test was also applied. 

Based on the experimental results, a shear expression was developed similar to 

the Canadian code equation with some modifications to reduce its conservatism. The 

proposed shear expression was verified by using data from the literature to check its 

adequacy and accuracy in estimating the shear resistance of concrete masonry walls. 

Finally, a bi-linear model was developed based on an energy conservation method 

to compare between the ductility of different reinforced walls.
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      CHAPTER TWO : Literature Review 

2.1 Introduction 

Extensive experimental and theoretical studies have been carried out to study the 

shear behaviour of masonry walls since the 1960's; these studies have significantly 

enhanced our knowledge of the behaviour and the characteristics of masonry walls. 

 In-plane shear strength is a basic mechanical characteristic of masonry walls and 

can be defined as the resistance of the material to lateral in-plane loads when the wall 

fails in shear. Three modes of failure for walls subjected to in-plane loading have been 

reported by many researchers [for example: Hamid and Drysdale (1980), Gouveia et al. 

(2007),  Hatzinikolas and Korany (2005) , Shrive and Page (2008), Kasparik (2009)]. 

These three modes are; sliding failure in which the wall fails by sliding along one or more 

of the bed joints; diagonal cracking where the wall fails through the development of 

diagonal shear cracks and; thirdly, flexural failure which is characterized by the 

formation of horizontal cracks at the tension side of the wall which is accompanied with 

the yield of the vertical reinforcement in reinforced masonry. In many cases the failure of 

the shear wall can be a mixed mode involving more than one of the three modes (e.g. 

flexural and diagonal cracking).  

The current Canadian Code (CSA S304.1) states that the shear resistance of a 

masonry wall can be calculated by adding the shear resistances of the masonry to that of 

the horizontal reinforcement. This concept is supported by Brunner and Shing (1996) 

who developed an equation to calculate the shear resistance of a masonry wall 

considering the contribution of the shear resistance of the horizontal reinforcement. 

However, the experiments carried out by Shing et al. (1990) showed that horizontal 
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reinforcement is only activated after the initiation of cracking in the masonry walls. This 

result can be understood in that the extensional strain in the horizontal direction in 

laterally loaded masonry will be small. Whilst compatibility occurs between the 

reinforcement and the masonry, the strain in the steel will also be small. Thus one can 

query whether the bed joint reinforcement can contribute to the shear strength of the 

masonry before the masonry cracks, as there will only be small tensile strains until the 

masonry cracks. So, this issue will be investigated by measuring the strains in the joint 

reinforcement during testing the walls  

2.2 Modes of failure  

Shear walls are usually subjected to lateral and gravity loads at same time. The 

relative magnitude of the vertical and lateral loads has a significant role in determining  

the mode of failure of the walls in addition to other factors such as the aspect ratio, 

reinforcement (vertical and horizontal) and the mechanical characteristics of the masonry. 

Some of the modes of failure are brittle and others are ductile. This latter is the preferred 

mode of failure in the case of masonry shear walls.  In this section there will be a brief 

discussion about each mode of failure and the factors leading to its occurrence. 

2.2.1  Shear sliding along bed joints failure mode 

This type of failure happens when low axial loads are applied to the wall and the 

mortar has a low quality. Consequently lateral loads applied to the wall can overcome the 

weak bond between the mortar and the masonry courses leading to the sliding of the 

walls along the bed joints. In earthquakes, this type of failure can occur in unreinforced 

masonry walls at the highest parts of masonry buildings due to the low axial stresses and 

high response acceleration (Tomaževič 2009). Figure 2.1 shows this type of failure, 
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where the wall slides along the bed joint when the shear force exceeds the bond strength 

between the masonry units and the mortar. 

 

 

Figure 2.1 Sliding mode of failure (Personal photo). 
 

2.2.2 Diagonal shear failure mode 

This type of failure occurs when there are high lateral loads with relatively high 

axial stresses. The diagonal shear cracks can have one of  two forms depending on the 

quality of masonry units and the mortar and on the magnitude of axial stress. The 

cracking pattern can appear either as step cracking where the crack propagates through 

the mortar head and bed joints only, or as diagonal cracks passing through the masonry 

units and the mortar joints. In this latter case the angle of cracking depends on the 
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magnitude of the applied axial stresses (Oan and Shrive 2011). Figure 2.2 shows the two 

types of cracking. 

 

                         

    (a) Step cracking                                          (b) Diagonal cracking 

Figure 2.2 Diagonal shear mode of failure. 
  

2.2.3 Flexural failure mode 

Flexural failure can take place in high aspect ratio walls where there are low axial 

stresses and insufficient or no vertical reinforcement. This mode of failure takes the form 

of horizontal cracking on the tension side of the wall or can cause flexural tensile bond 

failure when the tensile stresses exceeds the bond strength as can be seen in Figure 2.3a. 

The flexural failure of the masonry walls is accompanied by localized crushing of the 

masonry units at the toe of the compression side of the wall as shown in Figure 2.3 b. 
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(a)Flexural cracks on tension side 

                     

(b) Crushing at the toe at compression side 

Figure 2.3 Flexural mode of failure 
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2.2.4 Compression failure mode 

The compression failure mode occurs rarely, just when the applied compressive 

stresses exceed the compressive strength of the masonry. The mode is characterized by 

the formation of longitudinal (vertical) cracks parallel to the compression strut. 

2.3 Factors affecting modes of failure 

 Drysdale and Hamid (2005) stated that the main factors affecting the mode of 

failure of masonry shear walls are: the applied loads, the wall geometry, the material 

properties and the reinforcement. In addition to these factors, there are some other factors 

reported in the literature that can affect the mode of failure. 

Gouda et al. (1992) tested fourteen 1/3 scale partially grouted walls under in-

plane loading and also observed two different modes of failure and a combined one; the 

shear mode of failure where the failure was characterized by diagonal cracking due to 

diagonal tension; a flexural mode of failure characterized by the yielding of the vertical 

reinforcement and crushing of the toe and the last mode of failure was a mixed 

flexural/shear failure which had a combination of diagonal cracking and yielding of 

vertical reinforcement with complete crushing at the toe. Their experiments showed the 

percentage and distribution of vertical and horizontal reinforcement had a significant 

effect on the failure mode. 

Mann and Müller (1982) created a failure envelope that relates the shear stresses 

() to the axial stresses (), where they divided the envelope into three different zones: 

the first zone is friction failure which is characterized by having low axial stresses and 

higher shear stresses. This type of failure is presented by the sliding of walls along bed 

joints or by the step cracking in bed and head joints. The second zone is the cracking of 
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the units, which is characterized by having higher axial stresses and shear stresses: this 

case is shown as diagonal cracking of the walls passing through the units itself. Finally 

the third zone is the compression failure zone in which the walls in this category are 

subjected to very high axial stresses that exceed the compressive strength of the masonry 

units. Figures 2.4 -2.7 show Mann and Muller's failure envelope and the modes of failure 

for each zone. 

 
Figure 2.4 Failure envelope obtained by Mann and Müller 1982 
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Figure 2.5 Friction failure mode (Mann and Müller 1982) 
 

 

Figure 2.6 Unit failure mode (Mann and Müller 1982) 
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Figure 2.7 Compression failure mode (Mann and Müller 1982) 
 

Mann and Müller also argued that the first zone (Friction failure) does not exist if 

there is a good quality mortar and unit with low strength, Figure 2.8 shows the envelope 

in this case. 
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Figure 2.8 Failure envelopes without friction failure (Mann and Müller 1982). 
 

2.4 Factors Affecting Shear Strength 

2.4.1 Axial Stress 

Another parameter which has been studied by many researchers [Shing et al. 

(1989), Voon and Ingham (2002), Haach et al. (2007), Da Porto et al. (2009, 2011), 

Vasconcelos and Lourenco (2009)] is the magnitude of the applied axial loads. Axial 

stress can affect the magnitude of shear strength as it increases the frictional forces along 

the planes of failure. Also by changing the level of axial stress, the mode of failure can 

change from one form to another.  

Takashi et al. (1986) tested four walls and found that increasing the axial stress 

from 0.5 MPa to 2 MPa increased the shear strength by 25%. Their results also showed a 

change in failure mode with increasing level of axial stress. At low axial stress (i.e. 0.5 

MPa) the mode of failure was flexural and by increasing the axial stress to 2 MPa and 

more (4 MPa and 6 MPa) a pure shear failure mode was obtained. 
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Voon and Ingham (2002) tested eight concrete masonry walls with different levels 

of axial stress (i.e. 0, 0.25 and 0.5 MPa). Their results showed an increase in the shear 

strength of 11% and 22% when the axial stress was increased from 0 MPa to 0.25 MPa 

and 0.5 MPa respectively. They also reported a delay in the initiation of cracking 

accompanied by the increase in axial stress. 

 

2.4.2 Aspect Ratio 

The ratio between the height and the length of the wall plays a major role in 

determining its shear resistance, since by increasing the aspect ratio of a wall its shear 

resistance decreases [Masami et al. (1986), ElGawady et al (2005), Voon and Ingham 

(2006),  Timothy (2010)]. 

Mann and Müller (1982) argued that increasing the aspect ratio increases the 

maximum shear stress, where in the case of squat walls the maximum shear stress is   = 

H/A (MPa), and in walls with aspect ratio more than unity the shear stress is   = 1.5 H/A 

(MPa), where H is the applied lateral load (kN) and A is the cross sectional area of the 

wall (mm2). Figure 2.9 shows the relation between the aspect ratio and the shear stress 

distribution on the cross sectional area presented by Mann and Müller .  

The shear resistance of masonry walls decreases when the aspect ratio increases 

as the mode of failure gradually changes from shear failure to flexural failure with 

increasing the aspect ratio. 
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Figure 2.9 Effect of aspect ratio on the maximum shear stresses  
(Mann and Müller 1982). 

 

Matsumura (1987) tested 57 concrete walls and 23 brick walls with aspect ratios 

varying from 1 to 3.4. His results showed a reduction in shear strength with increasing 

aspect ratio. Similarly, Brunner and Shing (1996) tested three walls with aspect ratios of 

0.59, 0.72, and 0.93. The walls with lower aspect ratio had higher stiffness and smaller 

total displacements than the ones with higher aspect ratios. The shear resistance increased 

by 20% and 60% when the aspect ratio was decreased from 0.93 to 0.72 and 0.59 

respectively. Also, Maleki et al. (2009) tested five partially grouted reinforced walls with 

three different aspect ratios (0.5, 1, and 1.5) under cyclic loading. Their results showed a 

significant (10%-31%) reduction in the shear capacity and stiffness with increasing the 

overall aspect ratio.  
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Schultz et al. (1998) tested masonry walls with three aspect ratios (0.5, 0.7 and 1) 

and observed that the walls with higher aspect ratios had more rapid post peak decrease 

in load resistance. Also, they observed that the aspect ratio affected the cracking pattern 

of the walls where the walls with lower aspect ratio (0.5) were dominated by vertical 

cracking with some inclined cracks and when the aspect ratio was 0.7 there were more 

significant inclined cracks than vertical ones and finally for the walls with an aspect ratio 

of one, the inclined cracks were dominant at an angle of 45o (less steep than that of 0.7 

aspect ratio). Schultz et al. also observed that increasing the aspect ratio decreased the 

ability of the walls to dissipate energy. 

 

2.4.3 Reinforcement 

Reinforcement has been used in masonry to improve its ductility and behaviour 

under seismic loads because unreinforced masonry behaves poorly due to its brittle 

behaviour. It has been observed that using steel reinforcement in masonry increases the 

ductility of the walls, increases the energy dissipation and leads to the redistribution of 

lateral loads (Tomaževič 1991, Schultz et al. 1998, Haider and Dhanasekar 2004, Voon 

and Ingham 2002, 2006).  

Ghanem et al. (1992) tested fourteen partially grouted reinforced masonry walls 

under monotonic and cyclic loading and observed that the diagonal cracking load was 

almost the same in all the walls regardless of the amount and distribution of the 

reinforcement in the wall. They concluded that the cracking load is only dependant on the 

tensile strength of the masonry unit and on the applied axial loads. 
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2.4.3.1 Horizontal Reinforcement 

The effect of shear reinforcement has been studied both in conjunction with 

vertical steel [Scrivener (1969), Khattab and Drysdale (1993), Tomaževič et al. (1996), 

Shedid et al. (2009)] and on its own [Foltz and Yancey (1993), Schultz et al. (1998, 

2000), Jasinski (2010), Baenziger and Porter (2011)]. In both cases the post cracking 

performance of masonry walls was improved, but there is a debate on whether the joint 

reinforcement affects the lateral load resistance of the walls or not.  

Schultz et al. (1998) tested six partially grouted masonry shear walls under cyclic 

loading. The walls had bed joint reinforcement with two different ratios - 0.056% and 

0.11%. They observed that the increase in joint reinforcement did not affect the lateral 

resistance of the walls, but that the bed joint reinforcement was able to bridge the cracks 

and allowed the masonry to carry more load after cracking. Their results showed that 

increasing the percentage of reinforcement did not increase the ultimate load but did 

increase the maximum displacement at the top of the wall.  

Gouveia and Lourenco (2007) tested sixteen walls under biaxial loading. The 

walls were divided into three categories; unreinforced walls, reinforced walls and 

confined walls where the walls were framed by lightly reinforced concrete elements. 

Gouveia and Lourenco found that adding the bed joint reinforcement to unreinforced 

masonry walls increased the shear resistance slightly (5-10%), but increased the 

maximum displacement significantly (20 - 100%). However, for the confined masonry, 

the use of bed joint reinforcement increased the shear resistance by 20% and increased 

the maximum displacement by 30% to 80%. 
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A clear benefit of using shear reinforcement is the enhancement of the post-

cracking performance of masonry shear walls. Voon and Ingham (2006) reported an 

increase of deformability of the walls when using bed joint reinforcement. They also 

noticed that the distribution of shear reinforcement along the height of the wall can affect 

its behaviour. Using the same total area of steel, a larger number of smaller diameter bars 

distributed over the height of the wall resulted in a more gradual degradation of strength 

because the closely spaced bed joint reinforcement enabled the stress to be distributed 

throughout the wall diagonals after cracking. Consequently the cracks did not widen 

under increasing lateral loads but new sets of cracks were formed instead. 

Jasinski (2010) tested a series of fifty one brick masonry walls under monotonic 

loading: his walls had aspect ratio of 0.9. He used two different types of horizontal 

reinforcement in his walls; steel bars with 6 mm diameter and truss type reinforcement 

with 5 mm diameter.  The walls had two different reinforcement ratios (0.05% and 0.1%) 

with each type of reinforcement and the applied stress varied from 0-1.5 MPa. The 

horizontal reinforcement was anchored mechanically in the bed joints by means of flat 

steel pieces welded to the horizontal reinforcement at each end. Jasinski created a system 

for measuring the shear angle Ɵi to compare the shear deformation represented by the 

shear angle as shown in Figure 2.10. He used the shear angle to calculated the shear 

modulus G 

 G = ti/Ɵi                                                                                                                                                         Eq. 2.1 
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Where; G is the shear modulus, ti is the shear strength and is equal to V/lt, V 

applied lateral load, l length of the wall and t thickness of wall. Ɵi is the shear angle 

corresponding to ti. 

 

Figure 2.10 Frame measuring system used by Jasinski 2010. 
 

He showed that the walls with horizontal reinforcement had lower shear angles than the 

unreinforced walls, as he showed a reduction of 40% and 50 % in the shear angle in the 
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cases of using truss reinforcement and bars respectively at zero axial stress. The shear 

angle reduced by only 20% when an axial stress of 1.5 MPa was applied. Also, he 

showed that the shear modulus increased by 100% and 160% when using the bars and 

truss reinforcement respectively at zero axial stress. He concluded that shear 

reinforcement increases the shear resistance of the walls and that the effect of shear 

reinforcement decreases gradually with increasing the applied axial load. 

Nolph and ElGawady (2012) tested the shear behaviour of five full scale partially 

grouted masonry shear walls with different reinforcement ratios varying from 0.085% to 

0.169% and concluded that the shear capacity of masonry walls is increased by using the 

horizontal reinforcement. However, the increase in shear resistance of the walls of similar 

configuration was less than 3% which cannot be considered as a significant effect.  They 

also observed that there is a critical reinforcement ratio (0.1% according to their results) 

beyond which any further increase in the horizontal reinforcement ratio does not affect 

the shear capacity of the walls.  

The advantages of using joint reinforcement are not limited to the in-plane 

performance but extend to the out-of-plane behaviour as well: for example, Van Biervliet 

and Smith (1982) tested four full scale walls in out-of-plane flexure; the walls had 

different ratios of joint reinforcement. The results showed that the joint reinforcement 

delayed the initiation of the cracks to higher loads, increased the out-of-plane ductility 

significantly and increased the ultimate load of the reinforced walls by three to nine times 

the ultimate load of the unreinforced walls. 
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2.4.3.2 Vertical Reinforcement 

Vertical reinforcement can be used to improve the behaviour of masonry shear 

walls as well as horizontal reinforcement and to give the walls better ductility. The main 

purpose of vertical reinforcement is to increase the flexural capacity of masonry walls. 

Tomaževič (1999) showed by experimental results that vertical steel reinforcement does 

not increase the in-plane diagonal shear resistance of the walls. These observations were 

confirmed by Haach et al. (2011) who carried out numerical studies that showed similar 

results. 

Zhuge and Mills (2000) investigated the effect of adding vertical reinforcement to 

masonry walls and found that adding vertical reinforcement converted the failure mode 

from a brittle failure mode to a ductile one: they also reported an increase in the ultimate 

strength of the walls. The authors also pointed out that the spacing of vertical 

reinforcement had a minor effect on the behaviour as walls both widely spaced 

reinforcement and closely spaced reinforcement had better ductility and higher strength 

than the unreinforced walls.  

Haider and Dhanasekar (2004) tested widely spaced vertically reinforced walls 

and end core reinforced walls. They found that with either form of reinforcement, the 

walls showed an increase in the ductility and less stiffness degradation in accordance 

with the results obtained by Zhuge and Mills. 

2.4.3.3 Grid Reinforcement 

The use of shear (horizontal) reinforcement in conjunction with vertical 

reinforcement has been reported frequently [e.g.: Feng and Xia (1986), Voon and Ingham 
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(2006), Maleki et al. (2009)]. This layout of reinforcement is called grid reinforcement 

and has proven to improve behaviour by increasing the ductility of the walls. 

Scrivener (1969) tested a series of walls with different reinforcement patterns and 

found that walls with evenly distributed reinforcement had better behaviour than ones 

with reinforcement concentrated at the periphery: he also reported that with an increased 

percentage of reinforcement, the load causing severe cracking and failure increased. Also, 

Shing et al. (1989) showed that when using large amounts of vertical and horizontal 

reinforcement the energy dissipation capability of the walls increases. 

2.5 Method of testing 

The method of testing masonry walls has a great influence on the results obtained. 

Cyclic lateral loading (dynamic) is used in testing to represent the loads induced in a 

seismic event and is commonly used in testing. On the other hand, monotonic (static) 

loading is sometimes used in testing and gives higher resistance results when compared 

to that of the cyclic loading. The reduction of values obtained in the case of applying 

cyclic loading can be attributed to the fatigue that occurs due to the reversible loading 

between tension and compression applied to the walls.  

