
  

ABSTRACT  

LUNN, DILLON STEWART.  Behavior of Infill Masonry Walls Strengthened with FRP 
Materials.  (Under the direction of Dr. Sami Rizkalla.) 
 

Collapse of unreinforced masonry (URM) structures, including infill walls, is a leading cause 

of property damage and loss of life during extreme loading events.  Many existing structures 

are in need of retrofit to bring them in compliance with modern design code provisions.  

Conventional strengthening techniques are often time-consuming, costly, and add significant 

weight to the structure. These limitations have driven the development of alternatives such as 

externally bonded (EB) glass fiber reinforced polymer (GFRP) strengthening systems, which 

are not only lightweight, but can be rapidly applied and do not require prolonged evacuation 

of the structure.  The objective of this research program was to evaluate the effectiveness of 

strengthening infill masonry walls with externally bonded GFRP sheets to increase their out-

of-plane resistance to loading.  The experimental program comprises fourteen full-scale 

specimens, including four un-strengthened (control) specimens and ten strengthened 

specimens.  All specimens consisted of a reinforced concrete (RC) frame (which simulates 

the supporting RC elements of a building superstructure) that was in-filled with solid 

concrete brick masonry.  The specimens were loaded by out-of-plane uniformly distributed 

pressure in cycles up to failure. Parameters investigated include the aspect ratio, the 

strengthening ratio, the number of wythes, and the type of FRP anchorage used.   The type of 

FRP anchorage was found to greatly influence the failure mode.  Un-strengthened specimens 

failed in flexure.  However, strengthened specimens without overlap of the FRP onto the RC 

frame failed due to sliding shear along the bed joints which allowed the walls to push out 

from the RC frames in a rigid body fashion.  In the case where GFRP sheets were overlapped 

onto the RC frames, the aforementioned sliding shear caused delamination of the GFRP 

sheets from the RC frames.  Use of steel angles anchored along the perimeter of the walls as 

shear restraints allowed these walls to achieve three times the service load without any 

visible signs of distress.  GFRP strengthening of infill masonry walls was found to be 

effective, provided that proper anchorage of the FRP laminate was assured. 
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1 INTRODUCTION 

1.1 Background 

Collapse of unreinforced masonry (URM) structures, including infill walls, is a leading cause 

of property damage and loss of life during extreme loading events.  Many existing structures 

are in need of retrofit to bring them in compliance with modern design code provisions.  

Conventional strengthening techniques are often time-consuming, costly, and add significant 

weight to the structure, which can then lead to the need for additional strengthening of the 

supporting members such as beams, columns, and foundations.  Furthermore, the majority of 

these techniques disrupt building occupancy for an extended period of time, which can be 

more costly than the strengthening itself.  These limitations have driven the development of 

lightweight alternatives such as the externally bonded (EB) glass fiber reinforced polymer 

(GFRP) strengthening system considered in this research.  GFRP strengthening is not only 

lightweight, but it can be rapidly applied and does not require prolonged evacuation of the 

structure.   

 

Previous research efforts on masonry infill walls strengthened with FRP materials have 

focused primarily on the in-plane behavior.  Other researchers have explored the out-of-plane 

behavior of simply supported walls, but few studies have examined the response of 

strengthened masonry infill walls to out-of-plane loading.  This research focuses on the out-

of-plane behavior of masonry infill walls strengthened with externally bonded GFRP sheets.  

The design out-of-plane loading considered for the experimental program is that of a tornado 

induced differential pressure of 1.2 psi.  This differential pressure induces suction on the 

masonry infill. 
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1.2 Objectives 

The objective of this research program was to evaluate the effectiveness of strengthening 

infill masonry walls with GFRP sheets to increase their out-of-plane resistance to loading.  

Displacement of the masonry wall test specimens, strain in the FRP sheets, and ultimate load 

carrying capacity were measured and compared to control specimens in order to determine 

the effectiveness of the GFRP strengthening system.  It was also important to identify and 

understand the failure mechanisms of strengthened and control specimens.  To achieve these 

objectives, the following were considered: 

 

(1) Test full-scale strengthened masonry infills to simulate the behavior of typical field 

conditions. 

 

(2) Examine various FRP anchorage systems to determine the most effective system for 

strengthening infill walls. 

 

(3) Simulate the boundary conditions of existing structures and the interface on all four 

sides between the masonry infill and the supporting structure, which often consists of 

reinforced concrete (RC) beams and columns.  These (actual) boundary conditions 

differ significantly from the artificial simple supports used in the majority of previous 

research in this area. 

 

(4) Develop analytical models related to the various failure mechanisms to determine 

their reliability in determining both the elastic limit of the applied pressure and the 

ultimate load carrying capacity.   
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1.3 Scope 

The experimental program comprises fourteen full-scale specimens, including four un-

strengthened (control) specimens and ten strengthened specimens.  All specimens consisted 

of a reinforced concrete frame (which simulates the supporting RC elements of a building 

superstructure) that was in-filled with solid concrete brick masonry.  The strengthened 

specimens were reinforced with externally bonded GFRP sheets on the exterior face of the 

outer wythe of the masonry infill to resist suction.  The following parameters were 

considered: 

 

(1) Three types of FRP anchorage were considered.  The first provided anchorage of the 

FRP sheets by overlapping the sheets onto the RC frame.  For comparison and 

because not all existing structures have the masonry infill flush with the supporting 

boundary elements, the second system had no overlap of the FRP reinforcement onto 

the RC frame.  The third system provided mechanical anchorage with the use of steel 

shear restraints that were bolted to the RC frame.   

 

(2) Four aspect ratios (width: height) were considered ranging from 1.0 to 1.6.  The 

aspect ratio is an important parameter in determining the degree of two way action. 

 

(3) Both single and double wythe infill walls were considered.  The height-to-thickness 

ratio for masonry wall panels is an important parameter in determining the out-of-

plane behavior. 

 

(4) For double wythe walls, the collar joint between the two wythes was either filled 

solid with mortar or left empty to determine if this would have a significant influence 

on the behavior. 
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To evaluate the performance of the test specimens, several analytical models related to the 

observed failure mechanisms were considered.  These methods include a working stress 

analysis to predict the elastic limit of the applied pressure, a shear sliding ultimate analysis to 

assess the resistance of the walls to shear sliding, a debonding analysis to quantify the 

resistance of the FRP sheets to debonding, and an arching action ultimate analysis to explain 

the observed behavior of control specimens. 
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2 LITERATURE REVIEW 

2.1 Introduction 

This chapter provides a general review of the behavior of unreinforced masonry (URM) 

walls that are strengthened with fiber reinforced polymers (FRP) and subjected to out-of-

plane loading.  Background information on the material characteristics of URM walls, 

various FRP types, and available strengthening techniques is provided.  Summary of the 

published experimental research on this topic is provided including an examination of the 

various key parameters and failure mechanisms.  In addition to the experimental research, 

several analytical models are discussed.    

2.2 Material Characteristics 

2.2.1 Unreinforced Masonry (URM) Infill Walls 

Unreinforced masonry (URM) infill walls are masonry walls without steel reinforcement and 

are used as infill for a reinforced concrete or steel structural skeleton.  The walls are not 

typically used as gravity load-bearing, but they are often subjected to out-of-plane loading 

due to wind and/or earthquakes.  Most research on the out-of-plane behavior of URM walls 

has been focused on walls made from clay bricks and concrete blocks as these are the most 

common types.   These bricks and blocks may be solid, hollow, or hollow with grout fill in 

the voids.     

2.2.2 Fiber Reinforced Polymers (FRP) 

FRP is a composite material composed of fibers bonded together with a polymeric matrix 

(e.g., epoxy, polyester, or vinylester).  The most common fibers for use in civil engineering 

applications are glass (GFRP), aramid (AFRP), and carbon (CFRP).  FRP has excellent 

material properties that include high strength and stiffness in the direction of the fibers, 

immunity to corrosion, low weight, and availability in the form of laminates, fabrics, and 

tendons of practically unlimited lengths (Triantafillou, 1998).  The material properties vary 
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widely depending on the manufacturer and FRP type, however Table  2-1 gives representative 

material properties of various FRP types (Gilstrap & Dolan, 1998).  

 

Table  2-1:  Representative Material Properties (Gilstrap & Dolan, 1998) 

Fiber 

Type 

Fiber Tensile 

Strength  

GPa (ksi) 

Fiber 

Modulus 

GPa (ksi) 

Composite 

Tensile Strength 

GPa (ksi) 

Composite 

Modulus  

GPa (ksi) 

Strain at 

Failure 

Aramid 3.66  

(525) 

125 

(18,000) 

1.54 

 (220) 

84 

 (12,000) 

0.024 

Carbon 3.66  

(525) 

228 

(33,000) 

1.75  

(250) 

132 

 (19,000) 

0.012 

E-glass 2.10  

(300) 

75 

(11,000) 

0.83 

 (120) 

49 

 (7,000) 

0.03 

2.3 Strengthening Techniques 

2.3.1 Conventional Techniques 

There are several conventional techniques used in the retrofit of masonry structures.  

