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ABSTRACT 

Lateral loads on buildings, either caused by wind or seismic events, are resisted 

primarily by the in-plane strength and stiffness of the walls oriented parallel to the 

direction of the applied load. The concern associated with relying on unreinforced 

masonry (URM) shear walls to transfer the load to the foundation is that the typical 

modes of failure are characterized by brittle behaviour, with rapid decreases in capacity 

and very limited deformations once the ultimate load is reached. 

Traditional strengthening techniques have several undesirable properties, 

including being labour intensive and adding weight to the structure. Past research has 

shown that fibre reinforced polymer (FRP) reinforcement is an effective method of 

increasing both the strength and ductility of URM. One of the most desirable properties 

of FRP is that it has a high strength to weight ratio . 

An experimental investigation was conducted to study the influence of surface

bonded fibreglass laminates on the sliding shear resistance of URM. The investigation 

was conducted in three phases: 

1 Phase One: Analyzing the performance of five different test specimen shapes 

retrofitted with GFRP to determine the most adequate configuration for further shear 

slip tests. The data was also of direct use as an evaluation of strength and behaviour 

of FRP reinforced masonry subjected to shear-slip failure . Thirty-seven shear slip 

specimens were tested to failure. The average increase in shear strength ranged from 

3 .1 to 7. 7 times that of the unretrofitted counterparts. 
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2 Phase Two: Assessing the feasibility of obtaining two sets to data from each test 

specimen. 

3 Phase Three: Assessing the shear-slip strength and behaviour of URM reinforced 

with fibreglass mesh, of different weights, adhered at two different orientations to the 

bed joint slip planes (0°190°, ±45°) using a modified mortar parging. Twenty-one 

shear slip specimens were tested to failure. Typically, for any given mesh weight, 

orienting the fibres at ±45° resulted in failure characterized by higher strength and 

less ductility compared to tests with fibres oriented at 0°190° to the bed joints. At 

±45° orientation, the fibres ruptured at failure. When the mesh was oriented at 0°190°, 

the fibres pulled out of the cement parging, which limited the strength, but enabled 

specimens to undergo large deformations while maintaining fairly constant residual 

capacity. 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

Masonry has a rich history as one of the oldest and most widely used construction 

material. It was used for thousands of years until modem materials (i.e., concrete and 

steel) appeared in the 191
h century (Velazquez-Dimas et al., 2000). lt has several inherent 

advantages, such as its aesthetic and architectural appearance, heat and sound insulation, 

fire resistance and economical construction. 

Masonry structures still constitute a high percentage of the total building stock 

around the world, much of which can be classified as low-rise buildings, having only one 

or two storeys (Hall et al., 1997). Unfortunately, many of these stmctures are situated in 

seismic regions and were either constructed before appropriate seismic design provisions 

were available or do not meet current seismic design requirements (Ehsani et al., 1999). 

They were designed primarily to resist wind and gravity loads. Therefore, it is typical for 

these structures to be constructed of brick or block units bonded together by cement 

mortar with little or no reinforcing steel. Steel reinforced masonry was not introduced in 

the United States until the 1930s (Ehsani et al., 1997). The lack of steel exacerbates the 

problem of resisting seismic forces because masonry structures hav1;: well defined mortar 

joint patterns that provide relatively weak potential failure planes (planes of weakness). 

Also, in existing buildings, mortar joints may have reduced capacity due to aging and 

associated deterioration. 
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Unreinforced masonry (URM) structures are vulnerable to failure under seismic 

loading because they are not capable of dissipating energy through inelastic deformation 

during earthquakes. The Masonry Society and the Federal Emergency Management 

Agency have identified that, in earthquake prone areas, failure of URM walls result in the 

most property damage, injuries and loss of life (Tumialan et al. , 2003; Ehsani et al., 1999). 

Property damage and injury are typically caused by the failure of masonry parapet walls 

(because of inadequate connections to the root) , veneers and unanchored loadbearing 

walls. 

Lateral loads on buildings, either caused by wind or seismic events, are resisted 

primarily by the in-plane strength and stiffness of the walls oriented parallel to the 

direction of the applied load; strength and stiffness of a wall in the out-of-plane direction 

is much less. Since lateral loads can come from any direction it is essential that the layout 

of a building incorporate structural walls along the two major axes in the plan view. The 

concern associated with relying on these URM shear walls to transfer the load to the 

foundation is that the typical modes of failure are characterized by brittle behaviour, with 

rapid decreases in capacity and very limited deformations once the ultimate load is 

reached. In many low-rise masonry buildings subjected to lateral load, shear is the 

controlling mode of failure. It is well documented in the literature (Applied Technology 

Council, 1997; Bosiljkov et al., 2003 ; Drysdale et al., 1999; Mangenes et al., 1997) that 

the failure modes associated with the in-plane loading of URM shear walls depend on the 

combination of the applied load, wall geometry and properties of the constituent 

materials. The three failure modes are: 
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1. Tension Controlled/Rocking Failure: 

Rocking failure is essentially a rigid body rotation about or near the toe of the 

wall. This failure mode is most likely to occur if the applied axial compression 

load is low and the aspect ratio (height over length) is high. The overturning 

moment will cause tension at the base of the wall resulting in cracking which will 

propagate along the entire length. As the bearing area decreases, localized 

compression failure may occur at the toe of the wall. The severity of the 

compression failure depends on the compressive strength of the masonry units, 

the level of axial load, and the displacement. 

2. Sliding/Shear-Slip Failure 

Shear-slip failure is characterized by the relative motion of masonry above and 

below a mortar bed joint. This failure mode is most likely to occur when both the 

aspect ratio (height to length) and compressive axial load are relatively low, as is 

the case with most low-rise buildings. In most cases, the slip failure occurs along 

the interface of the mortar and the unit rather than through the mortar joint 

(Drysdale et al., 1999). The capacity of a wall to resist shear-slip, or sliding 

failure, is a combination of the adhesion and shear-friction r,esistance between the 

mortar and the masonry units. 

Experimental investigations (Drysdale et al., 1979; Atkinson et al., 1998; 

Bosiljkov et al., 2003) have shown that the shear-slip strength along a mortar joint 

is composed of the initial shear bond strength between the mortar and the unit, 

plus the shear-friction capacity due to the vertical load. The following Mohr-
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Coulomb shear strength relationship (Equation 1.1) is commonly used to model 

this phenomenon. 

r = ' o +µa,, (l. l) 

where r is the total joint shear strength, an is the compressive stress normal to the 

bed joints, r0 is the initial shear bond strength and µ is the coefficient of friction. 

In the absence of experimental data, Paulay et al. (1992) estimated r 0 = 0.041,;, . 

Atkinson et al. (1998) reportedµ ranging from 0.7 to 0.85, El-Dakhakhni et al. 

(2003) reported µ ranging from 0.3 to 1.2, Hegemier et al. (1978) reported µ 

ranging from 0.61 to 0.88 for concrete masonry, Paulay et al. (1992) reportedµ 

equal to 0.5 and Zhao et al. (2003) reportedµ equal to 0.4. However, in Canadian 

design,µ is set equal to 1.0 (CSA S304. l , 2004) for masonry-to-masonry contact. 

The Mohr-Coulomb shear strength relationship assumes that the shear friction 

capacity is proportional to the applied compressive stress. Experimental 

investigations (Hegemier et al., 1978; Drysdale et al. , 1979; Atkinson et al. , 1998) 

have shown that this is the case in the- linear elastic region associated with 

relatively low axial compression. 

3. Diagonal Tension Failure 

As both the axial and lateral load increase, the combination of shear and 

compressive stress results in principal tensile stresses at various angels to the bed 

joints. This results in diagonal cracking. Whereas rocking failure and shear-slip 

failure are dependent on the strength of the mortar bond, diagonal tension failure 
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also depends on the tensile strength of the units. Howev1;:r, depending on the 

combination of vertical and shear forces, stepped diagonall cracking can occur. 

This stepped diagonal cracking is caused also by slip along one or more of the bed 

joints. This is most likely to occur near the threshold between sliding failure and 

diagonal tension failure, as illustrated in Figure 1.1. 

Col'lblned 

TensKe f'o.llure 

Interf'o.ce Ho. terlo.l 

Sliding Sheo.r 
t=to+µa.. 

Cho.ro.cterlstlcs I Cho.ro.cterlstlcs 

Sliding f'o.llure Dlo.gono.l Tension f'o.llure 

Figure 1.1 - Behaviour of Unreinforced Masonry Under Combined Shear and Normal Stress 
Along the Mortar Bed Joints [reproduced from Drysdale et al., 1999] 

4. Compressive Failure (Vertical Splitting) 

In the case of high axial compressive stress and little or no lateral load, failure is 

the result of vertical splitting. As the masonry assemblage is compressed, the 

softer mortar wants to laterally expand more than the units. The units are in a 

state of biaxial tension which results in vertical splitting. 
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For masonry buildings subjected to lateral loading caused by earthquakes the two 

dominating failure modes are diagonal tension and shear slip failure (Atkinson et al. , 

1989). Illustrations of the aforementioned failure modes are found in Figure 1.2. 

-Toe 

---===-_...::.::~ 

(a) Tension 
Controlled 

(b) Sliding (c) Diagonal 
Tension 

(d) Compressive Failure 
(vertical splitting) 

Figure 1.2 - Failure Modes of Unreinforced Masonry Shear Walls 
[reproduced from Drysdale et al., 1999] 

A building may require structural retrofitting for several reasons: 

• Increased minimum design loads from updated building code requirements 
(i.e., seismic load requirements) 

• Change of building use 
• Redistribution of equipment 
• Renovations 
• Corrosion damaged reinforcement 

Regardless of the reason, the existing structure may contain structural components 

that no longer meet the requirements for loadbearing capacity, serviceability, or 

durability (Kolsch, 1998). The need for an effective strengthening technique is apparent 

when one considers that as of 2001 , 96% of the URM buildings in California alone 

required seismic retrofitting, at an estimated cost of $4 billion U.S. dollars. Retrofitting of 

URM has proven effective in the past. For example, after the Northridge Earthquake (Los 

Angeles, California) in 1994, a survey showed that 67% of the unretrofitted buildings 

suffered damage, compared to 55% for those that were retrofitted (Bajpai et al. , 2003). 

6 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

Before the introduction of FRP as a potential strengthening technique, traditional 

methods ofretrofitting URM structures included, but are not limited to : 

• Adding structural elements such as steel or cast in-situ reinforced concrete frames 
• Sprayed shotcrete, reinforced with steel mesh 
• Grouting reinforced bars within vertical cores drilled through the URM walls 
• Externally applying epoxy-bonded steel plates 

All of the aforementioned methods are capable of adding strength and ductility, but they 

do have several disadvantages . Generally these techniques are labour intensive and, 

therefore, expensive. They can add considerable mass to the structure and can cause 

significant disturbance and inconvenience to the occupants. Also, increases in the cross-

sectional dimensions of elements may reduce the structure' s usable space. The additions 

may be susceptible to corrosion, and may negatively impact the aesthetics of a building. 

In light of these disadvantages, the owner may decide that the risk of economic loss and 

occupant injury does not justify the significant cost of strengthening (Eshani et al ., 1999; 

Bakis et al ., 2002; Bajpai et al, 2003). In seismic areas, adding any weight to a structure 

will alter the inertial forces and hence alter its earthquake response (Triantafillou et al ., 

1998). Furthermore, existing structural elem~nts may be unable to support the additional 

weight, requiring them to be strengthened as well, adding additional cost to the retrofit. 

1.2 FIBRE REINFORCED POLYMERS (FRPs) 

1.2.1 HISTORY 

Masonry reinforced with FRP is truly the coming together of the old and new 

world. While masonry has existed since the beginning of recorded history, FRP is one of 

the most recent additions to structural engineering rehabilitation. The earl iest FRP 

products were produced following World War II due to the expanding petrochemical 
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industry (Bakis et al., 2002). During the 1960s, FRPs made with high performance fibres 

were used to meet the challenges of space exploration and air travel. At this time FRP 

was too expensive to be used for other applications. This all changed in the 1970s when 

entrepreneurs began marketing FRPs to the sporting goods industry (Bakis et al. , 2002). 

This increased the use of FRPs which in tum lowered its cost. By the late 1980s/early 

1990s, the need for infrastructure renewal in developed countries was identified by 

engineers. It was believed that FRP could be used in such a capacity. This led to an 

increase in industry and government funded research which resulted in the accepted use 

of FRP for infrastructure renewal. 

Today a variety of FRP composite products are produced through processes such 

as filament winding, filament weaving, extrusion and compression moulding. These 

products include structural members of standard or customized cross-sections, reinforcing 

bars for prestressed and nonprestressed applications, external surface lay-up (ESLU) 

fabrics and meshes with unidirectional or bidirectional fibres. FRP lay-up fabrics are 

generally applied on the external surface of members, while FRP bars can be used for 

both internal and near-surface-mounted (NSM) reinforcement. 

1.2.2 GENERAL 

FRP is a composite material composed of high-strength, high-stiffness structural 

fibres, made from carbon (CFRP), glass (GFRP) or Aramid (AFRP), embedded in a 

vinylester, polyester, or epoxy resin matrix. The fibres provide the strength and stiffness 

required to satisfy the design requirements while the matrix allows for the even 

distribution of load to the fibres, provides dimensional stability, and protects the fibres 
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from the environment and potential damage. As a composite material, it has mechanical 

properties that are better than any of its constituent materials alone. 

FRP has many ideal properties for structural engineering applications (Bakis et al., 

2002; Capozucca, 2001; El-Dakhakhni, 2003; Ehsani et al., 1997; Ehsani et al., 1999; 

Hamilton III et al., 2001; Kolsch, 1998; Velazquez-Dimas et al., 2000). These include: 

• High tensile strength-to-weight ratio; typically greater than most metals 
o It does not add significant additional weight to the structure. 

• High stiffness 
• Corrosion resistance 

o Negligible moisture permeability 
• Fatigue resistance 
• Thermal stability 
• Versatility of installation: 

o It can be tailor made to satisfy a specific application by selecting an 
appropriate fibre, matrix, fibre direction, and geometry. 

o It is available in virtually unlimited lengths. Therefon::, when laminates or 
fabric strips are adhered to a wall they can be long and continuous. 

o It is suitable for repairing both plane and curved surfaces. 
• Versatility of structural applications: 

o It can be used for flexural strengthening, shear strengthening, or confinement 
• Relatively easy and quick installation; especially surface mounted laminates 

o This reduces the cost of installation and limits the downtime of the occupied 
structure. 

• Reduce the anisotropic nature of masonry to assist in modeling 

The mechanical properties of FRP are influenced by the fibre-to-matrix ratio. 

Typically, for construction applications, 40% of the total volume is the matrix, which 

contributes a minimal amount to strength and stiffness (Velazquez-Dimas et al., 2000). 

FRP has very high tensile strength and rigidity along the fibre direction, but negligible 

strength in the transverse direction. When loaded along the fibre direction, it will behave 

linearly up to failure. The strength and ductility provided is primarily dependent on the 
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fibres. CFRP will provide the greatest strength while GFRP will provide the greatest 

ductility (Bastidas et al., 2003): 

• Strength and Stiffness: CFRP > AFRP > GFRP 
• Max Strain: GFRP > CFRP ;::::; AFRP 

FRP also has several disadvantages that must be given some consideration when 

used in a retrofit design (Bakis et al. , 2002; Ehsani et al., 1999; Kolsch, 1998; Velazquez-

Dimas et al., 2000). These include: 

• Comparatively low transverse (i.e., shear) strength 
• Low interlaminar strength 
• Sensitivity to ultraviolet (UV) radiation degradation 
• Temperature dependence of mechanical properties 

o FRP will deteriorate at high temperatures. 
o FRP is flammable and emits toxic fumes and smoke while burning. 

FRP should not be left exposed in a structure. It should be protected by a coating 

that will provide suitable fire protection. If FRP cannot be properly protected against 

accidental exposure to fire , Bakis et al. (2002) recommend the degree of strengthening 

(i.e., the ultimate capacity of the strengthened element divided by that of the 

unstrengthened element) should be increased to provide a factor of safety. While the cost 

of FRP materials tends to be high, the potential benefits of its use, when compared to 

traditional strengthening techniques, will generally outweigh that cost. GFRP is the least 

expensive FRP (Capozucca, 2001; Bastidas et al. , 2003). 

1.3 FIBRE CEMENT MA TRIX (FCM) 

Another type of external surface lay-up (ESLU) reinforcement uses woven fibre 

meshes, once again made of either carbon (CFCM) or glass (GFCM), embedded in a 

polymer modified cement matrix. This has the benefit of being more compatible with the 
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masonry substrate in terms of bond, moisture permeability and thermal coefficient 

(Kolsch, 1998). In addition to protecting the fibres from the environment, the cement 

matrix is also naturally noncombustible and, therefore, fire resistant. Unlike the epoxy 

used to apply FRP, the cement matrix contains no toxic materials so no special safety 

equipment is required and no special health regulations must be satisfied. Furthermore, 

the cement matrix is applied to the wall like a traditional mortar parging. For these 

reasons, this form of construction is much more worker friendly. 

1.4 CODES AND STANDARDS 

Reinforcing bars made from FRP can be used similar to traditional steel 

reinforcement to reinforce masonry beams and walls for shear and flexural loads. The 

design will be based on many of the same principles and assumption. However, the 

designer must take into account the different material and mechanical properties, and the 

linear elastic stress-strain behaviour of FRP. A FRP-reinforced design must allow for less 

ductility than a conventional steel-reinforced design. A good example of this is the 

flexural design of a masonry beam. With a steel-reinforced beam, it is desirable for the 

section to be under-reinforced so that the steel yields before the masonry crushes. This is 

the basis for ductile failure. This is not the case if FRP reinforcing bars are used. In an 

under-reinforced masonry beam, the FRP bars will rupture before the masonry crushes, 

rather than gradually yielding. This is a brittle failure. It is best that the section is over

reinforced so that the masonry will crush before the FRP ruptures. It will allow for more 

energy absorption and deformation before ultimate failure (Bakis et al., 2002). 
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Due to its different physical and material properties compared to other, more 

traditional, civil engineering materials (i.e., steel, concrete, wood, masonry), FRP 

warrants separate treatment in codes and standards. Codes for FRP design have been in 

development since the 1980s and their proper use will allow structures containing FRP to 

be designed, built, operated and maintained with safety and confidence (Bakis et al., 

2002). Canada (CSA S806, 2002), the United States (ACI 440 Committee, 200 l ), Japan 

and Europe have all developed their own FRP design guidelines. 

1.5 RESEARCH OBJECTIVES 

Research using full scale wall tests to evaluate the effectiveness of FRP 

reinforcing to resist shear slip would be limited by time and cost considerations. In 

addition, full scale tests do not create pure shear conditions so that interpretation of the 

results is complicated by consideration of more complex stress conditions. It was 

desirable to be able to conduct a sufficient number of tests to evaluate various FRP 

reinforcing alternatives and it was desirable to iso late the influence of bed joint shear to 

facilitate interpretation of the test data. Therefore, a necessary first step in this research 

was to evaluate various test specimen configurations and to choose the most satisfactory 

one. In addition, this reported first phase of the research should provide some initial 

insight into the effectiveness of the retrofit method. 

The main objective of the experimental work ts to investigate the effects of 

different glass fibre reinforcing schemes on the strength, failure modes and post-peak 

response of masonry under direct shear loading. Another objective is to demonstrate that, 
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with the proper selection of the fibreglass laminate (FGL) reinforcement, shear failure, 

which is common in URM walls with low aspect ratios, can be mitigated. 

1.6 LITERATURE REVIEW 

This section contains a review of past experimental investigations pertaining to 

the two main topics addressed in this study: the in-plane behaviour and corresponding 

analysis of URM walls, and the use of fibre reinforced polymer (FRP) for the retrofit of 

structural systems. 

1.6.1 SHEAR SLIP FAILURE OF URM 

In addition to limits on the capacity of a masonry wall due to tension or 

compression failure, the possibility of shear failure should be considered. Various 

experimental investigations have been conducted to understand the shear-slip failure of 

URM. 

Hegemier et al. (1978) conducted shear-slip tests on three-block stacked concrete 

masonry assemblages using Type-S mortar. The specimens were tested under an applied 

constant normal stress. It was observed that the fracture strength of the bed joints 

increased monotonically with precompression, up to the point of block failure. In the 

absence of precompression, joint behaviour was brittle. It was concluded that, for 

ungrouted masonry, the Mohr-Coulomb failure criteria is sufficient for engineering 

purposes. Based on their research, and a review of other work clone, Hegemier et al. 

(1978) concluded that the coefficient of friction,µ, has great variability. In this case it 

was reported to vary from 0.61 to 0.88. 
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Drysdale et al. (1979) conducted 74 shear tests of clay brick masonry assemblages. 

The four-brick specimens were designed to transmit pure shear along the bed joints 

without inducing bending moments. Constant levels of precompression, applied normal 

to the bed joints, ranging from 0% to 30% of the compressive strengths of the 

corresponding prisms, were used in the tests. The influence of using mortar of varying 

strength and using bricks with different initial rates of absorption (IRA) was also 

included. The mode of failure was consistently shear-slip along two of the bed joints. It 

was concluded that the shear bond strength was not proportional to the compressive 

strength of the mortar. Extreme values of initial rate of absorption (IRA) did have an 

influence on reducing the shear strength of the specimens. If a masonry unit had a low 

IRA, it may not have drawn in enough mortar to form intimate contact. Conversely, if a 

masonry unit had a high IRA, it may have tended to dry out the mortar at the brick-mortar 

interface and produce low bond along the dry layer. A nearly linear relationship between 

the increased shear strength and the precompression stress was discovered. However, at 

higher levels of precompression, the relationship became nonlinear. This suggested that 

the Mohr-Coulomb theory of internal friction cannot be used for the full range of 

compression stresses normal to the bed joint. 

Atkinson et al. (1989) tested fifty-six shear slip specimens with up to four cycles 

of displacement controlled shear reversal. The aim was to examine the horizontal bed 

joint shear failure mode and shear load-displacement behaviour under static and cyclic 

loading. The influence of different levels of normal stress, ranging from 0.4 MPa to 4.2 

MPa, was also included. The shear-slip stresses were applied over a longer two-block bed 
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joint length (past investigations had slip plane lengths of one unit or less). This was done 

to better represent an actual wall, and to produce more uniform stresses and deformations 

along the slip plane. A finite element analysis confirmed that the shear stress along the 

slip plane was essentially uniform. An interesting finding was that the post-peak slope of 

the load-displacement curve was not constant but decreased with increasing displacement. 

Atkinson et al. (1989) concluded that this was an indication that there was a softening of 

the bed joint as the displacement increases to the peak load value. This experimental 

research also confirmed satisfactorily modeling of shear strength using the Mohr

Coulomb criterion. The value of the cohesion component was found to be dependent on 

the physical condition of the bed joint and, obviously, varied depending on the specimen. 

Van der Pluijm (1993) conducted 54 deformation controlled tests on stacked two

unit shear specimens. The specimens were constructed from three different types of brick, 

and each was used in combination with two types of mortar. The specimens were tested 

in pure shear with an applied normal compressive stress ranging from 0.1 MPa to 1.0 

MPa. Using a linear FEM calculation, it was shown that the resulting stress distribution 

was nearly constant along the bed joint slip plane. When the shear strength versus the 

applied normal compressive stress was plotted, it yielded a linear pattern which was best 

described using the Mohr-Coulomb relationship. As usual, the amount of cohesion 

depended on the unit type and the mortar used. Stronger mortar produced higher cohesion. 

Results of the tests indicated that, after the peak load was reached, any residual strength 

was only due to friction along the bed joint. The coefficient of friction was determined to 

be 0.75. 
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1.6.2 MASONRY SUB-ASSEMBLAGES STRENGTHENED WITH FRP 

In order to investigate the influence of FRP on the potential failure modes of 

URM walls subjected to in-plane loading, experimental investigations have been carried 

out on smaller sub-assemblages, as described below. In this way, the failure modes 

(sliding shear, diagonal tension, compression) could be isolated and studied 

independently. Again, one of the main advantages of using assemblages, rather then full 

scale walls, is that a large number of tests can be conducted relatively quickly and 

inexpensively. For this literature review, the focus is on the influence of FRP on sliding 

shear failure. 

Ehsani et al. ( 1997) conducted thirty-seven direct shear tests on specimens 

constructed with three standard clay bricks in a " triplet" type specimen. These specimens 

were retrofitted with FRP laminates of varying length, density (strength) and fibre 

orientation (0°/90°, ±45°). A sheet of lubricated plywood was placed between the bricks 

instead of mortar so that the contribution of the mortar to the shear resistance could be 

removed. This was also done to try to simulate the detrimental effect on the shear 

strength of an existing initial gap between the bricks. The specimens were tested under 

displacement controlled, monotonically increasing loading. 

The two failure modes reported were influenced by the strength and development 

length of the fabric. The first failure mode was shear failure along one of the bed joints 

and the second failure mode was delamination of the fabric in the middle brick region or 

along fabric edges (bond failure). For higher fibre density fabrics , the latter debonding 

failure predominated. Shorter laminates showed combined shear failure as well as 
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delamination. In most cases, the ultimate load of the ±45° orientated fabric was slightly 

greater than its 0°190° counterpart at the same fabric density. Conversely, the 

displacement at the ultimate load for the ±45° orientation was only 20% to 30% of that 

for the 0°190° orientation. An almost constant stiffness was observed for the ±45° FRP 

throughout the entire loading range. For the 0°190° FRP, the stiffness was initially 

constant but decreased gradually. It was concluded that orienting the fibres at ±45° allows 

the wall to resist larger forces within a smaller amount of defom1ation, whereas using 

0°190° oriented FRP will produce a more ductile failure but with slightly lower capacity. 

El-Dakhakhni et al. (2004) tested fifty-seven assemblages constructed out of full

scale concrete masonry blocks. Out of these, twenty-four were loaded under direct shear. 

The four-block shear specimens were configured so as to eliminate any bending moment 

along the bed joints. Three different glass FRP retrofitting schemes were used, which 

varied by thickness, number of layers and fibre orientation (i.e., unidirectional or 

bidirectional: ±45° or 0°190°). At very low levels of load and displacement, a brittle 

debonding mode of failure of the unretrofitted specimens occurred at the interface 

between the block and the mortar. The first failure mode of the retrofitted specimens was 

tearing of the GFRP along the bed joint slip planes in a 'Z' pattern.. This failure mode is 

associated with the thinner laminate that has a lower strength than the bond between the 

GFRP and the masonry. This failure mode is more ductile than for the bare specimens 

because the fibres tear gradually and can sustain some post-peak loads. At ultimate 

failure, these specimens withstood an average post-peak load of 68% of the maximum 

load. 
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The second observed failure mode was delamination of the laminate. This failure 

mode is associated with the thicker laminates where their strength is greater than the bond 

between the GFRP and the masonry. This failure mode is the most ductile because 

delamination occurs more gradually than tearing. The final observed failure mode was 

crushing of the top and/or lower blocks, leaving the GFRP undamaged. This failure mode 

is associated with strong laminates with good adhesion strength to the masonry. Shear

slip failures were not achieved prior to the premature compression failure of the 

specimens. Depending on the type of GFRP used, shear capacities increased by five to 

fourteen times that of the bare specimens. 

Hamid et al. (2005) conducted an investigation to study the influence of FRP on 

the in-plane behaviour of URM. Forty-two URM assemblages were constructed using 

one-third-scale "true-model" (Harris and Sabnis, 1999) blocks. The specimens were 

tested under different stress combinations representing the range of stress conditions 

encountered in masonry shear and infill walls. Of these 42 assemblages, six were 4-block 

joint shear, or direct shear, specimens. Three of the direct shear specimens were 

strengthened with a bidirectional 0°/90°, 0.25 mm thick Glass-FRP (GFRP) sheet with 

2.55 g/cm3 of E-glass fibres bonded to both faces. The joint shear strength of the 

retrofitted specimens was found to be 8.2 times that of the unretrofitted counterparts. 

Also, the average slip displacement at peak load of the retrofitted specimens was over 34 

times that of the unretrofitted counterparts. The FRP prevented sudden brittle failure 

associated with shear slip-failure and allowed a more gradual ductile failure to occur. 
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1.6.3 FULL-SCALE MASONRY WALLS STRENGTHENED WITH FRP 

Various experimental investigations have been conducted to understand in-plane 

behaviour of full scale URM cantilever walls retrofitted with FRP. 

Fam et al. (2002) performed two tests on one full-scale masonry wall (1.22 m 

long x 2.13 m high) subjected to in-plane reversed cyclic load using a hydraulic actuator. 