 

2.5.1 Monotonic Loading 

Monotonic loading is used for testing masonry shear walls where a compressive 

load is applied in-plane to the wall in one direction until the wall fails. The load is applied 

in one direction gradually until the wall cracks and fails; the load is applied by means of 

horizontal actuator. The load can be applied in several ways: it can be applied to the 

upper courses of the wall (Minaie et al. 2010 and the set-up used in this study), or to a 
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concrete beam  cast over the wall (e.g. Shing et al.1990, Haach et al. 2010),  or to a steel 

beam placed over the masonry walls and bonded to the walls by special materials (e.g. 

Dickie and Lissel 2011). 

Figure (2.11) shows the crack pattern that occurs when applying static 

(monotonic) loading. The cracks are uni-directional, where the cracks start at the middle 

of the wall and with increasing lateral load extend along the diagonal compression strut 

joining the point of application of the load and the opposite lower corner of the wall.  

 

            Figure 2.11 Cracking Pattern for a monotonic test. 
 

2.5.2 Cyclic loading 

For cyclic loading the walls are subjected to repeated cycles of compression and 

tension applied laterally in-plane at the top of the specimen until failure occurs. The 

cracks resulting from this method of testing develop along the two diagonals of the walls 
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forming an X-shape pattern. Figure 2.12 shows the typical cracking pattern for this sort of 

testing. 

    

 

Figure 2.12 Cracking Pattern for a Cyclic test (Tomaževič 2009) 
 

McCarthy (1983) tested the shear strength of the collar joints of composite walls. 

He used both monotonic and cyclic loading during his testing, and found out that 

monotonic loading resulted in an increase of 85%  of the ultimate load when compared to 

walls tested under cyclic loading. 

Tomaževič et al. (1996) tested 32 reinforced masonry walls in monotonic and 

cyclic loading and observed that the monotonic loading resulted in higher load resistance 

and greater maximum displacements, but that imposing the same displacement pattern 
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dynamically resulted in more rigid initial behaviour of the wall than static loading. 

Moreover, they tested the walls under three different loading schemes for the cyclic 

loading which were: cyclic lateral displacements with amplitudes increasing stepwise in 

predefined blocks and repeated three times at each amplitude peak, cyclic lateral 

displacements with uniformly increasing displacement amplitudes and simulated 

displacement response of an earthquake. They noted that there was a significant 

difference between the results obtained from the three different dynamic schemes. 

2.5.3 Other methods of testing 

In addition to the previous two methods in testing the shear walls, there is another 

method which has been used by many researchers (Kelch 1931, Nichols 2000, Arturo et 

al. 2009, Ismail et al. 2011) to obtain the shear resistance of the walls (see Figure 2.13). 

In this testing method, the wall is placed at an inclined angle so that the shear load is 

applied vertically at an angle with the bed joints and parallel to the diagonal of the tested 

wall. 

 

Figure 2.13 Test set-up for pure shear testing (Kelch 1931) 
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In this set up, the loading is applied by means of compressive force only, and because the 

bed joints are at angle with the loading direction the walls are subjected to a combination 

of normal compression and shear along the bed joints. However, along the diagonal from 

loaded corner to loaded corner, there is compression and lateral tension, as this is a 

splitting test, like the Brazilian splitting test used on concrete cylinders. This causes the 

apparent shear cracking as can be seen in Figure 2.13. 

 Another method for testing masonry walls was used by Ganz and Thurlimann 

(1985) who created the special test set up shown in Figure 2.14 to apply bi-axial loading 

at an angle on the masonry walls to verify the failure criteria. Their walls had an aspect 

ratio of one so the applied force is at an angle 45o with the blocks and the bed joints. Four 

steel beams surrounded the wall to spread the applied load over the four sides of the 

walls.  

 

Figure 2.14 Test set-up used by Ganz and Thurlimann 1985. 
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Hamid and Drysdale (1980) performed similar tests to Ganz and Thurlimann but on 

small specimens, where they tested thirty three concrete block prisms with different 

orientations of the bed joints to the applied axial load - the specimens were subjected 

only to axial compression. The specimens were cut at an angle from previously built 

walls. The results were used to study the effect of grouting and the influence of head 

joints. 

2.6 Codes of Practice 

Different codes have different formulae for evaluating the shear resistance of 

masonry walls. Most of the codes assume that the shear strength of a masonry wall is a 

result of the contribution of the masonry, the applied axial load and the horizontal 

reinforcement. For the contribution of masonry itself, it is more complicated because the 

masonry is an anisotropic material and its shear resistance depends on the bi-axial 

behaviour of the masonry. In this section there will be a detailed presentation and 

discussion for different codes of practice and design shear models.  

 

2.6.1 CSA (2004) 

The Canadian Code (CSA S304.1-04), similar to most codes, bases its diagonal shear 

resistance of masonry wall on the contribution of masonry itself Vm, a contribution of 

axial load Vp ( represented by Pd in the equation) and a contribution of the horizontal 

reinforcement Vs.  

Vr = m (vm bw dv + 0.25 Pd) g + (0.6 s Av fy dv / s)                  Eq. 2.2 

But not greater than 
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Vr = 0.4m mf '  bw  dv g                                                                   Eq.2.3                   

   

where; m is the resistance factor of masonry, bw is the width of the wall, dv is the 

effective depth of the wall, Pd is 90%  of the dead load, g is a factor to account for the 

type of grouting (ungrouted, partially grouted or fully grouted) and is equal to unity for 

fully grouted walls. g is the ratio of the effective area to the gross area of the wall 

(should be less than 0.5) for the other cases, s is the resistance factor for the 

reinforcement, Av is the cross sectional area of the horizontal reinforcement, fy is the 

yield strength of the reinforcement, and s is the spacing between the horizontal 

reinforcement. 

The shear strength of the masonry vm can be calculated from the following equation 

vm = 0.16 (2- Mf /Vf dv) mf '                                                                   Eq.2.4 

Where the ratio (Mf / Vf dv) should be not less than 0.25 and not more than 1, and in the 

case of squat walls (aspect ratio less than 1), the maximum shear resistance of walls 

should be calculated as follows: 

Vr  = 0.4m mf '  bw  dv g [ 2-(hw/lw)]                                            Eq.2.5 

Where hw is the height of the walls and lw is the length of the wall. 

In the case of ungrouted or partially grouted masonry walls, the shear equation provided 

by the Canadian code reduces the contribution of the axial load significantly, where the 

term in the equation representing the contribution of axial load is multiplied by factor g 
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which is limited to a maximum value of 0.5. This further reduction in the effect of axial 

load makes the estimated values for shear resistance of partially grouted walls more 

conservative. 

 

2.6.2 MSJC (2011) 

According to the MSJC, the diagonal shear strength of reinforced masonry walls 

is the summation of the shear resistance of masonry and that of the shear reinforcement 

similar to the Canadian Code but with some differences in the calculation of each term 

Vn = Vm + Vs                                                                                                Eq.2.6 

where the resistance of masonry can be calculated from the equation: 

Vm = (4 - 1.75
dvV

M
f

f ) An mf '  +0.25 P                                               Eq.2.7                    

where, for the section under consideration, M is the maximum moment, V is the 

maximum shear, dv is the actual depth of the section of masonry wall, An is the net cross 

sectional area of the wall, f'm is the compressive strength of the masonry and P is the 

applied axial load. The ratio 
dvV

M
f

f (effective moment to shear ratio) should not be taken 

more than one. 

The resistance of the shear reinforcement can be calculated from : 

 Vs = 0.5 Ash fyh dv / s                                                                              Eq.2.8 

Where Ash is the cross-sectional area of the shear reinforcement, s is the spacing between 

shear reinforcement and fyh is the yield strength of the steel.  
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After adding the resistance of masonry to that of the shear reinforcement, according to 

the MSJC,  the total shear resistance of the masonry Vn should not exceed the following 

limits 

 For 25.0
vdV

M
f

f     Vn   6 An mf '                                                            Eq.2.9 

For 1
vdV

M
f

f          Vn   4 An mf '                                                            Eq.2.10 

For (M / Vdv) between 0.25 and 1, linear interpolation can be used for calculations. 

 

2.6.3 Euro code 6 (EN1996-1-1:2005) 

The Euro code 2006 assume the diagonal shear resistance of masonry walls VRd  is the 

summation of two terms; VRd1 representing the contribution of the masonry and VRd2, the 

contribution of the horizontal reinforcement  

VRd = VRd1 + VRd2                                                                                Eq.2.11 

The resistance of the masonry can be calculated from the following equation 

 VRd1  = fvd t l = 
M 
vkf tl                                                                                          Eq. 2.12 

Where; fvd is the design shear strength of masonry, fvk is the characteristic shear strength 

of masonry, t is the thickness of the wall, l is the length of wall and M is the material 

factor  for masonry. The shear strength of masonry used in the previous equation is 

calculated by adding the shear strength of masonry and a contribution due to the applied 

compressive stress and can be calculated from the following equation: 
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fvk = fvko + 0.4 d                                                                                           Eq.2.13 

Where fvko is the initial shear strength at zero axial stress and d is the compressive stress 

applied to the wall. 

The resistance of the horizontal shear reinforcement can be calculated from the following 

equation: 

VRd2 = 0.9 Asw fyd = 0.9 Asw   
s 

ykf                                                                              Eq.2.14 

Where Asw is the gross area of the horizontal reinforcement, fyd is the design strength of the 

reinforcement, fyk is the characteristic strength of the used reinforcement and s is the 

material factor for reinforcement. 

The Euro code equations do not distinguish between the partially grouted masonry walls 

and the fully grouted ones, which represents a point of weakness in the equation. For 

example, Matsumura (1987) tested fifty seven concrete masonry walls and twenty three 

brick walls where 2/3 of the walls were partially grouted and the rest were fully grouted. 

Matsumura showed that the resistance of partially grouted walls varied from 64%-80% of 

the resistance of the fully grouted ones. The Euro-code probably does not make a 

distinction because hollow concrete block work is not common in Europe, if used at all. 

 

2.6.4  NZS (4230:2004) 

For the New Zealand code, the equation for calculating the shear resistance is: 

Vn = vn bw d                                                                                                       Eq.2.15      

Where vn accounts for the shear resistance of masonry (vm), the effect of the axial load 
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(vp) and the shear reinforcement (vs), bw is the effective width of the wall and d is the 

effective length of the wall and is taken as 0.8lw .  

vn = vm + vp + vs                                                                               Eq.2.16 

Where; 

vn  = (C1 + C2 ) vbm                                                                                      Eq.2.17 

C1 accounts for the dowel action of the vertical  reinforcement, C2 accounts for the low 

shear span ratio of the wall (both constants can be obtained from tables provided by the 

code) and vbm   is the basic masonry shear strength determined from tables. 

                                                                                      Eq.2.18 

Where N* is the axial load which should not exceed 0.1f'm Ag, and  is the angle 

between the diagonal strut of the wall and the vertical axis of wall ( See Figure 2.15). 

                                                                                                  Eq.2.19 

C3 is a factor which accounts for the effect of anchorage of the shear reinforcement and is 

assumed to be 0.8. Av is the area of the shear reinforcement, fy is the yield strength of the 

reinforcement and s is the spacing between the shear reinforcement. 

The design equation is based on the type of observation that will be applied to the 

masonry during construction. The standard divides the observation into three categories; 

category A requires inspection of the masonry during construction to ensure that the 

design is being interpreted correctly and requires supervision of the construction at all 

critical stages to ensure the standards of workmanship and the materials are of high 
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quality and consistent. Category B is the same as category A but does not require 

supervision at the critical stages and finally Category C allows the masonry to be 

constructed without observation. 

One advantage of the New Zealand standard is that it accounts for the effect of the dowel 

action of the vertical reinforcement which is not taken into consideration by most other 

codes. On the other hand, the New Zealand code limits the value of Vn to be less than 

0.45 mf ' , which makes the equation underestimate the value of shear resistance of 

walls subjected to high axial stresses. 

2.7 Shear Models 

In addition to the different code equations, there have been other models developed by 

researchers in order to predict the shear strength of masonry walls, and some of them 

were used as the basis of the code equations. 

2.7.1 Matsumura (1987) 

Matsumura used his experimental data in conjunction with other Japanese data to develop 

an equation for estimating the shear resistance of masonry walls. By analyzing the data, 

Matsumura found out that the shear strength of the masonry walls is directly proportional 

to the square root of f'm and he noticed that the shear resistance increases with increasing 

axial load and increasing shear reinforcement but decreases with increasing aspect ratio.  

Based on his observations, Matsumura created the following equation 

  

                                                                                                                               Eq. 2.20                                                        
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Where ku=1.0 for fully grouted masonry, ku=0.64 for partially grouted masonry; 

kp=1.16ρv
0.3, and γ is a factor to account for the method of grouting (γ =1.0 for fully 

grouted masonry and γ =0.6 for partially grouted masonry). δ is a factor to account for the 

loading method (boundary conditions) where δ =1.0 for loading resulting in an inflection 

point at the mid-height of the wall, and δ=0.6 for loading with cantilever boundary 

conditions. d = L-d’ which is the distance from compression end of the wall to the 

extreme tension bar. 

The equation of Matsumura accounts for the aspect ratio in the masonry resistance term, 

and the calculations are based on the gross cross-sectional area of the walls. It should be 

noted that f'm according to Matsumura's equation differs for partially grouted and fully 

grouted walls. For the partially grouted walls, he used f'm based on the gross sectional 

area  (not on the net cross sectional area) which gives lower values than the actual f'm. 

 

2.7.2 Shing et al. (1990) 

             Shing et al. (1990) conducted an experimental and analytical investigation on the 

inelastic behaviour of masonry walls; the experimental program included testing twenty 

two masonry walls of which sixteen were concrete masonry walls and the other six were 

clay masonry. The walls had dimensions of 1800 mm high by 1800 mm wide and were 

subjected to bi-axial loading. The amount of reinforcement (vertical and horizontal) and 

the axial load were the variables in the experimental program. Based on the experimental 

results, they developed the following equation for predicting the diagonal shear strength 

of masonry walls: 
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                                                                                                                                 Eq. 2.21    

Where v is the vertical reinforcement ratio, fyv is the yield strength of the vertical 

reinforcement, An is the cross sectional area of the wall, n is the axial stress which is 

equal to P/(Lt) where; P is applied axial load, L is the length of the wall, t is the wall 

thickness, f'm is the masonry compressive strength, Ah is the area of horizontal 

reinforcement that is spaced at a distance s, fyh is the yield strength of the horizontal 

reinforcement and d' is the distance from the extreme vertical reinforcement to the end of 

the wall (cover).  

 

2.7.3 Anderson and Priestley (1992) 

            Anderson and Priestley developed an equation for estimating the shear resistance 

of masonry walls, they built their model based on the data obtained from three major 

sources, namely; Experimental tests carried out at the University of California in the late 

1970’s and 80’s, experiments carried out by Shing in the late 1980’s at the University of 

Colorado and lastly, Japanese data obtained from the Building Research Institute and 

some Japanese universities.  

At the beginning Anderson and Priestley assumed that the shear resistance depends on 

four parameters; masonry strength, axial load, vertical reinforcement in the middle third 

of the wall and the horizontal reinforcement, resulting in the following formula: 

Vu =Vm+Vv+Vp+Vs                                                                                                                                                   Eq. 2.22              
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Vm is the masonry resistance and equals k1k2bwt mf ' , Vv is the resistance of the steel 

reinforcement in the middle third and equals b2.Av fyv, Vp is the contribution of axial load 

and is equal to b3.P and Vs is the resistance of horizontal reinforcement and equals 

b4Ahfyhw/s. b1, b2, b3 and b4 are constants, k1 is a coefficient to account for the aspect ratio 

and k2 is a coefficient to account for the ductility. w is the width of the wall, t is the 

thickness, Av is the area of the vertical reinforcement in the middle third, P is the axial 

load, fyv and fyh are the yield stresses of the vertical and horizontal reinforcement 

respectively and s is the spacing between the horizontal steel. 

After fitting the data, they found that the vertical reinforcement in the middle third does 

not affect the shear resistance. Therefore they eliminated this term from the equation. 

After substituting the values of the constants and the coefficients, in case of masonry the 

equation became: 

              V = K1K2 b1 mf '  wt + 0.25P +0.5 Ah fyh d/s.                                               Eq. 2.23    

 

            The equation proposed by Anderson and Priestley was based on aspect ratios 

greater than one: they showed that their equation underestimated the shear resistance of 

walls (2 walls) with an aspect ratio of 0.9. The experimental shear resistances were 

V=1014 kN and 1187 kN, while the proposed equation estimated the shear resistance to 

be V = 677kN and 659 kN respectively. This is a disadvantage of the equation in that it 

does not account for the aspect ratio of the wall which plays a vital role in determining 

the shear resistance of the wall. 
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2.7.4 NEHRP (2000)) 

          The National Earthquake Hazards Reduction Program (NEHRP) reported an 

equation for calculating the shear resistance similar to that of Anderson and Priestley but 

with some modifications as the term representing the contribution of masonry was 

modified to account for the aspect ratio of the wall by including the term M/VL, however 

its value is limited to unity as a maximum value. 

Vn = 0.083 [ 4-1.75 (
Vd
M ) ] An mf '  + 0.25 P + 0.5(

s
Av ) fy dv                Eq. 2.24 

And Vn is limited to 

                                    Eq. 2.25    

Where; Vn is the shear resistance of the wall, M is applied moment, V is the lateral force, 

dv  length of the wall in direction of shear force, An cross sectional area of the wall, f’m is 

the characteristic strength of masonry, ϭn is the applied axial stress, Av is the area of the 

horizontal reinforcement, fy is the yield stress of the horizontal reinforcement and s is the 

vertical spacing between the horizontal reinforcement. 

If the value of M/VL is between 0.25 and 1.0, values of Vn (max) can be obtained by linear 

interpolation assuming a linear relationship. 

 

2.7.5 Voon and Ingham (2007) 

As with most design formulae, Voon and Ingham assumed the resistance of 

masonry walls depends on three main parameters; the masonry, the axial load and the 

shear reinforcement. Voon and Ingham made use of the equations provided by Shing et 
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al. (1990), NEHRP(1997), Anderson and Priestley (1992) and SANZ (1990) and 

developed a new equation that gave better results when examined against data provided 

in literature. 

 

Vn = Vm + Vp + Vs                                                                                                  Eq. 2.26  

 Where, the resistance of masonry Vm equals  

Vm = vm bw d                                                                                       Eq. 2.27 

vm = k (Ca + Cb ) mf '                                                                       Eq. 2.28 

where; 

 Ca = 0.022 ρv fyv                                                                                 Eq. 2.29 

 Cb =  0.083 [ 4 - 1.75 (M/VL)]                                                                    Eq. 2.30        

                125.0 
VL
M                                                                       Eq. 2.31        

k is a factor that assumes that negligible shear strength degradation occurs prior to a 

member ductility ratio of 1.25, followed by a linear decrease until Vm=0 at the ductility 

ratio of 4. 

Ca is a term to account for the contribution of dowel action of the vertical reinforcement 

to the shear resistance of the wall. This term was previously proposed by Shing et al. 