Triantafillou (1998) gives a good description of the traditional methods used to upgrade 

masonry structures, their limitations and the motivation for using FRP materials. The 

traditional methods include: (1) filling of cracks and voids by grouting; (2) stitching of large 

cracks and other weak areas with metallic or brick elements or concrete zones; (3) 

application of reinforced grouted perforations to improve the cohesion and tensile strength of 

masonry; (4) external or internal posttensioning with steel ties to tie structural elements 

together into an integrated three-dimensional system; and (5) single- or double-sided 

jacketing by shotcrete or by cast-in-situ concrete in combination with steel reinforcement 

(e.g., in the form of two-directional welded mesh).  Jacketing with steel reinforced shotcrete 

or cast-in-situ concrete is one of the most commonly used techniques today for seismic 

strengthening of masonry buildings.  The technique is quite effective in increasing the 
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strength, stiffness, and ductility of unreinforced masonry buildings, but it suffers from the 

following disadvantages: (1) The (usually) heavy concrete jackets add considerable mass to 

the structure, which is sometimes impossible to carry down to the ground level if columns 

and arches exist there.  Moreover, this extra weight usually modifies the dynamic response 

characteristics of the structure, which may result in increased seismic forces.  (2) The 

thickness added by the jackets may violate aesthetic requirements (as in the case of historic 

masonry building facades) and/or reduce the free space of the structure.  (3) It is labor 

intensive, resulting in major obstruction of occupancy in the areas near the masonry walls to 

be strengthened.  The above disadvantages, along with a few other ones related to other 

traditional strengthening techniques, have recently led researchers to the idea of 

strengthening masonry structures with FRP composites. 

2.3.2 Externally Bonded (EB) FRP 

Externally bonded (EB) FRP is the most common form of external FRP strengthening.  It 

consists of bonding the FRP reinforcement to the external surface of the material to be 

strengthened.  In the case of URM walls, this is usually the exterior or interior face of the 

wall (or both).  EB FRP typically consists of wet-lay-up sheets or pre-cured plates.  

Advantages to EB FRP include the ease and speed of application.  Disadvantages of the EB 

approach include lack of aesthetic appeal and the potential for premature debonding failure 

mechanisms. 

2.3.3 Near Surface Mounted (NSM) FRP 

Near surface mounted (NSM) FRP is a technique in which pre-cured strips, bars, or rods are 

inserted into pre-cut grooves in the surface of the strengthened member.  The grooves are 

usually cut large enough to contain the FRP and surround it on three sides with a thin layer of 

epoxy or some other bonding agent.  Advantages of this technique include the limited 

aesthetic impact and the potential for the development of greater strain in the FRP prior to 

debonding due to better confinement from the three bonded sides than comparable EB 

applications which are usually not confined and are bonded only on one side.   
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2.4 Experimental Research 

Several studies have been reported on the out-of-plane behavior of URM walls strengthened 

with FRP.  Although few of these studies have explored infill walls explicitly, they are 

nonetheless a useful starting point for comparison.  The following section discusses the 

various approaches considered by the researchers to study this behavior, the effect of various 

parameters, and the observed failure modes. 

2.4.1 Orientation of Testing 

To study the out-of-plane behavior of URM walls strengthened with FRP, specimens were 

tested in a vertical or horizontal orientation as shown in Figure  2-1.  In the horizontal 

configuration, walls or small walls (wallettes) are laid flat against supports and the load is 

applied in the vertical direction.  In this orientation the gravitational effect of the self-weight 

is included in the out-of-plane behavior, which is quite different from the in situ wall 

orientation for infill brick walls.  This effect may be desired if the researchers intend to 

exclude the beneficial effect of axial loading on the out-of-plane behavior, however it is less 

realistic in simulating the actual behavior of existing walls.  The vertical configuration 

requires a more complex test setup, since it requires a reaction frame or strong reaction wall 

in addition to the strong reaction floor.  It does however accurately simulate gravitational 

effects, which for full-scale walls is significant.   

 

  

(a) Vertical Orientation (b) Horizontal Orientation 

Figure  2-1: Orientations used for Out-of-Plane Testing 

P 

P 
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2.4.2 Boundary Conditions 

Most experimental programs in both orientations have used simply supported boundary 

conditions.  Walls or wallettes are typically simply supported at the top and bottom of the 

walls (when laid flat, the top of the wall may be at the left-hand side).    The advantage to 

these boundary conditions is that the behavior of the wall is simplified to simple one-way 

bending and the effect of the FRP strengthening can be more readily identified.  These 

boundary conditions are appropriate for some types of masonry walls, however, they are not 

ideally suited for the simulation of infill masonry walls, which are usually supported on four 

sides by a mortar joint interface connecting the masonry to the structural skeleton.  Although 

the simply supported assumption may be reasonable for infills away from vertical supports, 

such as RC columns, or where such supports provide negligible out-of-plane resistance, the 

simple supports configuration, in most of the studies, do not allow for the formation of 

arching action which can significantly enhance the out-of-plane strength of masonry infill 

walls.  Other researchers used simply supported boundary conditions for all four sides of the 

walls (Gilstrap & Dolan, 1998; Ghobarah & Galal, 2004; Korany & Drysdale, 2006).  This 

can give two-way action, but the simple supports still do not address the mechanisms that 

occur in infill walls at the mortar interface between the masonry and the support. 

2.4.3 Loading Configuration and Protocol 

Several loading configurations have been used including four-point bending, line loading, 

point loading, “patch” loading, and uniform pressure.  Of these configurations, uniform 

pressure is the most accurate for simulating extreme wind and tornado induced differential 

pressure.  The most common method of achieving uniform loading is the use of an air bag.  

The bag is placed between the specimen and a reaction surface and then inflated.  The 

pressure in the bag is measured and this is the pressure that is applied to the surface of the 

wall.  The applied loading may be monotonic or cyclic in nature to simulate the potential 

strength degradation due to repeated cycles.    In addition, some tests were conducted with 

and without axial load.  Load bearing masonry walls carry compressive axial load.  This 
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precompression can be beneficial to the out-of-plane behavior because it can delay cracking 

and debonding of the FRP material.   

2.4.4 Parameters Affecting Out-of-Plane Behavior 

Many parameters have been investigated to determine how they influence the out-of-plane 

behavior of URM walls strengthened with FRP.  This section discusses some of the most 

important parameters and provides a summary of the experimental findings of various 

researchers for each parameter. 

2.4.4.1     FRP Strengthening Ratio 

FRP Strengthening ratio is the most common parameter investigated in this area of research.  

The strengthening ratio is usually defined as the ratio of the cross-sectional area of the 

strengthening system to the overall cross-sectional area of the member.  Alternatively, 

instead of a strengthening ratio, some researchers have chosen to describe the amount of 

strengthening by using the coverage ratio, which is the percentage of the surface area of the 

masonry that is covered with externally applied FRP.   

 

In most cases, it was found that as the strengthening ratio was increased, the ultimate 

capacity was also increased.  Galati et al. (2006) found from the testing of fifteen URM walls 

(1.22 m tall x 0.62 m wide) strengthened with NSM FRP bars that flexural strengthening 

with FRP systems increased the flexural capacity from 2 to 14 times that of the original 

unstrengthened wall.  It was also found that the strengthened walls had greater pseudo-

ductility than the URM walls.  From experimental study of 30 masonry walls (1 m tall x 1 m 

wide x 110 mm thick) strengthened with various configurations of glass fiber and carbon 

fiber sheets, Tan & Patoary (2004) found in all cases that the load carrying capacity was 

increased when the thickness of FRP laminates was increased.  Kuzik et al. (2003) found 

from the testing of eight masonry wall specimens (4.0 m tall x 1.2 m wide) strengthened with 

GFRP sheets that the transition moment and the ultimate moment were progressively reduced 

as the amount of GFRP was reduced.   
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More specifically, Willis et al. (2009) found from testing eight full-scale walls (with window 

openings) strengthened with EB and NSM FRP strips that by increasing the number of strips 

and consequently reducing the strip spacing by 23% the maximum load increased by 15%.  

In addition, as the rigidity of the wall was increased, the maximum displacement decreased 

by 16%.  Similarly, Korany & Drysdale (2006) found from the testing of ten full size walls 

retrofitted with carbon fiber composite cable that with as little FRP reinforcement as 0.006% 

in the vertical direction and 0.009% in the horizontal direction the lateral load capacity was 

increased by up to 25%.  Furthermore, an increase in the reinforcement ratio of 50% resulted 

in a 58% increase in the lateral capacity.  Triantafillou (1998) found from the testing of six 

small wall specimens (900 mm tall x 400 mm wide x 120 mm thick) strengthened with CFRP 

laminates that the strengthening scheme increased the out-of-plane strength by a factor of 10.  

However, when the area fraction of reinforcement was doubled, there was only a marginal 

increase in the out-of-plane strength of roughly 20% greater than the previous strengthened 

specimen. 