The double wythe wall was constructed with standard clay units in running bond using 

Type-S mortar. A 70 mm cavity was left between the wythes. The cavity was reinforced 

with 13 No. 6 (19mm) vertical steel bars at 75 mm o.c. and 7 No. 4 (12.7 mm) horizontal 

steel bars. The cavity was grouted solid. The wall's "toes" were confined with 3.2 mm 

thick, 380 mm long steel plates. During Test 1, the wall was loaded to a maximum of 334 

kN, which corresponded to a lateral displacement of 23 mm. At failure, a maximum 

lateral displacement of 46 mm was reached, which corresponded to a load of 324 kN. 

Typical damage consisted of horizontal flexural cracks along the lower bed joints in the 

early loading stages, followed by 45° diagonal tension cracks. Severe toe crushing and 

spalling occurred in the late loading stages. For Test 2, the wall was repaired and 

retrofitted with GFRP. The GFRP was applied on only one side of the wall to simulate a 

practical and realistic repairing scenario for an existing structun:. The GFRP retrofit 

consisted of 305 mm wide unidirectional strips, placed 25 mm apart horizontally and 150 

mm apart vertically. The interface between the wall and concrete support beam was also 

reinforced with ±45° bidirectional GFRP. The wall endured three full cycles of 76 mm 

displacement, and a maximum displacement of 203 mm was reached. The maximum 

capacities were 11%and38% greater than the unreinforced specimen in the push and pull 
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directions, respectively. Near the corners of the wall, vertical splitting and delamination 

(outward local bucking of the laminate) occurred as well as unit crushing. The test was 

terminated when the wall was essentially ripped out of the footing. A close inspection 

revealed that the old cracks did not open and a new crack pattern had formed. 

Zhao et al. (2003) tested three squat walls (1.4 m wide x 1.0 m high x 0.190 m 

thick) constructed in running bond using 20 cm concrete block. Wall 1 was the 

unretrofitted control specimen. Wall 2 was retrofitted with bidirectional CFRP, and Wall 

3 was retrofitted with the same scheme as Wall 2 but after cracking to simulate a repair 

scenario. Cracking was observed in Wall 3 at a 0.7 mm displacement, corresponding to 

the application of a 140 kN lateral load. The retrofit scheme consisted of 200 mm wide 

strips of CFRP applied as cross-braces (i.e. , comer-to-corner) and anchored at the ends 

using steel plates and anchor bolts. The strips were applied to both sides of the wall. An 

in-plane load was applied using a hydraulic actuator while a constant axial stress of 1.2 

MPa was maintained for all tests . 

Wall 1 cracked at a lateral load of 132 kN, which corresponded to a horizontal 

displacement of 0. 7 mm. A sudden vertical crack appeared near the centre of the 

specimen and was followed by diagonal cracking. The average ultimate lateral load was 

166 kN with a corresponding average horizontal displacement of 3.1 mm. Wall 2 cracked 

at a lateral load of 140 kN (6 . l % increase) with a corresponding horizontal displacement 

of 0.9 mm (28.6% increase). The average ultimate lateral load was 256 kN (54.2% 

increase) with a corresponding horizontal displacement of 6.7 mm (116.1 % increase). At 

failure, diagonal cracks had formed in the bottom corner of the compression area. In 
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addition, some CFRP in the compression zones had delaminated and some units were 

crushed. The repaired Wall 3 cracked at a lateral load of 150 kN (13.6% increase) with a 

corresponding horizontal displacement of 0.9 mm (28.6% increase). The average ultimate 

lateral load was 195 kN (17 .5% increase) with a corresponding horizontal displacement 

of 3.6 mm (16.1 % increase). At failure, a slip of 7 mm suddenly occurred along the bed 

joint between the 2°d and 3rd courses from the bottom. For all of the tests, the ultimate 

displacement was recorded at the point where the post-peak load had decreased to 85% of 

the ultimate (maximum) value. The GFRP increased the stiffness of the walls in the later 

stages of loading by delaying the development of diagonal cracks. All of the specimens 

failed in either diagonal tension or sliding shear failure. 

El-Gawady et al. (2004) performed two tests on one half-scale squat masonry wall 

(710 mm height x 1570 mm length x 75 mm width). The wall was constructed in running 

bond using weak mortar (3.2 MPa ± 0.35 MPa). It was tested using in-plane static cyclic 

loading with a constant normal stress of 0.35 MPa. The first test was the control 

specimen, with no FRP applied. In the second test, the wall was repaired with GFRP, on 

one side only, and retested. The GFRP increased the cracking load by approximately 3 

times. The ultimate lateral load resistance increased by approximately 1.5 times and the 

drift was increased by approximately 2.8 times. After the GFRP ruptured, the retrofitted 

specimen behaved similarly to the unretrofitted specimen. During both tests, the 

specimens developed flexural cracks along the lower bed joints, followed by sliding 

concentrated along the base and, finally, by a rocking failure mode. 

21 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

Further work of a similar nature was also carried out by Vandergrift et al. (2002), 

Elgwady et al. (2002), and Capozucca (2001) . This is by no means an exhaustive list but 

is sufficient to indicate the state of knowledge at the time that the research in this report 

was carried out. 

1.6.4 FULL-SCALE MASONRY IN-FILL WALLS STRENGTHENED WITH 
FRP 

In low-rise masonry buildings, it is not necessarily the best strategy to completely 

prevent sliding shear failure mode from occurring. During a seismic event, slip along the 

joint planes can provide a stable source of energy absorption and damping (Hegemier et 

al., 1978; Hall et al., 2002). This is not the case with URM infill walls. A common 

method of multi-storey building construction involves infilling the steel or reinforced 

concrete frame with unreinforced masonry walls . In some cases, the infill walls may not 

have been included in the analysis and design because they are considered architectural 

nonstructural elements (Bastidas et al. , 2003 ; El-Dakhakhni et al. , 2003). This is not 

necessarily a conservative approach if the walls are built in tight to the frame. During a 

seismic event, such infill walls will interact with the frame and influence its strength, 

stiffness, ductility, and the load distribution. Since infill walls not isolated by movement 

joints will interact with the frame, it makes economic sense to include them in the 

analysis of the building's dynamic response to seismic loads. The problem is that under 

high seismic loads, the building may exhibit poor perfonnance as the infill panels are 

progressively damaged during each cycle which equates to degradation of the building' s 

stiffness, strength and energy dissipation capacity (El-Dakhakhni, 2003). 

The main failure modes of an infill masonry wall are: 
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• Comer crushing (i.e., compression failure of the diagonal strut) 
• Sliding shear (i.e., knee brace) 
• Out-of-plane collapse 

Sliding shear is the most common failure in URM infill walls and the most 

undesirable (El-Dakhakhni, 2003). Not only does it tend to occur suddenly, but it 

prevents utilization of the full strength of the wall. Sliding shear can also cause severe 

damage to the frame columns at their midheight and can lead to overstressing of adjacent 

members (Drysdale et al., 1999; Belarbi et al., 2003). Comer crushing is the most 

desirable because it allows the full strength of the wall to be ut[lized while avoiding 

overstressing the frame. 

Bastidas et al. (2003) tested a full scale wall (2.2 m high x 3 m long x 9 cm thick) 

surrounded by a reinforced concrete frame in in-plane cyclic lateral loading at drifts 

ranging from 0.01 % to 1.5%. The wall was constructed using 9 cm wide x 23 cm high x 

33 cm long nonstructural hollow clay units typical for South America. It was reinforced 

with 2.5 cm wide unidirectional GFRP strips diagonally placed, but not comer-to-comer, 

on both sides of the wall to promote a symmetrical response. The masonry maintained its 

integrity up to 1 % drift. Most damage occurred in the top comers which were not 

reinforced with GFRP. 

El-Dakhakhni et al. (2003) tested six 3.6 x 3.0 m single storey steel frames 

infilled with URM panels (both with and without openings) under cyclic in-plane loading. 

No shear connection was provided between the wall and the frame. Some of the 

specimens were unreinforced and others were reinforced with GFRP laminate on both 

sides of the wall. The GFRP was cut to exact wall dimension and not anchored to the 
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steel frame. The fibres were oriented perpendicular to the bed joints. The bare frame was 

able to resist a maximum load of approximately 200 kN at 100 mm max displacement. 

The unretrofitted infilled frame was able to resist an ultimate load of approximately 400 

kN at 50 mm max displacement. The retrofitted infilled frame was able to resist a 

maximum load of approximately 600 kN at 50 mm displacement, and a post-peak load of 

approximately 300 kN at 100 mm max displacement. The GFRP provided the required 

shear slip resistance and maintained the integrity of the wall by preventing out-of-plane 

bucking and spalling. Thus, the diagonal compression strut remained intact for maximum 

strength, stiffness and beneficial post-peak behaviour. The undesirable failure modes, 

namely sliding shear and diagonal cracking, were prevented. 

1.6.5 OTHER RESEARCH 

The experimental investigation of the potential benefits of FRP has not been 

limited to masonry walls subjected to in-plane loading. Numerous studies have been done 

on each of the following: 

1. Out-of-Plane Loading 
2. Blast Loading 
3. Arches and Vaults 
4. Anchorage 
5. Columns 
6. Beams 

1.7 CONCLUSION 

In earthquake prone areas, failure of URM walls result in the most property 

damage, injuries and loss of life. Traditional strengthening techniques have several 

undesirable properties. Past research has shown that FRP reinforcement is an effective 

method of increasing both the strength and ductility of URM. Masonry reinforced with 
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FRP is truly the coming together of the old and new worlds. However, past research has 

not fully documented the influence of amount, orientation, or bonding material for FRP 

reinforcing applied to enhance shear-slip behaviour of unreinforced concrete block 

masonry. The research reported in the following chapters deals specifically with the 

effectiveness of using FRP reinforcement to modify shear-slip behaviour of originally 

unreinforced concrete block masonry. 
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CHAPTER 2: DESIGN AND CONSTRUCTION OF TEST SPECIMENS 

2.1 INTRODUCTION 

This chapter contains information on design and construction of the test 

specimens and on the materials used. The tests were organized into the three phases 

described below. 

Phase One was designed mainly to evaluate the suitability of various test 

specimen configurations for determining shear-slip strength and behaviour along bed 

joints. The intent was to evaluate the behaviour for both unreinforced hollow concrete 

block specimens (URM) and similar masonry specimens reinforced with surface bonded 

glass fibre laminates (GFRM). As a result, the only test variables included were the 

geometry of the test specimen and whether or not glass fibre was applied to improve 

performance. For GFRM modified specimens, it was anticipated that post-cracking and 

post-peak behaviour might be important for strength, stiffness, and energy dissipation 

considerations. In addition to the main purpose of choosing the best test specimen, it was 

anticipated that data from these tests would provide valuable documentation of basic 

properties of URM and the specific effect of retrofitting with one type of glass fibre 

reinforced polymer (GFRP). 

The second test phase was designed to evaluate the potential to obtain two sets of 

data from each specimen and to provide insight into the relative merits of using fibreglass 

mesh compared to fibreglass cloth. 

Finally, Phase Three was planned to provide data on the effects of weight (or 

cross sectional area) of fibreglass and orientation of the fibres relative to the slip plane. 
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2.2 PHASE ONE 

2.2.1 SPECIMEN TYPES AND DESIGNATION 

Choice of Test Specimen. Phase One of the experimental program consisted of 

testing the five different geometries of masonry assemblages shown in Figure 2.1. These 

specimens are simply modifications of the "triplet" and "modified triplet" used in past 

studies (Drysdale et al., 1999) to simulate shear loading along mortar bed joints to 

determine the shear-slip resistance. 

The triplet shaped specimen has support points applied as close as possible to the 

shear plane along the bed joint in order to minimize the magnitude of bending stresses 

introduced perpendicular to the bed joint along the shear planes. In addition, the intent 

was to provide loading on the central block so that load was applied as nearly as possible 

to those bed joints. Variations of the triplet specimen involved increasing the length of 

the shear-slip plane. There were three reasons for considering possible benefits of longer 

shear-slip planes. They are: 

1. The increase in shear resistance should only increase in proportion to the 

length of the shear slip plane and thus bending moments would similarly only 

increase proportionally. The advantage is then that resistance to bending 

(section modulus) increases in proportion to the squarn of the length of the 

shear plane so that the magnitude of the bending stresses would be less 

significant: 
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_l bh 3 

Section modulus, S = !_ = l 2 ,,;, _.!_ bh 2 

c h/ 2 6 
(2.1) 

where I = moment of inertia, c = distance from neutral axis to the extreme 

fibre , b = combined average width of the two mortared face shell bed joints, 

and h = length of the shear-slip plane. 

2. Finite element studies (Atkinson et al. , 1989) showed that, near the ends of the 

slip plane, shear stresses were not uniform, whereas they were reasonably 

uniform over regions away from the ends. Therefore, it is reasoned that a 

longer shear-slip length should reduce the importance of nonuniform 

distribution of shear stress. 

3. Contrary to normal material science theory wherein larger test specimens tend 

to exhibit lower strengths due to greater probability of a critical combination 

of flaws (Batdorf, 1986), materials that may have very large random 

weaknesses show less influence of flaws on strength and variability where the 

weak zone is a smaller fraction of the potential failure path (Bazant, 1997). 

Thus, a longer length should give more representative results with decreased 

variability. 

The modified triplet shape specimen provided symmetry about the midheight 

above and below a gap, which was provided to permit slip to occur. The symmetry of the 

loading and lack of support points along the exterior courses of the test specimen were 

intended to reduce the magnitude of bending stresses. A longer shear-slip plane 

potentially has the same advantages as described above. However, for both the triplet and 
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modified triplet specimens, potential for local cracking and high axial deformation 

created limits on the possible length of the shear-slip failure plane. 

Specimen Identification. For later reference, note that the designation for each 

specimen in Phase One begins with the letter 'A' or 'T'. The letter 'A' indicates that the 

specimen is a 'triplet' (an A-shape) or a variation of it, and the letter 'T' indicates that the 

specimen is a 'modified triplet' (a T-shape) or a variation of it. The next letter in the 

designation is 'U' or 'R' which stand for unreinforced or reinforced, respectively. The 

next number in the designation indicates the length of the shear slip plane on each side of 

the specimen as a multiple of the number of blocks. The last number is simply the 

specimen number. A labelling sample can be found in Figure 2.2. 

AR-1.5-3 

L t Specimen Number 

Shear-Slip Plane Length 
(No. of blocks on one side) 

~-----Reinforcement Designation ('lY or 'R') 

Figure 2.2 - Phase One Specimen Labelling Sample 

2.2.2 CONSTRUCTION AND PREPARATION OF PHASE ONE TEST 
SPECIMENS 

Construction. Forty specimens, consisting of eight of each of the five configurations 

shown in Figure 2.1, were constructed. Of these forty specimens, fifteen (consisting of 

three of each of the five configurations) were retrofitted on both faces with GFRP. 

Specimens were reinforced with 295 g/m2 (8.7 oz./yd.2)(dry weight) Tyfo® WEB 

Composite, which is a bidirectional (0°/90° fibre orientation) and isotropic fibreglass 

31 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

cloth. [Additional manufacturer's information on this fibreglass cloth is provided in 

Appendix A.] The type of GFRP reinforcement was kept constant so that the performance 

of each shape could be directly compared. The fibres were oriented at 0°/90° to the bed 

joints. Unfortunately, three specimens (one TU-0.5 and two AU-0.5) were damaged in 

the laboratory and, therefore, were not tested. A summary of the test matrix and specimen 

dimensions is provided in Table 2.1 

T bl 21 Ph a e - ase 0 T tMt· ne es a nx an dS ~ec1men 1mens1ons 

Specimen 
Unreinforced Reinforced 

Slip Plane Total Width 
T.Yl!.e Len_g_th _{mm) __{mml 
A-0.5 3 x AU-0.5 3 x AR-0.5 195 590 
A-1.5 5 x AU-1.5 3 x AR-1.5 495 590 
A-2.5 5 x AU-2.5 3 x AR-2.5 995 590 
T-0.5 4 x TU-0.5 3 x TR-0.5 190 590 
T-1.5 5 x TU-1.5 3 x TR-1.5 590 590 

NOTE: Specimens reinforced with Tyfo® WEB Composite bidirectional 0°/90° GFRP on both faces . 

The specimens were constructed using standard 20 cm hollow concrete masonry 

block stretcher units and face shell bedding with Type-S mortar to represent normal 

construction practice. In order to minimize the statistical variability of the block strength, 

all the blocks in this study were taken from the same batch. The blocks had an average 

compressive strength of 25.0 MPa, based on the average cross-sectional area. The 

assembled masonry had an average measured compressive strength (j'111 ) of 15 MPa based 

on the average of three compression tests of 4-block high face shell mortared prisms. In 

order to minimize the effect of varying workmanship on the properties of the 

assemblages, the same experienced mason constructed all the specimens using actual 

field techniques and mortar flow. In order to assist the mason, the specimens were 

constructed using running bond in long wythes (shown in Figure 2.3(b)), which simulated 
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standard practice for constructing a wall. In order to easily separate the specimens later 

on, 10 mm (3/8 inch) plywood strips were used as spacers between specimens instead of 

mortar. 

Due to the presence of a drain, the floor where the specimens were constructed 

was not entirely level. The mason suggested a simple, but effective, solution which 

deserves mention. Before the mason laid the first course of blocks, he sandwiched a 

generous amount of mortar between two layers of plastic sheet. He could then set the first 

course of blocks on this adjustable foundation and level it as required. 

As is standard practice, the fresh mortar joints were tooled to a concave profile 

when they become "thumbprint hard." Tooling the joints compacted the mortar and 

forced it into tight contact with the concrete masonry units, which is thought to improve 

the bond. A photographic illustration of construction of the specimens is provided in 

Figure 2.3. 

Specimen Surface Preparation. The head joints between the two middle blocks of 

the 'T' specimens were intentionally left unfilled to allow these specimens to fail in 

shear-slip. For equilibrium, the load applied to the central block had to be transferred to 

the edge blocks by shear. If the centre head joint had been mortared, the specimen would 

not fail in shear-slip. The centre course would act essentially as a compression column 

with an increased cross section over part of the height. All of the specimens were allowed 

to air cure for at least 28 days before they were prepared for application of the GFRP. 

As can be see in Figure 2.4, any excess mortar in the open head joints of the 'T' 

specimens was carefully removed to prevent interference with the sllip of the blocks along 
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(a) Leveling the First Course 

(b) Construction of Specimens in Running Bond 

(c) 10 mm Plywood Strips Used as Spacers to Separate the Specimens 

Figure 2.3 - Construction of Phase One Specimens 
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the bed joints. This excess mortar in the open head joints was not removed until after the 

specimens had cured. It was carefully drilled out with a 118 inch masonry drill bit. 

Fortunately none of the specimens were damaged during this process. [It was recognized 

that this method was not ideal. During the construction of specimens for the later test 

phases, the excess mortar in the open head joints was removed while the mortar was still 

fresh.] 

(a) Before (b) After 

Figure 2.4 - Excess Mortar Removed from Open Head Joints 

The surfaces of all the specimens were cleaned with a wire brush to remove any 

visible deposits of mortar. Dust was removed using an air hose. This was done to ensure 

maximum adhesion between the block and the GFRP. Surface preparation is very 

important to the success of FRP application because any irregularities or barriers to bond 

of the epoxy can result in premature delamination from the masonry (Abdel-Wahed, 

2004). 

Application of GFRP. The glass fibre fabric was cut to cover an area equal to the 

length of the mortared bed joint times 590 mm (three block heights plus two mortar bed 
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joints). Similar to El-Dakhakhni et al. (2004), for the 'T' specimens a gap in the fabric at 

the location of the open head joint was not cut out since it would provide minimal 

resistance. The glass fibre cloth was bonded to the specimens using a two-part epoxy; the 

Tyfo® S Epoxy, which was recommended and provided by the manufacturer. The fabric 

and the epoxy were donated by Fyfe Co. The epoxy was applied to the surface of the 

specimens using a paint roller. The pre-cut sheets of glass fabric were then saturated with 

epoxy and placed on the specimens with the fibres oriented at 0°/90° to the bed joints. 

Several passes of the paint roller were used to remove excess epoxy and any air voids. 

The removal of the air voids ensured full contact between the masonry and the GFRP. A 

photographic illustration of the GFRP application process is provided in Figure 2.5. 

2.2.3 MATERIAL PROPERTIES 

Mortar. To simulate actual construction practices, Type-S mortar was used to construct 

the assemblages. The mix proportions by weight were 1 part Portland cement, 0.21 parts 

type-N hydrated lime and 3.53 parts masonry sand. This corresponded approximately to 

1:0.5:3 .3 parts by volume, based on the assumed density of the Portland cement equal to 

1505 kg/m3
, the type-N hydrated lime equal to 640 kg/m3 and the masonry sand equal to 

1608 kg/m3 (Essawy, 1986). Twelve batches of Type-S mortar were mixed over the two 

days of specimen construction. Three [51 x 51 x 51 mm (2 x 2 x 2 inch)] mortar cube 

specimens were taken from each batch of mixed mortar to test for compressive strength 

as per ASTM C-109. The average compressive strength of the thirty-six mortar cubes was 

25. l MPa with a 5.6 % coefficient of variation (C.O.V.). The full results are provided in 

Table 2.2. 
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(a) Applying Epoxy to the Specimen 

(b) Saturating the Fibreglass Fabric with Epoxy 

(c) Applying the Fabric to the Specimen 

Figure 2.5 - Process of Applying GFRP to Phase One SpElcimens 
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T bl 2 2 Ph a e - ase 0 M rt P ne 0 ar ro_E..ert1es 

Batch# Cube# 
Failure Load Strength Flow 

(kN) (MPa) 1_%1 
1.1 64.2 24.7 

I 1.2 65.6 25 .2 105 
1.3 68.8 26.5 
2. l 70.7 27.2 

2 2.2 72.5 27.9 11 6 

2.3 71.1 27.3 
3.1 61.0 23.5 

3 3.2 63.4 24.4 122 

3.3 67.1 25.8 
4.1 62.2 23.9 

4 4.2 66.1 25.4 11 6 
4.3 68.3 26.3 
5.1 64.0 24.6 

5 5.2 64.4 24.8 119 

5.3 64.5 24.8 
6.1 52 .2 20.1 

6 6.2 56.2 2 r.6 132 

6.3 61.7 23.7 
7.1 63.5 24.4 

7 7.2 64.8 24.9 124 

7.3 63 .7 24.5 
8. l 64.9 25.0 

8 8.2 63 .0 24.2 120 

8.3 63 .5 24.4 
9.1 67.0 25 .8 

9 9.2 68.8 26.5 120 

9.3 69.4 26.7 
10.1 61.9 23 .8 

10 10.2 62.3 24.0 123 

10.3 60.0 23 .1 
11.1 69 .3 26.6 

IL 11.2 67.2 25.8 11 9 
l 1.3 72.6 27.9 
12. l 64.2 24.7 

12 12.2 64.0 24.6 126 
12.3 62.2 23.9 

Average= 65.3 25.1 120.4 
c.o.v. (%) = 5.6 5.6 5.5 

Good mortar workability was essential for efficient and proper construction of the 

specimens. In the laboratory, a measure of the mortar's workability is attained using the 
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flow test. In this test, the flow of the mortar is measured by the increase in diameter of a 

standardized 100 mm diameter cone of mortar after twenty-five drops on a flow table. 

Values of up to 130% are usually required to satisfy the mason's requirements. 

Photographs of the mortar cube sampling and workability test are provided in Figure 2.6. 

While mortar strength is important as a measure of quality control, it is often Less 

important than the bond (Drysdale et al. , 1999). In general, as the workability of the 

mortar improves, so does the bond. The mortar had an average flow of 120.4 % for the 

12 batches with a 5.5 % C.O.V. The full results are listed in Table 2.2. 

GFRP Composite. The properties of the GFRP composite, which were determined 

according to ASTM D-3039, were provided by the manufacturer (Fyfe Co., 2004) and are 

reproduced in Table 2.3. No independent tests were conducted. Further information on 

both Tyfo® WEB Composite and Tyfo® S Epoxy are provided in Appendix A. A 

photograph of the Tyfo® WEB Composite fabric is also provided in Table 2.3. 

Table 2.3 - T o® WEB Com osite GFRP Pro erties 
Composite Gross Laminate 

Pro erties 
Ultimate tensile strength in 
rima fibre direction MPa) 

Tensile Modulus GPa 
Ultimate tensile strength 90° to 

rima fibre direction MPa) 
Laminate thickness mm) 

T 

Value Dry Fabric Photograph 

309 

1.6 
19.3 

309 

0.25 

Value 
3.24 
72.4 
4.5 

2.55 
8.7 
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(a) Mortar Cubes for Strength 

(b) Flow Test for Workabi lity (before test) 

( c) Flow Test for Workability (after test) 

Figure 2.6 - Tests to Determine Mortar Properties 
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2.2.4 TEST SETUP AND INSTRUMENTATION 

Since the specimens were not grouted, there was concern that they might fail in 

compression at the supports and points of application of the load rather than by shear-slip 

along the bed joints. This would result in a lower bound strength and diminish the value 

of the test. Therefore, to help ensure reaching a shear-slip failure along the bed joints, the 

end cells and fogged ends of blocks at the _extreme top and bottom of each specimen were 

grouted (Figure 2.7) and subsequently wrapped with GFRP. Before the specimens were 

tested, the epoxy was allowed to cure for at least five days. [The manufacturer, Fyfe Co. 

(2004), recommends a .minimum curing time of 48 hours.] Prior to testing, the top and 

bottom of each specimen was capped with a thin layer of Hydrostone to ens~ 

contact with the 12.7 mm (Yi inch}thick steel loading plates. 

Figure 2.7 - Grouted End Cells 

Smaller Specimens. The smaller specimens (i.e., A-0.5, A-1.5, T-0.5) were tested 

vertically under monotonically increasing loading in a Tinius Olsen testing machine, as 

seen in Figure 2.8. 
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Specimen in Testing Machine 

Figure 2.8 - Tinius Olsen Testing Machine 

The specimens were loading at a rate ranging between 0.005 and 0.01 inch/minute 

(0.12 - 0.25 mm/min). The relative movement acros·s the bed joint slip planes was 

measured using a mechanical gauge. For the T-0.5 specimens, the mechanical gauge 

points were oriented vertically, parallel to the bed joints, and spanned the middle gap, as 

shown in Figure 2.9(a). Displacement measurements during testing were taken along both 

bed joints. For the A-0.5 and A-1 .5 specimens, the mechanical gauge points were 

oriented at an angle across the bed joint, as shown in Figure 2. 9(b) and ( c ), respectively. 

The angle across the bed joint is exaggerated in the figure, but in reality was so small that 

any measured displacement was assumed to equal displacement parallel to the bed joint. 

Displacement measurements during testing were taken along both bed joints. For the A-

1.5 specimens, two pairs of mechanical gauge points were place along both bed joints. 

This was done to gain a more representative displacement measurement along the longer 

bed joint. In the analysis, the gauge points on the left were averaged and the gauge points 

on the right were averaged. The nominal gauge length between the points was 200 mm. 
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For all of the aforementioned specimens, displacement readings were only taken along 

one face. The load was recorded manually from the gauge on the test machine. 

• • I I 

::::: 200mm 

~---
I 

I I ----· • 1--- ------ ~ ' I I 

~---

• • I \ 

,1 I ----· • 

• • I I 

\ 
I I ----· • 

200 mm 
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I I 
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------ ie ~ ::::: 200mm 

~1---

::::: 200mm 

.,L--

(a) T - 0.5 Setup (b) A- 0.5 Setup (c) A - 1.5 Setup 

Figure 2.9 - Phase One Mechanical Displacement Gauge Setup for Smaller Specimens 

Larger Specimens. For the larger specimens (i.e., A-2.5, T-1.5), it was necessary to 

construct a customized testing apparatus, as shown in Figure 2.10. The apparatus 

consisted essentially of two steel columns prestressed down onto the 600 mm (2 ft.) thick 

strong floor of the laboratory, a spreader beam, and a 51 mm (2 inch) thick steel top 

bearing plate. The load was applied using a hydraulic cylinder, with 1779 kN (400,000 

lbs.) maximum capacity. The applied load was monitored using a commercial load cell 

with a spherical head. 
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Figure 2.10- Customized Testing Apparatus 
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The relative movement between the blocks along the slip plane was measured 

usmg linear potentiometric displacement transducers (LPDTs ), with 25 mm stroke, 

connected to a PC data acquisition system. For the T-1.5 specimens, four LPDTs (two per 

face) were placed vertically to be parallel to the bed joints and spam1ed the middle gap, as 

shown in Figure 2.1 l(a). For the A-2.5 specimens, using extension arms to cross the bed 

joint, four LPDTs (two per face) were placed vertically and parallel to the bed joints, as 

shown in Figure 2.11 (b ). The extension arms were necessary to allow the LPDTs to be 

placed vertically. Otherwise they would have been oriented at an angle and not measured 

the actual slip. For the T-1.5 and A-2.5 specimens, the nominal gauge lengths were 1200 

mm and 995 mm, respectively . 
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Figure 2.11 - Phase One LPDT Setup for Larger Specimens 
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For the A-2.5 and T-3.0 specimens, the load was recorded using a commercial 

load cell, which was also connected to the data acquisition system. For the specimens 

retrofitted with GFRP, a 445 kN (100,000 lbs.) load cell was used to accommodate the 

higher failure loads. Since the specimens not retrofitted with GFRP would undoubtedly 

fail at much lower loads, a 111 kN (25,000 lbs.) load cell was used for improved 

resolution. 