(1990). Also, Voon and Ingham adopted the calculation method introduced by NEHRP 

(1997) by adding the term Cb which was proposed by their equation. Also, they replaced 

the term An in NEHRP1997 by bw d. to account for the effective area only, instead of the 

total area. bw is the effective width of the wall and d is the distance from the extreme 
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compression fibre to the centroid of the longitudinal tension reinforcement and should not 

be less than 0.8lw. 

For the contribution of the axial load Vp, Voon and Ingham modified the equation 

provided by Priestley et al. (1994) and used it to calculate the shear resistance resulting 

from the applied axial load.  

Vp = 0.9N* tanα                                                                         Eq. 2.32          

Where 0.9 is used to provide a degree of conservatism to the equation, N is the applied 

axial load and α is the angle formed between the wall axis and the line joining the centre 

of flexural compression zones at the top and bottom of the wall in case of double 

bending, but in case of cantilever walls (single bending), α is the angle  between the wall 

axis and the line joining the point of application of the load to the centre of the flexural 

compression zone at the bottom of the wall. Figure 2.15 shows the contribution of axial 

force to masonry shear strength proposed by Voon and Ingham. 

For the contribution of the shear reinforcement Vs, Voon and Ingham defined a dead zone 

at each end of the wall where the reinforcement would not be able to develop greater than 

0.5 fy due to reduced efficiency of shear reinforcement resulting from the anchorage 

methods. The proposed equation for the shear reinforcement contribution is  

Vs = Ah.fyh Deff/sh                                                                                                                               Eq. 2.33        

Where; Deff  = L-2d'-ldh and ldh should be taken as 20 and 30 times the diameter of the 

reinforcement for reinforcement with fy of 300 MPa and 500 MPa respectively. 
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(a) Single Bending                                           (b) Double Bending 

Figure 2.15 Contribution of axial force to shear strength (Voon and Ingham 2007). 
 

By adding the three terms of Voon and Ingham’s equation 

Vn = 0.8 k ( Ca + Cb ) An mf '  + 0.9N* tanα + Ahfyh Deff/sh              Eq. 2.34         

Where ,  

Vn      0.33 An mf '                                                                       Eq. 2.35                                                   

They set the limitation for the maximum of shear resistance to be 0.33An mf '  to 

prevent the shear equation being less conservative than the NEHRP shear expression. 

  Most of the shear models and design equations used to predict the shear strength 

of masonry walls were developed based on data obtained from walls tested with a single 

or at most two replicates at most for each wall configuration of reinforcement and axial 
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stresses. The accuracy of these results is low because masonry is an anisotropic non-

homogeneous material, and the variation of the results can be significant within the same 

testing and same configuration: depending on only one or two tests for a certain wall 

configuration can give deceiving results. 

               In order to obtain more reliable data, the testing should include at least three 

replicates of each wall configuration to allow for the statistical analysis of the results. 

2.7 Summary 

 This chapter presented a brief discussion on the failure modes of masonry shear 

walls and stated the factors that cause each mode of failure, also the factors that affect the 

strength of walls were discussed. A review of previous experimental work was stated  

which showed an argument about the effect of horizontal reinforcement whether it affects 

or does not affect the overall shear resistance of walls.  

There is still uncertainty as to whether shear reinforcement affects or does not affect the 

shear resistance of walls. Even the experimental work in the literature which showed an 

increase in shear resistance due to using the shear reinforcement, most often showed an 

insignificant increase of the shear resistance (in the range of 3% - 10%). Also, the 

reliability of the data is another issue  because most of the data in the literature were 

based on testing one wall of each configuration of reinforcement for comparison between 

specimens; this can be a point of debate especially in the case of insignificant variation of 

results. Therefore an extensive experimental program was designed with three replicates 

of each test specimen to have more reliable data and to allow for the statistical analysis of 

the data. 
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CHAPTER THREE : METHODS 

3.1 Introduction 

In order to understand the shear failure mechanisms and the factors affecting these 

mechanisms, a comprehensive series of masonry shear tests was carried out on concrete 

masonry walls.  The effects of different parameters thought to influence the shear 

behaviour of concrete masonry walls were studied. ANOVA and the Kruskal - Wallis test 

were used to check the significance of the variation of the results to identify whether the 

differences were just random errors or if there is a significant difference in the results.    

3.2 Experimental Program 

The experimental program involved testing sixty six concrete masonry walls. 

Fifty one walls were partially grouted while fifteen were ungrouted. The experimental 

program was divided into two phases; the first phase was designed  to study variables that 

affect the shear resistance of the walls, such as the level of axial stress, type of 

reinforcement, percentage of reinforcement, and the effect of grouting.  The second phase 

was designed to study the effect of the method of construction. 

All walls tested were 1.6 m long (4 blocks) by 1.4 m high (7 courses).Tables 3.1 

and 3.2  show the different configurations of walls used in both phases. For the walls of 

phase one, all the wall configurations mentioned in Table 3.1 were repeated for axial 

stresses 2, 3 and 4 MPa with three replicates of each configuration. While all the walls of 

phase 2 were tested under axial stress 3MPa only. 

3.2.1Phase one 

Fifty four concrete masonry walls were tested under in-plane bi-axial monotonic 

loading in the first phase of the experimental work . Of the fifty four walls,  nine  were 
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ungrouted while the rest (forty five) walls were partially grouted. In partial grouting the 

cores numbered 1, 3, 6 and 8 from either end of the wall were fully grouted for the whole 

height of the walls. 

The parameters studied in this phase were: 

• The level of axial stress (2 MPa, 3 MPa, and 4 MPa), axial stresses were 

chosen relatively high to avoid the overturning of the walls under high lateral loads as the 

walls were not anchored with a steel rebars to a base beam. 

• The type of reinforcement (Unreinforced, Horizontal reinforcement, 

vertical reinforcement, and Grid reinforcement). 

• The amount of horizontal reinforcement (0.07% and 0.04%). 

• The effect of grouting. 

Table 3.1 Configuration of walls (Phase 1) 

Group Grouting Joint reinforcement 
Vertical 

reinforcement 
Symbol 

1 Partial - - Control 

2 Partial 
3.7 mm diameter ladder  

type (every course) 
- Ds 

3 Partial 
4.9 mm diameter ladder 

type (every course) 
- Db 

4 Partial - 
15 M bar in each 

grouted core 
V 

5 Partial 
4.9 mm diameter ladder type 

(every course) 

15 M bar in each 

grouted core 
G 

6 Ungrouted - - Ungrouted 
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Table 3.2 Configuration of walls (Phase 2) 

Group Grouting 
Method of laying 

joint reinforcement 
Joint reinforcement 

1 Ungrouted Dry 
3.7 mm diameter ladder type (every 

course) 

2 Ungrouted Embedded 
3.7 mm diameter ladder type (every 

course) 

3 Partial Dry 
3.7 mm diameter ladder type (every 

course) 

4 Partial Embedded 
3.7 mm diameter ladder type (every 

course) 

 

3.2.1.1 Material properties 

Standard Hollow concrete blocks were used in the experimental program with nominal 

dimensions 400 x 200 x 200 mm.  Five individual concrete masonry units were tested and 

the average compressive strength of the units was 18.4 MPa. Ten three-course-high 

prisms were tested to obtain the compressive strength of the masonry. Five prisms were 

fully grouted and the other five prisms were ungrouted. The results of the individual 

compression tests for the masonry prisms are presented in Table 3.3. The average 

compressive strength f’m, was calculated to be 12.4 MPa for the partially grouted walls 

(based proportionally on the strengths of the grouted and ungrouted prisms) and 16.2 

MPa for the ungrouted walls.  For each wall, six 50 mm mortar cubes were sampled at 

the time of building the wall. Three mortar cubes were tested at 7 days of age and the 

other three at 28 days. Type S mortar was used: the mortar was mixed by an experienced 

mason by adding four and half parts of sand to one part of Portland cement   and a half 
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part of hydrated lime (by volume). The average compressive strengths of the mortar 

cubes at 7 and 28 days for all the mixes of the walls of the first phase are listed in Table 

A-1 in Appendix A.  For each grouted wall, six grout cylinders were sampled during the 

casting of the grout, of which three were tested at an age of 7 days and three were tested 

28 days after casting. The results for the compressive strength of the grout cylinders are 

shown in Table A-1. The compressive strength for the mortar cubes was calculated to be 

6.7 1.3MPa on average for the fifty four walls and the average compressive strength of 

the grout was 23.4 1.8 MPa. 

Three samples of the face shells having aspect ratio 4.0 were used to calculate the 

Poisson's ratio for the concrete blocks. Figure 3.1 shows the test setup used to determine 

Poisson's ratio, which was calculated to be 0.24  0.014 on average. 
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Figure 3.1 Test set-up for Poisson's ratio measurement. 
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Table 3.3 Compressive strength of masonry prisms of phase one (MPa). 

   Grouted Ungrouted 

Prism 1 10.6 18.7 

Prism 2 10.4 18.9 

Prism 3 8.9 19.6 

Prism 4 10.2 16.7 

Prism5 9.0 17.2 

Average 9.82 18.22 

Standard Deviation 0.81 1.22 

C.O.V 8.2% 6.7% 

f'm 12.4 

  

Ladder type bed joint reinforcement with 3.7 mm and 4.9 mm diameter steel wires was 

used. The average yield stresses of the 3.7 mm and 4.9 mm joint reinforcement were 530 

 19.3MPa and 560 30 MPa respectively (five specimens were tested for each.) The 

results of tension tests for the bed joint reinforcement are shown in Table 3.4. 

For the 15M vertical bars, the average yield stress was found to be 480 MPa based on the 

results of three samples tested. Samples of materials were taken throughout testing. 
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3.2.1.2 Test set-up and instrumentation. 

To test a wall, the wall was placed in the test frame (Figure 3.2). Fibreboard (Tentest) 

was placed on top of the wall, followed by a double I-Beam placed on top of the 

fibreboard (without any connection to the wall) to spread the load from the centrally 

placed actuator over the whole length of the wall. The double I-beam was supported 

laterally by two rods bolted to the frame columns to prevent the beam from moving 

laterally under high loads (shown in Fig 3.2). A schematic of the test system is shown in 

Figure 3.3. In order to prevent the wall from sliding at the bottom due to the lateral load 

at the top, a 25 kN load was applied (in-plane) to the bottom of the wall with a hydraulic 

jack, with the load passing from the jack through a spherical seat to the wall. This load 

was applied at the bottom left of the wall as seen in Figure 3.4. The force from the jack 

and the bracket at the other end of the wall added confining lateral stresses to the lower 

course of the wall: these stresses were minor when compared to the stresses induced by 

the compression strut formed when applying high lateral loads.  To avoid the walls 

sliding or slipping out-of-plane, two struts and two plates were installed on each side of 

the wall perpendicular to the plane of the wall on the bottom course as can be seen in 

Figure 3.4. This technique was needed as the walls were not built on concrete bases with 

dowels for vertical reinforcement, as in many other test arrangements, where base beam 

has to be restrained from sliding. 

Five Linear Strain Convertors (LSCs) were installed at both ends of the walls to monitor 

the lateral displacement up the height of the wall in addition to two displacement 

transducers installed at the lower course to measure the base uplift (overturning due to 

high lateral loads).  For the walls with bed joint reinforcement, strain gauges were 
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attached to the bed joint reinforcement at different locations along the length of the 

reinforcement to provide readings roughly along the wall diagonal, as shown in Figure 

3.3. The objective was to identify exactly when the steel reinforcement starts to 

contribute to the shear resistance of the wall. The readings were expected to increase 

rapidly after diagonal cracking.  

 

Figure 3.2 Test set-up and instrumentation. 
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Figure 3.3 Test instrumentation. 

 

         

Figure 3.4 Mechanical Fixation at the bottom of the wall. 
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3.2.1.3 Testing Scheme. 

Axial (vertical) load was first applied by means of a MTS - servo-controlled hydraulic 

actuator of 1 MN maximum capacity and 250 mm maximum stroke. The vertical load 

was applied at a rate of 1 kN/s until the load for the required level of average axial stress 

was reached. Once the desired vertical load had been obtained, this actuator was held in  

force control to allow for the rotation of the wall at the top and to maintain the same level 

of average axial stress during the rest of the experiment. Horizontal load was then applied 

with a second actuator with 500 kN maximum capacity and 150 mm maximum stroke. 

Displacement control at a rate of 0.1 mm/s was used to apply the lateral load. The 

horizontal load was applied to the upper two courses of the wall. In this arrangement, the 

aspect ratio of the clear wall is 0.75 (1.2/1.6), the clear wall being that below the point of 

load application. The lateral displacement was increased until the wall cracked and the 

maximum lateral load had dropped by 10 % of the peak magnitude. The load, 

displacement and the strain in the bed joint reinforcement (for horizontally reinforced 

walls) were collected on a PC using the LABTECH data acquisition program. 
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Table 3.4  Yield strength of bed joint reinforcement (MPa). 

   
Joint reinforcement  

D= 3.7 mm 

Joint reinforcement  

D= 4.9 mm 

Specimen 1 511 546 

Specimen 2 558 589 

Specimen 3 539 567 

Specimen 4  490 540 

Specimen 5 558 562 

Standard Deviation 30.0 19.3 

C.O.V 5.4% 3.4% 

Average fy 530 560 

 

3.2.2 Phase Two 

In the second phase of the experimental work twelve concrete masonry walls were tested 

under bi-axial monotonic loading. Six walls were ungrouted while the other six were 

partially grouted as before with the cores numbered 1, 3, 6 and 8 from either side being 

fully grouted up the whole height of the walls. The level of the applied axial stress was 

set to be 3 MPa during all the tests in the second phase of the experimental work. 

The parameters studied in this phase were: 

 The method of applying the bed joint reinforcement (on dry surface or embedded 

in the mortar), Figure 3.5. 

 Effect of grouting. 
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For the dry method, the joint reinforcement was placed directly on the dry face shell of 

the masonry then followed by the mortar, whereas for the embedded method, the mortar 

was placed first on the dry face shells of the masonry units then the joint reinforcement 

was embedded in mortar followed by another layer of mortar to cover the reinforcement 

totally. The dry method is the applicable one used in industry as it saves time, also 

placing the mortar first makes it easier for the joint reinforcement to move sideways 

when placing the upper masonry unit on top of it.  

3.2.2.1 Material properties 

Similar to the first phase, hollow concrete masonry units of nominal dimensions           

400 x 200 x 200 mm and average compressive strength of 23.2 MPa  for the individual 

units (five specimens) were used in the construction of the walls. All the walls were 

constructed in face-shell bedding by the same experienced mason. In this phase the 

mortar used was pre-packed mixed Type S mortar (CSA 2004) to give more consistent 

results.  Six 50 mm mortar cubes were taken from each batch of mortar and tested for 

compressive strength. Six 100 x 200 mm cylinders were taken from each grout mix, with 

three being tested at an age of 7 days and the remaining three being tested at 28 days to 

obtain the compressive strength of the grout. The compressive strength of mortar cubes at 

the age of 28 days varied from 12.8 MPa to 15.3 MPa (24 mortar cubes were tested) 

while the compressive strength of the 12 grout cylinders tested varied from 18.2 MPa to 

24.5 MPa. The average compressive strengths of the mortar cubes and grout cylinders for 

the different walls are listed in Table 3.5 along with the standard deviations, where three 

specimens were tested at each age (7days and 28 days) for both mortar cubes and grout 

cylinders. Ten 3-high prisms (5 fully grouted and 5 ungrouted) were built at the same 
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time as the walls. The average compressive strength of these prisms was 15 MPa 28 days 

after construction based on the net areas of the block and grout. The masonry prisms were 

chosen to be three courses high as per required by CSA S304.1-04, which requires the 

height of the prism to be 3 and h/t   2. The mortar joints in the walls and prisms were 

tooled to obtain concave mortar joints - this tooling increased the density of the mortar at 

the edge of the joints. The average compressive strength f'm was 14.2 MPa for the 

partially grouted walls and 19.5 MPa for the ungrouted walls. The results of compression 

test for masonry prisms are listed in Table 3.6 

The same ladder type bed joint reinforcement with 3.7 mm diameter steel wires as 

used in the first phase was used having the average yield stress of 530 MPa. 

 
(a) 

  
(b) 

Figure 3.5  Methods of laying bed joint reinforcement: (a) On Dry surface, (b) 
Embedded in mortar 
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Table 3.5 Compressive Strength of mortar and grout for walls of phase two (MPa). 

 

Wall 

# 

Mortar Grout 

7-days 28- days 7-days 28- days 

f mortar 

 

SD* f mortar 

 

SD* f grout 

 

SD* f grout 

 

SD* 

Ungrouted 

Embedded 

55 8.1 0.26 12.8 0.73 - - - - 

56 8 0.47 13.2 1.44 - - - - 

57 11.4 0.56 15 0.73 - - - - 

Ungrouted 

On Dry 

surface 

58 7.8 0.64 12.5 2.19 - - - - 

59 8 0.47 13.2 1.44 - - - - 

60 11.4 0.56 15 0.73 - - - - 

Grouted 

Embedded 

61 9.6 0.26 13.7 1.43 11.3 0.77 18.4 2.59 

62 11.8 0.52 15.3 1.53 11.1 0.51 18.2 1.43 

63 8.3 0.20 13 1.1 15.4 0.6 24.5 2.73 

Grouted 

On Dry 

surface 

64 11.8 0.52 15.3 1.55 11.5 0.46 18.4 0.85 

65 9.6 0.26 13.7 1.43 11.3 0.77 18.4 2.59 

66 8.3 0.20 13 1.1 15.4 0.6 24.5 2.73 

*SD=standard deviation 
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Table 3.6  Compressive strength of Masonry prisms of phase two (MPa). 

   Grouted Ungrouted 

Prism 1 11.0 21.1 

Prism 2 10.6 19.5 

Prism 3 9.4 22.2 

Prism 4 12.0 22.8 

Prism5 10.0 22.3 

Average 10.6 21.6 

Standard Deviation 1.0 1.3 

C.O.V 9.4% 6.0% 

f'm 14.2 

 

3.2.2.2 Test Arrangement and Instrumentation   

The test set-up for phase two was a little different than the test set-up of phase one to 

avoid the overturning of walls under high shear forces. 

The test arrangement for phase two consisted of two vertical hydraulic actuators to apply 

axial load and a horizontally mounted actuator to apply lateral load to the top two courses 

of the wall, as shown in Figure 3.6. The vertical actuators each had a maximum load 

capacity of 1.5 MN and a maximum stroke of 250 mm, while the horizontal actuator had 

a maximum load capacity of 500 kN and maximum stroke of 150 mm. To distribute the 

vertical load over the length of the wall, a steel I-beam was placed on top of the wall, 

with a layer of fibre board between the stiff distributor beam and the wall. The walls were 

built on a steel C-channel which was fixed to the floor by bolts to prevent in- and out-of-
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plane displacements. Four steel dowels 180 mm high were welded along the steel beam, 

and the cores in the masonry into which these dowels protruded were either fully grouted 

to the top of the wall for the partially grouted walls or grouted only in the first course for 

ungrouted walls, these dowels were used to fix the lower course of the wall to the base 

beam only. This was necessary to prevent the uplift of the walls under high lateral loads. 

As each wall had eight cores, for the partially grouted walls cores 1, 3, 6 and 8 were 

grouted. Five LSCs were installed along the height of the walls on both sides to monitor 

the lateral displacement and another two transducers were installed at the lower course to 

measure any in-plane rotation of the walls (similar to phase one), as shown in Figure 3.6. 