 

The stiffness of strengthened walls is also affected by the amount of reinforcement.  Kuzik et 

al. (2003) determined that the effective cracked stiffness of the cross section depends heavily 

on the amount of bonded GFRP.  This echoes the earlier findings of Albert et al. (2001) who 

determined from the testing of ten masonry walls (4 m high x 1.2 m wide x 0.19 m thick) 

strengthened with various configurations of carbon fiber straps and sheets as well as glass 

fiber sheets that the relationship of the amount of fiber reinforcement and the slope of the 

second phase of the load-deflection response is linear.   

2.4.4.2 Strengthening Orientation 

Several different strengthening orientations have been explored in recent research.  The most 

common was the use of fibers oriented vertically to resist bending about the horizontal 

direction.  Others include specimens using both vertically and horizontally oriented fibers 

and still other specimens used fibers in two orthogonal directions oriented at an angle with 
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respect to the horizontal (Tan & Patoary, 2004; Albert et al., 2001).  Researchers have also 

explored the use of bidirectional fabrics (Tan & Patoary, 2004).   

 

Tan & Patoary (2004) found that orienting four layers of unidirectional fibers at 0,45,90, and 

135 degrees with respect to the horizontal did not perform as well as a similar specimen with 

fibers oriented at 0, 90, 0, and 90 degrees, though this may have been the result of improper 

bonding of the FRP reinforcement.  It was also concluded that bidirectional fiberglass woven 

fabrics could provide higher strength enhancement than carbon or glass fiber sheets if an 

appropriate adhesive is used.   Interestingly, it can be seen from the testing of eight concrete 

masonry beams strengthened with NSM GFRP bars by Bajpai & Duthinh (2003) that there 

was no significant difference in the strength when orienting NSM bars perpendicular or 

parallel to the bed joints.  This finding however is counterintuitive and should be verified 

with additional testing.  Albert et al. (2001) determined from comparing wall tests in which 

the FRP was oriented vertically to tests in which the FRP was oriented at 37 and 127 degrees 

with respect to the horizontal that the layout of the fiber reinforcement has more of a direct 

effect on the local joint strain behavior than the overall behavior. 

2.4.4.3 Type of FRP Strengthening Material 

The most common FRP materials used in strengthening are carbon (CFRP), glass (GFRP), 

and aramid (AFRP).  The general characteristics of these materials are given in Section  2.2.2.  

Several studies have explored different material types, but few researchers have drawn any 

conclusions about the difference in behavior for different FRP material types.  Perhaps the 

most notable differences are the tensile strength and the modulus of elasticity.  The properties 

however vary widely depending on the manufacturer and the type of system making direct 

comparisons somewhat difficult. 

 

Willis et al. (2009) found that at the higher load stages the stiffness of the wall strengthened 

with CFRP was significantly higher than that of the walls strengthened with GFRP.  As one 

might expect, the GFRP retrofitted walls displayed more ductile behavior, as larger strains 
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were developed, providing greater displacement capacity and energy absorption.  Likewise 

Albert et al. (2001) found that the only significant difference was the slope of the second 

portion of the load-deflection response.  This slope was governed by the stiffness of the FRP 

used.  The values for carbon fiber sheet and glass fiber sheet were similar and although the 

carbon strap and the carbon sheet both contained carbon fibers, the higher density of fibers in 

the strap gave it a greater stiffness.  Tumialan et al. (2003a) reported results that indicate that 

in most cases, for the same strengthening ratio, strengthening with AFRP gave a marginal 

increase in strength in comparison to GFRP. 

2.4.4.4 Aspect Ratio 

The aspect ratio of the overall dimensions of the wall is also an important parameter in the 

behavior of both strengthened and unstrengthened URM walls.  For aspect ratios (width to 

height) near 1.0 supported on all sides, the expected behavior will be two way bending in 

which (typically) diagonal yield lines connect to all four corners of the specimens as shown 

in Figure  2-2.  For aspect ratios substantially greater than or substantially less than 1.0, the 

expected behavior becomes one way bending in which (typically) a single yield line is 

formed parallel to an axis of support.  The majority of research to date has focused on 

strengthening for one way bending.  Many researchers have tested specimens with very small 

aspect ratios (width to height) that are simply supported at the top and bottom with no 

restraint on the sides in order to ensure one way bending.   

 

Hamilton III & Dolan (2001) tested four short walls (1.8 m tall x 610 mm wide x 200 mm 

thick) with an aspect ratio of 2.95 and two tall walls (4.7 m tall x 1.22m wide x 200 mm 

thick) with an aspect ratio of 3.85 strengthened with GFRP sheets.  The short walls on 

average, resisted an applied pressure over 3.5 times greater than that of the tall walls, but 

when the maximum applied moment is considered, the tall walls resisted a maximum applied 

moment over 3.5 times greater than that of the short walls.  Both sets of walls however were 

tested with simple supports at the top and bottom and no restraint on the sides, and thus for 

both cases one way bending was observed.   
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(a) Typical Two-Way Behavior (b) Typical One-Way Behavior 

Figure  2-2: Typical Idealized Yield Lines for Walls 

2.4.4.5 Surface Preparation 

Various surface preparation techniques are used prior to the application of externally applied 

strengthening.  These methods depend on the strengthening system used, but some of the 

common methods include sand blasting, manual steel brushing, grinding and roughening, and 

filling in of voids with putty or epoxy.  Surface preparation is important because most 

externally applied FRP systems rely on the bond between the FRP composite and the 

masonry surface.  Improper surface preparation can lead to premature failure due to 

debonding of the FRP system from the masonry substrate.    

 

Tan & Patoary (2004) found that improved bond through grinding and roughening of the wall 

surface lead to increases in strength 1.5 to 5 times that of specimens with no surface 

preparation, which failed prematurely due to debonding.  Likewise, Tumialan et al. (2003b) 

found from field testing of four full-scale URM walls strengthened with GFRP strips that the 

removal of plaster lead to a 40% increase in the strength compared to the walls with plaster 

which only increased 17% over the control wall.  Hamoush et al. (2001) found from the 

testing of fifteen walls (1.2 m x 1.8 m x 200 mm) strengthened with GFRP sheets that in 

comparison to any other surface preparation technique sand blasting or manual steel brushing 

Aspect Ratio 1.3 Aspect Ratio 3.3 
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produced sufficient bond at the interface between the fiber and the CMU blocks for both 

fiber configurations tested. 

2.4.4.6 Number of Wythes 

URM walls can be constructed as single or multiple wythe systems.  Multiple wythe systems 

may be composed of the same material or different materials such as an interior concrete 

block wythe with an exterior clay brick wythe for aesthetics.  The wythes are often tied 

together with wire reinforcing every several courses or by filling the collar joint between the 

wythes with mortar or grout.  For multiple wythe systems, the level of composite action is an 

important factor in determining the behavior of the system as a whole.   Most research to date 

has focused on single wythe systems.  Although several studies have included double wythe 

walls (Korany & Drysdale, 2007; Tumialan et al., 2003b, and Velazquez-Dimas & Ehsani, 

2000) these tests were limited in number and did not directly compare the behavior of single 

wythe walls to double wythe walls.   

2.4.4.7 Axial Load Effects 

Axial loads are experienced by nearly all masonry walls.  These loads may be due only to the 

self-weight of the wall as is the case for most infill and non-structural walls or they may 

include gravity loading from the structure above.  Significant axial loads provide a level of 

precompression which can be beneficial in resisting out-of-plane loading.  Several 

researchers have explored the effects of combined axial load and out-of-plane loading.   

 

Albert et al. (2001) found that the initial stiffness of a specimen increases with an increase in 

axial load and that because the axial load introduces compression across the cross section of 

the specimen, debonding and cracking are delayed.  It was also determined that the second 

portion of the load-deflection response decreases in slope with an increase in axial load 

because the axial load introduces second order effects into the specimen.  Specifically it was 

found that a 10 kN axial load reduced the stiffness of the second portion of the response by 

10% while a 30 kN axial load reduced the stiffness by 21%.  In terms of ultimate capacity, 
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Korany & Drysdale (2006) found that precompression to a stress level of 0.20 MPa resulted 

in significant enhancement in the cracking and ultimate capacities of both reinforced and 

unreinforced walls.  The increase in out-of-plane flexural resistance due to precompression 

was nearly equal to the effect of increasing the reinforcement by 50%. 

2.4.4.8 Cyclic Load Effects 

Many real structures are subjected to repeated loading and unloading cycles.  In order to 

determine the influence that this cyclic loading may have on the behavior of URM walls 

strengthened with FRP, several researchers compared monotonic loading to cyclic loading. 

 

Korany & Drysdale (2006) found that the observed damage level was not higher for the 

control walls retrofitted and retested under cyclic load than that experienced under monotonic 

load.  Furthermore, it was concluded that similar failure modes and strengths indicate that the 

integrity of the retrofit system was not compromised under cyclic load and affirmed the 

effectiveness of the rehabilitation technique in enhancing seismic resistance.  Likewise, 

Albert et al. (2001) found that the specimen subjected to cyclic loading experienced a 

reduction in the first phase stiffness after each cycle but maintained the original load-

deflection envelope previously obtained. 