Specimens placed in either testing apparatus were positioned and centred as 

exactly as possible to limit any rotation of the blocks in the direction perpendicular to the 

plane of the laminate. Before the 'A' specimens were tested, the bases were set on two 

steel rollers. The centrelines of the rollers were placed 5 mm away from the inside face of 

the bottom blocks. This was done to minimize the eccentricity between the top and 

bottom loading, which minimized the induced bending moment along the bed joints. The 

bases of the 'T' specimens were set directly on the base of the test machine or jack. 

2.3 PHASE TWO PRIMER 

The second test phase was conducted to evaluate the merits of obtaining two sets 

of data from each specimen. The details of this phase are presented in Section 2.5. It was 

thought that this information would make more sense once the details of Phase Three in 

Section 2.4 were presented. 

2.4 PHASE THREE 

2.4.1 SPECIMEN TYPES AND DESIGNATION 

In Phase Three, twenty-one T-1.5 type specimens (see Figure 2.l(e)) were 

constructed. [A discussion regarding the analysis and justification of specimen selection 
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is provided in Chapter 3.] Again, the T-1.5 specimen is a variation of the "modified 

triplet" specimen, which provided double symmetry about the gap. All twenty-one 

specimens were retrofitted with a proprietary surface-bonded fibreglass mesh. This 

fibreglass mesh is different from the fibreglass cloth used in Phase One, which was more 

of a traditional fabric. It is an open mesh glass fibre laminate coated with polymer. 

Photos illustrating the difference between all the meshes used are provided in Figure 2.12. 

The fibreglass mesh was chosen because it was more readily available and came in a 

variety of lower density weights. It was important for the specimens to fail in shear slip. 

Using lower density laminates helped ensure that the laminate fails before the blocks at 

the supports fail. The fibreglass cloth used in Phase One was adhered to the specimens 

with an epoxy resin, whereas the fibreglass mesh used in Phase Three was adhered via a 

modified mortar parging. The modified parging provides a finish that could be part of the 

final finish whereas the epoxy is not an attractive finish. 

Three different dry weights of mesh were used: 131 g/m2 (3. 9 oz./yd. 2), 163 g/m2 

(4.8 oz./yd.2
) and 359 g/m2 (10.6 oz./yd.2

). For a fourth weight the 131 g/m2 (3.9 oz./yd.2) 

mesh was applied in a double layer. Each mesh was applied to thre:e T-1.5 specimens at 

both, 0°/90° and ±45° to the bed joint. In total, nine specimens hadl mesh at ±45° to the 

bed joint and twelve specimens had mesh at 0°/90° to the bed joint. The full test matrix 

for Phase Two is shown in Table 2.4. 

Unlike Phase One, where the properties of the fibreglass cloth fabric were 

identical in both directions (Fyfe Co., 2004), the mesh used in Phase Three was 

nonisotropic. The strength in the warp direction was not equal to the strength in the weft 
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direction. The warp refers to the fibres that run lengthwise along the mesh and the weft 

refers to the fibres orientated at 90° to the warp. The average breaking strength of the 

meshes were provided by the manufacturer and are reproduced in Figure 2.12. No 

independent tests were conducted. 

T bl 2 4 Ph a e - ase Th T f S h d I ree es mg_ c e u e 

#of 
Mesh Weight (Dry) 

Mesh Weight Orientation 
S_p_ecimens J_Finish/Par_g_ed) to Bed Joint 

3 131 g/m2 (3.9 oz./yd .2) 153 g/m2 (4 .5 oz./yd.2
) 

0°190° 
3 ±45° 
3 

163 g/m2 (4.8 oz./yd.2) 200 g/m2 (6 oz./yd.2) 
0°190° 

3 ±45° 

3 262 g/m2 (7.8 oz./yd.2
) 306 g/m2 (9 oz./yd. 2

) 
0°190° 

3 ±45° 
3 359 Jim2 

( 10.6 oz.6'_d!) 418 _g(m2 
( 12.3 oz.6'_d;J: 0°190° 

2.4.2 CONSTRUCTION AND PREPARATION OF THE TEST-SPECIMENS 

The twenty-one T-1.5 specimens used in Phase Two were constructed by the 

same experienced mason, with concrete blocks from the same batch; using the same 

techniques as for the specimens in Phase One (see Section 2.2.2). Once again, the head 

joints between the two middle blocks of the specimens were left unfilled to allow these 

specimens to fail in shear-slip. For Phase Three, the excess mortar in the open head joint 

was removed while it was still fresh. This eliminated the need for drilling and light 

chiselling later on (as was required for Phase One), which could have damaged the 

specimens. All of the specimens were allowed to air cure for at least 28 days before they 

were prepared for application of the mesh. The specimens were prepared for the 

application of the mesh using the same techniques of Phase One (see Section 2.2.2). 
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Average Breaking Strength: 

Warp = 1.85 kN I 50 mm 
Weft = 1.98 kN I 50 mm 

(a) Dry Mesh Weight: 3.9 oz./yd. 2 (4.5 oz./yd. 2 Finish Weight) 

Average Breaking Strength: 

Warp = 2.23 kN I 50 mm 
Weft = 3.80 kN I 50 mm 

(b) Dry Mesh Weight: 4.8 oz./yd.2 (6 .0 oz./yd. 2 Finish Weight) 

Average Breaking Strength: 

Warp = 2.29 kN I 50 mm 
Weft = 7.50 kN I 50 mm 

(c) Dry Mesh Weight: 10.6 oz./yd. 2 (12.3 oz./yd.2 Finish Weight) 

Figure 2.12 - Phase Three Fibreglass Mesh 
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As before, mesh was applied to both faces of the specimen. Proper cutting and 

placement of the mesh was critical in Phase Three. Since the mesh was nonisotropic, the 

effectiveness of the retrofit was dependent on the fibre orientation. Typically, externally 

bonded laminates are applied so that the fibres mainly resist forces in tension (Kolsch, 

1998). 

For the 0°/90° mesh specimens, the mesh was cut to cover an area equal to the 

length of the mortared bed joint (length of slip planes) times 590 mm (three block heights 

plus two mortar bed joints). The mesh was cut so that, when applied to the specimens, the 

fibres in the strong direction (the weft) were perpendicular to the bed joint. In this 

configuration, the fibres would provide a shear friction type resistance. A gap in the mesh 

was cut out at the location of the open head joint to allow shear slip to occur. 

For the ±45° mesh specimens to achieve the maximum possible strength, it was 

necessary for the fibres in the strong direction to be in tension during the test. This 

configuration is most effective for resisting shear forces (Vandergrift, 2002). Figure 

2.13(a) shows the shear deformation along the bed joints and the associated diagonal 

tension fields (Figure 2.13(b)), as reported by El-Dakhakhni (2002). Since the mesh was 

not isotropic, in order for the fibres in the strong direction to be in tension, the mesh had 

to be cut and applied in four quadrants. Based on the shear deformation of the bed joints, 

orienting the mesh in each quadrant such that the fibres in the strong direction pointed 

towards the gap ensured they would be in tension (Figure 2.14). A cardboard template 

and a 45° set-square were used to expedite the cutting of the ninety-six pieces of mesh 
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required. The mesh was cut so that adjacent pieces would overlap by 100 mm. The 

minimum recommended overlap is 50 mm (DuRock, 2005). 

Shear 
Deformation 
(exaggerated) 

' ' ' ' 
' ' ' 
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--• ' 
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' 
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(a) Shear Deformation (b) Direction of Tension Stresses 
Per Quadrant 

Figure 2.13 - Shear Deformation and Tension Stresses 
Along the Bed Joints During Testing 

_3 ___ .L ___ 4 ... 

Figure 2.1 4 - Strong Fibre Direction Per Quadrant 
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Unlike the Tyfo® WEB Composite used in Phase One, which is designed to be 

saturated with epoxy before application, the fibreglass mesh was adhered to the 

specimens using an acrylic modified mortar, or parging. The parging is ideal for adhering 

fibreglass mesh because it is both strong and flexible. The proprietary water-based acrylic 

Prep-Coat product, sold in 30 kg buckets, was mixed with Type 10 Portland cement at a 

ratio of 3:2 by weight (i.e. three parts Pre-Coat to two parts Type 10 Portland cement) as 

per the manufacturer's recommendations. The parging was mixed in batches of 10 kg (6 

kg water-based acrylic to 4 kg Type 10 Portland cement) which was enough for one 

specimen. Using an electric drill with a mixing paddle, the two components were 

gradually blended together until the mixture was homogenous. A few drops of water were 

added to improve the workability of the mix. Good workability is important because it 

prevents excess drying when the parging is applied to large surfaces, and allows the 

parging to properly penetrate the openings of the mesh for maximum embedment. 

(Kolsch, 1998). Based on the supplier's information (DuRock, 2005), it was acceptable to 

add up to 90 millilitres of water to a 10 kg batch of parging to improve the workability. 

The parging was applied to the face of the specimens using an unnotched 

rectangular trowel. While holding the trowel at approximately 30°, a 2 to 3 mm thick 

layer of the parging was applied. To prevent the blocks from absorbing too much water 

and drying out the parging before applying the mesh, only one face of the specimen was 

coated at a time. The reinforcing mesh was immediately imbedded into the parging. With 

the open mesh, air voids were not an issue, but it was important that the mesh was 

properly oriented and did not have any wrinkles, ripples or waves. Once the mesh was 
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embedded, the trowel was passed over it to push the parging through the openings to 

ensure full contact. Another layer of parging, approximately 1 mm thick, was applied to 

completely cover the mesh, if necessary. Any parging that penetrated the gap in the 

centre course was cleaned out to prevent interference with slippage: of the blocks during 

testing. The parging was allowed to cure for at least 7 days, as p1~r the manufacturer's 

recommendation, before testing. A photographic record of the glass mesh application 

process is provided in Figure 2.15 (page 57). 

As in Phase One, the specimens were not grouted. Once again to ensure shear

slip failure along the bed joints, rather than compression failure at the supports, the 

extreme top and bottom of each specimen were grouted (Figure 2.7). 

2.4.3 MATERIAL PROPERTIES 

Mortar and Parging. To simulate actual construction practices, Type-S mortar was 

used to construct the assemblages. The mix proportions by weight were 1 part Portland 

cement, 0.21 parts lime and 3.53 parts masonry sand. Twelve batches of Type-S mortar 

were mixed over the two days of specimen construction. Three [51 x 51 x 51 mm (2 x 2 

x 2 inch)] mortar cube specimens were taken from each batch ofmixed mortar to test for 

compressive strength as per ASTM C-109. The average 28-day compressive strength of 

the thirty-six mortar cubes was 21.1 MPa with a 10.4% COY. The mortar had an average 

flow of 113.3% for the 12 batches with a 5.2% COY. 

As a comparison, six cube specimens were taken from one batch of the parging to 

test its 7-day and 28-day strength. The 7-day and 28-day compressive strengths of the 

parging were 20.3 MPa (10.6% COY) and 28.6 MPa (8.9% COY), respectively. Thus, in 
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(a) Mixing the Parging (b) Applying a Thin Layer of Parging 

(c) Setting the Mesh into the Parging Layer (d) Applying a Layer of Parging Over the Mesh 

(e) Removing Excess Parging from the Open Head Joint (f) Finished Specimen 

Figure 2.15 - Application of Glass Mesh Using Modified Parging 
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general, the strengths of the mortar and the parging are comparable. No further 

independent tests were conducted on the parging. As per ASTM Dl623C the bond 

strength of the parging was greater than 0.3 MPa after 7 days of curing (DuRock, 2005). 

Further information on the parging can be found in Appendix A. A summary of the 

results are presented in Table 2.5 (page 59). 

Fibreglass Mesh. The properties of the fibreglass meshes used, which were provided 

by the supplier, have been reproduced in Table 2.6 (page 60). No independent tests on the 

meshes were conducted. Further information can be found in Appendix A. 

2.4.4 TEST SETUP AND INSTRUMENTATION 

The twenty-one glass mesh reinforced T-1.5 specimens were tested with the same 

testing apparatus as in Phase One, as was shown in Figure 2.10. Prior to testing, the top 

and bottom of each specimen was capped with a thin layer of Hydrostone to ensure full 

contact with the 12.7 mm (Yz inch) thick steel loading plates. 

For Phase Three, the setup for monitoring the relative movement between the 

blocks along the slip plane was refined. The four 25 mm stroke LPDTs from Phase One 

were replaced with eight 12.5 mm stroke LPDTs connected to a PC data acquisition 

system. The LPDTs were still placed vertically and parallel to the bed joints, but this time 

they did not span the middle gap. Each LPDT (four on the front and four on the back of 

the specimen) monitored displacements along its own slip plane. The extension arms 

were once again utilized to permit the vertical LPDTs to measure slip across the bed 

joint. An illustration of the instrumentation is shown in Figure 2.16. The average gauge 

length for each LPDT was 563.4 mm. 

55 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

Table 2.5 - Phase Three Mortar Properties 

Batch# Cube# 
Failure Load Strength Flow 

(kN) (MPa) (%) 
1.1 46.6 17.9 

1 1.2 50.7 19.5 106 

1.3 47.4 18.2 
2.1 48.4 18.6 

2 2.2 50.7 19.5 107 

2.3 51.0 19.6 
3.1 55 .7 21.4 

3 3.2 56.7 21.8 119 

3.3 59.3 22.8 
4.1 47 .0 18.l 

4 4.2 48.7 18.7 117 

4.3 47.3 18.2 
5.1 56.6 21.8 

5 5.2 60.4 23 .2 118 

5.3 61.2 23 .5 
6.1 55 .1 21.2 

6 6.2 57 . I 22.0 107 

6.3 51.2 19.7 
7.1 52.8 20.3 

7 7.2 54.2 20.8 113 

7.3 53 .7 20.6 
8.1 66.3 . 25.5 

8 8.2 66.9 25.7 104 

8.3 60.5 23 .3 
9.1 57.8 22.2 

9 9.2 65.3 25 .1 114 

9.3 62.9 24.2 
10. l 52.6 20.2 

10 10.2 53.8 20.7 122 

10.3 59.5 22.9 
11.l 57.7 22.2 

11 11.2 57.1 22.0 1I 5 

11.3 53 .8 20.7 
12. l 52.4 20. 1 

12 12.2 46. l I 7.7 118 

12.3 49.0 18.8 

Average= 54.8 21.1 113.3 
c.o.v. (%) = 10.4 10.4 5.2 
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T bl 2 6 Fb a e - I remass M h P es rr ro_Q_e 1es 

Approx. Mesh Weight, Average Breaking Strength Dry Elongation 
_g_/m2 _(oz.6'._d.1_ ~ _e_er Scm wide strip) J..%1 

D I)'._ Finished Warp_ Weft WarI>_ Weft 
131(3.9) 153 (4.5) 185 198 4.2 3.4 
163 (4.8) 200 (5.9) 223 380 3.8 2.9 

359 i_I0.61 41 8112.31 229 750 3.7 4.3 

Specimens placed in the test apparatus were positioned and centred as accurately 

as possible to limit any rotation of the blocks in the direction perpendicular to the plane 

of the laminate. Another refinement added to the placement of the specimens in the 

apparatus was to centre and set them on a l mm thick, 15 mm wide strip of metal. The 

strip acted like a point load, ensuring the reaction load acted along the centre of the 

specimen, within the 15 mm width. With the strip at the bottom and the spherical head of - ,. 

the load cell at the top, the line of action was guaranteed to· act close to the centreline of 

the specimen. 
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(a) T - 1.5 Setup (b) Photo of Extension Arm (typ.) Highlighted in (a ) 

Figure 2.16 - Phase Three LPDT Setup for All Specimens 
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2.5 PHASE TWO 

The second test phase was designed to (1) evaluate the potential to obtain two sets 

of data from each specimen, (2) to provide insight into the relative merits of using 

fibreglass mesh compared to fibreglass cloth, and (3) to provide insight into the relative 

merits of applying fibreglass mesh with epoxy versus modified mortared parging. The 

epoxy used was the same as that used for adhering the fibreglass fabric in Phase One 

testing. 

The T-1.5 specimens were selected for this phase and were tested using the same 

equipment as used for the larger specimens of Phase One. In order to obtain two sets of 

data from one specimen, it was decided to apply two different weights of mesh on the 

same specimen. Half of each specimen would be reinforced with a light weight mesh and 

the other half would be reinforced with a heavier mesh. As described earlier for the other 

phases, the reinforcement was placed on both the front and back of the specimen. The 

mesh weights (finished) selected were: 4.5 oz./yd.2 and 15 oz./yd.2. A photograph of each 

mesh can be found in Figures 2.12(a) and 2.17, respectively. The meshes were oriented at 

0°190° to the bed joint. The reinforcement scheme is illustrated in Figure 2.18. 

Figure 2.17 - 15 oz./yd. 2 (Finished Weight) Mesh 
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The concept was that the slip planes reinforced with the 15 oz./yd.2 mesh would 

be stronger and hence not fail before the slip planes reinforced with 4.5 oz./yd.2 mesh 

failed. To monitor the displacements along all the slip planes, the same LPDT 

instrumentation scheme illustrated previously in Figure 2.16 was used. It was assumed 

that only the slip planes reinforced with the 4.5 oz./yd.2 mesh would fail, and that 

insignificant displacements would occur along the slip planes reinforced with the 15 

oz./yd. 2 mesh. The specimen would then be repaired, by dry packing the cells along the 

damaged slip planes with stiff grout, and retested. The cured grout would then ensure 

failure along the 15 oz. mesh reinforced slip planes. 

,,,,- 4.5 oz./yd.2 

Figure 2.18- Phase Two Mesh Reinforcement Scheme 

2.6 SUMMARY 

• The test method, apparatus and specimens were selected to simulate shear slip, 

following the rationale from Kolodziejski (1982) and Eshani (1997), 

59 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

• The research was conducted in three phases with the scope rangmg from 

analyzing the influence of specimen shape, assessing the feasibility of obtaining 

two sets to data from each specimen, to determining the influence of fibre weight 

and orientation on the shear-slip performance. 

• Construction of the specimens followed standard practices m order to better 

reflect actual wall construction practices. 

• As is discussed in Chapter 3, the Phase One test program was successful in 

defining the best shape and size of test specimen to use. The data itself was also 

of direct use as an evaluation of strength and behaviour of fibreglass reinforced 

masonry subjected to shear-slip failure. 

• As is discussed in Chapter 3, the Phase Two test program showed that it was 

neither practical nor reliable to attempt to obtain two sets of data from one test 

specimen. Data from first failure of the specimen is of some direct use. 

• As is discussed in Chapter 4, the Phase Three test program provides good 

documentation of strength and behaviour of originally unreinforced concrete 

block masonry retrofitted, to improve shear-slip capacity, with surface-bonded 

fibreglass mesh using a modified parging as the bonding material. 
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CHAPTER 3: PHASE ONE AND TWO EXPERIMENTAL RESULTS 

3.1 INTRODUCTION 

This chapter contains the results from Phases One and Two of the experimental 

investigation. The purposes of these phases were described in Chapter 2. 

The data plots presented in this chapter contain the load per metre (kN/m) versus 

average displacement of each test conducted in Phase One of this experimental 

investigation. This allows for a more direct comparison of the results for each specimen 

shape when the test load (plotted along the y-axis) was divided by the length of the 

specimen's respective slip plane. All the displacements recorded along the slip planes 

were averaged and plotted along the x-axis. Data plots of all the raw data are reproduced 

in Appendix C. 

To assist with the analysis, an average curve for each set of test specimens was 

also calculated. An average curve was calculated by first dividing each kN/m value along 

the y-axis by its respective maximum (ultimate) load; a process known as normalizing. At 

this stage, the y-axis of each plot ranges from a dimensionless 0 to 1. For each set of data, 

a best-fit curve was determined using Microsoft Excel. Then, at each point along the y

axis from 0 to 1, the corresponding displacement values, along the x-axis were averaged. 

The best-fit curve was used for this step. [This also could have been done another way, 

where, at selected displacements along the x-axis, the corresponding dimensionless y-axis 

values could be averaged.] This averaging of the normalized curves results in a single 

curve, but the y-axis still ranges from a dimensionless 0 to 1. The final step is to multiply 

the y-axis by the average maximum load/metre of the specimen set. 
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PHASE ONE 

The designations for each type of specimen were presented in Chapter 2 on pages 

28 and 29. 

3.2 A - 0.5 SPECIMENS 

3.2.1 UNREINFORCED (AU - 0.5) 

Of all the specimens tested in Phase One, these unreinforced A-shaped specimens 

with a half-block shear slip length were by far the most fragile. To avoid damaging the 

specimens while they were being transported to the testing machine and during set-up for 

testing, it was necessary to apply precompression force normal to the bed joint slip plane. 

This was accomplished with the used of two 190 mm x 190 mm x ~ inch thick plywood 

boards and a Yi inch (12.7 mm) diameter threaded rod with washers and nuts . All of this 

apparatus was removed prior to testing. Even with all these precautions, two out of the 

five specimens were damaged prior to testing. The extreme fragile nature of this 

specimen configuration is the first comment against its use in any further experimental 

investigations. 

It was expected that these specimens would not be able to support much load prior 

to failure; thus mechanical Demec displacement readings were taken at 0.125 kN load 

increments for the first specimen and 0.250 kN load increments for the remaining two 

specimens. Once the ultimate load was reached, which occurred at very low 

displacement, the specimen failed suddenly along one of the bed joints. The failure was 

debonding of the mortar at the interface between the mortar and the block. At this point, 

the specimen had zero capacity. The average fa ilure load was 4.9 kN at an average 
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displacement of 0.0087 mm. The amount of scatter of the failure load is evident by the 

high coefficient of variation (C.O.V.) of 71.9%. The Load/Metre versus Average 

Displacement plot is provided in Figure 3.1. 
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• Specirren 1 • Specirren 2 • Specirren 3 - Average OJrve 

Figure 3.1 - Specimen AU - 0.5: Load/Metre versus Displacement 

3.2.2 REINFORCED (AR - 0.5) 

1.00 

With the GFRP laminate applied, the A-shaped specimens with half-block overlap 

were far easier to handle. Precompression force was not required to assist with their 

transportation and test set up. Nonetheless, care was taken so as not to damage the 

specimens. It was expected that these specimens would be able to support .much higher 

loads prior to failure. Thus mechanical Demec displacement readings were taken at 1.0 

kN load intervals . As the load reached the maximum, fine cracks and white discoloration, 

as shown in Figure 3.2, were observed in the epoxy along one of the bed joint slip planes. 

The white discolouration is analogous to that observed when a piece of coloured plastic is 

bent to an extreme angle causing permanent deformation. 
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During post-cracking, the glass fibres suspended in the epoxy are being deformed 

but are still intact. After the maximum load was reached, the specimen did not lose all 

capacity. It continued to support some, albeit decreasing, load, which was accompanied 

by further cracking and discolouration of the failed bed joint slip plane, as the 

displacement increased. The post peak response was recorded by stopping the test 

machine at various levels of displacement and recording the load at that displacement. 

Eventually, the displacement reached a large enough value where the fibres began to tear. 

Figure 3.2 - Typical Damage Along Slip Plane of Reinforced A-0.5 Specimens 

Loading in the post-peak region could continue up to the complete tearing of the 

glass fibres. This was achieved for the first specimen only. For the remaining two 

specimens their respective tests were halted once the displacements reached the 

maximum value that the Demec gauge could read. These specimens still had residual 

capacity. The average maximum load was 31.7 kN at an average displacement of 0. 12 

mm. Use of GFRP greatly deduced the scatter of the results, compared to the 
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unreinforced specimens, as is evident by the much lower C.O .V. of 18.0%. The 

Load/Metre versu Average Displacement plot is presented in Figure 3.3. 
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Figure 3.3 - Specimen AR - 0.5: Load/Metre versus Displacement 

3.3 A - 1.5 SPECIMENS 

3.3.1 UNREINFORC.ED (AU -1.5) 

Due to the greater robustness of these larger specimen , all five specunens 

remained undamaged during transport to the testing machine and test set-up. No 

precompression was used. This was the first set of unreinforced specimens tested for 

Phase One of this experimental investigation. During testing, Demec displacement 

readings were taken at 1.0 kN intervals. When the ultimate (maximum) load was reached, 

which occurred at very low displacement, the specimen failed suddenly along one of the 

bed joints. The failure was debonding of the mortar at the interface between the mortar 

and the block, as shown in Figure 3.4. 

Following failure at the ultimate load, the specimen had zero capacity. The 

average failure load was 22.9 kN at an average displacement of 0.023 mm. The amount 
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of scatter of the failure load is evident by the C.O.V. of 24.6%. Only the failure of the 

first specimen was accompanied by crushing of one block at the lower support points, as 

shown in Figure 3.5. This toe crushing seemed to happen simultaneously with shear slip 

failure and did not occur in any of the other specimens. The Load/Metre versus Average 

Displacement plot is provided in Figure 3.6. 

Figure 3.4 - Typical Failure Mode of AU - 1.5 Specimens 

Figure 3.5 - Block Crushing at Lower Support Point of Specimen AU - 1.5 - 1 
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If the test results from specimen AU - 1.5 - 1 is omitted as not indicative of 

shear-slip capacity, the average maximum load changes to 21.2 kN/m (with a low C.O.V. 

of 11.2 %) at 0.023 mm average displacement. 
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Figure 3.6 - Specimen AU - 1.5: Load/Metre versus Displacement 

3.3.2 REINFORCED (AR - 1.5) 

1.00 

This was the first set of reinforced specimens tested for Phase One of this 

experimental investigation. It was expected that they would have a much larger failure 

load than their unreinforced counterparts. Since the Demec displacement readings were 

taken manually, there was the potential for an excessive number of data points if the load 

interval between readings was too small. Demec displacement readings were taken at 2.0 

kN intervals and 5.0 kN intervals for approximately the first and second half of loading, 

respectively. For each specimen, Demec displacement readings were only taken up to the 

maximum load. However, all specimens were tested up their complete failure to observe 

their final failure mode. 
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The first specimen (AR - 1.5 - 1) failed by crushing of one block at the lower 

support points, as shown in Figure 3.7, prior to reaching maximum shear-slip resistance. 

Very limited displacements were recorded up to this point. This also was confirmed by 

visual observations. The typical near-failure occurrence of fine cracks and white 

discolouration of the epoxy were not observed along any of the bed joints. Therefore, this 

test was a lower bound indication of the strength of the specimen. As can be seen in 

Figure 3.7, the support "feet" of this very first test specimen were not filled with grout 

and subsequently wrapped with GFRP. This is the reason for the premature failure of this 

specimen. 

Figure 3.7 - Block Crushing at Lower Support Point of Specimen AR - 1.5 - 1 

For the remaining specimens, in order to prevent premature failure, the support 

"feet" were filled with grout and wrapped with GFRP. For the second specimen (AR -

1.5 - 2), the increase in displacement following the initial slip resulted in incomplete 

tearing of the GFRP along the right bed joint slip plane, as shown in Figure 3.8. The load 
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registered on the Tinius Olsen machine steadily decreased as the GFRP continued-to tear. 

Final post-peak fai lure was caused by crushing of one block at the lower support points, 

as shown in Figure 3.9. The block crushing was not as severe as for the first specimen, 

shown in Figure 3.7 and did not limit the maximum load. The failure of the third 

specimen (AR - 1.5 - 3) was complete tearing of the GFRP along the left bed joint, as 

shown in Figure 3.10. 

(a) Concave Bed Joints Not Completely Filled with Epoxy (b) Concave Bed Joints Filled with Epoxy 

Figure 3.8 - Damaged GFRP for Specimen AR - 1.5 - 2 

Figure 3.9 - Block Crushing at Lower Support Point of Specimen AR - 1.5 - 2 
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(a) Concave Bed Joints Not Completely Filled with Epoxy (b) Concave Bed Joints Filled with Epoxy 

Figure 3.10 - Damaged GFRP for Specimen AR - 1.5 - 3 

The somewhat different appearance of the tearing shown in Figures 3.8(a) and 

3.IO(a) was found to coincide with the concave profile of the mortar joints being not 

completely filled with epoxy. 