 

Figure 3.6  Test set-up of phase two. 
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3.2.2.3 Testing Procedures. 

The static bi-axial test was performed in two stages. Axial load was first applied 

to the walls with the vertical actuators at a rate of approximately 1 kN/s until the required 

level of axial stress was reached. The required axial load was calculated based on the net 

effective cross-sectional area of the walls. The desired axial stress was 3 MPa. The axial 

actuators were then placed in force control and programmed to maintain the same axial 

load through the remainder of the test. In the second stage, shear load was applied via the 

horizontal actuator at an imposed displacement rate of 0.1 mm/s in displacement control. 

The test was stopped when the lateral load had dropped to 80% of the maximum value 

achieved. Data on the loads and displacements were collected on a PC using the 

LABTECH data acquisition program. The set-up of the second phase allowed the test to 

continue until the load was dropped to 80% (which is commonly used in research), and 

this was not applicable for the set up used in phase one as some walls were totally 

destroyed beyond the drop of load to more than 90% : therefore for the first setup, the end 

of the testing was chosen to be at 90% of the peak load. 
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 CHAPTER FOUR : RESULTS 

4.1 Introduction 

The results of the experimental testing of the sixty six concrete masonry walls under in-

plane monotonic lateral loading are presented in detail. For phase one, the results of 

changing the axial stresses, types and percentages of reinforcement are presented, And 

for phase two, the results of changing the method of placing the joint reinforcement are 

given, and in the effect of partially grouting the walls are shown in both phases.  

4.2 Phase One 

4.2.1 Effect of Axial stress 

4.2.1.1 Introduction 

Axial stress is one of the major factors that affect both the shear strength and the 

mode of failure of masonry shear walls. The shear cracks that are formed due to lateral 

loading of an axially compressed wall are parallel to the principal compression and 

perpendicular to the principal tension. The direction of the shear cracks is governed by 

both the local principal stresses and the energy demand, where the cracks will follow the 

path of least energy demand. Three replicates of each of three variations of axial stress 

were tested for each wall reinforcement method. Analysis of the results showed that axial 

stress had a significant effect in increasing the shear strength of both ungrouted and 

partially grouted walls. Increasing the axial stress affected the angle of the principal 

stresses with respect to the bed joint, which in turn changed the angle of cracking in the 

walls. For the ungrouted walls, increasing the axial stress shifted the mode of failure from 

step cracking to diagonal cracking. 
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4.2.1.2 Grouted Walls 

All the grouted walls failed in diagonal cracking, mainly parallel to the diagonal 

compression strut running from the point of application of the load towards the opposite 

bottom corner of the wall. For all grouted walls, cracking was observed to initiate at the 

face shells or bed joints in the hollow cores of the partially grouted walls due to the 

increase in principal stresses at these cores due to the reduced effective width of the wall. 

The results obtained for walls with different reinforcement configurations under different 

axial levels are presented in Table 4.1, and  some of the crack patterns for grouted walls 

under bi-axial loading are shown in Figure 4.1. Some of the walls were subjected to high 

compressive stresses at the end of the base of the wall away from the horizontal actuator 

due to the tendency of the walls to overturn. This high compression resulted in the 

separation of the face shells of the blocks from the end grouted core at this end of the 

walls.  Figure 4.2 shows the separation of the face shells from the end grouted core. 

Table 4.1 Maximum shear resistance of partially grouted control walls under 
different axial stresses (kN) 

Specimen # 2 MPa 3 MPa 4 MPa 

1 297 384.4 459.5 

2 278.1 346.6 403.5 

3 275.9 419.6 433.6 

Mean 284 384 432 

Standard Deviation 12 37 28 

C.O.V 4.2% 9.6% 6.5% 
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Table 4.2 Maximum shear resistance of joint reinforced walls (3.7 mm) under 
different axial stresses (kN) 

Specimen # 2 MPa 3 MPa 4 MPa 

1 270.1 347.9 414.6 

2 261.1 337.1 393.8 

3 272.2 390.1 402.0 

Mean 267.8 358.4 403.5 

Standard Deviation 5.9 28 10.5 

C.O.V 2.2% 7.8% 2.6% 

 

 

Table 4.3 Maximum shear resistance of joint reinforced walls (4.9 mm) under 
different axial stresses (kN) 

Specimen # 2 MPa 3 MPa 4 MPa 

1 257.4 384.2 437.0 

2 265.9 362.3 393.3 

3 259.4 325.0 425.7 

Mean 260.9 357.2 418.7 

Standard Deviation 4.4 29.9 22.7 

C.O.V 1.7% 8.4% 5.4% 
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Table 4.4 Maximum shear resistance of vertically reinforced walls  under different 
axial stresses (kN) 

Specimen # 2 MPa 3 MPa 4 MPa 

1 275.1 338.4 423.6 

2 281.5 356.0 400.9 

3 278.4 373.9 405.9 

Mean 278.3 356.1 410.1 

Standard Deviation 3.2 17.8 11.9 

C.O.V 1.1% 5.0% 2.9% 

 
 

Table 4.5 Maximum shear resistance of Grid reinforced walls under different axial 
stresses (kN) 

Specimen # 2 MPa 3 MPa 4 MPa 

1 278.7 360.4 410.3 

2 287.6 349.7 436.8 

3 278.9 377.8 443.4 

Mean 281.7 362.6 430.2 

Standard Deviation 5.1 14.2 17.5 

C.O.V 1.8% 3.9% 4.1% 
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(a) Diagonal cracks. 

 

 
(b) Crushing at the toe. 

 
Figure 4.1 Failure patterns for partially grouted masonry walls. 
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Figure 4.2 Separation of face shells due to increased axial stresses 
 
 

4.2.1.3 Ungrouted walls 

 
The modes of failure in ungrouted walls were more varied than the partially 

grouted ones. Although all the walls failed due to shear (as intended), the failure patterns 

varied from step cracking along the head and bed joints to complete diagonal cracking 

through the mortar joints and the masonry units. An intermediate pattern also occurred 

composed of combined step and diagonal cracks. The variation in the crack patterns will 

be explained in detail in the analysis chapter. Figure 4.3 shows a typical load-

displacement curve for ungrouted walls under different axial stress levels. Figure 4.4 

shows some failure crack patterns of ungrouted walls. 
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Table 4.6 Maximum shear resistance of ungrouted control walls under different 

axial stresses (kN) 

Specimen # 2 MPa 3 MPa 4 MPa 

1 149.5 186.4 231.1 

2 146.9 199.8 250.8 

3 157.2 215.5 237.2 

Mean 151.2 200.6 239.7 

Standard Deviation 5.4 14.6 10.0 

C.O.V 3.6% 7.2% 4.2% 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Figure 4.3 Typical Load- Displacement curves for ungrouted walls at different axial 
stresses 
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     (a) Diagonal cracking through units and mortar joints 

 
(b) Combined step and diagonal cracks. 

 
(c) Pure step cracking through head and bed joints 

Figure 4.4 Crack patterns for ungrouted walls. 
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4.2.2 Effect of Reinforcement 

The walls were divided into different categories according to the reinforcement. 

There were five different categories of reinforcement, namely unreinforced, horizontally 

reinforced (bed joint reinforcement with two different diameters), vertically reinforced 

and grid reinforced walls. 

For the walls with bed joint reinforcement, strain gauges were attached to the joint 

reinforcement to show exactly the stage at which the reinforcement began to contribute to 

the shear resistance of the walls. 

The results were divided into three categories according to the level of axial stress 

- 2 MPa, 3 MPa and 4 MPa. All the walls failed in shear as intended with the formation 

of diagonal cracks, basically parallel to the compression strut. Tables 4.7-4.9 show the 

shear resistance and the displacements for the different categories of walls under different 

axial stresses. For the walls having same axial stress, the cracking loads are expected to 

be the same for the tested walls as it depends on the resistance of masonry only but the 

maximum  loads were expected to differ according to the reinforcement used in the wall. 

Typical Load-Displacement curves for walls with and without bed joint reinforcement are 

shown in Figure 4.5, which shows that there is no significant difference between walls 

with different reinforcement as will be explained in more detail in the next chapter. The 

load displacement curves for each individual wall are provided in Appendix A.  
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Table 4.7 Shear resistance and displacements of different groups of walls under an 
axial stress of 2 MPa 

Category Spec.# 

Cracking 

Load 

(kN) 

Max. 

Load 

(kN) 

Mean SD C.O.V. 

Displ.@ 

Max Load 

(mm) 

Max 

Displ. 

(mm) 

Mean / 

SD / 

C.O.V 

Control 

1 150 297 

283.7 11.6 4.1% 

18.3 30.1 24.3 

2 180 278.1 14.5 21.1 5.1 

3 170 275.9 11.7 21.6 21% 

Joint Rft. 

D=3.7 

mm 

1 160 270.1 

267.8 5.9 2.2% 

8.1 16.3 13.1 

2 170 261.1 8.1 11.2 2.8 

3 210 272.2 2.1 11.9 21% 

Joint Rft. 

D=4.9 

mm 

1 160 257.4 

260.9 4.4 1.7% 

8.3 16.6 14.6 

2 180 265.9 9.8 15.0 2.2 

3 170 259.4 8.1 12.2 15% 

Vertical 

Rft. 

15 M 

1 215 275.1 

278.3 3.2 1.1% 

18.7 19.4 22.5 

2 210 281.5 20.2 22.6 3.0 

3 190 278.4 20.3 25.4 13% 

Grid Rft. 

D=4.9mm 

+ 

15M 

1 175 278.7 

281.7 5.1 1.8% 

12.9 18.3 17.8 

2 170 287.6 4.6 15.6 2.0 

3 170 278.9 5.7 19.6 11% 
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Table 4.8 Shear resistance and displacements of different groups of walls under an 
axial stress 3 MPa 

Category 
Spec.

# 

Cracking  

Load 

(kN) 

Max 

Load 

(kN) 

Mean SD C.O.V. 

Displ.@ 

Max 

Load 

(mm) 

Max 

Displ. 

(mm) 

Mean / 

SD / 

C.O.V 

Control 

1 230 384.4 

383.5 36.5 9.5% 

5.6 8.1 9.3 

2 215 346.6 8.2 10.1 1.0 

11% 3 200 419.6 8.8 9.6 

Joint Rft. 

D=3.7 

mm 

1 200 347.9 

358.4 28 7.8% 

9.8 12.9 10.4 

2 200 337.1 7.4 12.6 4.1 

3 220 390.1 3.5 5.7 39% 

Joint Rft. 

D=4.9 

mm 

1 170 384.2 

357.2 29.9 8.4% 

8.0 12.0 14.7 

2 270 362.3 8.6 14.4 2.8 

3 210 325 9.1 17.6 19% 

Vertical 

Rft. 

15 M 

1 220 338.4 

356.1 17.8 5.0% 

20.3 23.8 20.5 

2 200 356 14.3 18.5 2.9 

3 220 373.9 16.6 19.2 14% 

Grid Rft. 

D=4.9mm 

+ 

15M 

1 175 360.4 

362.6 14.2 3.9% 

5.4 9.7 8.3 

2 210 349.7 4.0 8.5 1.5 

3 210 377.8 4.6 6.8 17% 
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Table 4.9 Shear resistance and displacements of different groups of walls under an 
axial stress 4 MPa 

Category Spec.# 

Cracking 

Load 

(kN) 

Max 

Load 

(kN) 

Mean SD C.O.V. 

Displ.@ 

Max 

Load 

(mm) 

Max 

Displ. 

(mm) 

Mean / 

SD / 

C.O.V 

Control 

1 200 459.5 

432.2 28.0 6.5% 

12.0 13.8 11.5 

2 260 403.5 6.9 9.9 2.0 

3 250 433.6 8.8 10.8 18% 

Joint Rft. 

D=3.7 

mm 

1 200 414.6 

403.5 10.5 2.6% 

2.7 6.8 6.6 

2 210 393.8 4.1 7.3 0.9 

3 250 402 3.2 5.6 13% 

Joint Rft. 

D=4.9 

mm 

1 250 437 

418.7 22.7 5.4% 

2.4 6.4 6.5 

2 250 393.3 4.8 6.9 0.3 

3 270 425.7 2.9 6.3 5% 

Vertical 

Rft. 

15 M 

1 240 423.6 

410.1 11.9 2.9% 

5.8 7.8 7.1 

2 220 400.9 3.9 6.8 0.6 

3 220 405.9 4.0 6.7 9% 

Grid Rft. 

D=4.9mm 

+ 

15M 

1 310 410.3 

430.2 17.5 4.1% 

6.4 11.3 10.0 

2 240 436.8 6.4 8.5 1.4 

3 240 443.4 4.1 10.2 14% 
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A typical graph for the strain gauge readings during a test is shown in Figure 4.6 

Note that small compressive strains can be expected in the bed joint reinforcement which 

is lying in the main compression strut in the specimens.  Of the 71 strain gauges used in 

all the walls, 35 showed compression until the walls cracked, 29 remained neutral (strains 

close to zero) and 7 showed tensile strains. Curves of load versus strain gauge readings 

are presented in Appendix A. 

 

 

 

 

 

 

 

 

Figure 4.5 Typical Load -Displacement curve for different types of walls at an axial 
stress of 4 MPa. 

 

Figure 4.6 Load- Strain  curves for different strain gauges on joint reinforcement. 

Grid 
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4.3 Phase Two 

4.3.1 Introduction 

The main objective of phase two was to study whether the method of laying the 

bed joint reinforcement in the walls during construction affected the shear resistance of 

the walls or not. In this phase,  twelve concrete masonry walls were built and tested.  

The first way to lay reinforcement was to put the joint reinforcement directly on 

the dry face shells of the blocks then apply the mortar on top of it (Dry Method), This 

method of laying the reinforcement can create dry areas between the reinforcement and 

the blocks which decrease the net area for bonding between the mortar and the concrete 

blocks. These unbonded dry areas can be thought to decrease the shear strength of the 

walls. 

The second way to lay the joint reinforcement was to place a layer of mortar on the face 

shells, place the reinforcement on this layer and then lay another layer of mortar 

(Embedded Method). With this method the mortar surrounds the reinforcement and 

prevents the formation of any dry un-bonded areas under the reinforcement. 

A secondary objective of this phase was to check the effect of grouting on the 

shear resistance of the masonry walls and to confirm the results obtained from phase one. 

 

4.3.2 Effect of Method of Construction 

There were no obvious differences in the results from the two ways of laying the 

reinforcement (Dry and Embedded). The results were very close for both the ultimate 

strength and the displacements. This was observed in both cases for both ungrouted walls 

and partially grouted walls. Table 4.10 shows the test results for the walls of phase two. 
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The cracking load was assumed to be the lateral load corresponding to the first significant 

crack in the wall. 

However, when comparing the mode of failure of the partially grouted walls to 

that of the ungrouted walls, there was a distinct difference between the two modes of 

failure.  

 4.3.2.1 Ungrouted walls 

The failure of the ungrouted walls was dominated by flexural tension failure of 

the walls, where the walls failed due to separation of the courses at the lower bed joints 

on the  tension end of the wall (essentially therefore a bond failure). This failure mode 

was mostly accompanied by crushing of the toe at the compression end of the wall.  

There were no significant differences in shear resistance between the results for the two 

methods of construction (dry method and embedded method). Figure 4.7 shows the mode 

of failure of an ungrouted wall. 
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Figure 4.7 Typical failure mode for the ungrouted walls. The lateral load was 

applied to the top left corner of this wall. 
  4.3.2.2 Partially grouted walls 

The failure of the partially grouted walls was dominated by the formation of 

diagonal shear cracks, and similar to the ungrouted walls, these diagonal cracks were 

accompanied by crushing of the toe at the compression end of the wall. However, in the 

case of the partially grouted walls the crushing was severe compared to that of the 

ungrouted walls due to the increase compressive loads in case of partially grouted walls. 

Figures 4.8 and 4.9 show the failure mode of partially grouted walls. 

Figure 4.10 shows a typical load-displacement curves for the all types of walls 

tested in phase two. 
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Figure 4.8 Typical failure mode for the partially grouted walls (phase 2).  

 
Figure 4.9 Severe crushing of the toe in partially grouted walls. 
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Figure 4.10 Typical Load- Displacement curves of different types of walls for 
phase2. 

        Table 4.10 Properties of the different walls tested of phase 2. 
 

Wall 

# 

Cracking 

Load 

(kN) 

Max 

Load 

(kN) 

Mean SD C.O.V Displ.@ 

Max. 

Load 

(mm) 

Max. 

Displ. 

(mm) 

Mean 

/ SD / 

C.O.V 

Ungrouted 

Embedded 

1 40 186.4 

203.9 15.9 7.8% 

7.3 8.4 13.3 

2 50 217.3 9 12.8 5.1 

3 160 208 5.9 18.6 39% 

Ungrouted 

On Dry 

surface 

1 40 210.1 

209.6 2.7 1.3% 

15.8 16.7 15.3 

2 90 206.7 5.1 12.2 2.7 

3 70 212 9.5 16.9 17% 

Grouted 

Embedded 

1 230 350.7 

337.7 13.8 4.1% 

9.3 13.3 13.3 

2 250 323.1 6.6 10.5 2.8 

3 240 339.2 6.5 16.0 21% 

Grouted 

On Dry 

surface 

1 250 320.4 

329.4 7.8 2.4% 

4.9 7.9 11.7 

2 260 334.6 7.5 12.7 3.4 

3 250 333.2 6.3 14.5 29% 
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4.4 Summary 

 This chapter presented the results of testing sixty six concrete masonry 

walls under in-plane monotonic lateral loading. First, the results of testing the walls of 

phase one were presented with some graphical presentation, showing the effect of axial 

load and different reinforcement types. Then the results of phase two were illustrated to 

show the difference between placing the bed joint reinforcement on the dry face shells 

directly and embedding it into the mortar. Results of partially grouted walls and 

ungrouted walls were shown also for the two phases and some statistics were used to give 

a better idea about the variation of results in each case. 
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CHAPTER FIVE : ANALYSIS 

5.1 Introduction 

In this chapter the experimental results of sixty six concrete masonry walls 

designed to fail in shear are analyzed and discussed in detail. An analysis for the effect of 

different types  of reinforcement on the shear strength of masonry walls is presented. The 

effect of increasing the axial load on the shear strength of the wall is explained, and by 

using Mohr's circle the effect of axial load on the variation of angle of cracking for walls 

subjected to different axial stress levels is shown. 

A proposed modification for the current Canadian code equation for the diagonal 

shear strength of masonry is introduced and verified against the walls tested here and 

previous experimental data from the literature. The new equation is shown to provide a 

better estimate the shear resistance of masonry walls with aspect ratio less than 2. Finally, 

the proposed shear model is compared against other shear equations provided by other 

codes and shear expressions from the literature. 

5.2 ANalysis Of VAriance ( ANOVA) 

The data were first tested for normality using the Shapiro - Wilk test and the 

Anderson-Darling test. The  results showed that the data are normally distributed and 

hence the analysis of variance can be used, but because of the limited number of data in 

each group (3), the Kruskal - Wallis test was used to give a higher level of confidence in 

the results. 