2.4.4.9 Boundary Conditions 

Boundary conditions have a substantial impact on the behavior of URM walls subjected to 

out-of-plane loading.  As discussed previously, the majority of researchers have used simply 

supported boundary conditions for wall testing.  One researcher however, decided to 

investigate the effect of changing the boundary conditions. 

 

Korany & Drysdale (2006) found that assuming the floor support at the top of the wall to be 

rigid while in fact it is flexible relative to the wall stiffness might result in a serious 

difference between the estimated and the actual lateral capacity of the wall panel.  The 

capacity and energy absorption values for the wall representing the case of a flexible floor 
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support were about 50% of those for the wall representing the case of a rigid floor support.  It 

was also observed that failure modes of all of the walls with a rigid floor support were 

controlled by rupture of FRP in the short direction, while the walls with a flexible floor 

support failed predominately in a compression mode by crushing of masonry.   

2.4.4.10 Masonry Material Type 

The type of material used in masonry construction can have a significant impact on the 

behavior.  Research to date has focused primarily on clay bricks and concrete blocks as these 

are the most common.   Few direct comparisons have been made between the out-of-plane 

behavior of clay brick masonry and concrete block masonry.  Some researchers have tested 

both types (Galati et al., 2006; Tumialan et al., 2003a), but there were no apparent trends in 

the reported results that clearly indicated the influence of the material type. 

2.4.4.11 Adhesive Type 

The type of adhesive used to bond FRP composites to the masonry structure can be very 

significant to the overall behavior.  Because most externally applied FRP systems depend on 

the bond between the FRP and the masonry, if an improper adhesive is used, the system may 

fail prematurely due to debonding of the FRP from the masonry substrate.   

 

This debonding was observed from testing walls strengthened with AFRP fabrics and tapes, 

leading Gilstrap & Dolan (1998) to conclude that a gel or high viscosity adhesive is required 

for vertical and overhead surfaces and that the fabric weave should be opened to allow 

greater penetration of the adhesive into the fabric. 

2.4.4.12 Type of FRP Anchorage 

Anchorage of FRP strengthening systems is crucial to the ability of the system to develop the 

full tensile strength of the FRP.  Various anchorage methods have been used including 

enhanced surface preparation, fiber bolts, steel bars, and mechanical anchorage.  In some 

situations it may even be necessary to anchor the FRP to boundary elements in order to 

develop the full strength of the FRP. 
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Tan & Patoary (2004) found that specimens without any anchorage measures failed 

prematurely by debonding of the FRP reinforcement from the masonry substrate, while all 

other specimens with an appropriate anchorage system, that is, surface grinding and/or 

anchorage by fiber bolts or steel bars, failed by punching shear or crushing of the brick in 

compression.  Similarly, Carney & Myers (2003) found from the testing of three URM walls 

strengthened with EB GFRP laminates and three URM walls strengthened with NSM GFRP 

rods that reinforcing walls with FRP improved the out-of-plane capacity of the walls when 

the FRP laminates and rods were anchored to the boundary elements.  Strengthening with 

anchorage produced a system capable of carrying a load of approximately twice that of the 

unreinforced (control) case while the walls without anchorage had a small increase in 

strength at best.   

2.4.5 Failure Modes 

Masonry walls strengthened with FRP materials that are subjected to out-of-plane loading 

fail through a variety of mechanisms.  The failure mechanism may be influenced by any 

number of the parameters discussed previously.  The following section summarizes the most 

common failure modes observed in published literature. 

2.4.5.1 Flexural 

The flexural failure mode is most common in unstrengthened URM walls and is often 

characterized by the formation of full span vertical (and/or horizontal) tensile cracks in either 

the bricks (or blocks) or the mortar joints.  As these cracks widen and propagate, they can 

divide the walls into subpanels that then rotate about axes of support.  Eventually this can 

lead to collapse of the wall.   It should be noted that some researchers include FRP rupture 

and masonry crushing in the flexural mode of failure because these two modes also relate to 

the flexural response of the walls, but these modes are treated separately in this thesis.  

Although collapse can be sudden during an extreme loading event, the flexural mode of 

failure is usually ductile in comparison to the other modes.   
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2.4.5.2 FRP Delamination (Debonding) 

The delamination (or debonding) of the FRP material from the masonry substrate is a 

premature and usually undesired failure mode.  Failure is often brittle with little warning 

prior to collapse. There are several types of debonding published in literature, including 

Intermediate Crack (IC) debonding, Critical Diagonal Crack (CDC) debonding, Plate End 

(PE) debonding, and more recently Displacement Induced (DI) debonding.  FRP 

delamination has been observed by many researchers in this area. 

 

Galati et al. (2006) found debonding to be the most frequent mode of failure.  The observed 

failure is described in detail as follows.  Initial flexural cracks were primarily located at 

mortar joints.  A cracking noise during the test revealed a progressive cracking of the 

embedding paste.  Since the tensile stresses at the mortar joints were being taken by the FRP 

reinforcement, a redistribution of stresses occurred.  As a consequence, cracks developed in 

the masonry units oriented at 45 degrees or in the head mortar joints.  Some of the cracks 

followed the embedding paste and the masonry interface causing debonding and subsequent 

wall failure.  It was also noted that due to the smoothness of the rectangular bars, some of the 

specimens reinforced with rectangular bars debonded as a result of the bar sliding inside the 

epoxy and that for specimens having a deep groove, debonding was caused by splitting of the 

embedding material.  Likewise, Tan & Patoary (2004) and Tumialan et al. (2003a) observed 

a debonding failure in strengthened specimens. 

 

Willis et al. (2009) observed a debonding mechanism not yet quantified for retrofitted walls 

and termed it displacement induced (DI) Debonding.  This form of debonding was found to 

be the result of a differential out-of-plane displacement at either side of a crack in the 

masonry wall.  It was concluded that the DI debonding mechanism is more likely to occur 

with NSM strips due to their orientation, as bending occurs about the strong axis. 

 

Dai et al. (2007) explored a debonding mechanism related to the interface peeling of CFRP 

sheets under dowel load.  A simply-supported reinforced concrete beam with a hole at 
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midspan that was filled with a steel rod attached to a steel block at the bottom was 

strengthened with an externally bonded CFRP sheet.  A dowel load was applied via the steel 

rod and the steel block to the FRP sheet.  This induced the interface peeling of the sheet.  

Local interface peeling began at midspan as the steel block slid with respect to the RC beam 

out of the plane of the unidirectional fibers.  As the relative displacement between the steel 

block and the RC beam increased, the length of the FRP sheet that had peeled also increased 

until the entire sheet peeled off.  It was observed during testing that the angle at which the 

FRP sheet peeled remained constant throughout each test.  This debonding mechanism is 

very similar to that which occurs when masonry infill panels, that are strengthened with FRP 

overlapped onto the supporting members, fail due to debonding of the FRP sheets in the 

overlap region as a result of the relative displacement along the mortar interface caused by 

shear sliding of the masonry panel out of the supporting frame.   

2.4.5.3 FRP Rupture (Tensile) 

FRP rupture is a usually a desired failure mode, because it indicates that the full tensile 

strength of the reinforcement is utilized.  FRP rupture is usually only achieved when the FRP 

is sufficiently bonded and adequately anchored to the wall or supporting elements.   

 

Galati et al. (2006) and Tumialan et al. (2003a) both observed walls that failed at midspan by 

FRP rupture after the development of flexural cracks primarily located at the mortar joints.  

Similarly, Bajpai and Duthinh (2003) found that beams that were fully grouted to increase 

their shear resistance all failed in flexure by sudden rupture of the FRP tensile reinforcement.  

Likewise, Albert et al. (2001) observed FRP rupture along one or two of the horizontal joints 

in the constant moment region. 

2.4.5.4 Masonry Crushing 

Masonry crushing is a desirable mode of failure in which the masonry crushes in the 

compression zone.  The mode is desirable in the sense that the masonry develops its full 
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compressive strength and therefore the strength is not limited by premature failure such as 

debonding or shear sliding. 

 

Galati et al. (2006) and Tumialan et al. (2003a) both observed walls that failed by masonry 

crushing after the development of flexural cracks primarily located at the mortar joints.  

Likewise, Tan & Patoary (2004) found that specimens with proper anchorage tested under a 

patch loading condition failed by crushing of brick in compression. 

 

Similarly, Tumialan et al. (2003b) found in the field testing of a full-scale double wythe 

unstrengthened wall that the failure was caused by the fracture of tile units placed on the 

upper- or bottom-most course due to arching action.  The fracture of these tiles was found to 

be caused by angular distortion due to out-of-plane rotation, and mainly by a force generated 

by a shear-compression combination effect in the supported area.  Flexural cracking occurred 

at the supports followed by cracking at midheight, and, as a result, a three-hinged arch was 

formed.  When the deflection increased due to out-of-plane bending, the wall was restrained 

against the supports, in this case, the upper and lower RC beams.  This action induced an in-

plane compressive force which, accompanied by the shear force, created a resultant force that 

caused fracture of the tile.   