Once the GFRP had completely tom, the specimen had zero capacity. No post

fibre-tearing block crushing occurred at the lower supports. With the type of GFRP used 

for this experimental phase, it appears that a slip plane length of 1.5 block lengths is on 

the cusp between shear slip failure and premature block crushing. This seems to be the 

case if the support points are not reinforced. 

The average ultimate load was 117.3 kN at an average displacement of 0.21 mm. 

The significant amount of scatter of the failure load is evident by the C.O.V. of 27.6%. 

However, since the toe crushing failure mode of the first specimen is different from that 

of the other two (which themselves had similar failure modes) it makes sense to remove 

its results from the calculations. Considering only AR - 1.5 - 2 and AR - 1.5 - 3, the 
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average ultimate load and the corresponding average displacement increased to 136.0 kN 

and 0.29 mm, respectively. The Load/Metre versus Average Displacement plot for these 

latter two specimens is presented in Figure 3 .11. 
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Figure 3.11 - Specimen AR - 1.5: Load/Metre versus Displacement 

3.4 A - 2.5 SPECIMENS 

3.4.1 UNREINFORCED (AU - 2.5) 

,.--, 

r==1 

'---' 

2.0 

The load and displacement data for these specimens were recorded using the data 

acquisition system described in Chapter 2. It was expected that these specimens would 

not be able to support much load prior to failure . Once the ultimate load was reached, 

which occurred at very low amounts of displacement, the specimen failed suddenly along 

one of the bed joints. The failure mode was debonding of the mortar at the interface 

between the mortar and the block; this was similar to the unreinforced AU-1.5 specimens 

as shown in Figure 3.4. At this point, the specimen had zero capacity. The average failure 

load was 44.9 kN at an average displacement of 0.072 mm. The amount of scatter of the 
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failure load is evident by the coefficient of variation (C.O.V.) of 20.6%. The Load/Metre 

versus Average Displacement plot is provided in Figure 3.12. 
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Figure 3.12 - Specimen AU - 2.5: Load/Metre versus Displacement 

3.4.2 REINFORCED (AR - 2.5) 

2.0 

The load and displacement data for these specimens were recorded using the data 

acquisition system described in Chapter 2. All three specimens failed by crushing of one 

block at the lower support points, as shown in Figure 3.13. This occurred prior to any 

observable failure in the GFRP. Very limited, or negligible, displacements were recorded 

up to this point. 

Figure 3.13- Typical Block Crushing at Lower Support Point of Specimen AR-2.5 
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By visual observations, no fine cracks or white discolouration of the epoxy were 

visible along any of the bed joints. The GFRP was essentially w1damaged. Therefore, 

these results are a lower bound indication of the strength of these specimens. The GFRP 

provided such high resistance along the bed joiµt slip planes that the blocks at the lower 

supports failed first. These results might have been expected based on similar results 

from the AR - 1.5 specimens. With the type of GFRP used for this experimental phase, a 

slip plane length of 2.5 block lengths is beyond the threshold of shear slip failure . The -

average failure load was 199 .1 kN at an average displacement of 0.41 mm. The amount 

of scatter of the failure load is evident by the C.O.V. of 16.1 %. The Load/Metre versus 

Average Displacement plot is presented in Figure 3.14. Again, it should be emphasised 

that shear-slip did not occur. Prior to premature toe crushing of Specimen 2, essentially 

zero displacement was recorded by the LPDT (possibly due to a faulty wire connection). 

This resulted in a vertical load/metre versus displacement curve. This curve is present in 

Figure 3.14 for completeness, but was not used to calculate the average curve. 
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Figure 3.14 - Specimen AR - 2.5: Load/Metre versus Displacement 

73 

2.0 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

3.5 T - 0.5 SPECIMENS 

3.5.1 UNREINFORCED (TU - 0.5) 

Although these specimens were potentially as fragile as the AU - 0.5 specimens, 

their symmetry made them much easier to transport to the testing machine and set up for 

testing. No precompression apparatus was necessary during the set-up phase. 

Unfortunately, one specimen was accidentally dropped and destroyed. It was expected 

that these specimens would not be able to support much load prior to failure, but their 

symmetry would allow them to resist more load than the AU - 0.5 specimens. Thus 

mechanical Demec displacement readings were taken at increments of 0.5 kN for the first 

specimen and at 1.0 kN for the remaining specimens. Once the ultimate load was 

reached, which occurred at low displacement, the specimen failed along slip planes in a 

characteristic 'Z ' pattern, as shown in Figure 3.15. This was the case for all specimens. 

The failure was debonding of the mortar at the interface between the mortar and the 

block. At this point the specimen had zero capacity. 

Figure 3.15 - Typical Failure Mode of TU - 0.5 Specimens 
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Figure 3.16 - Specimen TU - 0.5: Load/Metre versus Displacement 

The average failure load was 12.6 kN at an average displacement of 0.018 mm. 

The variability of the failure load is evident by the C.O.V. of 21.8%. The Load/Metre 

versus Average Displacement plot is provided in Figure 3.16. 

3.5.2 REINFORCED (TR - 0.5) 

It was expected that the reinforced specimens would be able to support much 

higher loads than the unretrofitted counterparts prior to failure. Thus, mechanical Demec 

displacement readings were taken at 2.0 kN intervals. As the load reached the ultimate, 

fine cracks and white discoloration were observed in the epoxy along the bed joint slip 

planes, again in the characteristic 'Z ' pattern. During this stage, it seemed that the glass 

fibres suspended in the epoxy were being deformed but were still intact. After the 

maximum load was reached, the specimens did not lose all capacity. They continued to 

resist increasing disp lacement, albeit at steadily decreasing load, which was accompanied 

by further cracking and discolouration along the failed bed joint slip planes, as shown in 

Figure 3.17. 

75 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

Figure 3.17 - Typical Damage Along Slip Plane of Reinforced TR-0.5 Specimens 

The post-peak response was recorded by stopping the testing machine at various 

levels of load and recording the displacements. Eventually, the displacement reached a .. 
high enough value where the fibres began to tear, as shown in Figure 3.18. Each test was 

halted once the displacements reached the maximum that the Demec gauge could read. 

The GFRP was only partially tom. Therefore, these specimens still had some remaining 

capacity. 

(a) Concave Bed Joints Not Completely Filled with Epoxy (b) Concave Bed Joints Filled with Epoxy 

Figure 3.18 - Damaged GFRP for TR - 0.5 Specimens 
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The somewhat different appearance of the tearing shown in Figures 3 .18( a) was 

found to coincide with the concave profile of the mortar joints being not completely filled 

with epoxy. 

The average ultimate load was 39.9 kN at an average displacement of 0.147 mm. 

The use of GFRP greatly reduced the amount of scatter of the results, as is evident by the 

much lower C.O.V. of 6.4%. The Load/Metre versus Average Displacement plot is 

presented in Figure 3.19. 
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Figure 3.19- Specimen TR- 0.5: Load/Metre versus Displacement 

3.6 T - 1.5 SPECIMENS 

3.6.1 UNREINFORCED (TU - 1.5) 

2.0 

The load and displacement data for these specimens were recorded using the data 

acquisition system described in Chapter 2. It was expected that these specimens would 

not be able to support much load prior to failure. Once the ultimate: loads were reached, 

which occurred at very small displacements, the specimens failed along the slip planes in 

a characteristic 'Z' pattern. This was the case for all specimens. The failure mode was 
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debonding of the mortar at the interface between the mortar and the block, as shown in 

Figure 3.20. At this point, the specimen had zero capacity. The average ultimate load was 

26.4 kN at an average displacement of 0.047 mm. The variability of the capacity is 

evident by the C.O.V. of 15.3%. The Load/Metre versus Average Displacement plot is 

provided in Figure 3.21. 
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Figure 3.21 - TU - 1.5: Load/Metre versus Displacement 
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3.6.2 REINFORCED (TR - 1.5) 

The load and displacement data for these specimens were recorded using the data 

acquisition system described in Chapter 2. As the load reached the maximum value, fine 

cracks and white discoloration were observed in the epoxy along the bed joint slip planes, 

as shown in Figure 3.22. 

Figure 3.22 - Minor Damage to GFRP Along Bed Joint (Prior to Full Fabric Tearing) 

During this increasing resistance stage, the GFRP continued to deform but was 

still intact. After the maximum load was reached, the specimens did not lose all capacity. 

They continued to resist increasing displacement, albeit at decreasing load. The 

increasing displacement was accompanied by further cracking and discolouration of the 

failed bed joint slip planes. Eventually the displacement reached a value where the fibres 

began to tear. Loading in the post-peak region continued up to the complete tearing of the 

glass fibres. For the third specimen (AR - 1.5 - 3), the slip plane and GFRP damage was 

localized to the characteristic 'Z' pattern only, as shown in Figure 3.23(b). For the other 
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two specimens, the 'Z' pattern damage was accompanied by an induced rotation which 

resulted in middle block splitting, as shown in Figure 3.23(a). 

(a) 'Z' Crack Plus Middle Block Splitting (b) 'Z' Crack 

Figure 3.23 - Typical Failure Modes of TR - 1.5 Specimens 

Up to middle block cracking, the damaged along the slip planes was fairly 

uniform. The average maximum load was 203 .5 kN at an average displacement of 0.772 

mm. The use of GFRP greatly reduced the scatter of the results, as is evident by the much 

lower C.O.V. of 2.5%. The Load/Metre versus Average Displacement plot is presented in 

Figure 3.24. 
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Figure 3.24 - Specimen TR - 1.5: Load/Metre versus Displacement 
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3.7 DISCUSSION OF PHASE ONE EXPERIMENTAL RESULTS 

The typical failure of the unreinforced specimens was a brittle shear-slip 

debonding mode which occurred at low levels of both load and displacement. The 

debonding occurred at the interface between the block and the mortar. This failure mode 

is to be expected considering the weak shear bond strength of the mortar and the absence 

of compressive stresses normal to the mortar bed joints for these tests. Previous 

investigations (Drysdale et al., 1979; Atkinson et al., 1998) have documented the 

strengthening and deformational benefits of axial compression nonnal to the bed joints. 

The observed brittle failure mode was described by Hamid et al. (2005) as having very 

little displacement or load change between initiation of cracking at the block-mortar 

interface and total debonding. 

All of the glass fibre reinforced specimens, with one exception, failed in shear slip 

along the bed joints but at much higher loads than the comparable unreinforced 

specimens. As shown in Table 3 .1 , they reached shear slip strength ranging from 3 .2 to 

7.7 times that of their unretrofitted counterparts. Upon examining the failed reinforced 

specimens, it was confirmed that the mortar joints had indeed debonded, most likely early 

during the test, and thus the laminates provided the resistance to the applied load. For 

most of the retrofitted specimens, at large displacements, the laminate began to tear. 

Where complete tearing did not occur, the test was terminated when the displacement 

measurements reached the limit of the instrumentation. Failure by delamination did not 

occur with any of the specimens. For specimen type AR-2.5, which consistently failed by 

crushing of one block at the lower support points, the laminate was undamaged and, 
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therefore, the recorded strength is only a lower bound estimate of shear slip capacity. The 

load carried by externally bonded FRP at the ultimate shear state is difficult to quantify 

(Bakis et al. , 2002). 

The complete summary of the Phase One experimental results is presented in 

Table 3.1 (page 87). As can be seen, the unreinforced specimens exhibited high 

variability as measured by the coefficient of variation (C.O.V.). For all of the specimens, 

the application of the GFRP greatly reduced the variability. An average face shell 

thickness of 34 mm was used in calculating shear stress for both reinforced and 

unreinforced specimens. As is indicated in Table 3 .1, two distinct failure modes were 

observed. For the triplet type of specimen, only one side of the specimen failed whereas, 

for the modified triplet type of specimens, cracks and failure occurred above and below 

the empty head joint on opposite sides of the specimen (i.e. , 'Z' crack failure) . For the 

modified triplet type of specimen, it was not possible to have only one side fail because 

any "softening" of the response on one side of the specimen results in a shifting of load to 

the other side. 

Typical load per metre versus displacement data was presented earlier in this 

chapter for the unreinforced specimens. These specimens exhibited sudden brittle loss of 

capacity at their maximum load at small displacements. In comparison, after the 

reinforced specimens reached their maximum load, a gradual decrease in load resistance 

occurred with increasing displacement. This greatly increased defonnability and ended 

with the eventual tearing of the GFRP laminate. The experimental and analytical work 

conducted by Ehsani et al. ( 1997) revealed that when FRP fibres were oriented at 0°190° 
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to the applied load, the resulting shear-deformation relationship was nonlinear. This was 

shown to be the case in the data presented here. 

3.8 SELECTION OF SPECIMEN CONFIGURATION 

In evaluating the various shapes of the test specimens, several factors have been 

considered. A schematic diagram of idealized Type 'A' and Type 'T' specimens is 

presented in Figure 3.25. The modified triplet (Type 'T') specimen (Figure 3.25(a)), was 

originally developed to minimize bending stresses (normal stresses) along the bed joint 

slip planes. In general, the single triplet (Type 'A') shape of specimens (Figure 3.25(b)) 

introduces more bending stresses over the length of the bed joint due to unavoidable 

eccentricity of the positions of the applied load and reaction points. 

Presultant 

~ , 

Presultant 

(a) Idealized 'T' Specimen 

Presultant 

1hP 1hP 

I 
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(b) Idealized 'A' Specimen 

Figure 3.25 - Schematic Diagram of Shear Force Distribution 
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T bl 3 1 Ph 0 E I R a e . - ase ne ~enmenta esu ts 

Specimen 
Failure Load/ Shear Load Li at 

Typical Failure Mode Load, Metre Strength c.o.v. Pmax # 
Pmax (kN)t (kN/m)· (MPa)t (%) (mm) •• 

TU - 1.5 _(U nreinforcedl 
-=. 

Slip_ Plane Pro_J!.erties: Le~h = 0.59 m; Width= 0.068 rn; Area= 0.04012 rn--i-
'Z' crack 1 22.8 19.3 0.28 0.0393 

2 27.9 23.6 0.35 0.0466 
[ l 1 J 3 28.8 24.4 0.36 

15.3 
0.0542 

[ l I J 4 31.0 26.3 0.39 0.0705 
[ l l J 5 21.6 18.3 0.27 0.0261 

Average 26.4 22.4 0.33 0.047 
-= '== -=~ TR - 1.5 _iReinforcedl 

'Z' crack or 'Z' crack w/ 1 207.5 175.8 2.59 0.7739 
middle block splitting 

2 205.2 173.9 2.56 
l J_ Jl J 

0.7446 
2.5 

l 1 1 J 3 197.7 167.5 2.46 0.7983 
[ I 1 J Average 203.5 172.4 2.54 0.7722 

' TU - 0.5 _iUnreinfo~cedl 
Sli.J!. Plane Pro.J!.erties: Le~h = 0.19 rn; Width= 0.068 rn; Area= 0.01292 m-Y 

JL 

' Z' crack 1 12.4 32.6 0.48 0.0229 

CJ 2 9.8 25.8 0.38 0.0087 
3 11.7 30.8 0.45 21.8 0.0201 l J 
4 16.3 42.9 0.63 0.0213 CJ 

Average 12.6 33.0 0.49 0.0183 - - ~ '- TR - 0.5 JR.einforcedl E ..-;,. 
~ 

'Z' crack 1 37.5 98.7 1.45 0.0980 
r=J 2 39.6 104.2 1.53 

6.4 0.1651 
l J J 3 42.6 112.1 1.65 0.1778 L_J 

Average 39.9 105.0 1.54 0.1470 

AU - 2.5 _(Unreinforcedl ,_ 
Slip_ Plane Pro_J>_erties: LengJh = 0.995 rn; Width = 0.068 m; Area= 0.0677 rn-Y 

JL 

Cracking along slip plane 1 43.4 21.8 0.32 0.0379 
2 49.9 25 .1 0.37 0.0653 

[ I I J 3 56.6 28.4 0.42 
20.6 

0.0825 
[ I I J 4 42 .7 21.5 0.32 0.0409 

[ I I J 5 31.8 16.0 0.23 0.1344 
Average 44.9 22.6 0.33 0.0722 
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Table 3.2 (continued}_ - Phase One E~erimenta l Results 

AR - 2.5 J.Reinforcedl · -=-.. 
Toe crushing 1 232.2 116.7 1.72 0.4723 

[ 1 I l 2 168.2 84.5 1.24 ~igible 

r I 1 J 16.1 
3 197.0 99.0 1.46 0.3508 

r J 1 J Average 199.1 100.1 1.47 0.4115 
I I 

AU -1.5 _(Unreinforced_} 
Sl!I>_ Plane Pro__p_er t ies: Le"!JJ!h = 0.595 m; Width = 0.068 m; Area= 0.0405 m2 

Cracking along slip plane 1 13.8 11.6 0.17 NIA 
2 22.5 18.9 0.28 0.0648 

r ] J 3 27.6 23.2 0.34 
24.6 

0.0119 
r l 

4 27.6 23 .2 0.34 0.0047 
r 1 J 5 23.0 19.3 0.28 0.0095 

Average 22.9 19.2 0.28 0.0227 
ID 

AR - 1.5 _IB_einforced) 
~ 

Cracking along slip plane 1 80.0 67.2 0.99 0.0403 

C ·1 I 2 137.0 115.1 1.69 0.2963 
[ 1 J 27.6 

3 135.0 113.4 1.67 0.2864 r I J 
117.3 98.6 1.45 Average 0.2076 

1 

AU - 0.5 J.U nreinforced_l '~ 

Slip Plane Pro~erties : Length = 0.195 m; Width = 0.068 m; Area= 0.01326 m--r 
..2 

Cracking along slip plane 1 2.1 5.4 0.08 0.0095 

c:J 2 8.8 22.6 0.33 0.0134 
[ J 71.9 

CJ 
3 3.7 9.5 0.1 4 0.0032 

Average 4.9 12.5 0.1 8 0.0087 
11 AR - 0.5 _{_Reinforcedl ~ 

~ 

Cracking along slip plane 1 . 30.0 76.9 1.13 0.0711 

~ 2 27.0 69.2 1.02 0.1327 
[ J 38.0 97.4 1.43 

18.0 
3 0.1596 

CJ Average 31.7 81.2 1.19 0.1211 

t Maximum load as recorded by the commercial load cell or Tinius Olsen machine. 
• Maximum load equally distributed along both bed joints and divided by the length of the bed joint slip plane. 
t Maximum load equally distributed along both bed joints and divided by the area of the bed joint slip plane . .. 

From displacement instrumentation. 
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Although this bending can be substantially reduced by applying the loads close to 

the bed joints, some bending always remains. Furthermore, with the load applied close to 

the edge, there is a chance that the corner (toe) can crush during testing. For Type 'A' 

specimens with longer slip planes, compression failure of the blocks at the lower supports 

the due to concentrated reaction forces at these points, made such specimens less suitable 

for the study. 

In terms of the distribution of shear stress along the bed joint, a finite element 

analysis by Atkinson et al. (1998) showed that nearly uniform shear stress exists except 

near the ends of the shear transfer zone. Therefore, it was expected that use of a longer 

shear transfer zone should reduce the impact of this region of nonuniform stress. 

However, the shear-slip specimens analyzed by Atkinson et al. (1998) were of the 

configuration shown in Figure 3.26. This configuration is different from the ones used in 

this study; therefore an independent finite element analysis was required. 

Figure 3.26 - Atkinson et al. (1998) Shear Slip Specimens 

A finite element analysis was performed on the five specimen configurations used 

m Phase One of this experimental investigation. The full details of the analysis, 

performed by Dr. Wael El-Dakhakhni, Assistant Professor of Civil Engineering at 

McMaster University, are provided in Appendix B. For the T-1.5 specimen, the finite 

element analysis indicated that, along most of the length of the shear slip plane, the 
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normal stress was uniform and relatively low, which inherently produces nearly pure 

shear conditions along the bed joint slip plane. The longer shear transfer length would 

reduce the significance of the compression stress concentration. As shown in Table 3 .1, 

this shape of specimen also, typically, had less variability of results. Therefore, the T-

type specimen was preferred. Considering both the need to minimize bending stress 

normal to the bed joint and the desire to have nearly uniform shear stresses prior to initial 

bed joint cracking the T-1.5 type of specimen was chosen for further shear-slip research. 

PHASE TWO 

3.9 PHASE TWO EXPERIMENT AL RESULTS 

As described in Chapter 2, the T-1.5 type specimen was used throughout this 

phase. The justification for the use of this specimen configuration for further shear-slip 

research was discussed in Section 3.8. 

3.9.1 SPECIMEN 1: TEST 1-EPOXY APPLIED 4.5 oz./yd.2 and 15 oz./yd.2 

MESH AT 0°/90° (No applied clamping force) 

The load and displacement data for these specimens were recorded using the data 

acquisition system described in Chapter 2. During the test, the load continued to increase 

up to the onset of cracking, at which point the load began to decrease. The maximum 

recorded failure load was 101.2 kN (85 .8 kN/m). Before cracking occurred virtually no 

displacements were recorded by the LPTDs. Immediately after cracking, the 

displacements began to increase and this was accompanied by decreasing capacity. The 

Load/Metre versus Average Displacement for both slip planes is shown in Figure 3.27. 
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Figure 3.27 - Load/Metre vs. Average Displacement of Epoxy Applied 4.5 oz./yd. 2 

and 15 oz./yd.2 Mesh at 0/90° (No applied clamping force) 

This test did not go according to plan. Failure occurred along the lower-right and 

upper-left slip planes in the 'Z ' crack pattern (i.e. , both the 4.5 oz./yd.2 and 15 oz./yd.2 

mesh failed) . The failure of the 4.5 oz./yd.2 mesh was by tearing (Figure 3.28(a)) whereas 

the failure of the 15 oz./yd. 2 mesh was delamination (Figure 3.28(b)). During the testing, 

the thicker epoxy cracked and flaked off leaving the 15 oz./yd.2 mesh defonned, but 

undamaged. 

(a) Tearing of 4.5 oz./yd. 2 Mesh (b) Delamination of 15 oz./yd.2 Mesh 

Figure 3.28 - Damage of Epoxied Mesh Applied at 0°/90° 
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Failure of the 4.5 oz./yd.2 mesh involved the eventual complete tearing of the 

mesh. It was observed that initially the mesh deformed but gradually, as the 

displacements increased, it began to tear. It is the tearing of the fibres that resulted in the 

loss of capacity. After the specimen had lost about half of its capacity, the load gradually 

began increasing under larger displacement. It is hypothesised that this may have been 

the result of the 15 oz./yd. 2 mesh along the other failure plane deforming and providing 

limited clamping force normal to the bed joint while it was delaminating. The explanation 

for this behaviour will be reviewed again in Chapter 4. The test was terminated once the 

centre gap was closed. It was hoped that only the two upper slip planes reinforced with 

the 4.5 oz./yd.2 mesh would have failed. Then it would have been possible to repair the 

specimen and test the 15 oz./yd.2 mesh. No further tests were performed on this specimen. 

3.9.2 SPECIMEN 2: TEST 1-EPOXY APPLIED 4.5 oz./yd.2 and 15 oz./yd.2 

MESH AT 0°/90° (15 oz./yd.2 mesh reinforced slip planes clamped) 

To ensure that the 4.5 oz./yd.2 mesh failed before the 15 oz./yd.2 mesh, a 

compression force was applied to the slip planes reinforced with the 15 oz./yd.2 mesh. In 

order to minimize the potential influence of the compression force on the region 

reinforced with the 4.5 oz./yd.2 mesh, the compression force was applied to the cells 

farthest from the centre gap. It was applied using a Yz inch (12.7 mm) diameter threaded 

rod and a two Yz inch (12.7 mm) thick steel plates, as shown in Figure 3.29. 
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r 

Figure 3.29 - Clamping Apparatus 

During the test, the load continued to increase up to the onset of cracking, at 

which point the load began to drop. Before cracking was visible, virtually no 

displacements were recorded by the LPTDs. Immediately after cracking, the 

displacements began to increase and this was accompanied by a rapid decrease in the load. 

Failure of the 4.5 oz./yd.2 mesh involved the eventual complete tearing of the mesh. Only 

the two slip planes reinforced with the 4.5 oz./yd.2 mesh failed, thus the clamping 

strategy worked. The Load/Metre versus Average Displacement plot is shown in Figure 

3.30. 
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Figure 3.30 - Load/Metre vs. Average Displacement of Epoxy Applied 4.5 oz./yd.2 and 
15 oz./yd. 2 Mesh at 0/90° ( 15 oz./yd. 2 mesh reinforced slip planes clamped) 
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At the termination of the test, the slip plane sti ll had capacity due to friction. The 

maximum recorded failure load was 106.7 kN (90.4 kN/m). As will be seen in Chapter 4, 

on average, this was twice that of specimens reinforced with 4.5 oz./yd.2 mesh applied 

using the modified parging, but without any form of compression. It is clear that the use 

of epoxy greatly increased the capacity of the 4.5 oz./yd.2 mesh, but it was uncertain what 

influence, if any, the compression force had provided. 

3.9.3 SPECIMEN 2: TEST 2 - EPOXY APPLIED 4.5 oz./yd.2 and 15 oz./yd.2 

MESH AT 0°/90° (Damaged 4.5 oz./yd.2 mesh reinforced slip planes repaired) 

The specimen described in the previous section was repaired so the joints with the 

15 oz./yd.2 mesh could be tested. To repair the specimen, two wood wedges were forced 

into the then fully closed centre gap to widen it in order to allow as much slip as possible. 

This process was fairly difficult to perform and not without danger of causing other 

damage. Stiff grout was then dry packed into the block cells at the location of the 

damaged slip planes and allowed to cure for approximately 16 hours before testing. A 

photograph of the repaired specimen is reproduced in Figure 3 .31 

Wood wedge 

Figure 3.31 - Repa ired Specimen 
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During the test, the load continued to increase up to the onset of cracking, at 

which point the load began to drop. Before cracking occurred, virtually no displacements 

were recorded by the LPTDs. The Load/Metre versus Average Displacement plot is 

available in Figure 3.32. There was concern as to what influence the repair process might 

have had on the outcome of this test. It was thought that friction along the slip planes 

could be enhanced by the grouted zone holding the slipping joints together similar to the 

precompression force applied in the first part of testing of this specimen. 
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Figure 3.32 - Load/Metre vs. Average Displacement of Epoxy Applied 4.5 oz./yd .2 and 15 oz./yd. 2 

Mesh at 0190° (Damaged 4.5 oz.lyd. 2 mesh reinforced slip planes repaired) 

As illustrated in Figure 3.32, it was actually during the post-cracking stage that 

the load reached its maximum level. This phenomenon was unique to this test. It was 

observed that once cracking of the epoxy used to bond the mesh to the concrete block 

specimens occurred, it began peeling away leaving the mesh underneath deformed, but 

undamaged under increasing displacement. This initial slip was accompanied by an early 

drop in the load but, after a displacement of about 0.5 mm, the load again began to 
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increase. It is hypothesized that enough displacement had occurred to cause the fibres to 

go into tension which applied a clamping force along the bed joint slip planes. As the 

displacement increased, so did the clamping force which resulted in the observed load 

increase. Photographs of the deformed mesh are provided in Figure 3.33(a). 

(a) Typical Fibre Deformation (b) Damaged Fibres 

Figure 3.33 - Damaged Epoxied 15 oz./yd.2 Mesh Appl ied at 0°/90° 

After a displacement of approximately 4.0 mm, the load began to drop. The test 

was terminated once the centre gap was fully closed. Upon closer inspection of the mesh, 

it was observed that some of the fibres had ruptured (Figure 3.33(b)). It is hypothesized 

that this coincided with the second decrease in load. As indicated by the ducti le failure , 

the primary failure mode was delamination. However, after sufficient initial slip, it 

appeared that the epoxy could adequately secure some of the fibres so that their 

maximum strength could be developed. The maximum recorded failure load was 77.l kN 

(65.3 kN/m). 
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3.9.4 SPECIMEN 3: TEST 1 - MORTAR PARGING APPLIED 4.5 oz./yd.2 and 
.15 oz./yd.2 MESH AT 0°/90° (No applied clamping force) 

As a comparison to Test 1 of Specimen 1, a similar test was conducted only this 

time the meshes were applied using the modified mortar parging described in Chapter 2. 

Once again, no clamping force was applied to the slip planes. 