ANOVA or analysis of variance is an analytical statistical method used to 

compare between groups of data (three or more) to identify if the differences between 

these groups are a real significant difference or just a random error. ANOVA is based on 
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comparing the ratio between the variation between the means of the groups and the 

variation within the data of each individual group. The ratio obtained is called the F-

statistic (referring to a statistician in the early twentieth century called Fisher) and it 

depends on the degrees of freedom within the group data and the degrees of freedom 

between the groups themselves. The value of the F-statistic is compared to a certain 

critical value of F, assuming the null hypothesis (assumes there is no significant 

difference between the groups). If the value of the F-statistic obtained is very high; that 

means that the difference between the means of groups is much higher than the difference 

within the data in each group and therefore the null hypothesis is rejected. Accordingly 

there is a significant difference between these groups. However, if the ratio is small, that 

means there is no significant difference and the variation between the means of the 

groups is just a random error. In the analysis used in this chapter the significance level 

was set at 5% (p<0.05), which is the most common used level of confidence used in the 

statistical analysis. 

5.3 Phase One 

5.3.1 Axial Stress 

For all the different categories of reinforcement of walls, the increase of the axial 

stress gave a significant increase in the shear resistance of the walls when compared to 

the walls subjected to 2 MPa axial stress. Figure 5.1 shows typical load-displacement 

curves for control partially grouted walls. The increase in shear strength of the walls can 

be attributed to the increase in friction forces along the cracking planes and the sliding 

bed joints with increasing vertical load. This effect was clearly noticed when the vertical 

(axial) load was removed gradually at the end of each test and cracks widened with the 
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decreasing vertical load. The widening of the cracks reflected the effect of the 

confinement caused by the vertical load. For example, for control walls the increase in 

axial stress from 2 MPa to 3MPa and 4 MPa resulted in increases of 35% and 52% 

respectively in the shear resistance of the masonry walls. This increase in shear resistance 

is considered significant when using ANOVA at level p<0.05 (the ANOVA results are 

presented in Tables 5.1-5.6). The mean shear resistance (in kN) for different types of 

reinforced walls at different levels of axial stress are provided in Tables 4.7-4.9 in chapter 

four. Increasing the axial load changes the principal stresses applied to the wall and 

consequently the angle of crack formation. Angles of inclination of the cracks for 

different axial stress levels can be seen in Figure 5.2. With increasing vertical load the 

angle of crack formation tends to be more steep (vertical), as can be seen from the angles 

of the cracks relative to the bed and head joints. This shift in crack angle with changing 

axial stress suggests that further analysis using Mohr’s circle is warranted to see whether 

a principal stress criterion for failure can be developed.  

Table 5.1 ANOVA results for partially grouted control walls. 

 2MPa 3MPa 4MPa 

Vu 297 278.1 275.9 384.4 346.6 419.6 459.5 403.5 433.6 

Mean 284 384 432 

SST 38910 

D.O.F within 6 

D.O.F between 2 

F stat 22.91 

F critical 5.14<< 22.91 

Result There is a significant difference between results due to axial stress 
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Table 5.2 ANOVA results for joint reinforced walls with D=3.7 mm. 

 2MPa 3MPa 4MPa 

Vu 270.1 261.1 272.2 347.9 337.1 390.1 414.6 393.8 402 

Mean 267.8 358.4 403.5 

SST 30500 

D.O.F within 6 

D.O.F between 2 

F stat 46.25 

F critical 5.14<<46.25 

Result There is a significant difference between results due to axial stress 

 

Table 5.3 ANOVA results for joints reinforced walls with D=4.9 mm. 

 2MPa 3MPa 4MPa 

Vu 257.4 265.9 259.4 384.2 362.3 325 437 393.3 425.7 

Mean 260.9 357.2 418.7 

SST 40800 

D.O.F within 6 

D.O.F between 2 

F stat 39.97 

F critical 5.14<< 39.97 

Result There is a significant difference between results due to axial stress 
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Table 5.4 ANOVA results for vertically reinforced walls. 

 2MPa 3MPa 4MPa 

Vu 275.1 281.5 278.4 338.4 356 373.9 423.6 400.9 405.9 

Mean 278.3 356.1 410.1 

SST 27274 

D.O.F within 6 

D.O.F between 2 

F stat 84.49 

F critical 5.14<< 84.49 

Result There is a significant difference between results due to axial stress 

 

Table 5.5 ANOVA results for grid reinforced walls. 

 2MPa 3MPa 4MPa 

Vu 278.7 287.6 278.9 360.4 349.7 377.8 410.3 436.8 443.4 

Mean 281.7 362.6 430.2 

SST 34206 

D.O.F within 6 

D.O.F between 2 

F stat 93.11 

F critical 5.14<< 93.11 

Result There is a significant difference between results due to axial stress 

 
 



 87

Table 5.6 ANOVA results for ungrouted walls. 

 2MPa 3MPa 4MPa 

Vu 149.5 146.9 157.2 186.4 199.8 215.5 231.1 250.8 237.2 

Mean 151.2 200.6 239.7 

SST 12486 

D.O.F within 6 

D.O.F between 2 

F stat 51.68 

F critical 5.14<< 51.68 

Result There is a significant difference between results due to axial stress 

 

 

 

 
 
 

 
 

 
 

 
 

 
 

Figure 5.1 Load-Displacement curves for partially grouted walls subject to different 
axial stresses 
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Figure 5.2 Views of cracked walls showing the inclination of cracking at different 
axial stress levels ; a) 2 MPa (less than 45°); b) 3 MPa (about 45°); and  c) 4 MPa 

(about  60°). 
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To study the variation of the angle of maximum shear stresses on the cross section 

in the walls, Mohr's circle was applied where first, the effective moment of inertia of the 

wall and the effective area were calculated (based on the modular ratio between grout, 

mortar and that of the masonry units), then principal stresses were calculated along the 

whole length of the walls, and the crack angle determined assuming that the cracks 

initiate perpendicular to the maximum principal tensile stress. Tables in Appendix B 

show the calculations of principal stresses from Mohr's circle for walls with grid 

reinforcement and under axial stress 2 MPa, where S is the first moment of area, b is the 

width of section at study point, I is the second moment of area, N is the axial load, A is 

the effective cross sectional area (accounting for the modular ratios between mortar and 

grout and that of the masonry unit), Y is the distance between the section under study and 

the neutral axis of the wall,  M is the moment which is the product of the Shear load by 

the height of the section under study, fm is the normal stress, n is the modular ratio, and 

fact is the normal stress multiplied by the modular ratio n. All the tables for Mohr's circle 

for individual walls of phase one are shown in Appendix B. It was found that by 

increasing the level of axial stress, the angle of the maximum shear stress relative to the 

bed joint decreased and consequently the angle of cracking increased. If the angle of 

cracking is taken as parallel to the direction of maximum compressive stress, the 

variation of this predicted angle of cracking along the length of the wall for walls with 

different axial stress levels is shown in Figure 5.3. A proviso is that if the peak principal 

stress is close in angle to a weak plane (a head or bed joint), then that would super cede  

the analysis, and the crack would initiate/propagate along weak plane. 

It was observed that the cracks always started at the interface between the grouted cells 
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and the ungrouted cells. This is due to the sudden change in the area resisting the applied 

shear causing the stresses to be magnified at these points, as the width of section 

suddenly drops from 190 mm to 70 mm (face shell width only) causing a reduction in the 

area resisting the shear force. Schultz et al. (1998) observed the same behaviour. The 

fracture modes in this case are mode 1 and mode 2. 
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Figure 5.3 Variation of predicted angle of cracking along the length of the partially 

grouted walls (h = 600 mm) 
 

The  axial stresses shown in Table 5.3 and Figure 5.3 are less than the nominal axial 

stresses (2, 3 and 4 MPa), because the area used in the analysis is the equivalent cross 

sectional area where the area of grout and vertical reinforcement were converted to 

equivalent area of the masonry units using the modular ratio n. This conversion makes 

the equivalent area more than the nominal one leading to the reduction of axial stress. 



 91

 

Fi
gu

re
  5

.4
 C

ro
ss

 se
ct

io
n 

of
 th

e 
w

al
l. 



 92

As shown in Figure 5.3, the predicted angle of cracking is very steep at the end of 

the wall (left side of Figures 5.3 and 5.5) away from the point of load application. The 

predicted angle of cracking decreases towards the centre of the wall due to the change in 

flexural stresses along the length of the wall. The sudden drops and rises in the curve are 

because the walls are partially grouted which causes variation in the width of the 

ungrouted cells compared to the grouted ones leading to a change in stress and thus a 

sudden drop in the angle of cracking. The reduction in the angle of cracking from the 

bottom left of the wall shown in Figure 5.5 towards its centre can be seen in that figure. 

 

Figure 5.5 Variation in angle of cracking along the length of a wall 
 

The mode of failure of the ungrouted walls was different at different levels of 

axial load. For the walls subject to an axial stress of 2 MPa the governing mode of failure 

was step cracking along the bed and head joints, whereas for walls subject to the higher 

axial stress level of 4 MPa, diagonal cracking across the masonry units and the mortar 

joints was the dominant mode of failure. An intermediate type of failure occurred when 
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the axial stress was 3 MPa, consisting of a combination of step and diagonal cracking. 

The different modes of cracking are shown in Figure 5.6. 

The average shear resistance for the ungrouted walls increased by 33% when the 

axial stress was increased from 2 MPa to 3 MPa and by 59% when the increase from 2 

MPa to 4 MPa is considered (Table 5.6). Again, analysis of variance showed these to be 

significant differences (p  0.05). In contrast to the grouted walls, the increase in axial 

stress did not induce a more brittle failure in the ungrouted walls. The ungrouted walls 

had almost the same behaviour after the peak load at all stress levels as shown in Figure 

5.7. 
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(a) 

 
 

(b) 

 
(c) 

 
Figure 5.6 Different modes of failure for ungrouted walls (a) 2 MPa, (b) 3 MPa and 

(c) 4 MPa 



 95

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
Figure 5.7 Typical Load- Displacement curves for  ungrouted walls at different axial 

stresses. 
 

For the variation of the predicted angle of cracking along the length of the wall, 

similar results to those for the grouted walls were obtained when the same analysis was 

applied to the ungrouted walls as shown in Figures 5.8. 

The actual cracks were measured from the walls after testing in the lab, while the 

theoretical values were calculated through Mohr’s circle calculations of principal 

stresses. Figure 5.9 shows the actual measured cracks after testing a wall and the 

theoretical calculated cracks. There is a slight difference between the calculated and the 

measured angle of cracking. 



 96

40

45

50

55

60

65

70

75

80

85

90

-800 -600 -400 -200 0 200 400 600 800

2 MPa

3 MPa

4  MPa

Angle of Crack (degrees)

Wall Length  (mm)

Figure 5.8 Variation of the predicted angle of cracking along the length of the ungrouted 

walls (h=600mm) 

 

 
 

Figure 5.9 Theoretical versus actual variation of crack angles for a 4 MPa 
ungrouted wall 
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The axial stresses were chosen to be high to prevent the walls from overturning 

under high horizontal loads as the walls did not have concrete bases with starter bars for 

vertical reinforcement. In order to estimate the maximum shear load at zero axial stress, 

the results for the walls tested were linearly extrapolated to zero axial stress as shown in 

Figure 5.10. Rough estimates of about 150 kN and 70 kN are obtained for the grouted and 

ungrouted walls respectively.  

The shear resistance is thus almost doubled when the walls are partially grouted – 

here with four of the eight cores grouted. However, if the effective area resisting the 

shear load is considered, there is actually only a slight difference in the average shear 

stress at failure in the two cases. 
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(a) grouted walls 
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(b) ungrouted walls 

Figure 5.10 The variation of Shear resistance with the change in axial stresses 
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5.3.2 Reinforcement 

 5.3.2.1 Shear reinforcement 

The use of shear reinforcement in the walls caused an apparent decrease in the 

shear resistance of the walls. However, statistical analysis by ANOVA, confirmed by the 

Kruskal-Wallis test, showed that only at 2 MPa average axial stress was there a 

significant difference when using shear reinforcement (Table 5.7). However, when the 

walls reinforced with bed joint reinforcement of diameter 4.9 mm were excluded, there 

were no significant differences in shear resistance of the walls (Table 5.8). Therefore, 

using the bed joint reinforcement with bigger diameter (4.9 mm) is the only type of 

reinforcement that significantly affects the shear resistance of masonry walls. This 

negative effect can be attributed to the reduced bond between the mortar and masonry 

units due to placing the relatively high diameter reinforcement (4.9 mm which is almost 

half the bed joint thickness) on the face shells which created weak planes for failure. 

When 3 MPa or 4 MPa was applied, although there is a drop in the average shear 

resistance of the walls with shear reinforcement compared to unreinforced walls, 

statistical analysis showed that this drop is not significant at the p<0.05 level. Tables 5.7-

5.10 show the ANOVA results for different types of reinforced walls under different axial 

stress levels. 
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Table 5.7 ANOVA test results for different reinforcement (2 MPa). 

 Control 
Bed joint 

D=3.7 mm 

Bed joint 

D=4.9 mm 
Vertical Grid 

Vu 297 278.1 275.9 270.1 261.1 272.2 257.4 265.9 259.4 275.1 281.5 278.4 278.7 287.6 278.9 

Mean 284 267.8 260.9 278.3 281.7 

SST 1593 

D.O.F 
within 

10 

D.O.F 
between 

4 

F stat 6.345 

F critical 3.48<6.345 

Result There is a significant difference due to changing reinforcement. 

 
Table 5.8 ANOVA test results for different reinforcement (2 MPa) excluding  4.9 

mm bed joint reinforcement. 

 Control 
Bed joint 

D=3.7 mm 
Vertical Grid 

Vu 297 278.1 275.9 270.1 261.1 272.2 275.1 281.5 278.4 278.7 287.6 278.9 

Mean 284 267.8 278.3 281.7 

SST 861.2 

D.O.F 
within 

8 

D.O.F 
between 

3 

F stat 0.1 

F critical 2.94 

Result There is no significant difference due to changing reinforcement. 
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Table 5.9 ANOVA test results for different reinforcement (3MPa). 

 Control 
Bed joint 

D=3.7 mm 

Bed joint 

D=4.9 mm 
Vertical Grid 

Vu 384.4 346.6 419.6 347.9 337.1 390.1 384.2 362.3 325 338.4 356 373.9 360.4 349.7 377.8 

Mean 383.5 358.4 357.2 356.1 362.6 

SST 8629 

D.O.F 
within 

10 

D.O.F 
between 

4 

F stat 0.556 

F critical 3.48>> 0.556 

Result There is no significant difference due to changing reinforcement. 

 

 

Table 5.10 ANOVA test results for different reinforcement (4MPa). 

 Control 
Bed joint 

D=3.7 mm 

Bed joint 

D=4.9 mm 
Vertical Grid 

Vu 459.5 403.5 433.6 414.6 393.8 402 437 393.3 425.7 423.6 400.9 405.9 410.3 436.8 443.4 

Mean 432 403.5 418.7 410.1 430.2 

SST 5575 

D.O.F 
within 

10 

D.O.F 
between 

4 

F stat 1.249 

F critical 3.48>> 1.249 

Result There is no significant difference due to changing reinforcement. 
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The significant drop in the shear resistance in the case of 2 MPa is due to the 

weak planes created along the bed joints by the use of bed joint reinforcement not being 

overcome by the low axial stresses. This led to the failure of the walls at low shear forces. 

However, increasing the confinement of the walls with vertical load reduced the effect of 

these weak planes by increasing the friction along the bed joints. This was clearly 

observed in the failure modes of the walls where for 3 MPa wall, the failure was a 

combination of step cracking and diagonal cracking, and with increasing the axial stress 

to 4 MPa, the dominant failure mode was diagonal cracking. 

A major benefit from using shear reinforcement in the walls is to increase the 

ductility of the walls after cracking. For the control walls the load dropped after reaching 

the peak with only a small further increase in horizontal displacement. However all walls 

with bed joint reinforcement showed a gradual decrease in the load after the peak, 

accompanied by a larger horizontal displacement, demonstrating the increase in the 

ductility of the walls due to the bed joint reinforcement. The load–displacement curves 

for different types of walls loaded to 3 MPa are shown in Figure 5.11. 
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Figure 5.11 Load- Displacement curves for different reinforced walls. 
( axial stress 3 MPa). 

As may be expected, the bed-joint reinforcement moves laterally in a rigid body 

fashion with its bed joint when the wall is first loaded. The extensional strain in the 

horizontal direction is quite small. Only after the wall cracks and a crack crosses the 

reinforcement, does the steel get stretched to any extent. For all the strain gauges used in 

the walls, 49% displayed compression strain before the wall cracked  as they were placed 

along the compression strut, while less than 10% of the strain gauges were subjected to 

tension and the rest of the strain gauges were neutral. Therefore, if the elastic conditions 

are causing compression in the reinforcement, then the reinforcement cannot be 

contributing to the strength of the walls. The readings of the strain gauges attached to the 

joint reinforcement are shown in Figure 4.6, where it can be seen that tensile strain only 

starts to develop in the reinforcement after the wall has cracked. 

The implication is that the masonry strength governs the cracking load when bed-

joint reinforcement is used, and the steel is contributing nothing to this strength. Adding 

Control 
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the strength of the horizontal steel to the strength of the masonry to obtain the shear 

resistance of the wall appears to be a procedure not confirmed by these results. One can 

see that as the cracks widen and the steel becomes activated, then the steel will contribute 

significantly to post cracking behaviour, as long as the reinforcement remains embedded.  

5.3.2.2 Vertical reinforcement 

The vertically reinforced walls showed no change in either the shear strength of 

the masonry or the ductility of the walls. Normally, the steel will be embedded in a 

concrete base beam, and as the wall deforms laterally in in-plane shear, the bars will be 

bent at their base and thus contribute to the resistance of the wall. This dowel action of 

the steel at the wall base beam interface is expected to be more critical than any other 

contribution of the steel further up the wall. Thus the dowel contribution should be 

considered separately to the contribution of vertical steel to the resistance of the masonry 

higher up the wall – the dowel action and reinforcing contributions to the overall 

resistance of the wall need to be considered carefully.  

Another benefit of using vertical reinforcement in the walls is increasing the 

stiffness of the walls as the average stiffness for the vertically reinforced walls was more 

than that of the control walls (Detailed discussion in chapter 6). 

5.3.2.3 Grid reinforcement 

Lastly, the walls which were reinforced with vertical and horizontal reinforcement 

showed the best performance (same resistance and more ductility) among all the walls 

tested, where the shear strength was very close to that of the control walls. There was 

more ductility and less degradation in load after cracking when the reinforcement was 

present, making it the best way to reinforce walls to achieve better post-peak 
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performance. The presence of vertical reinforcement in the grid helped to increase the 

stiffness of the walls at the beginning (similar to walls with vertical reinforcement only) 

and the presence of the bed joint reinforcement helped to increase the maximum 

displacement and decrease the strength degradation of the walls after cracking.  

The results obtained by ANOVA was based on the supposition that the results are 

normally distributed, which can be a point of debate as the number of  samples in each 

group was only 3. In order to confirm the results obtained by ANOVA, the non-

parametric Kruskal - Wallis test was  also used to examine the data. The results obtained 

show exactly the same statistical significance as obtained by ANOVA. Tables 5.11-5.12 

show the results obtained from the Kruskal-Wallis test. 