2.4.5.5 Masonry Collapse 

Masonry collapse can be closely related to the flexural mode of failure.  For instance, as 

flexural cracks widen and out-of-plane deformations become large, the masonry wall can 

collapse in part or in its entirety.  This is treated as a separate mode of failure, because it need 

not be characterized by global flexural failure. 

 

Willis et al. (2009) observed out-of-plane deformations that were concentrated in a sub-

segment of the wall which caused one-way bending action in the region resulting in failure 

by masonry collapse.  It was proposed that for design, the maximum allowable out-of-plane 

displacement be taken as the wall thickness to prevent collapse of parts of the wall. 
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2.4.5.6 Flexural – Shear 

The flexural-shear mode of failure (sometimes referred to as punching shear) is characterized 

by the formation of flexural cracks followed by diagonal shear cracks which eventually result 

in failure.  In the case of FRP strengthened specimens, this type of failure can induce 

debonding of the FRP from the masonry substrate. 

 

Albert et al. (2001), Tan & Patoary (2004), Bajpai & Duthinh (2003), Kuzik et al. (2003), 

and Hamoush et al. (2001) all observed a flexure-shear mode of failure.  Albert et al. (2001) 

found it to be the most common mode of failure and described it as follows.  The reinforced 

specimens experienced enough deflection to induce a flexural crack on the edge blocks.  

Once this flexural crack had progressed [enough] horizontally a diagonal shear crack would 

begin to propagate toward the compression face of the specimen.  A shear lag phenomenon 

resulted in the diagonal surface cracks.  The shear cracks developed at the edge of the 

locations where debonding and hence loss of masonry stress had taken place.  This was 

followed by the appearance of horizontal cracks in the middle of the blocks.  Finally the 

diagonal cracks propagated through the blocks and appeared as flexure-shear cracks that 

constituted a limiting state. 

2.4.5.7 Sliding Shear 

Sliding shear is a premature and undesired failure mechanism characterized by the sliding of 

the masonry along a mortar joint.  It involves the debonding of the mortar from the adjacent 

masonry block (or brick) or the supporting element.  Most researchers to date have used 

boundary conditions that made sliding shear unlikely to occur, though several have observed 

the failure as follows. 

 

Tumialan et al. (2003a) observed a sliding shear failure in which cracking started with the 

development of fine vertical cracks at the maximum bending region followed by shear-

sliding, which occurred along a bed joint causing the sliding of the wall at that location, 

typically, at the first mortar joint in walls heavily strengthened.  Likewise, Albert et al. 
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(2001) observed both mortar separation and mortar slip involving the debonding of the 

mortar from the adjacent masonry block.  It was concluded that this mode of failure occurred 

because the fiber reinforcement did not have sufficient bonded area to restrain the shear 

forces.  It was determined to be an undesirable mode of failure and for future tests carbon 

fiber patches were placed over the lower and upper reaction joints to provide enough shear 

resistance. 

2.4.6 Analytical Models 

Researchers have used several approaches to develop analytical models for the behavior of 

masonry walls strengthened with FRP.  The following discussion summarizes these 

approaches giving an indication of the advantages and limitations of each. 

2.4.6.1 Ultimate Strength 

The ultimate strength approach is the one used most frequently in published literature (Galati 

et al., 2006; Tumialan et al., 2003a; Hamoush et al., 2001; Triantafillou, 1998; Hamilton III 

& Dolan, 2001; Bajpai & Duthinh, 2003; Velazquez-Dimas & Ehsani, 2000).  It involves the 

determination of the theoretical flexural (and/or shear) capacity.  It is based on strain 

compatibility and internal force equilibrium.  The method is convenient in that it is simple 

and very similar to the familiar RC ultimate strength analysis procedures.  The method 

usually involves the following assumptions: (1) linear strain distribution through the depth of 

the wall; (2) small deformations; (3) no tensile strength in the masonry blocks; and (4) no 

interfacial slip between the fiber reinforced composites and the masonry wall (Hamoush et al., 

2001).  The stress-strain relationship for most FRP materials is assumed linear-elastic up to 

failure and for the masonry, several stress-strain relationships have been used, including 

parabolic (Galati et al., 2006; Tumialan et al. 2003), and an equivalent rectangular stress 

block (Hamoush et al., 2001; Triantafillou, 1998; Bajpai & Duthinh, 2003).   

 

Some researchers have also developed models to consider the shear capacity of the masonry 

in order to predict shear failure (Galati et al. 2006; Tan & Patoary, 2004; Tumialan, 2003a). 
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Others included the effects of axial compression into the flexural analysis (Triantafillou, 

1998).   Interestingly, Triantafillou concluded from the analysis that for low to moderate 

axial load levels, the bending capacity increases with the normalized FRP area fraction, but 

that for high axial load ratios the bending capacity decreases as the FRP area fraction 

increases. 

 

Hamilton III & Dolan (2001) considered two separate cases: the underreinforced condition 

and the overrienforced condition.  The balanced condition requires that the extreme fiber 

strain for both the masonry and the FRP reach their respective strain capacities at the same 

applied moment.  When the design coverage ratio is less than the balanced coverage ratio, the 

wall is underreinforced and will likely fail by fracture of fiber and matrix materials.  The 

equation for predicting the flexural capacity can then be found using equilibrium.   When the 

design coverage ratio is greater than the balanced coverage ratio, the wall is overreinforced 

and the masonry reaches compressive strain capacity prior to tensile fracture of the FRP.  The 

moment capacity relies almost entirely on the masonry compressive strength, which can be 

inconvenient to determine accurately on existing structures. 

 

Velazquez-Dimas & Ehsani (2000) concluded that the ultimate strength approach 

overestimated the measured experimental values especially for the ultimate load and the 

maximum deflection.  The overestimation was attributed to two factors.  First was the 

assumption that full composite action is achieved between the composite strips and the 

masonry.  This assumption is no longer valid when delamination begins.  Second was the 

softening of the brickwork as a result of cyclic loading.  Based on these findings the ultimate 

strength approach was not recommended for estimating the flexural capacity of URM walls 

retrofitted with composite materials. 

 

Although the ultimate strength approach has many advantages, most models that have been 

developed using this approach are limited in scope to one-way bending and do account for 

premature failures, such as debonding and shear sliding.  The ultimate flexural and shear 
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strengths should be calculated, but in cases where the boundary conditions, aspect ratio, and 

strengthening system make other failure modes likely, these modes need to be addressed as 

well.   

2.4.6.2 Linear Elastic 

A linear elastic approach has been developed by several researchers in which a linear elastic 

stress-strain relationship is assumed for both the FRP and the masonry.  Velazquez-Dimas & 

Ehsani (2000) justifies this approach using the fact that none of the test specimens in their 

experimental program failed by compression crushing of the brick.  The theoretical load 

corresponding to the three stages of loading for each specimen (i.e. the first visible bed-joint 

crack, the first delamination, and the ultimate condition) was calculated assuming linear 

elastic behavior.  The strains in the FRP composite used to calculate the theoretical load for 

each stage were 0.004, 0.0055, and 0.01 respectively.  Using these tensile strains in the 

composite strips, the compressive strains and stresses in the brick were calculated by a trial-

and-error procedure such that equilibrium of forces would be satisfied.  When the analytical 

results were compared with the experimental it was concluded that the linear elastic approach 

gave a better prediction of the flexural capacity of URM walls retrofitted with composite 

materials. 

 

Alternatively, Albert et al. (2001) idealized the two phases of the load deflection response as 

bilinear and analyzed them separately.  For the first phase, it was assumed that the masonry is 

ineffective in tension and that only the face shell can carry compression.  Like Velazquez-

Dimas & Ehsani (2000), a triangular stress block was used for compressive stresses, so that 

compressive strains were assumed to remain within the elastic range.  The tensile component 

of epoxy was also neglected.  The test results were used to obtain a transition strain.  Using 

this strain and through a series of iterations in which compatibility and equilibrium were 

established, the predicted transition load was calculated.  The displacement at the transition 

point was then calculated using a calculated approximate moment of inertia.  However, 
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unlike Velazquez-Dimas & Ehsani (2000), Albert et al. (2001) used a different stress-strain 

relationship for masonry to determine the ultimate load. 

2.4.6.3 Limit States 

A limit states approach considers several different potential modes of failure separately and 

determines the mode of failure as that which gives the lowest ultimate capacity.  The 

advantage of this approach is that it (if conducted properly) considers all potential modes of 

failure, rather than assuming a controlling mode.  It can however, be significantly more time 

consuming and its accuracy is still only as good as that of the analytical model for each limit 

state.  Albert et al. (2001) determined the second phase behavior using a limit states approach 

in which the lowest calculated value from three different modes of failure (sliding shear, 

flexure-shear, and flexure) was determined.  The sliding shear failure was dismissed as it was 

seen as easily preventable with proper construction details.  The Canadian Standards 

Association, CSA S304.1-94, was used for the prediction of the flexure-shear mode of failure.  

Two ultimate load values were calculated for the flexural mode of failure in a manner similar 

to that described previously, one based on the rupture of the FRP and the other based on 

crushing of the masonry.  This approach then gave both an ultimate capacity and a 

controlling mode of failure. 