During the test, the load continued to increase up to the onset of cracking, at 

which point the load began to drop. Before cracking occurred, virtually no displacements 

were recorded by the LPTDs. Immediately after cracking, the displacements began to 

increase and this was accompanied by a decreased resistance to loading. The Load/Metre 

versus Average Displacement data was plotted in Figure 3.34. 
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Figure 3.34 - Load/Metre vs. Average Displacement of Mortar Parging Applied 4.5 oz./yd. 2 

and 15 oz./yd.2 Mesh at 0/90° (No applied clamping force) 

Cracking occurred along all four bed joint slip planes. Failure of the 4.5 oz./yd.2 

mesh was by the eventual rupturing of the mesh fibres . Failure of the 15 oz./yd.2 mesh 

was by delamination. The mortar parging cracked and peeled away leaving the mesh 
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underneath deformed, but undamaged. Photographs of the damaged slip planes are 

reproduced in Figure 3.35. 

(a) Typical 4.5 oz./yd.2 Mesh Fibre Damage (b) Typical 15 oz./yd.2 Mesh Fibre Delamination 

Figure 3.35 - Damage to Mortar Applied Mesh at 0°/90° for Specimen 3, Test 1 

The test was terminated once the centre gap was closed. As illustrated previously 

in Figure 3.34, cracking of the 15 oz./yd.2 mesh reinforced slip planes was more ductile 

than the 4.5 oz./yd. 2 mesh reinforced slip planes. As will be shown in Chapter 4, this is 

consistent with fibre delamination. At test termination, the 4.5 oz./yd. 2 mesh reinforced 

slip planes had a residual capacity of approximately 25 kN/m. It is hypothesized that not 

all the fibres had ruptured because, as was shown previously in Figure 3.30 (and in the 

next section in Figure 3.36), residual capacity from shear friction alone was less then l 0 

kN/m. The maximum recorded failure load was 61.3 kN (51.5 kN/m) . This load 

resistance was the I owe tout of all the tests in Phase 2. 
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3.9.5 SPECIMEN 4: TEST 1-MORTAR PARGING APPLIED 4.5 oz./yd.2 and 
15 oz./yd.2 MESH AT 0°/90° (15 oz./yd.2 mesh reinforced slip planes clamped) 

As a comparison to Test 1 of Specimen 2, a similar test was conducted only this 

time the meshes were applied using the modified mortar parging described in Chapter 2. 

Once again, in order to ensure that the 4.5 oz./yd.2 mesh failed before the 15 oz./yd.2 

mesh, a clamping force was applied to the slip planes reinforced with the 15 oz./yd.2 

mesh. In order to minimize the potential influence of the compression force on the 4.5 

oz./yd.2 mesh, the compression force was applied to the cells furthest from the centre gap. 

A clamping process, similar to that shown in Figure 3.29, was used. 

During the test, the load continued to increase up to the onset of cracking, at 

which point the load began to drop. Before cracking occurred, virtually no displacements 

were recorded by the LPTDs. Immediately after cracking, the displacements began to 

increase and this was accompanied by decreased resistance to load. Failure of the 4.5 

oz./yd. 2 mesh was by the eventual complete tearing of the mesh. Only the two slip planes 

reinforced with the 4.5 oz./yd.2 mesh failed. Thus once again the clamping strategy 

worked in that it prevented cracking through the joints reinforced with 15 oz./yd.2 mesh. 

The Load/Metre versus Average Displacement data is plotted in Figure 3.34. The residual 

capacity observed is the result of shear friction along the damaged bed joints. 

As will be seen in Chapter 4, the shape of the Load/Metre versus Average 

Displacement curve is similar to that of specimens reinforced with 4.5 oz./yd.2 mesh 

oriented at 0°/90° to the bed joints using modified parging, and no form of 

precompression. The maximum load resisted by the specimen was 68.5 kN (58.0 kN/m). 

This on average, as will also be seen in Chapter 4, was 17 kN (14 kN/m) more than the 
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maximum load resisted by similar specimens· with no form of precompression. It appears 

that the precompression force had a significant influence on the performance of the 

specimen. Thus the failed joints were not repaired and the remaining uncracked joints 

reinforced with 15 oz./yd. 2 mesh were not tested. 
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Figure 3.36 - Load/Metre vs. Average Displacement of Mortar Parging Applied 4.5 oz./yd. 2 and 
15 oz./yd.2 Mesh at 0/90° (15 oz./yd. 2 mesh reinforced slip planes clamped) 

A summary of all the Phase Two experimental results, along with a physical 

description of the specimens tests is provided in Table 3.2 (page 101 ). 

3.9.6 PHASE TWO CONCLUSIONS 

Specimens with mesh applied using epoxy had higher strengths than those where 

the mesh was applied with parging. Therefore, when using the same fibre mesh, 

preliminarily tests indicate better utilization of the fibre strength is achieved when it is 

bonded to the masonry substrate using epoxy. 

Based on the difficultly with testing, the possible additional damaged associated 

with the method of repairing the specimens, plus the apparent influence of the clamping 
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action, it was concluded that it was not feasible to obtain two sets of data from each 

specimen. 

T bl 3 2 Ph T E a e - ase WO t IR It '92._enmen a esu s 

Specimen Test Maximum Load/ Shear 
Description Load, P max Metre Strength 

# # -· (kN)t (kN/m)* (MPa)t 

Sl~Plane. Pro_l!_erties: Lef!g!h = 0.59 m; Width ·= 0.068 m; Area = 0.040 12 m 
Epoxy applied 4.5 oz./yd! and 15 

1 1 oz./yd. 2 mesh at 0°190° 101.2 85.8 1.26 
i_No clampjf!Kfs!rce a£E!ied) 
Epoxy applied 4.5 oz./yd.2 and 15 

1 
oz./yd.2 mesh at 0°190° 

106.7 90.4 1.33 
(15 oz./yd. 2 mesh reinforced slip 

2 pjanes clamp_ed) 
Epoxy applied 4.5 oz./yd7 and 15 

2 
oz./yd. 2 mesh at 0°190° - 77.1 65 .3 0.96 
(Damaged 4.5 oz./yd. 2 mesh 
reirff!!.rced s!P....I!Janes rf':E_aired) 

3 1 
Mortar pargin~ applied 4.5 oz./yd! 
and 15 oz./yd. mesh at 0°190° 61.3 51.5 0.76 

J..No clam_pjn_g_f<!rce applied) 

Mortar pargin~ applied 4.5 oz./yd.2 

4 1 
and 15 oz./yd. mesh at 0°190° 

68.5 58 .1 0.85 
(15 oz./yd. 2 mesh reinforced slip 

pjanes clam.f!_ed) 
T Maximum load as recorded by the commercial load cell. 

Maximum load equally distributed along both bed joints and divided by the length of the bed joint 
slip plane. 

t Maximum load equally distributed along both bed joints and divided by the area of the bed joint slip 
plane. 

3.10 SUMMARY 

• In Phase One, a total of 37 shear slip specimens were tested to failure, and of 

these 15 were reinforced with GFRP 

• For all the specimen types, the GFRP increased the strength and ductility of the 

specimens and reduced the variability of the results, compared to the unretrofitted 

counterparts. 
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• For the T-1.5, T-0.5, A-2.5, A-1.5 and A-0.5 specimens the average increase in 

shear strength was 7.7, 3.1, 4.5, 5.2. and 6.6 times that., respectively, of the 

unretrofitted counterparts. 

• For the T-1.5, T-0.5, A-2.5, A-1.5 and A-0.5 specimens the average increase in 

displacement at the maximum applied load was 16.4, 8.0, 5.7, 9.1 and 13.9 times 

that, respectively, of the unretrofitted counterparts. 

• The T-1.5 specimen was chosen for further research based mainly on its ability to 

reduce bending induced tensile stresses, thus producing the most nearly pure shear 

stress conditions of all the specimen configurations. 

• In Phase Two, a total of five shear slip tests were conducted and it was concluded 

that it was not feasible to obtain two sets of data from each specimen. 

• Furthermore, when using the same fibre mesh, the Phase Two test results indicate 

better utilization of the fibre strength is achieved when it is bonded to the masonry 

substrate using epoxy rather than mortar parging. 
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CHAPTER 4: PHASE THREE EXPERIMENTAL RESULTS 

4.1 INTRODUCTION 

This chapter contains the results from Phase Three of the experimental 

investigation. In this phase, twenty-one T-1.5 specimens were tested with four different 

weights of fibreglass mesh, with a finished weight of 4.5 oz./yd. 2
, 6.0 oz./yd.2

, 9.0 

oz./yd. 2 and 12 oz./yd. 2 applied with modified mortar parging at two different orientations 

to the bed joint slip plane (0°/90°, ±45°). 

Similar to Chapter 3, to allow for a more direct companson, the data plots 

presented in this chapter contain the load per metre (kN/m) versus average displacement 

for each test. [Data plots of all the raw data can be found in Appendix C.] To assist with 

the analysis, an average curve for each set of test specimens was also obtained, using the 

same method as described in Chapter 3. 

4.2 INTRODUCTION TO TYPICAL PHASE THREE SPECIMEN CRACK 
PATTERNS 

During testing of the twenty-one specimens in Phase Three of the experimental 

investigation, it was observed that the specimens failed in one of four distinct crack 

patterns. These patterns have been named the 'C' crack, 'H' crack, 'Z' crack, and 

Asymmetrical. Each pattern is illustrated in Figure 4.1. The applied load is transferred 

from the centre block to the side blocks along the bed joint slip planes. Once the slip 

plane on one side of specimen fails , the load is transferred to the other side. Therefore, no 

two in-line slip planes can fail. Throughout this chapter, these figures will be referred to 

in order to help the reader visualize and interpret the results . 
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(a) 'C' Crack (b) 'H' Crack (c) 'Z' Crack (d) 'Asymmetrical' 
(with block splitting) 

Figure 4.1 - Typical Phase Three Specimen Crack Patterns 

4.3 SPECIMENS RETROFITTED WITH 4.5 oz. MESH ORIENTED AT 0° 
AND 90° TO THE BED JOINTS 

Specimens 1, 2 and 3 all displayed similar load-displacement behaviour. During 

each test, the load continued to increase up to the onset of cracking, at which point it 

began to drop. Before cracking occurred, virtually no displacements were recorded by 

the LPTDs. Immediately after cracking, the displacements began to increase and this was 

accompanied by a gradual drop in the applied load. For specimens 2 and 3, at a post-peak 

residual capacity of about 50% of the maximum load, the rate ofloss of capacity began to 

increase. For Specimen 1, this increased rate of loss of capacity occurred at a higher 

residual capacity and a lower average displacement. The Load/Metre versus Average 

Displacement data for the aforementioned specimens was plotted in Figure 4.2. 
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Figure 4.2 - Load/Metre vs. Average Displacement (4.5 oz./yd. 2 mesh at 0°/90°) 
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Complete failure of the specimens and loss of capacity was caused by the 

eventual complete tearing of the mesh. Based on the results from the other tests in this 

phase, to be discussed later, it is hypothesised that initially the mesh was being deformed 

but, gradually, as the displacements increased, it began to tear. It is the tearing of the 

fibres that resulted in the increased rate of loss of capacity. The tests were terminated 

once the fibres were completely tom, at which point the capacity had decreased to zero. 

For Specimen 1, major cracks formed along the two lower bed joints (i.e., 'C' crack 

pattern shown in Figure 4. l(a)), both on the front face and the rear face. Hairline cracks 

also formed along the two upper bed joints. For both Specimens 2 and 3, major cracks 

formed along the lower-left and upper-right bed joints (i.e ., 'Z' crack pattern shown in 

Figure 4.l(c)), both on the front face and the rear face . A typical photograph of a 

damaged bed joint is reproduced in Figure 4.3. 
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Figure 4.3 - Typical Fibre Damage (Tearing) of Bed Joints Reinforced with 4.5 oz. Mesh at 0°/90° 

4.4 SPECIMENS RETROFITTED WITH 4.5 oz. MESH ORIENTED AT ± 45° 
TO THE BED JOINTS 

Specimens 1, 2 and 3 displayed similar load-displacement behaviour; during each 

test, the load continued to increase up to the onset of cracking, at which point there was a 

sudden dramatic drop in resistance to load. Before cracking occurred, vi1tually no 

displacements were recorded by the LPTDs. The average maximum resistance of these 

three specimens was greater than that of their 0°/90° reinforced counterparts . The 

Load/Metre versus Average Displacement data for these specimens are plotted in Figure 

4.4. 

The fibres oriented to resist load in uniaxial tension began to rupture once the 

ultimate load of the test specimen was reached. The sudden drop in capacity is clearly 

noticeable in the load-displacement figures , but it does not decrease to zero . The mesh 

did not completely tear and was able to provided some limited residual capacity. 

Nonetheless, this type of failure is much more brittle with more rapid loss of capacity 

than the 0°/90° reinforced counterparts. Each test was terminated once the centre 20 mm 

gap was closed. 
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Figure 4.4 - Load/Metre vs. Average Displacement (4.5 oz./yd. 2 mesh at± 45°) 

For Specimen 1, major cracks formed along the two upper bed joints (i.e., 'C' 

crack pattern shown in Figure 4. l(a)), both on the front face and the rear face. Hairline 

cracks also fonned along the two lower bed joints. For Specimens 2 and 3, major cracks 

formed along the upper-left and lower-right bed joints ('Z' crack pattern shown in Figure 

4.l(c)), both on the front face and the rear face. A typical photograph of a damaged bed 

joint is provided in Figure 4.5. 

Figure 4.5 - Typical Fibre Damage (Tearing) of Bed Joints Reinforced with 4.5 oz. Mesh at ±45° 
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4.5 SPECIMENS RETROFITTED WITH 6 oz. MESH ORIENTED AT 0° AND 
90° TO THE BED JOINTS 

Specimens 1, 2 and 3 displayed similar load-displacement behaviour during their 

respective tests. The load continued to increase up to the onset of cracking, at which point 

the load began to drop with increasing displacement (slip). However the decrease in 

capacity was relatively small. Before cracking occurred, virtually no displacements were 

recorded by the LPTDs. The Load/Metre versus Average Displacement data for these 

specimens are plotted in Figure 4.6 . 

E 50 z 
.ll: 
-; 40 
.... -QI 30 :::iiE -"C 
C1I 20 0 

...J 

10 

0 
0 

• Specimen 1 

~ Specimen 2 

• Specimen 3 

-Average OJrve 

2 

'Z ' crack: Figure 4.l(c) 
' Z' crack: Figure 4.l(c) 
'Z' crack: Figure4. l(c) 

4 6 

Displacement (mm) 
8 10 

Figure 4.6 - Load/Metre vs. Average Displacement ( 6 oz./yd.2 mesh at 0°/90°) 
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Up to approximately midway through the testing range of displacements, the 

capacity remained essentially constant as the displacements increased. During this stage 

of testing, it was noticed that the cement parging, used to adhere the mesh to the concrete 

block specimens, began to crack and peel away, leaving the mesh underneath undamaged. 

This type of failure is known as delamination. It is a much more ductile failure mode than 

tearing. As can be seen in Figure 4.6, at very large slip displacements, the capacity did 

again begin to decrease. After the test was terminated, upon closer inspection of the 
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failure planes, it was observed that a small percentage of the fibres had tom. For 

Specimen 1, tearing of the fibres did not occur at all and after a larger than average initial 

drop in capacity, the load remained essentially constant. Thus, it was concluded that 

partial tearing of the mesh resulted in the decreases in load resistance for Specimens 2 

and 3 at approximately midway though testing. All of the tests were terminated once the 

centre gap in each specimen was closed. For all three specimens, the major slip cracks 

formed along the upper-left and lower-right bed joints (i.e. , 'Z ' crack pattern shown in 

Figure 4.l(c)), both on the front face and the rear face. Photographs of damaged bed 

joints are presented in Figure 4. 7. 

(a) Mesh Pulled Out of Parging (b) Peeling Parging (c) Damaged Parging Removed 
to Reveal Deformed Mesh 

Figure 4.7 - Typical Damage of Bed Joints Reinforced with 6.0 oz. Mesh at 0°190° 

4.6 SPECIMENS RETROFITTED WITH 6 oz. MESH ORIENTED AT ± 45° 
TO THE BED JOINTS 

Specimens l , 2 and 3 all displayed similar Load/Metre versus Average 

Displacement behaviour, as shown in Figure 4.8 . During each test, the load continued to 
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increase up to the onset of cracking. Before cracking occurred, virtually no displacements 

were recorded by the LPTDs. 
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During the initial cracking, there was a very limited increase in load with 

corresponding small displacements before the dramatic decrease in capacity began. With 

fully developed cracking, the load decreased continuously with no sudden decreases as 

the displacements increased. The fibres assisting in resisting load are in uniaxial tension 

and, once their individual ultimate load resistance was reached, they ruptured. The rapid 

decrease in load with increasing displacements coincides with the sequential rupturing of 

individual fibres . The average maximum capacity of these three specimens was greater 

than that of their 0°190° reinforced counterparts. The rapid decrease in-capacity is clearly 

noticeable in the load-displacement figures but, because it did not decrease to zero, the 

incompletely tom mesh was able to provide a small residual capacity. Clearly, this type 

of failure is much more brittle than observed for the 0°190° reinforced counterparts. Each 

test was tenninated once the centre gap was closed. For Specimen 1, a major crack only 
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formed along the upper-left bed joint. A hairline fracture did form along the upper-right 

bed joint but this was insufficient to prevent the induced rotation which resulted in 

splitting of the centre blocks (see Figure 4.l(d)). Specimens 2 and 3 failed in the more 

typical manner. Major cracks formed along the lower-left and upper-right bed joints (i.e. , 

'Z ' crack pattern shown in Figure 4. l(c)), both on the front face and the rear face . 

Photographs of the damaged bed joints are provided in Figure 4.9. 

(a) Fibre Rupture (b) Fibre Rupture with Partial Pull Out 

Figure 4.9 - Typical Torn Fibre Damage of Bed Joints Reinforced with 6.0 oz. Mesh at ±45° 

4.7 SPECIMENS RETROFITTED WITH 9 oz. MESH ORIENTED AT 0° AND 
90° TO THE BED JOINTS 

Specimens 1, 2 and 3 all displayed similar Load/Metre versus Average 

Displacement behaviour during their respective tests, as shown in Figure 4.10. During 

each test, the load continued to increase up to the visible onset of cracking, at which point 

the load decreased slightly. Before cracking occurred, virtually no displacements were 

recorded by the LPTDs. After cracking, large increases in displacements were 
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accompanied by constant high residual capacities which, in the case of Specimen 2, later 

began to decrease. 
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For Specimens 1 and 3, the load reached a plateau and remained essentially 

constant for the duration of the test. During this stage of the testing, it was noticed that 

the cement parging, used to bond the mesh to the concrete block specimens, was cracking 

and peeling away, leaving the mesh underneath undamaged. This is the same ductile 

delamination failure noticed in previous tests for fibres oriented at 0 190° to the bed joints. 

The failure mode of Specimen 2 was slightly different. Up to approximately midway 

through the test, the capacity remained essentially constant ( delami.nation failure) as the 

displacements increased, at which point the load began to decrease. After the test was 

terminated, closer inspection of the failure planes showed that a small percentage of the 

fibres had torn. No tearing of the mesh was observed with Specimens 1 or 3. Thus it was 

concluded that partial tearing of the mesh resulted in the decreas d load resistance in 

Specimen 2. All of the tests were terminated once the centre gap in each specimen was 
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closed. For Specimens 1 and 2, the major cracks formed along the lower-left and upper-

right bed joints (i.e. , 'Z' crack pattern shown in Figure 4. l(c)), both on the front face and 

the rear face . For Specimen 3, the major cracks formed along the upper-left and lower-

right bed joints ('Z' crack pattern shown in Figure 4.l(c)), both on the front face and the 

rear face. Photographs of the damaged bed joints are reproduced in Figure 4 .11 . 

(a) Mesh Pulled Out of Parging (b) Damaged Parging Removed to Reveal Deformed Mesh 

Figure 4.11 - Typical Damage of Bed Joints Reinforced with 9.0 oz. Mesh at 0°/90° 

4.8 SPECIMENS RETROFITTED WITH 9 oz. MESH ORIENTED AT± 45° 
TO THE BED JOINTS 

Specimens 1, 2 and 3 all displayed similar Load/Metre versus Average 

Displacement behaviour during their respective tests, as shown in Figure 4.12. The load 

continued to increase up to the onset of cracking. Before cracking occurred, virtually no 

displacements were recorded by the LPTDs. There was very limited measurable 

displacement before the sudden dramatic decrease in capacity occurred. At about 1 mm 

displacement, a stable state was reached and, for larger displacements, the capacity 

continued to decrease but with no sudden decreases . Once again, the fibres assisting in 
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resisting load are in uniaxial tension and, once their individual ultimate loads were 

reached, they ruptured. The initial rupture of some fibres coincides with the initial sudden 

decrease in load and sudden increase in the displacements. The average maximum load of 

these three specimens was greater than that of their 0°190° reinforced counterparts. The 

initial sudden decrease in capacity is clearly noticeable in Figure 4.12, but it does not 

drop to zero. The mesh did not completely tear and was able to provide limited residual 

capacity. 
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This type of failure is much more brittle than observed for the 0°190° reinforced 

counterparts. Each test was terminated once the centre gap was closed. For Specimen 1, 

the major cracks formed along the upper-left and lower-right bed joints (i .e. , 'Z ' crack 

pattern shown in Figure 4.l(c)). For Specimen 2, the major crac s formed along the 

lower-left and lower-right bed joints (i.e ., 'C' crack pattern shown in Figure 4.l(a)). For 

Specimen 3, a major crack only formed along the upper-left bed joints. A hairline crack 

did form along the upper-right bed joint but this was insufficient to prevent the induced 

111 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

rotation which resulted in splitting of the centre blocks (see Figure 4.1 (d)). A photograph 

of a typical damaged bed joint is provided in Figure 4.13. 

Figure 4.13- Typical Fibre Damage (Tearing) of a Bed Joint Reinforced with 9.0 oz. Mesh at ±45° 

4.9 SPECIMENS RETROFITTED WITH 12 oz. MESH ORIENTED AT 0° 
AND 90° TO THE BED JOINTS 

Specimens 1, 2 and 3 all displayed similar Load/Metre versus Average 

Displacement behaviour during their respective tests, as shown in Figure 4.14. The load 

continued to increase up to the onset of cracking, at which point the load began to drop. 

Before cracking occurred, virtually no displacements were recorded by the LPTDs. 

Immediately after cracking, the increasing displacement was accompanied by a rapid 

decrease in the capacity. With all three specimens, the load eventually reached a plateau 

and essentially remained constant for the duration of the test. Over this constant load 

displacement, it was noticed that the cement parging, used to adhere the mesh to the 

concrete block specimens, cracked and peeled away, leaving the mesh underneath 

undamaged. This is the same ductile delamination failure noticed in previous tests. No 

tearing of the mesh was observed with any of the specimens. All of ·the tests were 

terminated once the centre gap was closed. For Specimens 1 and 3, the major cracks 
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formed along all four of the bed joints (i.e. , 'H ' crack pattern shown in Figure 4. l(b)), 

both on the front face and the rear face. For Specimen 2, the major cracks formed along 

the lower-left and upper-right bed joints (i.e., 'Z ' crack pattern shown in Figure 4.l(c)), 

both on the front face and the rear face . The 'C' or 'Z' crack patterns are much more 

typical than the ' H ' crack pattern. Photographs of the damaged bed joints are provided in 

Figure 4.15. 
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(a) Mesh Pulled Out of Parging (Progressive Damage) (b) Damaged Parging Removed 
to Reveal Deformed Mesh 

Figure 4.15 - Typical Damage of Bed Joints Reinforced with 12 oz. Mesh at 0°/90° 
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4.10 FAILURE MODES OF THE STRENGTHENED SPECIMENS 

As stated previously, the configuration of the specimens was originally selected 

because it would allow the specimens to fail in pure shear. Aside from the weight of the 

mesh being used, the major variable being assessed was the orientation of the mesh fibres 

to the bed joint slip planes (either 0°/90° or ±45°). From the discussion and Load/Metre 

versus Average Displacement plots presented in Sections 4.3 to 4.9, it can be concluded 

that for any given mesh weight, the specimens with the 0°/90° fibre orientation failed in a 

much more ductile fashion than with the ±45° orientation. The ductility for the 0°/90° 

fibre orientation is characterized, typically, by extensive deformation while still 

maintaining a fairly constant load once the maximum load is exceeded. 

Except for the 4.5 oz. mesh, for the other mesh weights at 0°/90° fibre orientation, 

by the end of each test the fibres were deformed but undamaged. Thus the system could 

have withstood further deformation. This ductile failure is very different from the 

comparatively brittle failure observed with all the ±45° oriented meshes . Once the 

maximum load was reached, which occurred at a very small displacement, there was a 

sudden and significant loss in capacity as the fibres began to rupture . However, 

specimens with the ±45° fibre orientation were able to reach higher loads than their 0°/90° 

counterparts. The aforementioned observations are consistent with the conclusions made 

by Eshani et al. ( 1997). 

For convenience to the reader, the average Load/Metre versus Average 

Displacement plots for the specimens with the 0°/90° and ±45° mesh orientations are 

reproduced in Figure 4.16 and Figure 4.17, respectively. The area under the Load/Metre 
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versus Average Displacement plots reflects the energy absorbing capacity of the mesh 

system. For any mesh weight, the area under the 0°/90° plot is much larger than that for 

the ±45° orientation and is thus a measure of ability to absorb much more energy. This 

property is very advantageous in seismic regions where energy absorption is an important 

requirement for constructing earthquake resistant structures. 
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A summary of the experimental results of all the Phase Three specimens, and the 

unreinforced TU - 1.5 specimens from Phase One, are presented in Table 4.1 . For the 

specimens retrofitted with mesh at ±45° orientation, failure was caused by the 

tearing/rupture of the fibres along the mortared bed joints. This failure mode is associated 

with the strength of the laminate being less than the strength of the bond between the 

laminate and the masonry. [As will be discussed later, this does not imply that all fibres 

were able to share equally in resisting load.] Due to the orientation of the fibres and the 

direction of the principal tension, the fibres are in uniaxial tension and fail once their 

individual capacities are reached. As previously stated, rupture of the fibres occurred at 

very small displacements. For every mesh weight, except the 4.5 oz. weight, partial 

rupture of the fibres occurred. Some of the fibres along the slip plane were still intact, 

which accounts for the residual, albeit greatly reduced, capacities. 

For the specimens retrofitted with mesh at the 0°/90° orientation, failure was 

caused by delamination of the fibre mesh along the reinforced mortared bed joints. This 

failure mode is associated with the strength of the laminate being greater than the strength 

of the bond between the laminate and the masonry. Due to their orientation, the fibres in 

the strong direction of the mesh were perpendicular to the direction of the load (i.e., 

perpendicular to the bed joint slip plane). In essence they acted as tension ties. As slip 

along the plane occurred, the fibres deformed in tension and began creating a clamping 

action along the bed joint to provide a shear-friction resistance to slip. At this stage, 

instead of rupturing, the fibres were tom out of the mortar parging. At the end of each test, 

it took very little effort to brush away the damaged parging to reveal the undamaged 
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fibres beneath. The first layer of parging was still bonded to the masonry. The only 

exception was the 4.5 oz. mesh at 0°/90° orientation which did tear. 

During testing, the initial behaviour of all the specimens was very similar. The 

load continued to increase until a crack formed along one of thi;: four bed joints slip 

planes. At this point, the load began to decrease as the displacements increased. (Up to 

formation of the first crack no significant displacements were recorded by the 12.5 mm 

stroke LPDTs. [It is suspected that the LPDTs used did not have sufficient resolution to 

adequately capture the displacement up to the formation of the first crack.] The weakened 

slip plane resulted in more of the load being transferred to the adjacent bed joint. Most 

often, the failure along one of the slip planes was followed by failure along the slip plane 

diagonal to it in the 'Z' crack pattern (Figure 4.l(c)). Occasionally, the initial slip plane 

failure was followed by cracking along the slip plane next to it to form the 'C' crack 

pattern (Figure 4. l(a)). As expected, the 'Z' crack was by far the most common pattern. 

The two most rare failure patterns were the 'H' crack (Figure 4.l(b)), in which cracks 

formed along all four slip planes, and the 'asymmetrical' crack (Figure 4.l(d)), in which 

failure occurred along only one slip plane which induced a rotation resulting in middle 

block splitting. For the ±45° fibre orientation, the failure was initiated by tearing of the 

mesh along one of the four slip planes. This was followed by tearing of the mesh along 

the slip plane diagonal to the original tear. 