 

Table 5.11 Kruskal - Wallis test results for effect of axial stress. 

Degrees of freedom = 2,    = 0.05   ,   H critical = 5.99147   

Wall reinforcement H value Result 

Control 7.95  >  H critical There is a significant difference 

Ds 8.57 > H critical There is a significant difference 

Db 8.57 > H critical There is a significant difference 

Vertical 8.57 > H critical There is a significant difference 

Grid 8.57 > H critical There is a significant difference 

Ungrouted 8.57 > H critical There is a significant difference 
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Table 5.12 Kruskal - Wallis test results for effect of reinforcement type. 

Degrees of freedom = 4,    = 0.05   ,   H critical = 9.48773   

Axial stress H value Result 

2MPa 10.97 > H critical There is a significant difference 

3MPa 1.56 < H critical There is no significant difference 

4MPa 4.43 < H critical There is no significant difference 

 
5.4 Phase Two 

For phase two there were only twelve walls which were divided into four groups; 

partially grouted with embedded reinforcement, ungrouted with embedded reinforcement, 

partially grouted with the reinforcement laid on the dry surface of the bed joint and 

ungrouted with reinforcement laid on the dry surface of the bed joint. Hence there were 

four groups, but the comparison was made between only two groups at a time. Therefore 

ANOVA is not valid for statistical analysis as ANOVA is applicable to a minimum of 

three groups.  

Thus in this phase, the Bonferroni t-test was used to evaluate whether there were 

significant differences between the results of the groups. The Bonferroni t-test is based on 

the same concept as the ANOVA to determine if the variation in results is just an error or 

is a significant difference. 

The use of the four steel dowels of height 180 mm produced behaviour as expected. The 

dowels fixed the walls at the base and no overturning was observed : as the two LSC at 

the lower course did not show any readings. 
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5.4.1 Ungrouted Walls 

For the ungrouted walls, the average maximum shear resistance when laying the 

bed joint reinforced embedded in mortar was 203.9 kN which increased to an average of 

209.6 kN when the joint reinforcement was laid directly on dry face shell of the blocks 

(Table 5.13). The 2.7 % difference is negligible. Indeed, the t-test results showed that 

statistically there was no significant difference between the two values, and thus no effect 

on maximum load between the two ways of applying the reinforcement as shown in 

Table 5.13  In order to compare the energy dissipation of the walls, the areas under the 

load-displacement curves were calculated to measure the energy dissipation. This energy 

was found to be 2540 kN mm on average for the embedded reinforcement walls and was 

2550 kN mm for the walls with reinforcement laid on the dry surface - again almost the 

same for the two cases as shown in Table 5.14. 

 

5.4.2 Partially Grouted Walls 

For the partially grouted walls; embedding the bed joint reinforcement into the 

mortar resulted in an average shear resistance of 337.7 kN, while laying the joint 

reinforcement on dry surface resulted in an average shear resistance of 329.4 kN. This 

2.6% difference is statistically insignificant when the t-test is applied to the data. The 

results of the Bonferroni t-test for the partially grouted walls are shown in Table 5.14.  

When comparing the energy dissipation between the two ways of applying the 

reinforcement in the case of partially grouted walls, embedding the joint reinforcement in 

the mortar resulted in an average energy dissipation of 3470 kN mm. This value appears 

to be higher than that obtained for laying the joint reinforcement on the dry surface (3130 
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kN mm). However, the result of analyzing the data with the Bonferroni t-test again 

showed that the difference is not statistically significant as shown in Table 5.15. There is 

a greater difference in the energy dissipation (10%) between the two forms of placing the 

reinforcement in case of partially grouted walls compared to the difference in the 

ungrouted walls (0.4%).  

 

5.4.3 Effect of Grouting 

The average shear resistance of the walls in both cases (embedded method and dry 

method) increased significantly when the walls were partially grouted due to the increase 

in net area resisting the applied load. However, if the strength is considered on a stress 

basis (that is, the applied shear load resisted by the net area) the shear strength of the 

ungrouted walls was higher than that of the partially grouted walls. For the ungrouted 

walls, for both embedded shear reinforcement and for the reinforcement laid on the dry 

block before the mortar is applied, the average shear strength of the walls was 2.0 MPa. 

For the partially grouted walls, embedding the reinforcement gave an average strength of 

1.7 MPa while laying on the dry block gave an average strength of 1.6 MPa. The 

implication is that there is a 15% to 20% reduction in shear strength due to grouting. 
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Table 5.13 Bonferroni t-test results for shear resistance (peak lateral load). 
 Ungrouted 

Embedded 

Rft. 

Ungrouted 

Rft. on Dry 

surface 

Partially 

Grouted 

Embedded Rft 

 Partially 

Grouted 

Rft. on Dry 

surface 

Mean (kN) 203.9 209.6 337.7 329.4 

Difference 

between Means 

(kN) 

5.7 8.3 

Standard 

Deviation  (kN) 
15.9 2.7 13.9 7.8 

COV 0.077 0.013 0.041 0.024 

P-Value 0.57 0.42 

Result Statistically not significantly 

different 

Statistically not significantly 

different 

 

It was noticed that in the case of partially grouted walls, the cracks always started 

at the ungrouted cores or at the mortar joints at the interface between the grouted cores 

and the ungrouted cores. This phenomenon is due to the reduction in the effective width 

of the section resisting the shear forces, which causes the shear stresses to be magnified 

and thus causes the cracks to initiate at these points. Schultz et al. (1998) noted similar 

observations. 
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Table 5.14 Bonferroni t-test results for energy dissipation (area under the load-
displacement curve up to the point where the post-peak load is 80% of the peak). 

 Ungrouted 

Embedded 

Rft. 

Ungrouted 

Rft. on Dry 

surface 

Partially 

Grouted 

Embedded Rft 

 Partially 

Grouted 

Rft. on Dry 

surface 

Mean (kN) 2540 2550 3470 3130 

Difference 

between 

Means(kN) 

10 340 

Standard 

Deviation  (kN) 
719 469 931 1173 

COV 0.28 0.21 0.27 0.37 

P-Value 0.98 0.71 

Result Statistically not significantly 

different 

Statistically not significantly 

different 

 

5.5 Shear Models 

In order to have a better idea about the shear strength of the concrete masonry 

walls, the experimental results obtained were examined using different shear models and 

equations from different codes of practice to identify the best model for predicting the 

shear resistance of the walls.  The shear resistance was calculated at the mid height of the 

walls , as most of the walls were found to start cracking in the middle part . Table C-1 in 

Appendix C shows the properties of the walls examined. 
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The equations used to predict the shear strength of the walls are: 

  Canadian Standard Association CSA  S304.1 (2004). 

 Euro Code 6. 

 New Zealand Standards  NZS  4230:2004. 

 Matsumura 1987. 

 Shing et. al. 1990. 

A summary for the ratios of the experimental shear resistance (Vexp) to the theoretical 

shear resistance (Vth)  provided by different equations is provided in Table 5.15.  Details 

of the different values of shear resistance obtained by the different code equations and 

shear models for the walls tested in this research are given in Table D-1 (in Appendix D).  

Notes :  

 All the walls included in the study of the strength prediction, either from this 

experimental program or from the literature, were built only of concrete masonry 

units. 

 All the walls included in the study (196 walls), either from the experimental 

program or from the literature, failed in diagonal shear only. 

 All the walls from literature were tested under cyclic loading except the walls of 

Scrivener were tested using monotonic loading. 

 The area of vertical reinforcement in the walls tested (1-66) in Table C-1 was not 

counted in the equations as the vertical reinforcement was not connected to a 

concrete (or steel) base. The aim was to study the effect of the vertical 

reinforcement  separately from its anchorage effect. Therefore it was not listed in 
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this table to prevent confusion. Although the walls were fixed by the hydraulic 

jack , the bracket and the steel plates at the lower course, there were no anchorage 

effects on the results (nothing from steel reinforcement being embedded in a base 

beam). 

 None of the equations used for the results listed in Table C-1 include reduction 

factors or material factors, even for the Canadian code equation the material 

factor m was not used in the limit of Vr  0.4 mf '  dv bw g (2-hw/lw). 

 According to the set-up of the testing rig, the tested walls were considered as 

cantilever walls, as the walls were fixed from the bottom and by putting the 

vertical actuators in the force control mode, the walls were able to displace and 

rotate at the top similar to a cantilever. 

 The shear resistances of the walls were calculated at the mid-height of the walls 

(H/2). 

 All the walls investigated have an  aspect ratio less than or equal to 2. 

 

Table 5.15 Summary of ratios of Vexp/Vth obtained by different equation for the 
tested walls. 

 CSA 2004 Euro Code 6 NZS 2004 Matsumura Shing et al. 

Average Vexp/Vth 1.94 1.74 2.37 3.41 1.57 

Standard Deviation 0.39 0.33 0.62 0.73 0.43 

C.O.V 20% 19% 26% 21% 27% 

Number of Walls  with 

Vexp/Vth less than 1. 
0 0 0 0 3 
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The following remarks can be made from the results of analyzing the data for the walls 

examined in this study: 

 The equation provided by Shing et al. 1990 is the best model to predict the shear 

strength of the walls tested, but there were three walls for which it under-

estimated their shear resistance, and there were two other walls for which the ratio 

of the experimental value to the theoretical value was unity. 3 walls out of 66 is 

less than 5%, and considering the ratios obtained varied from 0.92-0.95 with no 

material factors used, these values can be ignored, because if material factors are 

applied, the ratio of Vexp/Vth will increase and become in the safe zone. 

 The Euro Code has the lowest coefficient of variation among the different models, 

and has a good estimation of the shear resistance as the ratio of  Vexp/Vth   was 1.74. 

 For the New Zealand code NZS 2004, limiting the shear resistance of walls Vn  

(Vm+Vs+Vp) to the limit of 0.45 mf '  eliminates the advantage of the increased 

frictional forces under increasing axial loads, especially in the walls tested in this 

study as the applied axial stress was relatively high (2 MPa or more). 

 For the tested walls, if the upper limit  for Vn of the NZS is ignored, 18 walls 

appear unsafe (out of the 66 walls)  as the results are : 

 Average Vexp/Vth = 1.31 

 STDV  = 0.40 

 C.O.V =  30% 

 Number of walls with Vexp/Vth less than 1 = 18 walls 
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 Matsumura's equation is very conservative in estimating the shear resistance of 

the walls. This is because the walls used in the experimental testing did not have 

vertical steel connected to a base beam or concrete foundation, and therefore the 

reinforcement was not counted in the calculations. Matsumura's term to calculate 

the resistance of masonry (Vm) depends on the existence of vertical reinforcement 

in the outer cores of the walls. Consequently, this term is eliminated from the 

equation leading to reduction of the predicted shear resistance of the walls. 

 The Canadian code equation reduces the dead load by 10% when calculating the 

contribution of the axial load, if this reduction is ignored the results are (with no 

unsafe walls) : 

 Average Vexp/Vth = 1.93 

 STDV  = 0.40 

 C.O.V =  21% 

Which is almost the same  as when the reduction of axial load is applied. 

 The Canadian Code (which is the main concern) is very conservative as it 

severely underestimates the shear resistance of the concrete masonry walls. There 

are some factors that affect the predicted shear resistance, and for many of the 

walls in this study, the predicted shear resistance is limited to the code limit of 

Vr 0.4 mf '  dv bw g (2-hw/lw)  which reduced the predicted the value of shear 

resistance. Also, using the term g (which accounts for the effect of partially 

grouting the wall) negatively affects the predicted values because it is limited to a 
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maximum value of 0.5 which underestimates the actual value of the ratio of net 

area to gross area for  most of the partially grouted walls. 

 For the tested walls, if the upper limit  for Vr in the Canadian code is ignored and 

the factor g  is used without reduction, the results of shear resistance for the 

Canadian code  are ( with no unsafe walls) : 

 Average Vexp/Vth = 1.27 

 STDV  = 0.23 

 C.O.V =  18% 

             Based on the previous results, a new shear model is proposed  (based on the 

current Canadian code equation ) considering the following aspects: 

 Horizontal shear reinforcement does not affect the shear strength of the masonry 

walls (based on the results obtained from the experimental program and 

confirmed by other researchers as mentioned previously). Horizontal 

reinforcement does not increase the shear strength significantly but does increase 

the shear ductility . 

 The coefficient for the partially grouted walls (g) should not be applied to the 

axial load as it is already considered in calculating the contribution of the 

masonry. 

 The axial stress has a significant effect on the shear strength of the masonry walls, 

as the average increases in shear resistance were 33% and 55%, when the axial 

stress was increased from 2 MPa to 3 MPa and 4 MPa respectively. 



 116

 The anchorage of vertical reinforcement to a base beam has an effect in increasing 

the shear resistance of the masonry shear walls. 

 The simplicity of the equation was a major concern. The intent was to develop a 

simple equation with less limiting factors to make the calculations easy. 

The proposed shear model consists of three terms; one for the contribution of masonry, a 

second term for the contribution of axial load and the last term for the contribution of the 

anchorage of vertical reinforcement (if connected to a base beam or footing). 

Vr = Vm + Vp + Vsv                                                                                          Eq. 5-1 

Where; 

Vr   is the total shear resistance of concrete masonry walls 

Vm  is the contribution of the masonry  and  

Vm = vm dv bw g                                                                                              Eq. 5-2 

 and  

vm = 0.16 ( 2- M / Vdv) mf '                                                                         Eq. 5-3 

In order to estimate the contribution of the axial load in the proposed equation, the walls 

were divided into two different categories; partially grouted walls and ungrouted walls. 

Then the contribution of masonry was calculated for each wall using Equation 5-2, and 

the term accounting for axial load was assumed to be a coefficient multiplied by the 

magnitude of the axial load (kN). 

To determine the coefficient of the axial load in the equation,  linear regression analysis 

was used for each of the two different groups of data separately.  
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For the  partially grouted walls, the coefficient of the axial load was found to be 0.34  and 

the coefficient of determination R2 is 0.88 which is a good value for the average 

estimation of the linear regression. Since the line of regression was in the middle of the 

data, a value of 0.27 was chosen to ensure that all data points are on the safe side of  the 

regression. Similarly, when the data of the ungrouted walls were used, the coefficient of 

the axial load was found to be 0.35, but with a coefficient of determination R2  of 0.84, a 

little less than that of the partially grouted walls but still acceptable. A value of 0.27 also 

satisfies the required safety for the equation. Therefore, the coefficient of the axial load in 

the proposed equation was set to be 0.27. 

 Figures 5.12-5.13 show the linear regressions to obtain the coefficient for the axial load 

for both partially grouted walls and ungrouted walls 

 

Figure 5.12 Linear regression to obtain the coefficient of axial load ( Partially 
grouted). 
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Figure 5.13 Linear regression to obtain the coefficient of axial load ( Ungrouted). 
 

 The shear resistance provided by the axial load is given by  

Vp = 0.27 P                                                                                          Eq. 5-4 

The form of the equation  after adding the term counting for the axial load : 

Vr = vm dv bw g + 0.27 P                                                                    Eq. 5-5 

The proposed modification ( eq. 5-5) was then examined against the  66 walls of the 

experimental testing and the results are as follows:  

 Average Vexp/Vth = 1.24 

 STDV  = 0.11 

 C.O.V =  9% 

The results confirm that the proposed modification gives a better estimation for the shear 

resistance of the walls than the other five models, as it has the lowest average  ratio of  

Vexp/Vth and also has the lowest coefficient of variation (9%). 
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If the upper limit  for Vr in the Canadian code is ignored and the factor g  is used without 

reduction,  the results for the proposed model are ( with 2 unsafe walls) : 

   Average Vexp/Vth = 1.12 

 STDV  = 0.07 

 C.O.V =  6% 

 

In order to verify the model and check its validity among the literature, the data of testing 

130 additional walls were collected and examined against the different shear models to 

check the accuracy of each shear equation. 

The sources of the data are : 

 Tests conducted by Scrivener 1969 (12 walls). 

 Tests conducted by Chen et al. 1978 (11 walls). 

 Tests conducted by Sveinsson et al. 1985 (21 walls). 

 Tests conducted by Okamoto et al. 1987 (4 walls). 

 Tests conducted by Matsumura 1987 (43 walls). 

 Tests conducted by Shing et al.1990  (8 walls). 

 Tests conducted by Schultz 1998 (6 walls) 

 Tests conducted by Voon and Ingham 2006 (10 walls). 

 Tests conducted by Baenziger and Porter 2011 (10 walls). 

 Tests conducted by Nolph et al. 2012 (5 walls). 

Table 5.16 shows the summary of the results obtained after examining the total 

196 concrete masonry walls using the different shear formulae . 
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Table 5.16 Summary of ratios of Vexp/Vthobtained by different equations (196 
walls). 

 CSA  

2004 

Euro 

Code 6 

NZS 

2004 
Matsumura 

Shing  et 

al. 

Average Vexp/Vth 1.48 1.64 1.78 2.70 1.23 

Standard 

Deviation 
0.57 0.89 0.69 1.54 0.57 

C.O.V 39% 54% 39% 57% 46% 

Number of Walls  with 

Vexp/Vth less than 1 
42 37 22 1 73 

 

As can be seen from the table, Matsumura's shear model is the most conservative one, but 

it does have the lowest number of walls having experimental to theoretical ratios less than 

unity (1). The Canadian Code ( without using the material factors)  has a good estimation 

of the shear resistance of the walls with the lowest  coefficient of variation among the 

different models, whereas Matsumura's model is still the most conservative model in 

estimating the shear resistance of walls. 

The proposed model gives the lowest average ratio among the other shear 

equations.  

Eq. 5-5  was used  with the 196 walls and the results are : 

 Average Vexp/Vth = 1.28 

 STDV  = 0.33 

 C.O.V =  26% 

 Number of Walls  with Vexp/Vth less than 1 are 32 walls. 
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The anchorage of vertical reinforcement in a base beam has an effect on the shear 

resistance of masonry walls and has been used in several shear models and code 

equations e.g. Shing et al. 1990, NZS 2004 and Voon and Ingham 2007. Therefore, a 

term that accounts for the anchorage effect of vertical reinforcement is suggested to be 

added to the proposed model. 

Linear regression analysis was not useful in this case, as there were two variables; the 

area of vertical reinforcement and the yield strength of the reinforcement. There was no 

correlation between the effect of vertical reinforcement and the lateral resistance of the 

walls obtained from the regression analysis as can be seen from Figure 5.14 and the 

coefficient of determination R2  is very low (0.0097). 

 

Figure 5.14 Linear regression to obtain the coefficient for anchorage of vertical 
reinforcement. 
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  The term that accounts for the anchorage effect of vertical reinforcement in the equation 

developed by Shing et al. 1990 (eq. 2-21 ) was adopted to account for the anchorage of 

the vertical reinforcement with some modifications. 

Instead of using  ρv  and the net area in the equation of Shing et al., the term Asv fyv is 

used which is the same. And instead of using mf ' ,  the factor 0.05 is used, which is 

obtained from multiplying 0.0217 from the equation of Shing et al. by the  lowest mf '  

(the lowest  f'm found in data used from literature). 