 

Tan & Patoary (2004) identified four failure modes requiring separate analysis: punching 

shear, masonry crushing, FRP rupture, and FRP debonding.  The British Standards Institute 

BS 8110 (1997) code equation for a steel-reinforced concrete slab was modified for use with 

FRP strengthened masonry walls to obtain the punching shear capacity.  The masonry 

crushing and FRP rupture failure modes were dealt with in a manner similar to that described 

previously with a linear elastic stress-strain relationship used for FRP and an equivalent 

rectangular compressive stress block used for the masonry.  The FRP debonding failure 

analysis was based on the work of Bisby and Green (2000) who developed an analytical 

model to predict the strains and stresses developed in a FRP concrete joint in a flexural 

strengthening application.  The ultimate load-carrying capacity was then determined by 
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considering a simply supported wall with the minimum moment capacity from the four limit 

states in both the vertical and horizontal directions.   

2.4.6.4 Yield Line Theory 

Yield line theory is an analytical approach based on the principle of virtual work, idealized 

crack (or yield) lines and rigid body behavior.  Yield line theory is especially useful in cases 

were two-way action develops and simple ultimate flexural strength equations do not apply.  

One disadvantage to this approach is that for FRP-reinforced walls, the determination of the 

bending moment per unit length of the crack line is not straightforward.  Korany & Drysdale 

(2007) used this approach to predict the post-cracking response of wall panels undergoing 

two-way bending.  Experimental results showed that the crack patterns of the FRP-reinforced 

walls were quite similar to those of the corresponding unreinforced walls and therefore the 

idealized crack patterns of the FRP-reinforced walls were represented by the crack patterns 

of the counterpart unreinforced walls.  The post-cracking response was analyzed using rigid 

body principles in which the displacement is governed by rotation rather than curvature as in 

the case of bending theory.  The failure criteria were defined by a limiting rotation 

corresponding to masonry compression failure found through the experimental investigation.  

Comparisons between experimental and analytical results showed good agreement for the 

ultimate load, overestimation of the ultimate displacement, and good agreement of the energy 

absorption and deformability.  Similarly, Gilstrap & Dolan (1998) used yield line theory to 

predict failure moments, though no details of this analysis were provided. 

2.4.6.5 Rigid Body Arch 

Arching action can provide a significant contribution to the out-of-plane resistance of URM 

walls.  Most experimental studies in this area have precluded arching action by using simply 

supported boundary conditions in testing, however many infill structures develop significant 

arching action.  The rigid body arch analytical model developed by Tumialan et al. (2003b) 

takes into account the clamping forces in the supports, originated by arching action, which 

lead to increasing the out-of-plane resistance of URM walls.  It was assumed in the 
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formulation that both materials behave linearly elastic up to failure.  It was also assumed that 

the wall was only cracked at midheight, and that the two resulting segments can rotate as 

rigid bodies about the supports.  The results of the analysis indicated good agreement 

between the analytical and experimental values, however this is based on a limited program 

of one strengthened wall and one unstrengthened wall.  Arching action is usually excluded 

from the design methodology both for its complexity and for the conservatism of doing so.  

Including the effects of arching action however, could prove vital to understanding the actual 

increase in out-of-plane resistance provided by an FRP strengthening application.   

2.5 Research Significance 

A review of published literature on the out-of-plane behavior of masonry strengthened with 

FRP composites has identified several areas in which additional research would be beneficial.  

The following section discusses the contributions of this research in light of the existing 

literature.   

2.5.1 Boundary Conditions 

The boundary conditions used in the vast majority of research in this area are simple supports 

along two sides with the other two sides free.  As discussed previously, (see Section  2.4.4.9) 

these boundary conditions simplify the behavior to one-way action and allow for the effects 

of the FRP to be more readily identified.  These boundary conditions are appropriate for 

some types of masonry walls, however they do not address the two-way action that occurs in 

many existing infill walls.  Even in the case where simple supports have been used on all four 

sides, the supports used are not the same as those of masonry infills.  Most existing infill 

walls are supported through a mortar interface with the supporting elements, which are 

usually RC beams and columns.  The research presented in this thesis examines realistic 

boundary conditions for full-scale masonry infills.  All wall test specimens are supported on 

all four sides by a RC frame that is connected to the masonry through mortar joints.  This 

influences the behavior in several ways including allowing the potential for arching action to 

develop and the potential for the shear sliding mode of failure. 
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2.5.2 Shear Sliding Failure Mode 

The shear sliding (or sliding shear) mode of failure is associated with the relative slip 

between the masonry wall and the supporting elements along the mortar interface.  This 

premature mode of failure can be observed in infill masonry walls, especially those 

strengthened with FRP that are not anchored to the supporting elements or restrained along 

the edges.  Although this mode has been observed by several researchers, very little attention 

is given because it is thought to be easily precluded through detailing.  The research 

presented in this thesis suggests however that this is an important failure mode for FRP 

strengthened infill walls and evaluates one method of delaying (or preventing) this mode. 

2.5.3 Multiple Wythe Systems 

Most research to date has focused on single wythe masonry systems.  Many existing walls 

however consist of multiple wythes.  Even among the research that includes multiple wythes, 

there is very little comparison given between the behavior of the single and multiple wythe 

systems.  The research presented in this thesis examines both single and double wythe 

masonry walls and compares the behavior of the two systems.   

2.5.4 Concrete Brick Masonry 

No research has been published to date on the behavior of concrete brick walls strengthened 

with FRP and subjected to out-of-plane loading.  The research presented in this thesis 

examines such walls.   
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3 EXPERIMENTAL PROGRAM 

3.1 Test Specimens 

The experimental program comprises fourteen full-scale specimens, including four un-

strengthened (control) specimens and ten strengthened specimens.  All specimens consisted 

of a reinforced concrete frame (which simulates the supporting RC elements of a building 

superstructure) that was in-filled with solid concrete brick masonry.  The strengthened 

specimens were then reinforced with externally bonded GFRP sheets.  The characteristics of 

the fourteen walls considered in the experimental program are given in Table  3-1 below.  In 

this table, column (1) gives the anchorage system.  Strengthened specimens are divided into 

the three anchorage types, which are GFRP sheets overlapped onto the RC frame, GFRP 

sheets with no overlap onto the RC frame, and those shear restrained using steel angles as 

described in Section  3.4.  Column (5) identifies whether mortar fill was present in the collar 

joint between the two wythes for double wythe specimens.  Column (6) indicates the 

percentage of the surface area of the exterior face of the outer wythe that was covered with 

unidirectional GFRP in the vertical (V) and horizontal (H) directions respectively.  For 

specimens that were strengthened with less than 100% FRP coverage, the discrete (one foot 

wide) GFRP sheets were evenly spaced at a distance of one foot (or less) on center.  It should 

be noted that for larger spacing, it may be possible for localized collapse of the masonry 

away from the FRP strengthening system.   Further research, beyond the scope of this thesis, 

is needed to determine the maximum spacing allowable to prevent localized failure.  It 

should also be noted that the GFRP sheets in this experimental program were only applied to 

the exterior face of the outer wythe to resist the suction caused by a tornado induced 

differential pressure.  When strengthening to resist wind loads occurring in either direction, it 

is recommended that both the interior face of the inner wythe and the exterior face of the 

outer wythe be strengthened.   
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Table  3-1: Test matrix of the experimental program 

(1) 

Anchorage 

System 

(2) 

Specimen ID 

(3) 

Aspect Ratio 

(Width : Height) 

(Dimensions) 

(W x H) 

(4) 

Number 

of 

Wythes 

(5) 

Collar 

Joint 

(6) 

GFRP % 

Coverage 

(V/H) 

C1 – 1.0 1.0 (96”x96”) Double Solid None 

C1 – 1.2 1.2 (115”x96”) Single N/A None 

C2 – 1.2 1.2 (115”x96”) Double Solid None 
N/A 

C3 – 1.2 1.2 (115”x96”) Double No Fill None 

S1 – 1.2-O 1.2 (115”x96”) Double Solid 50/50 

S2 – 1.2-O 1.2 (115”x96”) Single N/A 50/50 
Overlapped 

Onto RC Frame 
S1 – 1.4-O 1.4 (132”x96”) Double Solid 50/50 

S3 – 1.2-NO 1.2 (115”x96”) Single N/A 50/50 No Overlap 

Onto RC Frame S4 – 1.2-NO 1.2 (115”x96”) Double Solid 50/50 

S5 – 1.2-SR 1.2 (115”x96”) Double No Fill 50/50 

S6 – 1.2-SR 1.2 (115”x96”) Double No Fill 75/50 

S7 – 1.2-SR 1.2 (115”x96”) Double No Fill 100/100 

S1 – 1.6-SR 1.6 (154”x96”) Double No Fill 50/50 

Shear 

Restrained 

S2 – 1.6-SR 1.6 (154”x96”) Double No Fill 100/100 
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3.2 Fabrication and Material Properties of Test Specimens 

This section describes the fabrication of test specimens.  Material properties of the various 

components are given based on either ancillary tests conducted at the Constructed Facilities 

Laboratory (CFL) at North Carolina State University or design values provided by the FRP 

manufacturer, Fyfe Co., LLC.    