A full summary of the Phase Three experimental results is provided in Table 4.1. 
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T bl 41 Ph a e - ase Th E ree XRenmenta IR esu ts 

Slij!_ Plane Pro_.l!_erties: Len~h = 0.59 m; Width = 0.068 m 

Typical F ailure Mesh Failure Maximum Load/ Shear c.o.v. 
Specimen Load, Pmax Metre Strength 

Mode Description (kN)t 1kN/m)* J_MPai 
(%) 

Unreinforced _(_Phase One TU -1.5 Result~ 

1 
'Z' crack NIA 22.8 19.3 0.28 

F!g_ure 4. li_c}_ 

2 
'Z' crack NIA 27.9 23.6 0.35 

F!g_ure 4. li_c}_ 

3 
'Z ' crack NIA 28.8 24.4 0.36 

Figure 4.l(c}_ 15 .3 

4 
'Z' crack NIA 31.0 26.3 0.39 

Figure 4 . l(c) 

5 
' Z' crack NIA 21.6 18.3 0.27 

F!g_ure 4.l(c) 
Averl!_g_e NIA NIA 26.4 22.4 0.33 

4.5 oz./y_d.2 at 0°/90° 

1 
'C' crack 

Tearing (complete) 57.3 48.5 0.71 
Fig_ure 4 .1 (a) ·-

2 
'Z' crack 

Tearing (complete) 46.9 39.7 0.58 
Fig_ure 4.~ 10.3 

3 
'Z ' crack 

Tearing (complete) 50.4 42.7 0.63 
Fig_ure 4. lj_c) 

Avera_g_e NIA NIA 51.5 43.6 0.64 

4.5 oz./y_d. 2 at ±45° 

1 
' C' crack Tearing 

55.6 47. l 0.69 
F!g_ure 4.~ _(incom_Q)ete) 

2 
' Z ' crack Tearing 

55.2 46.8 0.69 
Figure4. l(c) (incom_Q)ete) 0.3 

3 
'Z' crack Tearing 

55.3 46.9 0.69 
F!g_ure 4.1 ( c) (incom~ete) 

Averl!_g_e NIA NIA 55.4 46.9 0.69 

6 oz./_y_d. 2 at 0° /90° 

1 
'Z' crack 

Delamination 68.5 58. l 0.85 
Fig_ure 4. l_(c) 

2 
'Z ' crack Delamination wl 

80.7 68.4 l.O I 
F~re 4. l(c) Partial Tearin_g_ 8.4 

3 
'Z' crack Delamination wl 

72.9 61.8 0.91 
Fig_ure 4.1 ( c) Partial Tearing_ 

Averl!_g_e NIA NIA 74.0 62.7 0.92 

6 oz./y_d. 2 at ±45° 

I 
' Asymmetrical' Tearing 

105.7 89.6 1.32 
F!g_ure 4.l(d) _Qncom_Q)ete) 

2 
' Z' crack Tearing 

92.4 78.3 1.15 
Fig_ure 4 .1 ( c) _(incom_Q)ete) 7.5 

3 
'Z ' crack Tearing 

93 .9 79.6 1.17 
F!g_ure 4.l(c) (incom2lete) 

Avera_g_e NIA NIA 97.3 82.5 1.21 
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Table 4.1 _icontinuedl - Summa..!)'._ of Phase Three Results 

• . "!"- - 9 oz./ycf? at 0° /90° 
l 

' Z ' crack 
De lamination 67.0 56.8 0.83 

Fig_ure 4. l (c) 

2 
' Z ' crack Delamination wl 

72.4 61.3 0.90 
Fig_ure 4 . l(c) Partial Tearin_g_ 3.9 

3 
Z ' crack 

De lamination 69.3 58.7 0.86 
Fig_ure 4 . l(c) 

Aver~e NIA NIA 69.6 58.9 0.87 

9 oz.~d. 2 at ±45° 
l 

'Z' crack Tearing 
103.6 87.8 1.29 

Fig_ure 4. !i£2.. _{_incom_Q)ete_L 

2 
'C' crack Tearing 

110.1 93 .3 l.37 
Fig_ure 4. l(a) (incom_Q)ete) 5.4 

3 
' Asymmetrical' Tearing 

98.8 83.7 1.23 
Fig_ure 4.1@_ _{jncomQ)etel 

Aver~e NIA NIA 104.2 88.3 1.30 

12 oz.~d.2 at 0°/90° 
1 

' H ' crack 
Delamination 48.6 41.2 0.61 

Fig_ure 4. u_qi_ 

2 
' Z ' crack 

Delamination 60.5 5 l.3 0.75 
Fig_ure 4 . U..c) 10.9 

3 
'H' crack 

Delamination 54.8 46.5 0.68 
F~1re 4. l(d) 

Aver~e NIA NIA 54.6 46.3 0.68 
r . Maximum load as recorded by the commercial load cell. 

Maximum load equally distributed along both bed joints and divided by the length of the bed joint 
slip plane consi ting of two face shells. 
Maximum load equally distributed along both bed joints and divided by the area of the bed joint slip 
plane. 

By examining Table 4.1, it is observed that the crack pattern had an influence on 

the maximum failure load of each specimen, particularly the 'C' crack versus the 'Z ' 

crack. When the ' Z' crack (Figure 4.l(c)) failure pattern occurred, the specimen split into 

two separate components that had a tendency to move away from each other, which 

greatly reduced the friction along the failed slip planes. When the 'C' crack (Figure 4.l(a)) 

failure pattern occurred, the contact between the failed slip planes, and therefore also the 

friction, was maintained. Thus, it was expected that specimens which failed in the 'C' 

crack pattern would have a higher failure load and higher residual post-peak capacity. 
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This is confirmed by exammmg Table 4.1 and the Load/Metre versus Average 

Displacement graphs presented in Sections 4.2 to 4.9. 

4.11 INFLUENCE OF FIBRE WEIGHT WITH ORIENTATION 

As previously discussed, for any given weight of mesh the maximum load/metre 

strength along the slip plane was greater for the ±45° orientation than the 0°/90° 

orientation. At ±45°, the tensioned fibres were able to directly resist the shear force prior 

to rupturing. The discussion will now focus on the influence of fibre weight on the 

average load/metre capacity. It is natural human instinct to expect that doubling the fibre 

weight will result in double the capacity. This proportional strength concept is examined 

in the following sections 

4.11.1 FIBRES AT ±45° ORIENT A TION 

For mesh fibres oriented at ±45° to the slip plane, the average load/metre strengths 

of the unreinforced specimen, and the 4.5 oz., 6 oz. and 9 oz. reinforced specimens, were 

22.4 kN/m, 46.9 kN/m, 82.5 kN/m and 88 .3 kN/m, respectively. These values have been 

plotted below in Figure 4.18. 
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Figure 4.18 - Average Load/Metre vs. Mesh Weight for ±45° Fibre Orientation 
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Every increase in the weight of the mesh was accompanied by an increase in the 

average strength of the slip plane. The use of 4.5 oz. mesh more than doubled the 

capacity compared to the unreinforced specimen, which is a great improvement. 

Recalling that the 9 oz. mesh was created by applying two layers of the 4.5 oz. mesh, it is 

interesting to note that the average load/metre strength of the 9 oz. mesh was nearly 

double that of the 4.5 oz. mesh (88.3 kN/m versus 46.9 kN/m) . However, the 

performance of the 6 oz. , single layer, mesh was just slightly below that of the 9 oz. mesh. 

A comparison of the performance of each mesh, based on weight, is valid if they 

all have the same basic strength. As presented in Chapter 2, the 4.5 oz. and 6 oz. meshes 

had an average breaking strength along the strong (weft) direction of 1.98 kN/50 mm and 

3.80 kN/50 mm, respectively. Therefore, the 9 oz. mesh had an average breaking strength 

of 3.96 kN/ 50 mm, which is not much larger than the strength of the 6 oz. mesh. Since 

the fibres resisting the tension force were oriented at 45° to the bed joint, a component of 

the force acted parallel to the bed joints, and the other component acted normal to the bed 

joints (providing a normal tensile force) , as illustrated in Figure 4.19. The normal tensile 

force, in tum, created shear friction resistance through equal compression clamping 

action along the bed joints. 

Component of resisting force 
parallel to the bed joint. 

B= angle of the fibres with respect 
to the bed joint slip planes 

Resisting force in 
the fibre direction. 

Component of resisting force 
normal to the bed joint. 

Figure 4.19 - Resolved Force Components 
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Using the average maximum load (Pmax) from Table 4.1 for the 4.5 oz. , 6 oz., and 

9 oz. meshes oriented at ±45°, the following analysis can be performed: 

(1) 4.5 oz. Mesh: 

sin B(Ppara11c1 + µPnorma1) = ~heorc1ica1, B = 45 ° (4.1) 

[(
l.98 kNJ ( 590mm J ( ) ·] x . x 4slip plane x cos 45 + 
50 mm slzp plane 

sin 45° == ~hcorctica I 

[ (
1.98kN: ( 590mm J ( / 1 ) . 4 · ] µ x . x 4s ip pane x sm 5 
50mm slzpplane 

0.707[(93.46kNX0.707)+ (1.0 X93.46kNX0.707)] = 93.43 kN 

pmax,expcrimcntal = 55.40kN = 0. 59 
~hcorct i ca l 93 .43 kN 

(2) 6 oz. Mesh: 

sin B(Ppara11e1 + i~1orma1) = ~1icorc1ica1' () = 45• (4.2) 

[ (
3.80 kN ] ( 590mm J ( ) · ] x . x 4slipplanex cos45 + 
50 mm slzp plane 

sin 45 ° == p thcorclica I 

[ (
3.80kNJ ( 590mm J (4 1. l ) . 45.l µ x . x s zp p ane x sm 
50 mm s!tp plane 

0.707[(179.36kNX0.707)+ (1.0 Xt 79.36kNX0.707)] = 179.31 kN 

pmax,cxpcrimcnta l = 97.30kN = 0.54 

~hcorctica l 179 .31 kN 
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(3) 9 oz. Mesh: 

sin B(Pparane1 + µPnorma1) = ~heore11ca1, B = 45' (4.3) 

[(
3

·
96 

kNJ x( 5~0mm J x (4slip plane )x cos45'] + 
50 mm slip plane 

sin 45' = J~heorcllcal 

[ (
3.96 kNJ ( 590 mm J (4 1. 1 ) . 45,] µ x x s 1p p ane x sm 
50 mm slip plane 

o.101[(186.92kNXo.101)+ (1.oX186.92kNXo.101)] = 186.85kN 

pmax,expenmental = 104.2 kN = 0.56 
~hcoret1cal 186.85kN 

The sinB term in Equations 4.1, 4.2 and 4.3 is required to account for the reduced 

amount of tension fibres per unit length of bed joint crossing the bed joint slip plane as 

the angle B becomes shallower. Referring to Figure 4.19, when the angle B equals 90°, the 

maximum amount of tension fibres cross the slip plane (i.e., sin 90° = 1 ). When the angle 

Bequals 0°, no tension fibres cross the slip plane (i.e., sin 0° = 0). 

Assuming the coefficient of friction (µ) was 1.0, as per CSA S304.1 (2004), the 

mesh applied using parging was about 56% efficient based on the theoretical capacity. As 

reported in Chapter 1, the coefficient of friction (µ) could be as low as 0.3. Although 

friction is unlikely to be so low, in this case, the efficiency for the 4 .. 5 oz., 6 oz., and 9 oz. 

meshes would be 0.91, 0.83 and 0.86, respectively (for an average of 87%). In any case, 

it is clear that the full strengths of the meshes are not developed and that the efficiency 

ratios as a fraction of the basic strength of all the meshes are essentially equal. Therefore, 
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at ±45° the strengthening effect of the reinforcement is proportional to the weight of the 

mesh. 

4.11.2 FIBRES AT 0°/90° ORIENTATION 

For mesh fibres oriented at 0°/90° to the slip plane, the average load/metre 

strengths of the unreinforced, and the 4.5 oz., 6 oz. , 9 oz. and 12 oz. reinforced specimens 

were 22.4 kN/m, 43 .6 kN/m, 62.7 kN/m, 58.9 kN/m and 46.3 , respectively. These values 

have been plotted below in Figure 4.20. 

• Unreinforced (TU - 1.5) 

80 
6 4.5 oz. (tearing) -E • 6 oz . (delam) 

z • 9 oz. (delam.) ::, 60 
Q) • 12 oz . (delam.) ... - _I_ Q) 

:!: 40 • 
:c 
ra 
0 

...J 20 

0 2 3 4 5 6 7 8 9 10 11 12 

Mesh Weight (oz./yd. 2
) 

Figure 4.20 - Average Load/Metre vs. Mesh Weight for 0°/90° Fibre Orientation 

Considering that the fibre mesh layers delaminated, it is not surprising that each 

mesh weight was not able to develop its full strength. In general, increasing the weight of 

the mesh was accompanied by some increase in the average strength of the slip plane but 

not in a consistent pattern. The maximum was achieved with the 6 oz. mesh above which, 

the slip plane strength actually decreased with increased mesh weight. 

It is clear that for maximum capacity, the strength of the fibres must be developed. 

This can only happen when the fibres tear. By re-examining the "Mesh Failure 
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Description" column in Table 4.1, for the 6 oz. mesh at 0°190°, it can be seen that partial 

tearing of the fibres did occur for most of the specimens. In this experimental 

investigation, the 6 oz. mesh oriented at 0°190° to the slip planes appears to be on the cusp 

between tearing and delamination. In many cases, the actual failure mechanism is a 

combination of both de lamination and fibre tearing (Bakis et al., 2002). The de lamination 

which occurred with the mortar embedded glass mesh was not characteristic of that 

observed with epoxy embedded fibres. 

Typically, delamination of FRP occurs when the masonry substrate fails (cracks) 

and the entire laminate peels away on one or both sides of the crack, with a thin layer of 

the masonry attached to it (La Mendola et al., 2001). With the mesh, delamination 

consisted of the fibres being pulled out of the mortar. Again, a layi:!r of parging was still 

present on the specimen. Therefore, bond failure at the block-parging interface did not 

occur (i.e., the applied surface had adequate strength). For the higher weight meshes, 

delamination at lower loads may be associated with effectiveness of embedment of the 

mesh in the modified cement parging. The larger area of mesh may make it easier to pull 

the mesh out of the parging because of the reduced connection (bond area) between the 

layers of parging. Generally, the bond condition determines whether delamination or 

fibre tearing will occur. This phenomenon can be explained by examining the weaves of 

the mesh fibres. Close-up photos of the various meshes are reproduced in Figure 4.21 

(page 130). 

Since there is limited bond between the parging and mesh fibres, the bond is 

based on physical interlock achieved during the application process (i.e., penetration of 
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matrix through fibre) (Kolsch, 1998). Therefore, after applying the mesh to the specimens, 

it was necessary to force the second layer of mortar parging in between the fibre strands 

to ensure contact with the first layer. The maximum amount of contact would be reduced 

by the surface area occupied by the mesh. The task of creating good contact between the 

mortar layers was much easier for the 4.5 oz. and 6 oz. meshes-which have fairly evenly 

spaced strands and large enough gaps between the strands for the mortar to pass through. 

This was not the case for the remaining mesh weights. Doubling up of the 4.5 oz. mesh to 

create 9 oz. mesh resulted in much smaller gaps between the fibres as it was impossible 

to line the strands of mesh perfectly. This made the task of forcing the mortar through the 

gaps much more difficult. Also, the net area of contact between the parging layers would 

be reduced by the larger area of mesh. For the 12 oz. mesh, there are very small gaps 

between the fibres oriented in the weak direction. It was difficult to confirm the mortar 

had passed though these small openings. Once again it is possible there was incomplete 

penetration of the mortar parging through the mesh. Incomplete penetration of the mortar 

through the mesh would result in limited embedment and could result in premature 

delamination before the mesh was able to develop high tensile stresses. Even with full 

penetration, the contact area (minimum area) of parging would be substantially reduced 

by the larger mesh area. 

4.12 SUMMARY 

In Phase Three of this experimental investigation, twenty-one T-1.5 specimens 

were tested with fibreglass meshes having finished weights of 4.5 oz./yd. 2
, 6.0 oz./yd.2, 

9.0 oz./yd.2, and 12 oz./yd.2 applied with modified mortar parging at two different 
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orientations to the bed joint slip plane (0°/90°, ±45°). These results compare favourably 

with the test results from the unretrofitted specimens, which fai led in a brittle debonding 

mode at low levels of both load and displacement. This was due to the relative weak 

adhesion between the mortar and the unit, and the lack of friction resistance due to the 

absence of compressive stresses normal to the bed joints. 

(a) 4.5 oz./yd.2 (Finished Weight) (b) 6 oz./yd.2 (Finished Weight) 

12 oz. 

(c) 12 oz./yd .2 (Finished Weight) 

Figure 4.21 - Fibreglass Mesh Weaves 

The retrofitted specimens described in this chapter failed at much higher levels of 

both load and displacement compared to the unretrofitted specimens. Typically, for any 

given mesh weight, orienting the fibres at ±45° resulted in failure characterized by higher 

strength and less ductility compared to tests with fibres oriented at 0°/90° to the bed joints. 
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At ±45° orientation, the fibres ruptured at failure. When the mesh was oriented at 0°190°, 

the fibres pulled out of the cement parging, which limited the strength, but enabled 

specimens to undergo large deformations while maintaining fairly constant load. For the 

specimens reinforced with 4.5, 6.0 and 9 oz. mesh oriented at ±45°, the increase in shear 

strength was 2.1 , 3.7, and 3.9 times that, respectively, of the unretrofitted counterparts . 

For the specimens reinforced with 4.5 , 6.0, 9 and 12 oz. mesh oriented at 0°190°, the 

increase in shear strength was 1.95, 2.8, 2.6, and 2.1 times that, respectively, of the 

unretrofitted counterparts . 

It is clear that for surface bonded laminates, the effectiveness of the retrofit is 

limited not only by the bond strength between the laminate and the substrate (Bakis et al., 

2002) but also by the bond strength between the layers of cement parging and the 

strength of the parging to resist pull-out of the fibres. Delamination limits the 

strengthening capacity of the fibres in tension. This result is similar to that observed by 

La Mendola et al. (2001) and Kolsch (1998). 

128 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

5.1 FINAL SUMMARY 

In earthquake prone areas, failure of URM walls result in the most property 

damage, injuries and loss of life compared to other forms of construction. As discussed 

earlier, traditional strengthening techniques have several undesirable properties, including 

being labour intensive and adding weight to the structure. Past research has shown that 

FRP reinforcement is an effective method of increasing both the strength and ductility of 

URM. 

The experimental investigation presented in this report was conducted in three 

phases with the scope ranging from analyzing the influence of specimen shape, assessing 

the feasibility of obtaining two sets to data from each specimen, to determining the 

influence of fibre weight and orientation on the shear-slip performance. The test method, 

apparatus and specimens were selected to simulate shear slip along bed joints, following 

the rationale from Kolodziej ski (1982) and Eshani (1997). Construction of the specimens 

followed standard practices in order to better reflect actual wall construction techniques. 

As discussed in Chapter 3, the Phase One test program was successful in defining 

the best shape and size of test specimen to use. The data itself was also of direct use as an 

evaluation of strength and behaviour of GFRP reinforced masonry subjected to shear-slip 

failure. Thirty-seven shear slip specimens were tested to failure, and of these 15 were 

reinforced with GFRP. For the T-1.5, T-0.5, A-2.5, A-1.5 and A-0.5 specimens, the 

average increase in shear strength was 7.7, 3.1, 4.5, 5.2 and 6.6 times that, respectively, 

of the unretrofitted counterparts. For the T-1.5, T-0.5, A-2.5, A-1.5 and A-0.5 specimens 
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the average increase in displacement at the maximum applied load was 16.4, 8.0, 5. 7, 9.1 

and 13 .9 times that, respectively, of the unretrofitted counterparts. The Phase Two test 

program showed that it was neither practical nor reliable to attempt to obtain two sets of 

data from one test specimen. The data from this test phase was of some direct use. 

Specimens with mesh applied using epoxy had higher strengths than those where the 

mesh was applied with parging. Therefore, when using the same fibre mesh, preliminarily 

tests indicate better utilization of the fibre strength is achieved when it is bonded to the 

masonry substrate using epoxy. 

As discussed in Chapter 4, the Phase Three test program provided a good 

documentation of the strength and behaviour of concrete block masonry reinforced to 

improve shear-slip capacity with fibreglass mesh adhered using a modified parging. 

Twenty-one T-1.5 specimens were tested with four different weights of fibreglass mesh 

(finished weights of 4.5 oz./yd.2
, 6.0 oz./yd.2, 9.0 oz./yd.2 and 12 oz./yd.2

) applied with 

modified mortar parging at two different orientations to the bed joint slip plane (0°/90°, 

±45°). The retrofitted specimens failed at much higher levels of both load and 

displacement compared to the unretrofitted specimens. Typically, for any given mesh 

weight, orienting the fibres at ±45° resulted in failure characterized by higher strength 

and less ductility compared to tests with fibres oriented at 0°/90° to the bed joints. For the 

specimens reinforced with 4.5, 6.0 and 9 oz. mesh oriented at ±45°, the increase in shear 

strength was 2.1 , 3.7, and 3.9 times that, respectively, of the unretrofitted counterparts. 

For the specimens reinforced with 4.5, 6.0, 9 and 12 oz. mesh oriented at 0°/90°, the 

increase in shear strength was 1.95, 2.8, 2.6, and 2.1 times that, respectively, of the 
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unretrofitted counterparts. At ±45° orientation, the fibres ruptured at failure. When the 

mesh was oriented at 0°/90°, the fibres pulled out of the cement parging, which limited 

the strength, but enabled specimens to undergo large deformations while maintaining 

fairly constant residual capacity. 

5.2 COMPARISON OF EXPERIMENTAL RESULTS WITH CODE 
EQUATIONS 

The shear strengthening of components with surface-bonded FRP is treated in 

both the latest (2002) Canadian standard (CSA S806-02: Design and Construction of 

Building Components with Fibre Reinforced Polymers) and the latest (2001) American 

guide (AC! 440.2 R-01: Guide for the Design and Construction of Externally Bonded 

FRP Systems for Strengthening Concrete Structures). The Canadian standard includes 

components constructed from concrete and masonry, whereas the·American guide deals 

specifically with concrete. Furthermore, the shear provisions in the American guide 

specifically relate to beams and columns, whereas the shear provisions in the Canadian 

document also include walls. 

For concrete block masonry walls reinforced with FRP, the shear resistance, Vr. 

given by CSA S806-02, Clause 11.5.2, Shear Strength Enhancement, is: 

where the three components are specified as follows: 

1. Vm =shear resistance provided by the masonry 

where </Jm = resistance factor of masonry 
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= 0.55 

Note: In the 2004 edition of CSA S304.J : Masonry Design f or Buildings, the 

resistance factor of masonry, <Ps = 0.60. 

f 'm =specified compressive strength of masonry 

Ae =effective shear transfer area of a wall 

Note: This is generally the mortared face shell area. 

2. Vms = shear resistance provided by steel in the masonry 

s 

where <Ps = resistance factor of reinforcing steel 
= 0.8 

Ah = area of one leg of the transverse reinforcement 

fyh = specified yield strength of the transverse reinforcement 

d = distance from extreme compression fibre to centroid of tension 
reinforcement 

s = spacing of transverse reinforcement of a wall 

Note: Since the specimens used in this experimental investigation did not contain 

any steel reinforcement, Vms is equal to zero. For shear slip failure, it is not 

obvious that transverse reinforcement, if present, would have any influence since 

it does not cross the slip plane. Therefore, this term probably should not be 

applied to shear-slip capacity calculations. In this form, this term appears to apply 

more to diagonal tension failure as opposed to shear-slip failure. 
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3. VF =shear resistance provided by FRP reinforcement 

where m = 1 or 2, depending on the number of wall faces reinforced 

</JF = resistance factor of FRP composites 
= 0.75 

tp =thickness of the FRP jacket 

fF = stress in FRP composites 

where Ep= modulus of elasticity ofFRP composite 

/Fu = ultimate tensile strength of FRP composite 

D' = core dimensions from centre-to-centre of the peripheral 

hoops of a column. 

Note: The strain limit of 0.004 in Equation 5.5 is an empirical number based on 

committee consensus, and was chosen to account for possible delamination. It is believed 

by most that at this strain, which is double the yield strain of 400 MPa yield steel, 

delamination will commence; it is a conservative value. Using Equation 5.5, based on the 

GFRP material data sheet (Appendix A, pg. 144), the maximum usable stress in the FRP 

composite,fF, is the lesser of: 

0.004x19.3GPa = 77.2MPaand 0.75x309MPa = 231.75MPa, :. 77.2MPagovems. 

Based on the aforementioned definitions, the shear resistance capacity defined by 

Equation 5.1 becomes: 
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v,. = viii + V,,,s +VF ~ V,n + 0.40¢111 ff, Ae 

= V,n + 0 +VF ~ 0.20¢111 ff, Ae + 0.40¢111 ff, Ae (5.6) 

=Jim+ VF ~ V,·.max = 0.60¢111 .JJ:: Ae = 0.60(0.55).JiSAe 

Note: In both the 1994 and 2004 editions of CSA S304.1 , the basic value for Vm is 

The official code definition of D ' in Equation 5.4 was the cause of some 

confusion since it refers to columns. Through email correspondence with Dr. Ghani 

Razaqpur, Professor of Civil Engineering at McMaster University and a member of the 

CSA S806-02 technical committee, the author was informed that when dealing with an 

unreinforced masonry wall strengthened with a continuous FRP sheet, it can be assumed 

that D' is equal to 0.8/w; where lw is the length of the wall (Razaqpur, 2006). With regard 

to the shear slip specimens, lw would be the length of the shear slip plane. Therefore, the 

FRP contribution to shear slip strength, defined by Equation 5.4, simply becomes the 

ultimate tensile strength of the FRP multiplied by its cross-sectional area across the slip 

plane. 

CSA S806-02 does not explicitly take into consideration the orientation of the 

fibres with respect to the shear-slip planes. It is implied that the fibres are oriented at 90° 

to the slip plane. For other orientations, only the component nonnal to the slip plane must 

be considered (Razaqpur, 2006). As was shown by Eshani et al. ( 1997) and as was 

demonstrated in the Chapter 4, fibre orientation does have an influence on the shear 

strength enhancement. 
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Presented in Table 5.1, the average maximum experimental load for each 

specimen configuration used in Phase One is compared to the GFRP contribution to shear 

slip capacity, Piheoretical 1, calculated using the minimum value of fF in CSA S806-02, 

Clause 11.5.2. For comparison, the shear slip capacity, P1heorellca1 2, was also calculated 

using the full fibre strength. No reduction factors of any type were: used in the analysis. 

The contribution of the masonry to the shear strength enhancement, Vm, was ignored 

because, based on the amount of deformation required to rupture the GFRP fibres, by the 

time the fibres rupture, the interface between the block and the mortar would have 

debonded (i.e., Vm = 0). 

Tab I e 5.1 - Com_Q_anson o f P hase 0 G ne f FRP Rein orce dS . h CSA 8806-02 ~ec1men Resu ts wit 

GFRP Material Properties: 
m = 4 (one per mortared face shell) 
11 = 0.00025 Ill VFJ = Ptheorellcal I =0 m x t1 x lw x fF 
lk = 77.2 MPa (see page 133), !Fu= 309 MPa Vn = Ptheoretical 2 =0 m x 1L x lw x /Fu 

Specimen 
Slip Plane P max, expenmenta! Ptheoretical (kN) Efficien~0/o) * 

Length, lw (m) (kN) if 1£11 iE 1£11 
TR-1.5 0.59 203.5 45.5 182.3 447.3 111.6 

TR-0.5 0.19 39.9 14.7 58.7 271.4 68.0 

AR-0.5 0.195 31.7 15.1 60.3 209.9 52.6 

AR-1.5 0.595 117.3 45.9 183.9 255.6 63.8 

AR-2.5 0.995 199.l 76.8 307.5 259.2 64.7 
t .. 

Total failure load as recorded by the Tmms Olsen testmg machme or commercial load cell 
* Efficiency = (P max, expenmen1a1) -:- (P1heoret1caI) X l 00% 

As illustrated in Table 5 .1, the test data shows well above 100% efficiency when 

the stress in the GFRP is limited to 77 .2 MPa (i.e., 0.004Ep). This is a very conservative 

method of estimating the maximum load. It is not surprising that it most poorly estimates 

the maximum experimental load of the GFRP reinforced T-1.5 specimen. As was 

explained in Section 3.8 and Appendix B, one of the main reasons why the T-1.5 

specimen was selected for further research was because the finite element analysis 
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indicated that along most of the length of the shear slip plane, the normal stress induced 

by the load was mostly unifonn and relatively low. This produced as close to pure shear 

conditions along the slip plane as was possible under the testing conditions. For the other 

specimens, the estimation of the theoretical capacity was closer to the experimental 

results because the stress distributions were not as ideal as the T-1.5. The experimental 

results were influenced by induced bending stresses along the slip planes. An improved 

but unconservative estimation of the experimental load for the T-1 .5 specimen is 

achieved when the full strength of the GFRP (i .e. , 309 MPa) is used. As expected, for the 

other specimens the estimation of the theoretical capacity is not as close to the 

experimental results because, once again, the stress distributions were not as ideal as the 

T-1.5. The experimental results were influenced by induced bending stresses along the 

slip planes. Clearly, while the full strength of the fibres cannot be developed, the strain 

limited method of defining fibre stress is quite conservative. This research may help 

affect future changes to this limitation. 