The final form of the proposed model is : 

Vr = = vm dv bw g + 0.27 P + 0.05 Asv fyv                                                                                         Eq. 5- 6  

After verifying the final proposed model among all the walls (196), the results are as 

follows: 

 Average Vexp/Vth = 1.19 

 STDV  = 0.31 

 C.O.V =  26% 

 Number of Walls  with Vexp/Vth less than 1 are 41 walls. 

 

Notations for the symbols used in the equations 

 f'm : Average compressive strength of masonry (MPa). 

 bw: Effective width of wall (mm). 

 dv: Effective depth of the wall (mm), in this case taken as 0.8 L. 

 Asv : Area of vertical reinforcement (mm). 

 fyv : Yield strength of the vertical reinforcement (MPa). 

 P : Axial load (taken as 0.9 P for CSA S304.1-04 calculations only) (kN). 
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 g : Factor to account for partially grouted or ungrouted walls. 

          g  = 1 for fully grouted walls, and equals An/Ag  for ungrouted and partially grouted  

walls , where An/ Ag  is less than or equal to 0.5. 

 M : Moment at the section under study (N.mm). 

 V :  Shear load at the section under study (N). 

 The moment/shear ratio (M / Vdv) should be less than 1 and more than 0.25. 

It is proposed that the material resistance factors  (m , s) be used  for the contribution of 

the masonry and the reinforcement only. The axial load should not be reduced by the 

material resistance factor m. 

Thus the proposed equation using the material resistance factors is : 

Vr = m (vm . dv bw g) + 0.27 P +  s (0.05 Asv fyv  )                                        Eq. 5-7   

Where, 

20  mv  MPa                                                                                                  Eq. 5-8 

P < 0.4 f'm                                                                                                                       Eq. 5-9 

The results of  Vexp/Vth  for the various codes and equations are shown in Figures 5-15 to 5-20. 
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Figure 5.15 Values of  (Vexp/Vth) obtained with the Canadian Code 2004. 
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Figure 5.16 Values of  (Vexp/Vth) obtained with Euro Code 6. 
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Figure 5.17 Values of  (Vexp/Vth) obtained with NZS 2004. 
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Figure 5.18 Values of  (Vexp/Vth) obtained with Matsumura 1987. 
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Figure 5.19 Values of  (Vexp/Vth) obtained with Shing et al. 1990. 
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Figure 5.20 Values of  (Vexp/Vth) obtained using the proposed model.
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Most of the (Vexp/Vth) ratios that are less than one for all the shear models 

examined were found to be in the group of walls tested by Matsumura (specimens 83-

125). This might be due to the set-up used in his experiments where the walls were not 

allowed to rotate at the top which creates a moment at the top of the walls. This moment 

at the top creates a point of inflection at the mid-height of the walls and there will be zero 

moment at the mid height and a shear force only acting on the cross section of the wall 

which can explain the overestimating of the shear resistance of the wall at this section 

which is the concern of the study. The other walls (except the ones of Schultz) in the 

study were allowed to rotate at the top and were treated as a cantilever walls. 

The experiments reported by Schultz et al. (1998) examined partially grouted 

masonry (as mentioned by authors) walls, where the walls tested had only the end cores 

grouted and reinforced with vertical steel bars. These kind of wall samples by grouting 

the end cores only do not fully represent  a repeating element of an actual masonry wall. 

Scrivener (1969) had a similar wall configuration in his testing. The ideal test is one that 

is representative of a small piece of the wall itself. That is, the wall can be seen to be 

made of multiples of the representative (repeated) element subjected to the load/boundary 

conditions of the wall. This ideal is not easy to achieve but the closer one can get to it, the 

more relevant should be the results. 

The next stage was to verify the shear models provided by the codes using the material 

resistance factors. 

 For the Canadian Code , the material factors used are : 

m = 0.6 for the masonry and the axial load,   s =0.85 for the reinforcement. 

 For the Euro code , the material factors used are: 
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M = 1.5 for the masonry,   S  =  1.15   for the reinforcement. 

 For the New Zealand Code, a reduction factor of 0.75 was used for the shear 

resistance. 

 For the proposed model, the material factors used are: 

m = 0.6 for the masonry only,   s =0.85 for the reinforcement. 

The detailed results of the shear resistance and (Vexp/Vth) ratios are shown in table D-3 (in 

Appendix D), while Table 5.17 show the summary of the results. 

 

Table 5.17 Summary of (Vexp/Vth) results obtained using the material factors. 

 CSA  

2004 

Euro 

Code 6 

NZS 

2004 

Proposed 

model 

Average Vexp/Vth 2.45 2.62 2.37 1.58 

Standard Deviation 0.95 1.46 0.93 0.41 

C.O.V 39% 56% 39% 26% 

Number of Walls  with 

Vexp/Vth less than 1. 

1 24 3 14 

 

The results show that the Canadian code has only one wall with a (Vexp/Vth) ratio less than 

1, but it is the most conservative code as it has the highest average of (Vexp/Vth) which is 

3.38. This means more waste of the materials. On the other hand the proposed model is 

the most effective model in predicting the shear strength with the minimum (Vexp/Vth) 

ratio and the minimum standard deviation, although it does have 9 walls in the “unsafe” 

zone. When compared to 196 walls this is less than 5%, and thus the model can be 
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considered a good model taking into consideration that the 9 walls having (Vexp/Vth) less 

than 1 are from the group of walls tested by Matsumura, and most of the values are very 

close to unity. Figures 5.21-5.24 show the values of (Vexp/Vth) obtained by the proposed 

model and different codes after adding the material resistance factors. It should be noted 

that in the last group of walls (Chen et al. walls), there were some flexural cracks 

accompanying the diagonal shear cracking, and hence for some specimens there is a 

relatively high  (Vexp/Vth) ratio for the proposed model, as it is based on the diagonal shear 

only. 

It should be noted that that Baenziger and Porter (2011) tested walls with both 

joint reinforcement and bars in bond beams and showed that both ways of horizontal 

reinforcement affect the shear resistance of walls similarly. Also, the proposed  model 

was developed on the basis of bed joint reinforcement, but the model was verified along 

data from literature which contained 93 masonry walls with bars in bond beams as 

horizontal reinforcement. This proves the validity of the equation. Table 5.18 shows  a 

comparison between different shear models for walls reinforced horizontally with bars in 

bond beams. 
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Table 5.18 Summary of (Vexp/Vth) results obtained using the material factors for 
walls with reinforcement in bond beams. 

 CSA Euro Code NZS Proposed model 

Average 

Vexp/Vth 
2.11 2.22 1.98 1.86 

STDV 0.99 1.55 0.74 0.68 

C.O.V 47% 70% 37% 37% 

Ratio < 1 6 16 2 7 
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Figure 5.21 Values of  (Vexp/Vth) obtained by with Canadian code using the material factors. 
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Figure 5.22 Values of  (Vexp/Vth) obtained with the Euro code using the material factors. 
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Figure 5.23 Values of  (Vexp/Vth) obtained with the New Zealand code using the material factors. 
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Figure 5.24 Values of (Vexp/Vth) obtained using the proposed model using the material factors. 
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CHAPTER SIX  : DUCTILITY 

6.1 Introduction 

 There is general agreement that the ductility of masonry walls is a measure of 

their ability to undergo large deformations in the inelastic range without substantial 

reduction in strength. This ability is of significant importance if a masonry structure is  

not to collapse during lateral loading. The National Building Code of Canada (NBCC 

2010) accounts for the effect of structural ductility and energy dissipation through 

inelastic behaviour where, the elastic force is divided by the product of the ductility-

related force modification factor, Rd, and the over strength-related force modification 

factor, Ro, and in the ASCE 7 (2005), the elastic force is divided by the force reduction 

factor R.  For the displacements, the elastic displacements are multiplied by the product 

of RdRo in the NBCC or multiplied by the deflection amplification factor Cd in ASCE 7. 

The precise definition of ductility has been a subject of debate for some time: 

there have been several different proposals as to how “ductility” should be determined. 

Park (1989) divided ductility into three categories depending on the predominant 

deformation of the walls, namely displacement, rotation and curvature. Displacement 

ductility was defined as the ratio between the maximum displacement and the 

displacement at yield, rotational ductility as the ratio between maximum rotation and the 

rotation at yield in the plastic region and finally curvature ductility was defined as the 

ratio between the maximum curvature and the curvature at yield in the plastic hinge 

region.   

Many factors affect the post-peak behaviour of a masonry wallette (Priestley, 

1981; Hart et al., 1992; Ingham et al., 2001; Voon and Ingham, 2002; Haider and 
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Dhanasekar, 2004;  2010; Baenziger and Porter, 2011). For example, Priestley (1981) 

argued that the ductility of masonry walls depends on many factors such as the axial load, 

reinforcement content, the yield strength of the reinforcing steel and the compressive 

strength of the masonry. Sivarama et al. (2003) stated that the confinement of the 

masonry wall is another factor that affects its ductility. Srinivasa et al. (1998) showed that 

the method of testing (loading) can affect the ductility of walls: they concluded from their 

experimental work that the displacement ductility of walls under monotonic loading is at 

least double the ductility of walls under cyclic loading, due to the increase in stiffness 

degradation with increasing cyclic amplitude and increasing number of cycles. 

Several researchers (Tomaževič 1984; Shing et al 1989; Sivarama Sarma et al. 

2003; Minaie et al., 2010) have tried to evaluate displacement ductility by using an 

equivalent elastic-perfectly plastic load-displacement relationship instead of the actual 

one, but Park (1989) argued that the bi-linear model is not typical of the real behaviour of 

structural members. He suggested that stiffness degrading models are more typical. 

Tomaževič (1984) used the concept of energy conservation to develop a ductility 

index to evaluate the ductility of masonry walls. He proposed the idealized bi-linear 

(elastic – perfectly plastic) relationship shown in Figure 6.1 In this method, Tomaževič 

made use of the energy conservation concept by assuming a linear relationship having the 

same area under the curve as the original load-displacement envelope. He calculated the 

ductility of the walls by dividing the displacement obtained from the intersection of the 

horizontal line of the bi-linear model with the experimental curve after the peak load by 

the elastic displacement (u/e) as shown in Figure 6.1. However, in order to use the 

energy conservation concept to define ductility, max should be used instead of u, where  
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max  is the maximum displacement obtained at the certain levels of post peak loads where 

there is no significant reduction in the resistance of walls (which in this study, was 

chosen to be 90% of the post peak load). The average values of ductility obtained by 

Tomaževič when using the bi-linear relationship are presented in Table 6.1.  

 

Table 6.1 Ductility index for different categories of masonry walls 
Type of Wall Ductility index () 

Plain Masonry Walls 2.0-3.0 

Confined Masonry Walls 3.0-4.0 

Reinforced Masonry Walls 4.0-5.0 

 

Figure 6.1 Idealization of experimental load-displacement curve into bi-linear 
relationship (Tomaževič 1984). 
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In 1997, Tomaževič converted the load displacement curves into idealized 

combinations of linear relationships to evaluate the ductility of the walls: where he used 

the idealized tri-linear model shown in Figure 6.2 to calculate a measure of the ductility 

of the walls. In this relationship, Tomaževič identified three different loads with their 

corresponding displacements; the first load is the cracking point (Hcr), which represents 

the elastic limit of the wall; the second load is the maximum resistance of the wall 

represented by (Hmax) and the third load is the ultimate state point (Hdmax) which 

represents the point with the maximum displacement just before collapse. 

 

Figure 6.2 Idealization of experimental load-displacement curve into tri-linear 
relationship (Tomaževič, 1997). 
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6.2 Ductility of Walls 

The term ductility is commonly used with walls subjected to dynamic or cyclic 

loading. In this chapter the ductility is used as a measure to compare the displacement 

ductility obtained using different reinforcement methods of  walls subjected to variable 

levels of axial stresses. 

To evaluate the ductility of the different types of concrete masonry walls used in 

this research, a method was developed to define the ductility of the walls depending on an 

energy conservation concept similar to that introduced by Tomaževič in 1984. Assuming 

elastic, homogeneous and isotropic properties of masonry as a structural material to 

permit using the equations based on the simple theory of elasticity, the bi-linear elasto-

plastic envelope can be easily calculated. 

In order to draw the idealized envelope, some parameters need to be defined: 

 The cracking load Vcr - the lateral load corresponding to the first significant crack 

in the wall (the point where the curve changes its slope). 

 The cracking displacement dcr - the magnitude of the displacement at the 

formation of the first significant crack. 

 The maximum lateral load Vmax - the maximum lateral load during the test. 

 The maximum displacement dmax - the maximum displacement (obtained at the 

end of the test). Note this is NOT the displacement at Vmax. 

 The effective stiffness Ke - the slope of the linear elastic portion of the idealized 

curve, equal to the secant stiffness and can be calculated by dividing the cracking 

load by the cracking displacement Ke = Vcr / dcr . 
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To create the bi-linear elasto-plastic envelope, the energy conservation principle 

was used, where the area under the experimental load-displacement curve is equal to the 

area under the idealized bi-linear curve. By applying this principle, the following 

quadratic equation can be obtained: 

Vu 
2- 2 Ke Vu dmax +2 Ke Aenv=0                                                                            (6.1) 

where,  

Aenv = Area under the experimental load-displacement curve. 

de =         displacement at the idealized elastic limit. 

By solving the quadratic equation, the equivalent maximum load (Vu ) can be obtained 

and the relationship can be drawn as shown in Figure 6.3.                                                      

To compare the ductility of the different walls, the Ductility Index ( ) is used. This 

index is defined as the ratio between the maximum displacement (dmax) and the 

displacement at the idealized elastic limit (de). This Ductility Index and other properties 

of the walls tested in phase one are listed in Tables 6.2 – 6.5. 

Figure 6.3 Bi-linear relationship used to calculate the Ductility Index. 
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6.2.1 Phase one 

For the walls of phase one, the set-up of the testing rig (as described earlier) 

allowed the walls to have a little rotation, which was clearly seen as a gap between the 

bottom of the lower course and the floor (in some cases the gap reached 40 mm).  

Table 6.2 Ductility Index and other properties for walls subject to 2 MPa axial 
stress. 

 

Rft. 
spec. 

# 

Vcr 

(kN) 

de 

(mm) 

dmax 

(kN) 
Aenv 

Ke 

(kN/mm) 

Vu 

(kN) 
 

Control 
1* 150 1.25 14.0 3723 222.6 278.4 11.2* 

2 180 0.96 6.2 1522 278.2 266.0 6.5 

3 170 1.09 7.5 1808 237.3 258.9 6.9 

Ds 
1 160 1.15 7.4 1797 228.8 262.9 6.4 

2 170 1.11 3.1 662 233.5 260.4 2.8 

3 210 1.10 7.4 1840 251.2 267.1 6.7 

Db 
1 160 0.93 5.5 1277 272.2 252.0 6.0 

2 180 1.19 4.8 1095 219.0 259.7 4.1 

3 170 1.16 7.5 1752 219.3 254.3 6.4 

Vertical 
1 215 0.97 7.1 1197 270.0 261.0 5.2 

2 210 0.95 4.6 1023 259.9 248.1 4.8 

3* 190 1.07 32.7 8644 251.2 269.2 30.6 

Grid 
1 175 1.00 7.6 1854 258.8 260.9 7.6 

2* 170 1.07 17.6 4763 260.3 278.5 16.5 

3 170 1.17 7.6 1864 226.6 265.8 6.5 

* Excluded from the calculations 

Rft: Reinforcement method, Vcr : Cracking load,  de : Idealized max elastic displacement, dmax : 
maximum displacement, Aenv : Area under load-displacement envelope , Ke : Effective stiffness,       
Vu : Idealized ultimate load,   : Ductility index 
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For specimen 1 in the control walls, specimen 3 in the vertically reinforced walls and 

specimen 2 in the grid reinforced walls, horizontal cracks appeared first at the bed joints 

in the middle of the walls followed by diagonal shear cracks (typical failure for all walls 

loaded to 2 MPa). However, after the peak load (in these 3 walls) a horizontal crack 

developed in the highest bed joint under the actuator. This crack caused the upper two 

courses to slide on the bed joint causing a significant increase in the displacement. 

Consequently, the ductility indices for these three walls were excluded from the 

calculations of ductility index, but the maximum load and stiffness of these walls were 

retained as they were not affected by the sliding after the peak load was reached. Figures 

6.4 and 6.5 show idealized bi-linear curve and the cracking pattern of specimen 1 of the 

control walls. 

 

 

 

 

 

 

 

 

 

 
 

Figure 6.4 The idealized bi-linear relationship of specimen 1 in control walls at 
2MPa. 
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Figure 6.5 The horizontal cracking beneath the actuator causing sliding of the upper 
courses. 

For the wall in Figure 6.5, the cracking first started as horizontal cracking at the mid-

height of the wall which can be seen in the third and fourth bed joints. This was followed 

by the formation of the diagonal cracks shown in the figure. The horizontal crack at the 

highest bed joint was formed after the peak load had been reached and is therefore 

thought to be the cause of the increased displacement of the top of the wall. 

The individual curves of the bi-linear relationship for all the walls are shown in Appendix 

A. 
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Table 6.3 Ductility Index and other properties for walls subject to 3 MPa axial 
stress. 

 

Rft. 
spec. 

# 

Vcr 

(kN) 
de 

(mm) 

dmax 

(kN) 
Aenv 

Ke 

(kN/m

m) 

Vu 

(kN) 

 

Control 
1 230 1.23 4.0 1293 307.0 378.8 3.3 

2 215 1.24 3.5 976 278.0 344.9 2.8 

3 200 1.38 5.1 1688 275.3 381.2 3.7 

Ds 
1 200 1.21 4.7 1369 276.8 334.2 3.9 

2 200 1.15 4.9 1399 277.8 319.8 4.3 

3 220 1.39 4.0 1155 252.3 351.8 2.9 

Db 
1 170 1.65 4.9 1367 204.8 338.0 3.0 

2 270 1.75 7.7 2452 205.7 360.4 4.4 

3 210 1.33 9.6 2689 227.6 302.6 7.2 

Vertical 
1 220 1.52 5.9 1656 211.7 322.2 3.9 

2 200 1.03 5.3 1566 315.5 324.5 5.2 

3 220 1.20 4.2 1950 291.6 348.7 5.2 

Grid 
1 175 1.10 9.9 3123 304.0 335.1 9.0 

2 210 1.00 5.7 1698 325.2 326.7 5.7 

3 210 0.90 7.0 2210 374.5 337.4 7.8 

 

Rft: Reinforcement method, Vcr : Cracking load,  de : Idealized max elastic displacement, dmax : 
maximum displacement, Aenv : Area under load-displacement envelope , Ke : Effective stiffness,       
Vu : Idealized ultimate load,   : Ductility index 
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Table 6.4 Ductility Index and other properties for walls subject to 4 MPa axial 
stress. 

 

Rft. 
spec. 