3.2.1 Fabrication and Material Properties of Reinforced Concrete Frames 

Reinforced concrete frames were used to simulate a reinforced concrete moment frame 

structure.  Supporting points were located to simulate the rigidity of a typical structural 

system.  The concrete frames were fabricated using metal forms.  Reinforcing steel cages 

were assembled by local contractor, Tri-City Contractors, Inc. at their machine shop located 

in Raleigh, NC.  Deformed ASTM A 615 Grade 60 reinforcing steel bars were used in all test 

frames, which were provided by a local steel supplier.  

 

The concrete frames were cast at the machine shop of Tri-City Contractors, Inc. located in 

Raleigh, NC. The frames were cast using high strength normal-weight concrete which was 

provided by a local ready-mix concrete company. A field technician from S.T. Wooten 

Corporation performed the field tests on the fresh concrete and made concrete cylinders.  The 

concrete cylinders were later tested at the CFL in accordance with ASTM C 39 after they 

were field cured by placing the cylinders close to the test specimens, in order for them to be 

subjected to the same environmental conditions.  The measured concrete compressive 

strengths are given in Table  3-2.  
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Table  3-2: Measured compressive strength of concrete cylinders 

Size 

in. 

Area 

in2 

Load 

lbs 

Compressive 

Strength 

psi 

Date 
Age 

days 
Curing 

Cylinders Corresponding to Specimens C1-1.0, S1-1.2-O, and S1-1.4-O 

4 x 8 12.57 126442 10060 4/18/08 45 Field 

4 x 8 12.57 122286 9730 4/18/08 45 Field 

4 x 8 12.57 124831 9930 4/18/08 45 Field 

4 x 8 12.57 119685 9520 4/18/08 45 Field 

4 x 8 12.57 119034 9470 4/18/08 45 Field 

4 x 8 12.57 120335 9570 4/18/08 45 Field 

Average Strength 9710    

Cylinders Corresponding to Specimens C2-1.2, S3-1.2-NO, and S4-1.2-NO 

4 x 8 12.57 73937 5884 8/11/08 74 Field 

4 x 8 12.57 71138 5661 8/11/08 74 Field 

Cylinder Corresponding to Specimens C1-1.2, C3-1.2, and S2-1.2-O 

4 x 8 12.57 109053 8678 8/11/08 71 Field 

Cylinders Corresponding to S6-1.2-SR, S7-1.2-SR, and S2-1.6-SR 

4 x 8 12.57 67462 5368 12/19/08 113 Field 

4 x 8 12.57 66472 5290 12/19/08 113 Field 

4 x 8 12.57 69498 5530 12/19/08 113 Field 

4 x 8 12.57 57000 4536 12/19/08 113 Field 

4 x 8 12.57 58499 4655 12/19/08 113 Field 

Average Strength 5076    

Cylinders Corresponding to S5-1.2-SR and S1-1.6-SR 

4 x 8 12.57 100797 8021 12/19/08 110 Field 

4 x 8 12.57 109393 8705 12/19/08 110 Field 

Average Strength 8363    
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In addition to the compression tests, split tensile tests were performed on three concrete 

cylinders in accordance with ASTM C 496.  The tests were performed at the CFL on 

September 15, 2008.  The results are summarized in Table  3-3.   

 

Table  3-3: Measured split tensile strength of concrete cylinders 

Size 

in. 

Load 

lbs 

Splitting Tensile Strength 

psi 

Age 

days 
Curing 

Cylinder Corresponding to Specimens C2-1.2, S3-1.2-NO, and S4-1.2-NO 

4 x 8  32063 624 109 Field 

Cylinders Corresponding to Specimens C1-1.2, C3-1.2, and S2-1.2-O 

4 x 8 40601 796 106 Field 

4 x 8 38877 758 106 Field 

Average Strength 777   

 

3.2.2 Fabrication of Infill Masonry Walls 

The RC frames were allowed to cure and were then transported to the CFL.  They were 

secured on-site by CFL personnel in the upright position in preparation for construction of 

the brick walls.  The frames were then in-filled with masonry by local mason, Aztec Masonry 

Corporation to ensure that the wall test specimens were constructed in a manner consistent 

with typical existing structures.  Specifications for the masonry materials are given in Table 

 3-4. 
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Table  3-4: Specifications for Masonry Materials 

Item Description ASTM 

Concrete 

Brick 

Solid lightweight concrete brick having nominal unit 

dimensions of 3 5/8”W x 7 5/8”L x 2 ¼”H. 

C55-06 

Masonry 

Cement 

Type ‘S’ masonry cement, 75- to 78-lb. bags.  C91-95c 

Sand Natural fine aggregate for masonry mortar.  C144-04 

Mortar Type ‘S’ mortar, prepared on a proportional basis, 

consisting of Type ‘S’ masonry cement meeting ASTM 

C91-95c, sand meeting ASTM C144-04, and water. 

C270-07 

Water Potable, clean and free of amounts of oils, acids, 

alkalis, salts, organic materials, or other substances 

that are deleterious to mortar or reinforcing. 

N/A 

Reinforcing Masonry wire reinforcing, “Wire-Bond”, number 8 size 

(for 8-inch walls) having 3/16” diameter longitudinal 

wires and 9-gage transverse wires, manufactured in 

accordance with ASTM A82-07.  Transverse wires to 

be ladder type at 16” center-to-center.  Reinforcing to 

be hot-dipped galvanized after fabrication per ASTM 

A153-05, Class B2 (1.5 oz. per sq. ft.). 

A82-07 

A153-05 

 

3.2.3 Masonry Prism Testing 

Masonry prisms were constructed  and later tested to determine the experimental value of the 

masonry compressive strength, f ’m. One double-wythe masonry prism having a solid filled 

collar joint and with nominal dimensions 8” by 24” by 24” was constructed and was field 

cured by placing the prism close to the test specimens in order for them to be subjected to the 

same environmental conditions.  This prism (CDSF #1) was tested on June 3, 2008.  Two 
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additional prisms, one double wythe with no fill in the collar joint (CDNF #2) and one single 

wythe (CS #3), measuring approximately 8” by 16” by 21” and 4” by 16” by 21” respectively, 

were constructed and later tested on October 20, 2008.  All prism testing was performed in 

accordance with ASTM C1314-07 except where noted.  Results of the prism testing are 

summarized in Table  3-5.  The prism test setup is shown in Figure  3-1. 

 

 
Figure  3-1: Masonry Prism Test Setup 

 

 

 

 

 

 

 

 

Gypsum Cement Caps 
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Table  3-5: Masonry Prism Test Results 

Specimen ID 
Net Area 

(in2) 

Max Load  

(lbs.) 

hp/tp 

CF* 

Corrected Net 

Strength (psi) 

CDSF #1 (84 days) 187 411977 1.08 2390 

CDNF #2 (132 days) 117 149243 1.06 1360 

CS #3 (132 days) 59 94756 1.22† 1980 

* Height to thickness correction factor from Table 1 of ASTM C 1314 - 07 

† The height to thickness ratio of this specimen, 5.63, exceeds the specified upper limit, 5. 

3.2.4 Concrete Brick Tests 

Individual concrete bricks were tested at the CFL in accordance with ASTM C 140.  

Concrete bricks from the same lot as those used in the construction of wall test specimens 

were tested on March 5, 2008, for both compressive strength and oven-dry density as 

summarized in Table  3-6 and Table  3-7, respectively.  Note that, for capped specimens, 

gypsum cement capping was completed in accordance with ASTM C 1552. 
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Table  3-6: Measured compressive strength of concrete bricks  

ID 
Area 

In 2 

Load 

lbs 

Compressive Strength 

psi 

Specimens with Gypsum Cement Capping 

1  28.3 81013 2860 

2 28.3 81494 2880 

3 28.1 53757 1920 

Average Strength 2550 

Specimens without Capping 

4 28.4 101144 3570 

5 28.0 80052 2860 

6 28.0 88958 3170 

Average Strength 3200 

 

Table  3-7: Measured oven-dry density of concrete bricks  

ID 
Volume 

In 3 

Oven-Dry Weight 

lbs 

Oven-Dry Density 

pcf 

7 65.3 4.48 119 

8 64.4 4.36 117 

9 65.8 4.52 119 

Average Oven-Dry Density 118 

 

3.2.5 Mortar Cube Tests 

The mortar used during the construction of the wall test specimens was sampled daily. This 

was done as a quality assurance measure.   Two inch mortar cubes were cast and later tested 

for compressive strength in accordance with ASTM C 109 as summarized below in Table  3-8 

and Table  3-9. 
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Table  3-8: Measured compressive strength of mortar cubes 

Age 

days 

Compressive Load 

lbs 

Compressive Strength 

psi 

Mortar used in lower half of C1-1.0 

7 7323 1831 

7 6842 1711 

Mortar used for upper half of C1-1.0, S1-1.2-O, and lower two-thirds of S1-1.4-O 

2 3732 933 

2 3675 919 

Mortar used for upper two-thirds of S1-1.4-O 

7 9641 2410 

7 6474 1619 

Mortar used for all but top two courses of outer wythe of C2-1.2 

13 9019 2255 

13 8114 2029 

62 9896 2474 

Mortar used for C3-1.2 and top two courses of outer wythe of C2-1.2 

12 7209 1802 

12 7379 1845 

61 13515 3379 
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Table  3-9: Measured compressive strength of mortar cubes (continued) 