CSA S806 provides a factor of safety against undesirable/unknown conditions and 

general variability in materials and workmanship by introducing material resistance 

factors (i.e. , </JF = 0.75), limiting the maximum usable stress in the FRP composite, and 

employing other techniques, such as limiting the shear transfer length to 0.8lw. 

5.3 CONCLUSIONS AND RECOMMEND A TIO NS 

The T-1.5 specimen configuration proved to be the most effective for conducting 

the experiments. This specimen configuration had the least variability of the results and 

limited the normal stresses caused by bending along the bed joint slip planes. 
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The use of surface bonded fibreglass mesh laminates is an effective method of 

increasing the shear slip strength and ductility of unreinforced concrete masonry. 

Orienting the fibres at ±45° to the bed joints results in failure characterized by higher 

strength and lower ductility compared to when the fibres are oriented at 0°/90°. 

This fibre reinforced strengthening technique can be customized to suit the 

structural requirements of the building by altering the weight of the fibres , the orientation 

to the bed joints and the bonding agent. Where extra strength is required, epoxy can be 

used as the bonding agent. Where pseudo-ductility is required, the modified parging can 

be used as the bonding agent. The modified parging also has the added benefits of 

providing fire protection for the fibres , and possibly being the final finished surface. 

Since behaviour is influenced by the weakest component, it is not advantageous to use 

high strength fibres if adequate bonding techniques are not used (La Mendola, 2001). The 

fibres will tend to pull out of the bonding agent before the maximum strength is reached. 

5.4 SUGGESTIONS FOR FUTURE RESEARCH 

A possible next step in this research would be to study the influence of surface 

bonded glass fibre mesh on the in-plane behaviour of full scale, low-aspect-ratio (//w < 1) 

shear walls subjected to displacement controlled in-plane cyclic loading. The cyclic 

loading will give an indication of the energy abortion capability and strength degradation 

of the walls under multiple cycles of loading. The variables to be examined would once 

again include the weight of the fibreglass mesh and its orientation to the bed joints (i .e., 

0°/90°, ±45°). The comparative study should also include me h applied us ing the 

modified mortar parging versus mesh applied using the epoxy. Using full scale walls also 
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would allow the influence of aspect ratio to be included as one of the variables. Also, in 

actual structural retrofits it is not always be possible to apply fibreglass laminate to both 

faces of a wall. The investigation should also include the influence of single-sided 

application versus double-sided application to the performance of the reinforcement. 

Since the inclusion of all these variables could lead to a large number of tests, with 

prohibitive time and cost requirements, a parametric study should first be required to 

determine the most critical combination of variables. 
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APPENDIX A: MATERIAL DATA SHEETS 

Tyfo® WEB Composite 
using Tyfo® S Epoxy 

DESCRIPTION 
The Tyfo• WEB Composite is an ICBO 
ER-5282 listed material comprised of Tyto• S 
Epoxy and T yfo• WEB reinforcing fabric. Tyfo• 
\NEB is a custom 0'/90' bl-d~ectlonal weave 
glass fab!ic used in tile Tyfo•Flbrwrap System. 
The glass material Is orientated in both lhe 
Cf and 90' direction in optimum configuration. 
The Tyfo• S Epoxy is a two-component epoxy 
matrix material for bonding appicatlons. 

USE 
Tyfo• WEB Fabric is combined wHh Tyfo• 
epoxy material for lightweight reinforcement 
for masonry, as a reinforced coadng, and finish 
fabric applica!lon for bridges, bUldings. and other 
SlruclLreS. 

ADVANTAGES 

• ICBO ER-5282 listed material 

• Good high & low temperature properties 

• Long working time 

• High elongation 

• Ambient cure 

• 100% solvent-free 

• Rons can be cut to desired widths prior to 

shipping 

COVERAGE 
Approximately 1,564 sq. n. surface area wilh 
3 lo 4 units of Tyfo• S Epoxy and 1 roll of 
Tyfo" WEB Fabric when used wilh lhe Tyfo• 
Saturator. 

PACKAGING 
Order Tyto• S Epoxy in 55-gallon (208L) drums 
or pre-measured units In 5-gallon (19L) 
containers. Tyfo• \NEB Fabnc tyl)lcaUy sl1ips 
in so· x 375 lineal fool (1 .3m x 114.3m) rolls. 
Typically ships In 12' x 13" x 64" (305mm x 
330mm x 1626mm} boxes. 

EPOXY MIX RATIO 
100.0 component A to 42.0 component B 
byvotume. ( 100 component A to 34.5 component 
B by weight) 

SHELF LIFE 
Epoxy - two years In original, unopened and 
properly stored containers. 
Fabric - ten years in proper storage conditions. 

STORAGE CONDITIONS 
Store at 40' to 906 F (4' to 35' C). 
Avoid freezing. Store rolls flat. not on ends, 
at temperatures below 100' F (38' C). Avoid 
moisture and water contamination. 

CERTIFICATE OF COMPLIANCE 

• \MU be supplied upon request. complete 
with slate and federal packaging laws with 
copy of labels used. 

• Material safely data sheels will be supplied 
upon request 

• Possesses 0% V.O.C. level. 

TYPICAL ORY FIBER PROPERTIES . -· . - . . ~""'-.,~,,_ i'!P 

Tensile Strenglh 470,000 psi (3.24 GPa) 

Tensile Modulus 10.5 x 10' pSi (72.4 GPa) 

Ultimate Elongation 4.5% 

Density 0.092 lbs.Jin.' (2.55 g/cm') 

VVeight per sq. yd. 8. 7 oz. (295 g/m') 

COMPOSITE GROSS LAMINATE PROPERTIES - ' - 'j 
ASTM TYPICAL 

PROPERTY METHOD TEST VALUE DESIGN VALUE' 

Ultimate lensile strenglh In 0-3039 44,800 psi (309 MPa) 35,840 psi (247 MPa) 
primary fiber direction, psi (0.45 kip/in. width) (0.36 kip/in. widlh) 

Elongation at break D-3039 1.6% 1.6% 

Tensile Modulus, psi 0-3039 2.8 x 1 O' psi (19.3 GPa) 2.24 x 10' psi (15.4 GPa) 

Ultimate tensile strength 90 0-3039 44,800 psi (309 MPa) 35,840 psi (247 MPa) 
degrees to primary fiber, psi (0.45 kip/in. width) (0.36 kip/in. width) 

Laminate ThickneM 0.01 in. (0.25 mm) O.ol In. (0.25 mm) 

• Dosign :one! •pocilleoion v-. w11 Ylll'f based on~ pr<>joet reqW....,,.. and~ "'"Y factors. Coni"" FY1• 
Co. UC ~ to dellft'nlnl' appropriate speciflc:a(ion vlklts. 

EPOXY MATERIAL PROPERTIES 

Curing Schedule 72 hours post cure at 140• F (60' C). 

ASTM TYPICAL 

"; 

PROPERTY METHOD TEST VALUE' 

Tg 140• F (60"C) ASTM 0-4065 180' F (82'C) 
Post Cure (24 hours) 

Tensile Strength', psi ASTM D-638 10.500 psi 
Type 1 (72.4 MPa) 

Tensile Modulus. psi ASTM 0-638 461 ,000 psi 
Type 1 (3.18 GPa) 

Elongation Percent ASTM 0-638 5.0% 
Type 1 

Flexural Strength, psi ASTM 0-790 17,900 psi 
(123.4 MPa) 

Flexural Modulus, psi ASTM 0-790 452,000 psi 
(3.12GPa) 

• Tosli'igt~t: 7ff F (21.C) C<oss,,_,spHCt0.51n.(13mm)hnin. Otipslns..,,2716-0055 • :lOlups 
• Spocficabon vlluot eon IHI PfO'lidod ,_ r<que>l 

Figure A.1 - Fibreglass Cloth [reproduced from Fyfe Co., 2004] 
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HOW TO USE 
THE TYFO S COMPOSITE SYSTEM 

DESIGN 
The Tyfo" Sy&tem $hall be deaigned to !Met 
&pecitlc design criteria. The criteria lot each 
project IS dictated by the englMer of record 
and any relevant buldlng cocfe8 and/or 
guidelnes. The design SlloUd be based on the 
aHowable slraln for each type of app1k:at1on 
and the design modulus of the material. The 
Fyfe Co. LLC ei~ig Slaff w11 pnMde 
preliminary design at no obligation. 

INSTALLATION 
Tyfo" Syslem to be ln&lalled by Fyfe Co. LLC 
trained and celUllecl applicalors. lnstalallon 
shell be In 8lric:t compliance wilh Ille Fyfe Co. 
LLC aually Conlrol Manual. 

SURFACE PREPARATION 
The required awface preparation is largely 
dependent on the type of element being 
strengthened. In general. the surface must 
be clean, dry and free of protrusiOflll or 
cavities, which may cause voids behind the 
Tyfo• compoaile. Colwm slrlaces that will 
receive continuous wraps typically require 
only a broom cleMlng. Discontinuous 
wrapping sooacea (Walla. beams, stabs, etc.) 
typically recit*e a llght sandblast. grinding or 
oiler approved melhoda to prepaie for bonding. 
Tyfo"FlbrAnchora"' are incorporated In some 
designs. The Fyfe Co. LLC englneellng staff 
\WI prollide the proper specifications nl detals 
based on the project requirements. 

MIXING 
For pre-measured units in 5-gallon (19L) 
conlainers, pour the conlants of component B 
inlothepailof~A Fordn.ms.premix 
each~ 100.0partaofcoqionenlAIO 
42.0 parts ol C01J11C111r:n1 B by volume (100 parts 
of component A lo 34.5 P8f11I of component B 
bywelghl). Mlxthorougliyforfive minutes with 
a Tytoe low speed mixer at 400-600 RPM l.11111 
uniformly blended. 

APPLICATION 
Feed fabric through the T~ Salurator and 
apply ualng the Tytoe wrapping equipment or 
apprlM!d hand methods. See datasi-t on this 
equipment. Hand saturation is allowable, 
provided the epoxy is applied uniformly and 
meets the speclficallona. 

LIMITATIONS 
Minimum iipplicalion ~ature of the epoxy 
Is 40" F WC). DO NOT THIN S01Yen1S \Mii 
prevent proper cure. 

CAUTION' 

COMPONENT A - Irritant 
Prolonged contact to the skin may cause 
irritation. Avoid eye contact. 

COMPONENT B - Irritant 
Conlact with skin may cause seveie bum8. 
Avoid eye contact. Product la a strong 
sensitizer. Use of safety goggle8 and dleml
cal reslatant glove& recommended. Remove 
contaminated doltirG- Avoid bnlalhlng vapon. 
Use adequate ventlallon. Use of an organic 
vapor respirator recommended. 

SAFETY PRECAU110NS 
Use of an approved particle mask Is recom
mended for possible airborne particles. 
Gloves are recommended when handling 
fabrics to IMlkl skin lnilation. S.fely glasses 
are recorrmeuded to prewnl eye lrrltallon. 

FIRST AID 
In case of skin conlacl, wuh lhOroughly with 
soap and water. For aye contact, tush 
immediately. For respiratory problems, 
remove to fresh air. Wash clothing before 
reuse. 

CLEANUP 
Collect with absorbent material, ftuah with 
water. Dispose of in accordance with local 
disposal regulations. Unwred material can be 
rerncM!d wlh approY9d IClMnt. CUed ITlillwlals 
can only be removed mechanically. 

TYFO- S COMPOSITE SAMPLES 
Please no11e that flelcl samples are to be cured 
for 48-hoors at 140" F (60" C) before tesllng. 
Testing shall be in accordance willl ASTM 
D-3039ancl1he Fyfe Co. LLC sample preparation 
and teslin!I proced\ns. 

SHIPPIN1G LABELS CONTAIN 
• stale sp!dllcallon rurtlerwllh modlcatlons. 

if applcclble 
• Compooent designation 
• Type, if 1!1ppicable 
• Manufac:lurer'a name 
• Diiie of 1'118111.1faclln 
• Batch1111me 
• State lot number, if applicable 
• Diredions fot use 
• 'IMl'nlnga or precautions by law 

KEEP COINTAINER TIGHLY CLOSED. 
NOT FOR INTEUtAL CONSUlllPTION. 
CONSUUllATERW.SAFETY DATA SHEET 
(llSDS) f10R MORE INl'ORllATIOH. 
Ki!E' ou·r 01' Rl!ACH Ofl CHILDREN. 
FOR INDUSTRIAL USE ONLY. 

Figure A.1 (continued) - Fibreglass Cloth [reproduced from Fyfe Co., 2004) 
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DESCRIPTION 
The Tyfo* S Epoxy Is a two-component epoxy 
matrix material for bonding applk:aUons. It is a 
l"q'lelongalion material which gives optimum 
properties as a matrix for the Tyfo" Fibfwrap 
System. It provides a long worltlng lime for 
application, with no offensive odor. Tyfo• S 
Epoxy may also be thlekened and used as a 
prime or finish coal depending upon the 
project requlrements. 

USE 
The Tyfo" S Epoxy matrix material Is combined 
with the Tyfo• fabrics lo provide a wet-layup 
composite system for strengthening structural 
members. 

ADVANTAGES 

• Good high temperature properties 

• Good low temperature properties 

• Long working lime 
• High elongation 

• Ambient cure 
• 100% solvent-free 

COVERAGE 
Approximately 0.8 pounds of epoxy per 1.0 
pound of fabric when our Tyfo• Salurator is 
used. \l\lhen used as a prime coat the cov
erage is highly dependent upon the existing 

surface. 

PACKAGING 
Order in 55-gallon dnms ot pre-measured units 
In 5-gallon containers . 

MIX RATIO 

100.0 parts of component A lo 42.0 parts of 
component B by volume. ( 100 parts of 
component A to 34.5 parts of componerr1 
B by weight.) 

SHELF LIFE 
Two years In original, unopened and properly 
stored containers. 

STORAGE CONDITIONS 
Slae at 40' to 90" F (4• to ~ C). Avoid treezlng. 

CERTIFICATE OF COMPLIANCE 

• IMH be supplied upon request. complete 
with state and federal packaging laws with 
copy of labels used. 

• Material safety data sheets will be supplied 
upon request. 

• Possesses 0% V .O.C. level , per 
ASTM D-2369. 

Tyfo®S 
Saturant Epoxy 

HOW TO USE 

THE TYFO" S EPOXY 

INSTALLATION 
Tyfo" System to be Installed by Fyfe Co. LLC 
trained and certified applicators. lnstallatiOn 
shall be in strict compllance with lhe Fyfe Co. 
LLC Quality Control Manual. 

SURFACE PREPARATION 
The required surface preparation is 
largely dependent on Ille type of element ber.g 
strengthened. In general, the surface must be 
clean, dry and free of protrusions or cavities. 
which may cause voids behind the Tyfo• 
composite. Column surfaces that wiU receive 
continuous wraps typically require only a broom 
cleaning. Discontinuous wrapping surfaces 
(walls, beams, slabs, etc.) typically require 
a fight sandblast. grinding ot other approved 
methods to prepare lot bonding. Mechanical 
anchofs are incctporated in some designs. The 
Fyfe Co. LLC engineering staff will provide 
the proper specifications and details based on 
the project requirements. 

MIXING 
Fot pre-measured units in !'>-gaUon containers, 
pour the cOfllents of component B Into the 
pall of component A. Fot drums. premix each 
component: 1 oo.o parts or component A to 
42.0 parts of component B byvol1.me (100 parts 
of cornponentAto34.5 parts of component B by 
weight). If material Is too thick, drum heaters 
may be used on metal containers , or heat 
unmixed components by placing containers in 
130' F (54' C) tap water or sunligh~ if available, 
unt~ the desired viscosity is achieved. Do not 
thin; solvents wm prevent proper cure. Mix 
thoroughly for five minutes with a low speed 
mixer at 40()..600 RPM until uniformly blended. 
When using as a prtme coat or finish coat. Tyfo" 
S Epoxy may be thickened In the field lo the 
desired consistency . 

APPLICATION 
Ty1o• S Epoxy is applied to a variety of TyfO
fabrics using lhe TyfO- Saturator or by approved 
hand-applied methods. See data sheet on this 
equipment. Hand saturation is allowable , 
provided the epoxy is applied uniformly and 
meets the specifications. Ty1o• S Epoxy can 
also be applied as a prime coat by brush or 
roller. 

LIMITATIONS 
Minimum application temperature of the epoxy 
is 40" F (4° C). 00 NOT THIN· solVents will 
preverr1 proper cure. 

EPOXY COMPONENT PROPERTIES ,_-. , 
Color Component A is clear to pale yellow 

Component B Is clear 

Viscosity Component A at Tr F (25• C) is 11 .000-13,000 cps 
ASTM D-2392-80. 
Component Bat Tr F (25• C) is 11 cps 
ASTM D-2393-80. 

Pot Life 3 to 6 hOU"s at 68' F (20" C). 

Viscosity of Mixed Product 600-700 cps. 

Density al 68° F (20' CJ (Pound/Gallon) Component A• 9. 7 (4.4kg/3.79L) 
Component B = 7.9 (3.8kg/3.79L) 
Mixed product ~ 9.17 (4.2kg/3. 79L) 

Figure A.2 - Epoxy [reproduced from Fyfe Co., 2004) 
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EPOXY MATERIAL PROPERTIES 

Curtng ~ n hou'a Po8I cure at 140" F (60' CJ. 

AS11ll TYPICAL 
PROPERTY METHOD TEST VALUE" 

Tg 140"F {60"C) 180° F (82" C) 
Post Cure (24 hours) 

Tensile Strength', psi ASTMD-638 10,500 
Type 1 {n.4MPa) 

Tensile ModulUI, psi 461,000 
(3.18GPa) 

ElongaUon Percent ASTMD-638 5.0% 
lYPe1 

Flexinl Strength. psi ASTMD-790 17,900 
(123.4 MPa) 

Flexural Modukls, psi ASTMD-790 452,000 
(3.12GPa) 

' TeotinO .........-. 711' F (21' C) CraQheed ~ O.S In. (13mm)lmln. Qr1>s 1Mn12716-0055 - 30"""' 
• Spec:lftCatioft - ..,, i. ~ upon request. 

CAUTION' 

COMPONENT A - Irritant: 
Prolonged contact to the skin may cause 
Irritation. Avoid eye contac:t. 

COMPONENT B - Irritant: 
Contact with skin may cause severe bums. 
Avoid eye contact. Product is a strong 
sensitizer. Use of safely goggles and chemi
cal resistant gloves recommended. Remove 
contalTinaled clolhing. A'ICid br9athing vapors. 
Use adequate ventilation. Use of an organic 
vapor respirlltot recommended. 

FIRST AID 
In caH of akin conlacl, wash thoroughly with 
soap and water. For eye contact, tush 
lmmedlatefy with plenty or water; contact 
physician immediately. For respiratory 
problems, remove to hsh air. VI/ash clolhlng 
before reuse. 

CLEANUP 
Collect with absorbent material, flush with 
water. Dispose of in accordance with local 
dispoul regulations. Uncured material can be 
rwnowdwill approved solwri. Cured mllll!rillls 
can only be removed medllnlcally. 

SHIPPING LABELS CONTAIN 
• Slala spudllcllllon ramierw1111 modiftcalions. 

ifapplianble 
• Component designation 
• Type, lfapplicable 
• Manufacturer's name 
• Dale or rnanufadunl 
• Batchna;me 
• stale lot 111111bef. if applicable 
• Dilectlons for use 
• WilrrWlgs Ol ~ reqlired by law 

KEEP COtltTAINER TIOHLY CLOSED. 
NOT POR ltlTIRHAL CONSUMPTION. 
CONSULT llATUIAL SAFETY DATA SHEET 
(llSOS) Fl>R MORE INFORMATION. 
KHP OU'r OP ROCH Of CHILDREN. 
FOR INDlJiSTRIAL USE ONLY. 

Figure A.2 (continued) - Epoxy [reproduced from Fyfe Co., 2004] 
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MESH SPECIFICATIONS 

IN ACCORDANCE WITH: 

TYPE 

COUNT 

WEAVE 

STANDARD WIDTH 

STANDARD LENGTH 

AREA COVERED 

MESH DESCRIPTION 
Dry Weight 
Coating Weight 
Finished Weight ( +/- 10%) 

GLASS COMPOSITION 

AVERAGE BRl;AKING STRENGTH 
dN/Scm (lbf / 2 in.) 
( 12 picks & 12 ends tested) 

Alkali resistance after conditioning 
according to EIMA standard 105.01 

ELONGATION (Dry) 

ASTM D-76; D-579; D-5035; MIL-Y-1140 

I 

STANDARD; 

Warp-ends/in 12 
Fill - picks/in 6 

Leno 6X6 

38 inches 

50 yards 

475 sq.ft. 

131 g/sq.m (3.9 ozJsq.yd.) 
22 g/sq.m (0.6 ozJsq.yd.) 14% 

153 g/sq.m (4.S ozJsq.yd.) . 

Warp ECG 37 - 1/ 0 
Fill 1800 yds/lb Roving 

Warp 185 ( 422) 
Fill 198 ( 452) 

Warp 129 ( 294) . 70 % 
Fill 182 ( 415) 92% 

Warp 4.2 o/e 
Fill 3.4% 

FINISH Soft, alkali resistant, self-extinguishing. 
Compatible with other materials of EIFS. 

Figure A.3 - 4.5 oz./yd.2 (Finished Weight) Fibreglass Mesh [reproduced from Textilglas, 2005] 
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MESH SPECIFICATION~~ 

IN ACCORDANCE WITH: 

TYPE 

COUNT 

WEAVE 

STANDARD WIDTH 

STANDARD LENGTH 

AREA COVERED 

MESH DESCRIPTION: 
Dry Weight 
Coating Weight 
Finished Weight 
(+/- 10%) 

GLASS COMPOSITION 

AVERAGE BREAKING STRENGTH 

dN/5cm (lbf/2in.) 
(12 picks & 12 ends tested) 
Alkali Resistancy after conditioning to 
EIMA Standard 105.01 

ELONGATION (Dry) 

ASTM D-76; D-579'; D-5035; MIL-Y-1140 

4446 HIGH STANDARD 

Warp-ends I in 11 
Fill-picks I in 6 

Leno 6X 6 

38 inches 

50 yards 

475 sq.ft. 

163 g/ sq. m { 4.8 ozJ sq.yd.) 
37 g/ sq. m { 1.1 oz./ sq.yd.) 18.5% 

200 g/ sq. m ( 5.9 oz.I sq.yd.) 

Warp 
Fill 

Warp 
Fill 

Warp 
FiU 

Warp 
Fill 

ECG 37 l/O 
1200 yds/lb Roving 

223 ( 4~92) 
380 ( H38.) 

122 ( 265 ) 55% 
247 ( 545 ) 65% 

3.8 
2.9 

Figure A.4 - 6 oz./yd.2 (Finished Weight) Fibreglass Mesh [reproduced from Textilglas, 2005] 
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PRODUCT DESCRIPTION 

Prep-Coat serves two distinct functions : as an adhesive for expanded 
polystyrene (EP ), and as the base coat into which reinforcing fibre glass 
mesh is embedded. Prep-Coat is a water-based acrylic product, that once 

PREP-COAT 
j EIFS Base Coat 

& Adhesive 

applied, forms a trong yet flexible base coat as well as a high-strength adhesive. Prep-Coat can be 
applied in coats ranging from 1

/ 16 to 1
/ 8 in. (1.6 to 3.2 mm). Prep-Coat is available in three aggregate 

sizes: fine; regular; or coarse. One S gal US (19 ltr) pail covers approximately 16S sq ft {IS.5 sq m) 
when mixed with Portland Cement. This applies to either a 2 mm (1/12 in) base coat applied over 
EPS. or an adhesive applied with a Yi inch notched trowel held at a minimum 30 angle. Apply the 
adhesive so that the notches align vertically on the wall. Refer to system specifications for application 
procedure and substrate suitability. 

MIXI G [ STRllC.TIONS 

Gradually add 22 pounds (10 .kg) of Type LO Portland Cement to one half pail (33 pounds ( S !<g)) of 
Prep-Coat being continually mixed until a workable consistency is obtained. Let the mixture stand for 
five minutes, then remix and use. Pot life is two hours. Up to 8 ounces (225 ml) of water may be 
added to enhance workability only. Discard any material that has begun to stiffen. Under no 
circumstances shall the weight of the Portland Cement exceed that of the Pre_p-Coat. 

PRECAUTIONS 

Store Prep-Coat at temperatures above S°C ( 41 °F) and below 40°C (I 04°F), and off the ground in a 
dry place away from direct sunlight. Under no circumstances shall Prep-Coat be permitted to 
freeze. 

Make sure the substrate is free of efflorescence. releasing agents. paraffin, pollution buildup. oil , frost, 
moisture, loose material , paint, or any other foreign matter. Make sure the surface and ambient 
temperatures are S°C (41 °F) or greater when applying Prep-Coat and remain so until it has fully set 
and dried (minimum of24 hours). Protect Prep-Coat from winds exceeding 2S km/hr (IS mph), from 
rain, hail , snow, and all other possible damage until it has fully set and dried (minimum of24 hours). 

Water Absorption: 15.2 % of dry weight (UEAtc Arti.cle 3.3. 1.2) 
Water Vapour Permeance: 297 ng/Pa.s.m2 (ASTM E96-95) 
impermeability to Water: passed 2 hours (UEAtc Article 3.3. 1. I) 
Bond Strength e, ceeds cohesive strength of Expanded Polystyrene and Cement Board (ASTM 
Dl623C) 
Bond Strength to Finish Coat or Bear Coat: > I 00 kPa after 2 hours drying and 

>300 kPa after 7 days drying (ASTM Dl623C) 
Non-Combustible when mLxed I: I by weight with Type I 0 Portland Cement (CAN/lJLC-S I I 4M) 
Density: 1.64 g/ml. PH: 8.5 Viscosity: 33,600 cps (spindle 7 @ 10 rpm) 

Figure A.6 - Modified Mortar Parging [reproduced from DuRock, 2005] 
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APPENDIX B: FINITE ELEMENT ANALYSIS 

B.1 INTRODUCTION 

This appendix contains the results of a finite element analysis performed, on the 

five specimen configurations used in Phase One of this experimental investigation, by Dr. 

Wael El-Dakhakhni, Assistant Professor of Civil Engineering at McMaster University. 

The data is discussed by the author as background to the discussion of the average shear 

stress along bed joints of concrete block masonry subjected to shear-slip failure. The 

analysis was performed on bare specimens, without any FRP reinforcement. For post-

peak slip of fibre reinforced joints, the distribution of shear is expected to be relatively 

uniform. 

B.2 FINITE ELEMENT ANALYSIS DETAILS 

The following are the details of the finite element analysis: 

• Computer Program Used: LS-DYNA 

• Analysis: Linear elastic with an assumed load of 20 kN. 

• Sign Convention: Tension is negative(-) and Compression is positive(+). 

• Assumed Material Properties: 

o Block: Young's Modulus of Elasticity (E6) = 25 GPa 
Poisson's Ratio (v) = 0.2 

o Mortar: Young's Modulus of Elasticity (E111 ) = 12 GPa 
Poisson ' s Ratio ( v) = 0.2 

• Geometry: 

o Specimens: As described in Chapter 2. 

o Face Shells: Thickness = 36 mm 
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• Finite Elements: 

o Solid with no rotational degrees of freedom. 

o Block Elements/Mesh Size: 19.5 mm x 18 mm 

o Mortar Bed Joints Elements/Mesh Size: 19.5 mm x 10 mm 

B.3 SHEAR STRESS ALONG SLIP PLANES 

For each specimen, the analytical results were used to plot the shear and normal 

stress distributions along the slip planes. Since the finite element analysis were linear 

elastic, the stresses caused by the actual experimental failure loads was obtained by 

multiplying the results by the appropriate scaling factor. Based on the test results from 

the unretrofitted Phase One specimens (Table 3 .1 ), the applicable multiplication factors 

are provided in Table B.1. 