# 

Vcr 

(kN) 
de 

(mm) 

dmax 

(kN) 
Aenv 

Ke 

(kN/m

m) 

Vu 

(kN) 

 

Control 
1 200 1.21 6.8 2432 324.3 392.4 5.6 

2 260 1.09 4.5 1606 370.5 402.9 4.2 

3 250 1.04 3.9 1377 390.6 407.6 3.8 

Ds 
1 200 0.96 4.4 1544 407.1 389.8 4.6 

2 210 1.12 5.8 1929 329.9 370.3 5.2 

3 250 1.21 4.7 1625 330.2 401.0 3.9 

Db 
1 250 1.63 6.4 2444 266.1 434.6 4.0 

2 250 1.54 6.9 2424 254.8 392.9 4.5 

3 270 1.47 4.7 1645 284.8 417.9 3.2 

Vertical 
1 240 1.23 5.9 2045 313.6 387.1 4.8 

2 220 1.25 6.4 2146 299.4 374.2 5.1 

3 220 1.34 5.0 1580 272.9 364.8 3.7 

Grid 
1* 310 2.87 11.4 4061 142.3 408.3 4.0 

2 240 1.13 8.2 3100 357.9 405.0 7.3 

3 240 0.95 7.2 2733 427.2 404.5 7.6 

* Excluded from the calculations 

Rft: Reinforcement method, Vcr : Cracking load,  de : Idealized max elastic displacement, dmax : 
maximum displacement, Aenv : Area under load-displacement envelope , Ke : Effective stiffness,       
Vu : Idealized ultimate load,   : Ductility index 
 

The results from specimen 1 in the grid reinforced walls at 4 MPa were excluded because 

there was an error in the readings of the LSC which was sticking, causing the readings to 

have jumps as shown in Figure 6.6.  The displacements and the stiffness calculations 
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were not valid, the maximum load was the only valid parameter obtained in the testing of 

this wall. 

 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

Figure 6.6 The bi-linear relationship of specimen 1 in grid reinforced walls of 4 MPa 
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Table 6.5 Ductility Index for ungrouted walls. 

Rft. 
spec. 

# 

Vcr 

(kN) 
de 

(mm) 

dmax 

(kN) 
Aenv 

Ke 

(kN/m

m) 

Vu 

(kN) 

 

2 MPa 

1 90 0.74 3.2 387 187.7 138.1 4.3 

2 100 0.83 3.3 396 165.4 136.7 4.0 

3 100 0.82 3.3 420 178.5 146.3 4.0 

3 MPa 

1 160 1.06 3.9 608 168.4 178.3 3.7 

2 150 1.04 3.4 551 187 194.7 3.2 

3 140 1.07 3.1 494 180.6 193.4 2.9 

4 MPa 

1 150 1.00 5.4 1081 220.4 219.1 5.4 

2 120 1.40 5.9 1170 160.3 225.1 4.2 

3 160 1.42 3.2 573 165.7 234.6 2.2 

 

For the walls subjected to axial stresses of 3 MPa and 4 MPa, there was a 

significant difference in Ductility Index only in the case of using the grid reinforcement 

compared to the other methods of reinforcement at the same axial stress level. For the 

other forms of reinforcement, there was slight variation in the ductility of the walls 

compared to each other.. However, these variations were not statistically significantly 

different when assessed by the Bonferroni t-test method between each two cases of 

reinforcement. Table 6.6 shows the average ductility indices for the walls, while Tables 

6.7-6.9 show the results obtained when performing the t-test between the different 

methods of reinforcement at the three axial stress levels. 
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Table 6.6 Average Ductility Indices for the different walls. 

 
Table 6.7 Bonferroni t-test results for walls subject to 2 MPa axial stress. 

 
 Control Ds Db Vertical Grid 

Control - Not Significant Not Significant Significant 
Not 

Significant 

Ds - - Not Significant Not 
Significant 

Not 
Significant 

Db - - - Not 
Significant 

Not 
Significant 

Vertical - - - - Not 
Significant 

 

Table 6.8 Bonferroni t-test results for walls subject to 3M Pa axial stress. 
 

 Control Ds Db Vertical Grid 

Control - Not Significant Not Significant Significant Significant 

Ds - - Not Significant 
Not 

Significant 
Significant 

Db - - - 
Not 

Significant 

Not 

Significant 

Vertical - - - - 
Not 

Significant 

 

 Ungrouted Control Ds Db Vertical  Grid 

2MPa 4.10.2 6.70.3 5.32.2 5.61.2 5.00.3 7.10.8 

3MPa 3.20.4 3.30.5 3.70.7 4.92.1 4.80.8 7.51.7 

4MPa 3.91.6 4.50.9 4.60.7 3.90.7 4.50.7 7.50.2 
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Table 6.9 Bonferroni t-test results for walls subject to 4 MPa axial stress. 

 Control Ds Db Vertical Grid 

Control - Not Significant Not Significant Not 
Significant Significant 

Ds - - Not Significant Not 
Significant  Significant 

Db - - - Not 
Significant  Significant 

Vertical - - - - Significant 
 

 

For walls subject to 2 MPa axial stress, the comparatively low axial stress affected 

the type of cracks obtained in these walls, where there were significant numbers of 

horizontal cracks in the bed joint due to the sliding of the walls from the lack of sufficient 

confinement under low axial stress. Consequently, the sliding of the walls after the peak 

load created relatively large displacements which in turn caused the values of ductility for 

these walls to be close to the values for the control, Ds and Db walls. For the vertically 

reinforced walls there was a significant reduction in the ductility which can be attributed 

to the existence of the vertical rebars that prevented / reduced the sliding along the bed 

joints which in turn, caused a reduction of the displacement and subsequently the 

ductility. The use of bed joint reinforcement together with the vertical rebars to form a 

grid reinforcement allowed more displacement after peak load which helped to overcome 

the effect of the vertical reinforcement and to work as a net of reinforcement, leading to 

increased ductility. 

For walls subject to 3 MPa, although the average ductility of the vertically 

reinforced walls was less than that of the walls reinforced with Db, there was a significant 

increase in ductility when using vertical rebars compared to the control, but not a 



 154

significant increase in ductility when comparing the walls with Db to the control ones. 

This is due to the variability in the results obtained in case of Db, whereas the results 

were less variable in the case of vertically reinforced walls. 

6.2.2 Phase two 

For walls of phase two, the fixation of the steel base to the floor prevented the gap 

which had appeared between the walls of phase one and the floor from appearing. 

Instead, a horizontal crack typically appeared in the first bed joint of the phase two walls 

on the tension end of the wall. The difference between the two cases can be seen in 

Figures 6.7 and 6.8. For the phase one specimens, the crack (the gap) appeared at the base 

of the wall at the tension end because there was no vertical reinforcement connected to 

foundations to resist the tension applied to the walls. 

 

Figure 6.7 Rotation of walls in phase one 
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Figure 6.8 Rotation of walls in phase two. 

 

However, for some of the walls of phase two, the crack appeared in the first bed 

joint.  For phase two walls, where two different ways of laying the bed joint 

reinforcement were applied, there was no significant difference between the ductility of 

the walls in either construction method. The properties of the phase two walls are 

presented in Table 6.10. 
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Table 6.10 Ductility Index and other properties for the walls of phase two. 

Wall 
spec. 

# 

Vcr 

(kN) 

de 

(mm) 

dmax 

(kN) 
Aenv 

Ke 

(kN/mm) 

Vu 

(kN) 

 

Ungrouted 

Embedded 

1 40 1.44 6.1 829 107.7 155.6 4.2 

2 50 3.01 6.8 1049 65.8 198.1 2.3 

3 160 1.03 4.3 760 194.5 199.6 4.2 

Ungrouted 

Dry 

1 40 1.3 6.8 903 111.9 147.0 5.2 

2 90 1.33 3.9 592 136.1 180.7 2.9 

3 70 2.54 7.0 1028 70.7 179.4 2.8 

Grouted 

Embedded 

1 230 2.67 6.7 1632 113.8 304.3 2.5 

2 250 2.09 4.5 1127 156.2 326.1 2.2 

3 240 2.73 8.0 2081 114.9 313.6 2.9 

Grouted 

Dry 

1 250 1.31 4.2 1129 242.9 318.5 3.2 

2 260 1.27 4.7 1309 255.5 325.4 3.7 

3 250 1.84 5.6 1477 171 314.2 3.1 

 

The ductility index is a relative measurement as it depends on many factors as 

mentioned. For example in the experimental testing, the test was stopped when the load 

had fallen to 90% of the peak load, but if the test had been stopped when 80% of the peak 

load had been reached, there would be totally different values for the ductility index. A 

comparison of the ductility indices obtained from the same test after 90% and 80% of the 

peak load was reached is presented in Table 6.11. 
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Table 6.11 Difference between stopping the test at 80% and 90% of the peak load. 

 Vcr 

(kN) 

de 

(mm) 

dmax 

(kN) 
Aenv 

Ke 

(kN/mm) 

Vu 

(kN) 

 

90% 260 1.27 4.7 1309 255.5 325.4 3.7 

80% 260 1.23 6.3 1769 255.5 314.5 5.1 

 

The table shows the results of a partially grouted wall from the second phase, with bed 

joint reinforcement d=3.7 mm. Stopping the test at different points did not affect the 

stiffness of the wall but did affect the maximum displacement which in turn increased the 

ductility index by 38%. Figure 6.9 shows the bi-linear relationships of the two cases. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6.9 Bi-linear relationships for a wall when stopping the test at 80% and 90% 
post peak load. 
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6.3 Stiffness  

6.3.1 Effect of axial stress 

Generally the stiffness of the walls was affected by the level of axial stress, where 

increasing the axial stress increased the stiffness of the walls. The effect of axial load is 

more significant when comparing the walls subject to 2 MPa than for walls subject to 4 

MPa. Table 6.12 shows the average stiffness of the walls of different reinforcing methods 

under the three levels of axial stress. 

Table 6.12 Average lateral stiffness (kN/mm) for walls of different configurations. 

 Ungrouted Control Ds Db Vertical  Grid 

2 MPa 177.2 246.0 237.8 236.8 260.3 248.6 

3 MPa 178.7 296.3 269.0 212.7 272.9 334.6 

4 MPa 182.1 361.8 355.7 268.6 295.3 392.6 

 

For the ungrouted walls, the increase in stiffness with increasing  axial load was 

negligible when compared to the grouted walls, because the axial load was calculated on 

the net area. The increase in axial load to change from 2 MPa to 4 MPa axial stress in 

hollow walls was minimal (compared to grouted walls) and only slightly affected the 

stiffness. 

 6.3.2 Effect of reinforcement 

The results obtained for the stiffness were compared via the Bonferroni t-test. 

Tables 6.13-6.15 show the results of the Bonferroni t-test for the different walls tested. 
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Table 6.13 Bonferroni t-test results for walls subject to 2 MPa axial stress                  

( Stiffness). 

 Control Ds Db Vertical Grid 

Control - Not Significant Not Significant Not 
Significant 

Not 
Significant 

Ds - - Not Significant Not 
Significant 

Not 
Significant 

Db - - - Not 
Significant 

Not 
Significant 

Vertical - - - - Not 
Significant 

 

 

Table 6.14 Bonferroni t-test results for walls subject to 3 MPa axial stress 
(Stiffness). 

 Control Ds Db Vertical Grid 

Control - Not Significant Significant Not 
Significant 

Not 
Significant 

Ds - - Not Significant Not 
Significant Significant 

Db - - - Not 
Significant 

Significant 

Vertical - - - - Not 
Significant 

 

 

Table 6.15 Bonferroni t-test results for walls subject to 4 MPa axial stress 
(Stiffness). 

 Control Ds Db Vertical Grid 

Control - Not Significant Significant Significant Not 
Significant 

Ds - - Significant Not 
Significant 

Not 
Significant 

Db - - - Not 
Significant Significant 

Vertical - - - - Significant 
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For the walls with 2 MPa axial stress, there was no significant difference in the 

stiffness between different categories of reinforcement because of the lack of sufficient 

confinement by the relatively low axial stress. 

  As can be noticed from the tables, the walls which were horizontally reinforced 

with bed joint reinforcement with diameter 4.9 mm showed a reduction in stiffness. The 

reason for this may be that because the diameter of the reinforcement (4.9 mm) was 

almost half the bed joint thickness, reinforcement of this diameter could have affected the 

bond between the mortar and the blocks consequently leading to reduced stiffness. The 

effect can be observed clearly with axial stresses of 3 MPa and 4 MPa. 

6.4 Effect of boundary conditions 

The boundary conditions of the walls during testing were thought to have an 

influence on the results obtained. In order to investigate the effect of boundary 

conditions, walls from phase one were compared with walls from phase two having the 

same properties and same reinforcement configurations with the only difference being in 

the boundary conditions. 

The boundary conditions in phase one were that the walls were not attached to the 

floor: a mechanical fixation method using a hydraulic jack and steel struts was used to fix 

the wall and prevent it from rotating. The vertical load was applied by means of one 

hydraulic actuator in the middle of the wall. In phase two, the walls were connected to the 

floor by means of a steel base bolted to the test floor. This beam had four 18 cm high 

steel dowels welded to its base and the cores which contained these dowels were grouted 

in the first course to hold the wall to the beam. The vertical load was applied by means of 

two vertical actuators.  
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Walls with bed joint reinforcement of 3.7 mm diameter and subject to axial stress 

of 3 MPa were used for the comparison. Table 6.16 shows the properties of the walls 

from the two test phases. However using the Bonferroni t-test statistical method to 

compare between these data, the results show that there is no significant difference 

between the results from the two phases. This assures that the boundary conditions (test 

set-up) used here did not affect the stiffness or the ductility of the walls. Table 6.17 

shows the results of the Bonferroni t-test. 

 
Table 6.16 Comparison between walls of phase one and phase two. 

 Max 

Load 

(kN) 

Cracking 

Load 

(kN) 

Fg 

(kN) 

Fm 

(kN) 

Stiffness 

Ke 

Ductility 

 

Phase one 1 347.9 200 23.7 6.5 277 3.9 

2 337.1 200 25.1 7.3 278 4.3 

3 390.1 220 21.9 7.5 252 2.9 

Phase two 1 320.4 250 18.4 15.3 243 3.2 

2 334.6 260 18.4 13.7 255 3.7 

3 333.2 250 24.5 13 171 3.1 
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Table 6.17 Results of the Bonferroni t-test between walls of phase one and phase 
two. 

 

 K 

Phase 1 

K 

Phase2 

Max load 

Phase 1 

Max load 

Phase 2 

Mean (kN) 269 223 358 329 

Difference 

between Means 

(kN) 

46 29 

Standard 

Deviation  (kN) 
14.73 45.43 29.97 8.14 

COV 0.055 0.206 0.084 0.025 

P-Value 0.17 0.16 

Result Statistically : no significant 

difference 

Statistically : no significant 

difference 
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CHAPTER SEVEN : SUMMARY AND CONCLUSIONS 

 

7.1 Introduction 

An overall summary of this study is given in this last chapter where the most 

significant results and conclusions are outlined. Finally, some recommendations are 

mentioned for further studies to help more understanding the exact behaviour of shear 

walls under lateral loading. 

 

7.2 Summary 

In order to investigate the factors affecting the shear strength of concrete masonry 

walls, sixty six concrete masonry walls were tested under bi-axial in-plane  monotonic 

lateral loading. The experimental program was divided into two different phases.  Phase 

one consisted of fifty four walls and the goal of this phase was to study the effect of 

different types of reinforcement on the shear strength of concrete masonry walls. Phase 

two consisted of twelve walls tested in order to investigate the effect of different methods 

of laying the bed joint reinforcement on the overall shear strength of the walls.  

The walls were 1.6 m long and 1.4 m high and the lateral load was applied at a 

height of 1.2 m giving an aspect ratio of 0.75. Most of the walls were partially grouted 

and the rest were ungrouted. Statistical methods were used in the analysis, where 

Shapiro-Wilk test was first used and proved that the results were normally distributed 

among each group of data then ANOVA, Kruskal-Wallis and Bonferroni t-test  methods 

were used to have a better understanding of the source of difference in the results and to 

check if these differences were significant or not. 
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The results showed an apparent variation in the shear strength of the walls with 

the type of reinforcement, but statistical analysis showed that these variations are 

insignificant. The variables used in this research were: 

 Effect of bed joint reinforcement (2 different diameters ). 

 Effect of vertical reinforcement (effect of steel reinforcement as a material 

not the structural effect). 

 Effect of Grid reinforcement. 

 Effect of the Axial load (3 different levels). 

 Method of placing the bed joint reinforcement in the masonry walls. 

 Effect of boundary conditions. 

 Effect of grouting. 

The experimental results were examined against the Canadian Code and other 

codes and design expressions. The current Canadian code seems to be very conservative 

in predicting the shear strength of masonry walls. Hence, a new model was developed to 

predict the shear strength of the concrete masonry walls for walls with aspect ratios less 

than 2. The model was checked by using the data of 196 walls (from the literature and the 

current study) and proved to estimate results better than most of the formulae examined. 

The new model had the lowest coefficient of variation. 

 

7.3 Conclusions 

 The bed joint reinforcement proved to have no significant effect on the shear 

strength of the masonry walls subjected to lateral loads under varying axial 
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stresses, as it was shown that joint reinforcement is activated only after the wall 

has cracked. 

 The use of replicates of each wall configuration in testing is an essential factor to 

obtain reliable results, because there are significant differences in the results 

obtained within the replicates of walls of same configuration. Consequently, the 

results obtained from single tests can be misleading and totally unreliable. 

 The use of statistical analysis methods is of great importance, as it differentiates 

between the actual variation of results due to specific reasons and apparent 

variation of results due to material variation, inaccuracy in the test procedure, 

malfunction of testing or data acquisition equipment or other factors not related to 

the change in parameters . 

 In the case of partially grouted walls, the cracks start at the interface between the 

grouted cores and the ungrouted cores due to the sudden change in the width of 

effective section that leads to the magnification of the stresses applied to that 

section, causing it to crack. 

 Partial grouting of walls increases the shear capacity of the walls when compared 

to ungrouted walls, but when accounting for the net area that resists the lateral 

loads, the ungrouted walls gave higher strength than those  partially grouted. 

 The boundary conditions of the walls tested here did not affect the shear strength. 

 The current Canadian code is very conservative in predicting the shear strength of 

masonry walls as it significantly underestimates the shear resistance of concrete 

masonry walls. A significant source of this error is using the coefficient 

accounting for the partial grouting with the applied axial load.  
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 A new model was proposed to predict the shear strength of masonry walls with 

aspect ratio less than 2.  

  Vr = = m (vm dv bw g) + 0.27 P +  s (0.05 Asv fyv  )                                     

 The model gives better results and less coefficient of variation  than the other 

models examined in the study: the proposed model is simpler than the current 

Canadian code equation .  

 

 7.4 Recommendations and future work 

Further investigations are required to completely understand the behaviour of 

concrete masonry walls subjected to lateral loading.  Additional specimens need to be 

tested to confirm the behaviour observed during this research. Further research is needed 

to address some questions raised by this research. Among those questions are: 

 Some previous studies showed an increase in the shear strength of 

masonry walls, some more experiments are required to study the effect of 

shear reinforcement if it is connected at the ends to vertical reinforcement. 

 No specimens were tested with vertical reinforcement connected to 

foundations, more studies are needed to confirm the structural effect of the 

vertical reinforcement in increasing the shear resistance of the walls and to 

verify the proposed equation. 

 Further tests are needed with walls fixed at the top (inflection point at mid 

height) to investigate the difference between cantilever walls and fixed 

walls. 
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 The proposed formula is for concrete block masonry walls only, further 

research is needed to examine the formula using results of clay brick walls 

and check its validity with brick walls and the possible modifications. 
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