Tabl B 1 M If r f F t f s r F "t El e - u IQllCa ion ac ors or ca lr:!.9_ 1rn e em en tA I sis nay 

Specimen 
Average Applied FE Scaling 

Pmax (kN) t Load (kN)t Factor 

AU-0.5 4.9 20 0.245 
AU - 1.5 22.9 20 1.145 
AU-2.5 44.9 20 2.245 
TU-0.5 12.6 20 0.63 
TU -1.5 26.4 20 1.32 

t Maximum failure load as recorded by the Tinius Olsen machine or commercial load cell. 
t Load applied at the top of the specimen. 

For each specimen, the plots of shear stress distribution along the slip planes are 

presented in Figures B.1 to B.5. The figures contain the distribution based on the finite 

element analysis' load and the scaled distribution based on the actual average failure load 

of the specimen. The figures also contain the shear stress contours, which illustrate the 

presence of stress concentrations. The plots are ''wavy" because a relatively coarse finite 
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element mesh was used. This is acceptable for the purpose of this investigation because 

the plots are only needed to determine the general trend of the shear stress distribution. 

To confirm the validity of the finite element analysis, the average experimental 

shear stresses are also plotted in Figures B. l to B.5. Furthermore, Table B.2 contains a 

comparison between the experimental and finite element analysis results. Scaling the 

finite element analysis results equated to an 89% to 98% prediction of the experimental 

results. 

T bl B 2 C a e - I f B tw orre a ran e een E t I d F' 't El xperrmen a an rnr e ement A I . R narysrs esu ts 
Experimental Finite Element Analysis 

Specimen Avg. Pmax Avg. Shear Scale Applied FE Avg. Shear Scaled Shear O/o* 
(kN) t Stress (MPa) Factor Load (kN)t Stress (MPa) Stress (MPa) ** 

AU - 0.5 4.9 0.18 0.245 20 0.65 0.16 89 

AU - 1.5 22.9 0.28 1.145 20 0.23 0.26 93 

AU - 2.5 44.9 0.33 2.245 20 0.14 0.32 97 

TU - 0.5 12.6 0.49 0.63 20 0.75 0.47 96 

TU - l.5 26.4 0.33 1.32 20 0.24 0.32 97 
T .. 

Maximum fail ure load as recorded by the T1111us Olsen machme or commercial load cell. 
::: Load applied at the top of the specimen. 

**(Finite Element Analysis Average Shear Stress) x (Multiplication Factor) 

*(Finite Element Analysis Scaled Avg. Shear Stress)+ (Experimental Avg. Shear Stress) x 100% 

1 . 0 ~---------------------~ 

0.9 
Scaling Factor = 0.245 

~ 0.8 -1----\-------------------------j 
nl 

~ 0.7 

-;; 0.6 -

Shear Stress Contours 
(From LS-DYNA Finite 

Element Analysis) 
VI 
~ 0.5 -en 0.4 ... 
~ 0.3 -

..r:. 

en 0.2 1-~~~:5;e;;;:::~:::;=-=::~:==~====~==---I 
0.1 

0.0 f-----~----~---~----------' 

0 50 100 150 200 250 

Slip Plane Distance (mm) 

- FEM (20 kN) - scaled FEM (avg. 4.9 kN) --Experirrental Average Shear 

Figure B.1 - Specimen A-0 .5: Shear Stress Distribution Along Slip Planes 
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0 100 

Scaling Factor = 1.145 

200 300 400 500 600 

Slip Plane Distance (mm) 

Shear Stress Contours 
(From LS-DYNA Finite 

Element Analysis) 

-+- FHVI (20 kN) -- Scaled F8VI (22.9 kN) --Experirrental Average Shear 

1.6 

1.4 

la 1.2 
a. 
~ 1.0 
l/J 
l/J 
QI 0.8 ... -rn ... 
(ti 

0.6 
QI 

.r:. 0.4 rn 

0.2 

0.0 

0 

Figure B.2 - Specimen A-1.5: Shear Stress Distribution Along Slip Planes 

Scaling Factor = 2.245 

200 400 600 800 1000 
SliJ? Plane Distance (mm) 

Shear Stress Contours 
(From LS-DYNA Finite 

Element Analysis) 

-+- FHVI (20 kN) -- Scaled F8VI (44.9 kN} --Experirrental Average Shear 

Figure B.3 - Specimen A-2 .5: Shear Stress Distribution Along Slip Planes 

155 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

1.2 

1.0 

co 
a. 
~ 0.8 
Cl) 
Ill 
~ 0.6 -!/) ... 
~ 0.4 

Scaling Factor = 0.63 

Shear Stress Contours 
(From LS-DYNA Finite 

Element Analysis) 

.s::. 
!/) 

0.2 +-------------~Location of Open 

IQ 
a. 
~ 
Cl) 
Cl) 
41 ... -!/) ... 
co 
41 .s::. 
!/) 

Head Joint 
0.0 

0 50 100 150 200 250 300 350 400 

Slip Plane Distance (mm) 
-+-- FEJ'v1 (20 kN) --Scaled FEJ'v1 ( 12.6 kN) --Experirrental Average Shear 

1.20 

1.00 -

0.80 

0.60 

0.20 

0.00 . 

0 

Figure B.4 - Specimen T-0.5: Shear Stress Distribution Along Slip Planes 

200 

Scaling Factor = 1.32 

400 

Location of Open 
7ueadJoint 

600 800 1000 

Slip Plane Distance (mm) 

1200 

Shear Stress Contours 
(FromLS-DYNA Finite 

Element Analysis) 

(' 

-+-- FEl'v1 (20 kN) -- scaled FEl'v1 (26.4 kN) -- Experirrental Average Shear 

Figure B.5 - Specimen T-1 .5: Shear Stress Distribution Along Slip Planes 

The shear stress distribution plots in Figures B.1 to B.5 show that, for the 'A' 

specimens, there is a stress concentration at the start of the shear transfer zone, whereas 

for the 'T' specimens, there are stress concentrations at both the start and end of each of 

the four shear transfer zones. Note that at the ends of the slip planes, the shear stress 
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values are the average for the element and not located at the free surface. Thus, the shear 

stress is not zero ... 

B.4 NORMAL STRESS ALONG SLIP PLANES 

The results of the finite analysis were also used to plot the normal stress 

distribution along the slip plane. So that a direct comparison could be easily made, the 

normal stress distribution for all of the specimens was plotted in Figures B.7 to B.10. For 

a specimen to undergo as close to pure shear-slip failure as possible, it was necessary for 

low, ideally no, normal stress to be induced. Normal tensile stress will tend to pull the 

bed joints apart which would cause premature failure, while normal compression stress 

will increase shear friction which will increase the specimen's strength. 

-

Scaling Factor = 0.245 

400 

NOTE: 
Negative normal stress is tension. 
Positive normal stress is compression. 

600 800 

Slip Plane Distance (mm) 

- FEM (20 kN) -- Scaled FEM (4.9 kN) 

1 0 

Normal Stress 
Contours 

(From LS-DYNA Finite 
Element Analysis) 

Figure B.6 - Specimen A-0 .5: Normal Stress Distribution Along Slip Planes 

Limiting the amount of induced tension stress normal to the bed joint slip planes 

is necessary because according to S304. l (2004), the specified tensile strength of 

ungrouted concrete block masonry (bonded using Type-S mortar) is only 0.4 MPa. 
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NOTE: 
Negative normal stress is tension. 
Positive normal stress is compression. 

800 

Slip Plane Distance (mm) 

--- FEM (20 kN) - Scaled FEM (22.9 kN) 

1 0 

Normal Stress 
Contours 

(From LS-DYNA Finite 
Element Analysis) 

Figure B.7 - Specimen A-1 .5: Normal Stress Distribution Along Slip Planes 

Scaling Factor = 2.245 

400 

NOTE: 
Negative normal stress is tension. 
Positive normal stress is compression . 

600 800 

Slip Plane Distance (mm) 

--- FEM (20 kN) - Scaled FEM (44.9 kN) 

Normal Stress 
Contours 

(From LS-DYNA Finite 
Element Analysis) 

Figure B.8 - Specimen A-2 .5: Normal Stress Distribution Along Slip Planes 
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2.0 -r------------~;::::=========================::;-i 
Scaling Factor= 0.63 NOTE: 

1.5 - ---------- -----< 

(;' 
0.. 1.0 
~ 

Only one shear slip plane shown. 
Negative normal stress is tension 
Positive normal stress fa compression. 

Normal Stres·s 
Contours 

(From LS-DYNA Finite 
Element Analysis) 

VI 

g: 0.5 .... -en 
CQ E O .O -r------.--------.,----------------.-------,------,..--~ 
.... 
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(;' 
0.. 

00 400 600 800 1 0 

-1 .0 -'----------------------------' 
Slip Plane Distance (mm)* 

-+- F8v1 (20 kN) -- scaled F8v1 (12.6 kN) 

Figure 8.9 - Specimen T-0 .5: Normal Stress Distribution Along Slip Planes 

2.0 -r-------------:--;::::=======================~ 
Scaling Factor = 1.32 

1.5 - -------------1 

NOTE: 
Only one shear slip plane shown. 
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Normal Stress 
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VI 
QI .... -en 0.5 +...---------------- Location of Open 

/Head Joint 
cv 
E .... 
0 
z 0.0 

800 1 0 

-0 . 5 ~-------------------------~ 
Slip Plane Distance (mm)* 

--+-- F8v1 (20 kN) --Scaled F8v1 (26.4 kN) 

Figure 8.10 - Specimen T-1.5: Normal Stress Distribution Along Slip Planes 

Based on the scaled finite element analysis curves, all of the specimens had 

normal stress concentrations at the beginning and end of the slip planes. The arching 

action experienced by specimen A-0.5 tended to pull the specimen apart which resulted in 

high variabili ty of the results , as shown in Table 3.1. Therefore this specimen was not 
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ideal for further shear slip research. Specimen T-0.5 perfonned better than specimen A-

0.5 by reducing the normal tension force at the end of the slip plane. However, the shorter 

shear transfer length would increase the significance of the stress concentrations so it also 

was also not ideal for further shear slip research. Both the A-1.5 and especially the A-2 .5 

specimens had relatively low normal stress along most of their respective slip planes with 

a tensile concentration of approximately 0.2 MPa at the end of the slip plane. However, 

as discussed in Chapter 3, the lower blocks of these specimens had a tendency to crush 

due to the reaction forces , making them unsuitable for further study. For the T-1.5 

specimen, the finite element analysis indicated that along most of the length of the shear 

slip plane, the normal stress was uniform and relatively low, which produced nearly pure 

shear conditions along the bed joint slip plane. Also, the longer shear transfer length 

would reduce the significance of the compression stress concentration. As shown in 

Table 3.1, this shape of specimen also, typically, had less variability ofresults. Therefore, 

the T-type specimen was preferable. 

B.5 REVISED FINITE ELEMENT ANALYSIS 

The results of the finite element analysis are influenced by the assumed material 

properties. The original analysis assumed that the stiffness of the mortar, Em, was half the 

stiffness of the block, Eb, (E,,, = 12 GPa versus Eb = 25 GPa) . In reality, the stiffness of 

the mortar is anywhere from 10% to 20% the stiffness of the block. 

For the T- 1.5, the finite element analysis was performed again. All of the details 

described in Section B.2 were kept constant except for the stiffness of the mortar, Em. Em 

was assumed to be 10% the stiffness of the block, or 2.5 GPa. 
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As illustrated in Figure B.11 , the reduced mortar stiffness resulted in lower shear 

stress concentrations near the ends and more uniform shear stress distribution along the 

middle of the slip planes when compared to Figure B.5. 
1.20 .-------------------------, 

Scaling Factor = 1.32 

1.00 

111 
Q. 
~ 0.80 Location of Open 

___ /Head Joint 

Shear Stress Contours 
(From LS-DYNA Finite 

Element Analysis) 
Ill 
Ill e 0.60 -"' ... 
: 0.40 ~~=--... 
.c 

"' 0.20 

0.00 1----~~--~~----,---~---~-----i 

0 200 400 600 800 1000 1200 

Slip Plane Distance (mm) 

- FEM (20 kN) --scaled FEM (26.4 kN) -- Experirrental Average Shear 

Figure B.11 - Specimen T-1 .5: Revised Shear Stress Distribution Along Slip Planes 

As illustrated in Figure B.1 2, the reduced mortar stiffness resulted in lower 

normal stress concentrations near the ends of the slip planes when compared to Figure 

B.10. 

2 . 0 ,----------------;::==========================~ 
Scaling Factor = l .32 

1.5 

NOTE: 
Only one shear slip plane shown. 
Negative normal stress is tension 
Positive normal stress is compression . 

Location of Open 
/Head Joint 

-0.5 .___ _________________________ __. 

Slip Plane Distance (mm)* 

- FEM (20 kN) --Scaled FEM (26.4 kN) 

Normal Stress 
Contours 

(From LS-D YNA Finite 
Element Analysis) 

Figure B.12 - Specimen T-1 .5: Revised Normal Stress Distribution Along Slip Planes 
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Therefore, reducing the stiffness of the mortar to a more realistic value resulted in 

more favourable shear and normal stress distributions along the slip planes. Although the 

revised analysis was only performed on the T- 1.5 specimen, the same should hold true 

for the remaining specimen configurations. 

B.6 CONCLUSION 

The results of the finite element analysis are influenced by the assumed material 

properties of the block and mortar. Reducing the stiffness of the mortar to a more realistic 

value resulted in more uniform shear and normal stress distributions along the slip plane. 

Considering the need to minimize bending stress normal to the bed joint and the 

desire to have nearly uniform shear stresses prior to initial bed joint cracking, the T-1.5 

type of specimen was chosen for further shear slip research. 
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APPENDIXC:RAWEXPERIMENTALDATA 

C.1 INTRODUCTION 

This appendix contains the raw experimental data from Phase One and Three. The 

plotted loads and displacements are as recorded by the commercial load cell (or Tinius 

Olsen machine) and LPDTs (or mechanical gauge), respectively. The designations for 

each type of specimen were presented in Chapter 2 on pages 28 and 29. For the A-2.5 

and T-1.5 specimens, the orientation of the slip planes in the custom-made testing 

apparatus is defined in Figure C.1. 

SW NW 

--.. •~North 

SE NE 

Figure C.1 - Orientation of Slip Planes in the Custom-Made Testing Apparatus 
(Used For Specimens A-2.5 and T-1.5) 

C.2 PHASE ONE RAW DATA 

Table C.1 - Phase One Table of Contents 

S_i!_ecimen Pa,g_e S_i!_ecimen Pa,g_e S_l!_ecimen Pa_g_e 
AU-0.5-1 164 AR-1.5-3 168 TR-0.5-1 172 
AU-0.5-2 164 AU-2.5-1 168 TR-0.5-2 172 
AU-0.5-3 164 AU-2.5-2 168 TR-0.5-3 172 
AR-0.5-1 165 AU-2.5-3 169 TU - 1.5 -1 173 
AR-0.5-2 165 AU-2.5-4 169 TU -1.5-2 173 
AR-0.5- 3 165 AU-2.5-5 169 TU -1.5-3 173 
AU-1.5-2 166 AR-2.5-1 170 TU-1.5-4 174 
AU-1.5-3 166 AR-2.5-3 170 TU -1.5- 5 174 
AU-1.5-4 166 TU-0.5-1 170 TR-1.5- 1 174 
AU-1.5-5 167 TU-0.5-2 171 TR-1.5-2 175 
AR-1.5-1 167 TU-0.5-3 171 TR-1.5-3 175 
AR-1.5-2 167 TU-0.5-4 171 

163 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

~ 

z 
:. 
"C 
co 
0 

...J 

~ 

z 
:. 
"C 
co 
0 

...J 

z 
:. 
"C 
co 
0 

...J 

2.5 

• 2.0 

• 
1.5 .... 

• 
1.0 t--• 

•• • 0.5 f--•---•• • •• 
0.0 

0.00 

9 

8 -

7 -

6 

5 

4 
• 

3 --~ 

2 
:· 1 .-. •• • 
I 

0 

0.00 

2.0 

1.8 • 
1.6 _._ 

• 1.4 f-- -. 

1.2 • 
• 

1.0 ...... 
0.8 • 

• 
0.6 LL 

• 0.4 . 
0.2 

0.0 

0.00 

• 

AU - 0.5 - 1: Load vs. Displacement 

-- - - -- - -

-- -- - -

l • Left • Right 

0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

AU - 0.5 - 2: Load vs. Displacement 

• Left • Right 

0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

AU - 0.5 - 3: Load vs. Displacement 

- - -- -- --

- - - - _G 
0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

164 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

AR - 0.5 - 1: Load vs. Displacement 
35 

30 --.. •• • .. . 
-.. -----· • • .. •• 25 

z 
~ 20 ,, 

.. 
.9 15 !----

10 

5 

0 

0.0 

30 

• • • • 
25 

20 
~! -
rt--z 

~ ,, 15 
ca 
0 
..J 

10 

5 

0 

~.= :!_ 

i {!_ 
·~ 

f 
r 

0.0 

40 
• 

35 •• .. 
30 I 

z 25 
~ I ,, 20 ca 
0 

..J 15 --
10 

5 

0 
0.0 

• 

• 

0.5 

- ---

-

- --

-- --

1.0 
Displacement (mm) 

• 
• 

1.5 

AR - 0.5 - 2: Load vs. Displacement 

• • • • • • 
- -

0.5 1.0 1.5 
Displacement (mm) 

AR - 0.5 - 3: Load vs. Displacement 

. ---.- • • • • 

--- ---------

0.5 1.0 1.5 

Displacement (mm) 

165 

---

+ 
~ 

-

-

--

[ • Left • Right ]1 

2.0 

• 
---

[:_i.eft • Right 

2.0 

- ---

• 

• LeH • Right 

2.0 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

z 
~ 
"O 
Ill 
0 
-I 

z 
~ 
"O 
Ill 
0 
-I 

-· 

z 
~ 
"O 
Ill 
0 
-I 

25 

• 20 • -• • • 
15 • • -

• • • • 
10 • • ---• • 

~- • • 
5 : • 

= • 
0 

0.00 

30 

• 
25 : • • • 
20 • -+-• 

~· • 15 ~ • • • • 
10 • • • • • 

5 __:. 
!!. 

"' 

• 

AU - 1.5 - 2: Load vs. Displacement 

•~ • 
• 

0.02 

• • • 

0.04 0.06 

Displacement (mm) 

AU -1 .5 - 3: Load vs. Displacement 

• • • • • • • -• • • 

• ·-- • 

• Left • Rightl 

0.08 0.10 

• Left • Right 
0-L-~~~~~~~~~~~~~~~.-~~~~.....-~~~~-i 

0.00 0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

AU -1 .5 - 4: Load vs. Displacement 
30 

25 • • --• • 
• • 

20 

" . 
15 ". • • 

•• 
10 

5 

0 

"·· ~ • • Left • Right ! 
0.00 0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

166 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

25 

• 
20 " -- -+--

" ~ 

• • • z 15 
~ 

• ---• • • • • • "C 
RI 10 
.9 

·~ 

-z 
~ 
"C 
RI 
0 

....I 

-z 
~ 
"C 
RI 
0 

....I 

•• •• [+_• • 5 • 
~· 

0 
0.00 

90 

80 ~ 

• 
70 - • --• 
60 • 
50 

40 

30 

20 

10 

0 • ~ 

00 

120 

• 100 ---• • • 80 --• • • ~ 

• • 60 ~ ... 
•• 

40 

20 

t!_. 

~· 
0 

00 

AU -1.5 - 5: Load vs. Displacement 

• • 
---• • 

• Left • Right 

0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

AR -1.5 -1: Load vs. Displacement 

- ------1 

~- -

- --- - -----; --
-- - l • Left • Right 

0.2 0.4 06 0.8 1.0 

Displacement (mm) 

AR - 1.5 - 2: Metre vs. Displacement 

• .------ - - --.. 
• • -- ---1 

-------

~-eft • Right I\ 

0.2 0.4 0.6 0.8 1.0 

Displacement (mm) 

167 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

AR - 1.5 - 3: Load vs. Displacement 
160 

140 • • • • • 120 •• • -z 100 • 
~ • • 1::1 80 .. ni • 0 • ..J 60 • -• : ·-40 

I 
20 :' 

• 
0 

[• Left• Right 

0.0 0.2 0.4 0.6 0.8 1.0 
Displacement (mm) 

AU - 2.5 -1: Load vs. Displacement 
50 .--~~~~~~~~~~~~~~~~~~~~~~~~~ 

45 

40 

35 

~ 30 
:; 25 

~ 20 
..J 

15 
10 

5 ' 

;• . 
a 
• 

• .~.~ 
··x~ 

- ·• x~ .. •.){ ~ 
.~~x~· 

fx.r· --• -
x • North-East • North-West x South-East 

0¥---~~-"-~~~~~~~~~~~-,-~~~~-.-~~~~-i 

0.00 0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

AU - 2.5 - 2: Load vs. Displacement 
60 

50 
I I I 

- 40 

• 

z 
..ll: 

:; 30 
ni 
0 

..J 20 

10 
x • North-E'ast • North-West x South-East • South-West 

0 

0.00 0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

168 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

-z 
::!. 
"C 
111 
0 
.J 

-z 
::!. 
"C 

~ 
.J 

-z 
::!. 
"C 
111 
0 
.J 

AU • 2.5 • 3: Load vs. Displacement 
60 

I 
50 

I 

40 

30 

20 

10 
• North-East • North-West x South-East • South-West 

0 
0.00 0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

AU • 2.5 - 4: Load vs. Displacement 

50 

45 
4 4 4 4 

40 • 35 

30 

25 

15 

10 

5 • North-East • North-West x South-East • South-West 
0 
0.00 0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

AU • 2.5 • 5: Load vs. Displacement 
35 

30 

• 4 

25 

20 

15 
.. 

10 I 

5 
• North-East • North-West x South-East • South-West 

0 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 

Displacement (mm) 

169 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

250 

200 

-Z150 
~ 
'tJ 

~ 100 
..J 

50 

0 
0.0 

250 

200 

-z 150 
~ 
'tJ 

~ 100 
..J 

50 

0 
0.0 

14 

12 

" 10 .... 
• • ... !!. •• •• • • 

• • •• 
4 •• 

" • 
2 • 

0 
0 

AR - 2.5 - 1: Load vs. Displacement 

• l'brth-East • l'brth-West x South-West 

0.1 0.2 0.3 0.4 0.5 0.6 

Displacement (mm) 

AR - 2.5 - 3: Load vs. Displacement 

• l'brth-East • l'brth-West x South-West 

0.1 0.2 0.3 0.4 0.5 

Displacement (mm) 

. TU - 0.5 -1: Load vs. Displacement 

_..._ 

J • Left Slip Aane • Right Slip Aane 
.. .. 

0.02 0.04 0.06 

Displacement (mm) 

170 

0.08 0.1 



MEng. Report - F. Campanaro - Dept. of Civil Engin~e_~ing, McMaster University 

TU - 0.5 - 2: Load vs. Displacement 
10 

9 ---
8 _._ ---
7 ----z 6 ~ 

:. 
5 "'C ---I'll 

0 4 
..J 

3 -~ 

2 

0 
} • Left Slip Aane • Right Slip Aane 

0 0.02 0.04 0.06 0.08 0.1 

Displacement (mm) 

TU - 0.5 - 3: Load vs. Displacement 
12 

• • 
10 .... 

• • - 8 ---z 
:. • • 
"'C 6 _.___._ 
I'll 
0 • ..J 

4 .... 
j.• 

2 

0 
~ l • Left Slip Aane • Right Slip Aane 

0.00 0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

TU - 0.5 - 4: Load vs. Displacement 
18 

16 ~ ---• • 
14 ~ -~ 

• • 
z 12 

•• :. 10 
"'C 

8 I'll 
0 
..J 

6 

"' ... 
•• 

la. 

4 t 
• 

2 

0 
l • Left Slip Aane • Right Slip Aane 

0.00 0.02 0.04 0.06 0.08 0.10 

Displacement (mm) 

171 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

40 

35 

30 

z 25 
::. 
"O 20 
ns 
.3 15 

10 

5 

0 

45 

40 

35 

~ 30 
z 
::. 25 
"O 

20 ns 
0 

...J 15 

10 

5 

0 

• -• 
t-.._..__ 

• 
• 
• 
Ii>----
Ii> 

• 
0 

__ .,. 
• .. .. _ ... 

• • • • -·· • • :-
It 

• 
0 

• 

TR - 0.5 -1: Load vs. Displacement 

0.5 

J • Left Slip Rane • Right Slip Rane 

1 
Displacement (mm) 

1.5 

TR - 0.5 - 2: Load vs. Displacement 

. :.!.i 
• t • • • • • • ...... • .. • ..__._ 

• Left Slip Rane • .Right Slip Rane ] 

0.5 1.5 2 
Displacement (mm) 

TR - 0.5 - 3: Load/Metre vs. Displacement 
50 
45 

40 
35 

z 30 
~ 

25 "O 

....... 
.- · -;.to 
• • • • ••• • • .!_ • • • • · ~_.!a_ ... • • # • 1-: • • 111 

0 20 
...J 

15 

10 

,:_ --
~ 
~-
~ 

5 

0 t • Left Slip Rane • Right Slip Rane 

0 0.5 1.5 
Displacement (mm) 

172 

2 

2 



MEng. Report - F. Caf.14jJ,q.naro - Dept. of Civil Engineering, McMaster University 

25 

20 

~ 

z 15 
~ ,, 
~ 10 
...I 

5 

0 

30 

25 

~ 20 
z 
~ 

:;;- 15 
ra 
0 

...I 10 

0 

5 

0 
0 

35 

30 

25 
z 

20 ~ ,, 
ra 15 0 
...I 

10 

5 

0 
0 

TU -1.5 -1: Load vs. Displacement 

•• • 
1., .... ,,. 

• I 
.~ ,., 

_L• L_ 
l , ,. 
.._• 
1 

[ • North-East • South-East 

0.02 0.04 0.06 0.08 0.1 

Displacement (mm) 

TU -1.5 - 2: Load vs. Displacment 

_ .. · .. -.. · . · 

• North-East • South-East • North-West X South-West 

0.02 0.04 0.06 0.08 0.1 

Displacement (mm) 

TU -1.5 - 3: Load vs. Displacement 

• North-East • South-EastE • North-West x South-West 

0.02 0.04 0.06 0.08 0.1 

Displacement (mm) 

173 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

TU -1.5 - 4: Load vs. Displacement 
35 

30 

25 -z 
20 ~ 

"C 

~ 15 
..J 

10 

5 
I • North-East • South-East • North-West x South-West 

0 
0 0.02 0.04 0.06 0.08 0.1 

Displacement (mm) 

TU - 1.5 - 5: Load vs. Displacement 

-z 15-E--E--,.c--..... ~~~~~~~~~~~~~~~~~~~---l 
~ 
"C 

~ 10--~----'-;--~~~~~~~~~~~~~~~~~~~~--l 
..J 

• North-East • South-East " North-West x South-West 

0 0.02 0.04 0.06 0.08 0.1 
Displacement (mm) 

TR -1.5 -1: Load vs. Displacement 

50 

• North-East • South-East • North-West x South-West 

0 0.5 1.5 2 2.5 3 

Displacement (mm) 

174 



MEng. Report - F. Campanaro - Dept. of Civil Engineering, McMaster University 

z 150 
~ 
"O 

.3 100 

50 -

0 

250 

200 

~ 

z 150 
~ 
"O 
«I 
0 100 

..J 

50 

0 
0 

TR -1.5 - 2: Load vs. Displacement 

• North-East • South-East • North-West x South-West 

0.5 1.5 2 2.5 3 
Displacement (mm) 

TR -1.5 - 3: Load vs. Displacment 

·~· • x x • •• • 

• North-East • South-East • North-West x South-West 

0.5 1.5 2 2.5 3 
Displacement (mm) 

C.3 PHASE THREE RAW DATA 

Table C.2 - Phase Three Table of Contents 

S_p_ecimen Pa_g_e S_..1!.ecimen Pa__g_e S_..1!.ecimen 
4.5 oz. 0°190° - 1 176 6 oz. 0°190° - 2 178 9 oz. 0°190° - 3 
4.5 oz. 0°190° - 2 176 6 oz. 0°190° - 3 178 9 oz. ±45° -1 
4.5 oz. 0°190° - 3 176 6 oz. ±45° - 1 179 9 oz. ±45°-2 
4.5 oz. ±45° - 1 177 6 oz. ±45° -2 179 9 oz. ±45° -3 
4.5 oz. ±45° - 2 177 6 oz. ±45° -3 179 12 oz. 0°190° - 1 
4.5 oz. ±45° - 3 177 9 oz. 0°190° - 1 180 12 oz. 0°190° - 2 
6 oz. 0°190° - 1 178 9 oz. 0°190° - 2 180 12 oz. 0°190° - 3 
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181 
181 
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