Age 

days 

Compressive Load 

lbs 

Compressive Strength 

psi 

Mortar used for C1-1.2, S2-1.2-O, S3-1.2-NO, and S4-1.2-NO 

11 10970 2743 

11 9415 2354 

60 13147 3287 

Mortar used for S5-1.2-SR 

95 11649 2912 

95 13515 3379 

95 11705 2926 

Mortar used for S7-1.2-SR and bottom twelve courses of S1-1.6-SR 

93 10093 2523 

93 10122 2531 

93 10122 2531 

Mortar used for remainder of S1-1.6-SR and bottom sixteen course of S2-1.6-SR 

92 3732 933 

92 3958 990 

92 4212 1053 

Mortar used for remainder of S2-1.6-SR 

87 3590 898 

87 3336 834 

87 3279 820 
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3.3 Strengthening of Test Specimens 

The Tyfo® SEH-51A GFRP strengthening system was installed by the strengthening team of 

Fibrwrap Construction, Inc. at the CFL.  The system was applied using a wet lay-up 

procedure following the installation instructions provided by the manufacturer.  Prior to the 

application of the GFRP strengthening system, the surface of the masonry infill was prepared 

using a wire brush and a layer of thickened epoxy was applied in accordance with the 

manufacturer’s recommendations.  As discussed previously, the strengthening system was 

only applied to the exterior face of the outer wythe of the masonry infill to resist suction.  

The typical material properties of the GFRP strengthening system as provided by Fyfe Co. 

LLC are summarized in Table  3-10.   

   

Table  3-10: Composite Gross Laminate Properties (Provided by Fyfe Co. LLC) 

Property 
ASTM 

Method 

Typical Test 

Value 
Design Value 

Ultimate tensile strength in 

primary fiber direction, psi 
D-3039 83,400 psi 66,720 psi 

Elongation at break D-3039 2.2% 1.76% 

Tensile Modulus D-3039 3.79 x 106 psi 3.03 x 106 psi 

Ultimate tensile strength 90 

degrees to primary fiber, psi 
D-3039 3,750 psi 3,000 psi 

Laminate Thickness N/A 0.05 in 0.05 in 

 

3.4 GFRP Anchorage Systems 

Three types of anchorage systems were used, the first in which the GFRP sheets were 

overlapped onto the reinforced concrete frame, the second in which the GFRP sheets were 

terminated at the outer edge of the masonry with no overlap onto the reinforced concrete 



 42 

frame, and the third in which a steel shear restraint anchorage system was applied to three 

sides as shown in Figure  3-2.  After the first round of testing in which the strengthening was 

overlapped onto the RC frame, it was determined that this overlap would not be practical for 

many existing structures that do not have the masonry infill flush with supporting boundary 

elements.  The specimens of the second round of tests were thus redesigned without overlap 

onto the RC frame.  When it was found that these specimens failed prematurely due to 

sliding shear along the edges (see Section  3.7), a steel shear restraint anchorage system was 

designed to delay (or prevent) this failure mode.  The final five specimens were tested with 

and then without the steel shear restraint anchorage system.  The system was designed to 

prevent the shear sliding failure mode and to limit displacement to 1/16” at any location 

along the restraints up to an applied pressure of 3.6 psi.  The system consisted of L5x5x1/2 

steel angles located along the interface between the wall and the RC frame at the top edge 

and the two vertical sides.  The angles were attached with Tyfo S epoxy (the same epoxy 

used in the strengthening process) to the masonry, but with no intentional epoxy between the 

angles and the RC frame.  The epoxy served two purposes.  The first was to provide intimate 

contact between the wall and the steel angles to facilitate the load transfer mechanism.  The 

second was to temporarily hold the angles in place prior to clamping the angles with the 

shear restraint assemblies shown in Figure  3-3, which were located at the intervals shown in 

Figure  3-4.  The steel assemblies were attached to the frame using ¾” Hilti HAS anchor rods. 

 

It should be noted that although the shear restraint system used during testing is quite bulky, 

after refinement of the design, an effective and economical design could be reached.  This 

system was used primarily for its compatibility with the existing test setup and its ability to 

be re-used for multiple tests.  
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(a) Overlapped onto RC Frame (b) No Overlap onto RC Frame 

 

(c) Shear Restraint Anchorage System 

Figure  3-2: GFRP Anchorage Types 
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(a) Side view 

 

 
 

(b) Elevation view 

Figure  3-3: Steel shear restraint assemblies 

Masonry 

RC Frame 

1”φ x 4” long 

slotted hole  

7/8” hole 

for ¾” bolt 

A500 Gr.B TS 6x4x3/8 

A 36 L5x5x1/2 

A36 PL 4x4x½  

Masonry 

RC Frame 

1”φ x 4” long slotted 

hole through TS T/B 

7/8”φ hole 

through TS T/B 

A500 Gr.B TS 6x4x3/8 

A500 Gr.B TS 2x2x¼ 

7/8”φ hole 

for Hilti 

¾” HVA 

Adhesive 

Anchors 

TYP 

Tyfo S Epoxy 

A36 L5x5x½   

Jacking Bolt ¾” HAS Anchor Rod 
A36 PL 4x4x½   
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(a) 1.2 Aspect ratio specimens 

 

(b) 1.6 Aspect ratio specimens 

 

Figure  3-4: Steel shear restraint locations 
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3.5 Test Setup 

The test specimens were loaded out-of-plane with a uniformly distributed pressure to 

simulate the differential pressure induced by a tornado. An airbag was used to apply static 

pressure in increasing cycles up to failure as described in Section  3.8. The airbag was placed 

between the brick walls and the laboratory reaction wall.  The laboratory reaction wall is a 

strong wall fixed to the laboratory strong floor, both of which are extremely rigid compared 

to the test specimens. The concrete frames were secured to the reaction wall using high 

strength steel bars spaced 3 ft on center.  This system was used to simulate the rigidity of 

existing RC structures.  The test specimens were supported by an 18 inch deep steel wide 

flange beam to achieve alignment with the holes in the laboratory reaction wall.  Figure  3-5 

and Figure  3-6 show the details and a photograph of the test setup, respectively. 

 

 
Figure  3-5: Details of test setup 
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Figure  3-6: Test setup  

3.6 Instrumentation 

In the testing of the wall panels, an airbag was used to apply uniform pressure to the masonry. 

The applied pressure was measured using a pressure transducer connected to the airbag 

outflow.  In addition to the pressure transducer, a manometer was used to verify the static 

pressure in the bag as shown in Figure  3-7.  The remainder of the instrumentation varied 

from specimen to specimen based on the dimensions and strengthening scheme.  In addition, 

the instrumentation scheme was revised as the experimental program progressed based on the 

lessons learned during testing and the desire for additional information.   

 

String potentiometers were used to measure the deflection at various locations on the test 

specimens.  These locations were selected to provide the out-of-plane displacement profile of 

the wall along a vertical line at mid-span, to determine the degree of symmetry in the 
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displacement behavior, and to determine the slip between the masonry and the RC frame.  An 

example of the layout of string potentiometers is shown in Figure  3-8.  Note that the layout 

shown is typical of the specimens using the shear restraint system.   

 

Electrical resistance strain gages with an electrical resistance of 350 ohms and gage length of 

0.25 in. were attached to the outer surface of the GFRP sheets in the direction of the fiber 

orientation to measure the strain during loading.  Knowing the strain in the GFRP sheets aids 

in understanding the extent to which the GFRP is being utilized in resisting the load.  An 

example of the layout of strain gages is shown in Figure  3-9.   

 

Load cells were attached with the reaction rods as shown in Figure  3-10 to determine the load 

in the reaction rods.  Knowing the load in the reaction rods gives an indication of how the 

load is distributed throughout the frame.  The sum total of the measured load can then be 

compared to the applied load (pressure x the area of the masonry infill) and the effect of 

friction between the RC frame and the supporting steel beam below can be quantified.  An 

example of the layout of load cells is shown in Figure  3-11.  It should be noted that load cells 

were introduced to the test setup as a revision to the testing program after the first round of 

testing and, therefore, specimens C1-1.0, S1-1.2-O, and S1-1.4-O were not instrumented with 

load cells.   

 

Linear potentiometers were used to determine the relative displacement between the two 

wythes for double wythe specimens having no fill in the collar joint.  Knowing this 

displacement gives an indication of the extent to which the two wythes deflect together or 

independently.  The layout of linear potentiometers is shown in Figure  3-12.  Note that this 

layout is typical for all double wythe specimens without fill in the collar joint.   

 

A Vishay System 5000 data acquisition system was used to electronically record the data 

with a frequency of one reading per second during loading and one reading every ten seconds 

during constant pressure and unloading phases. 
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Figure  3-7: Pressure transducer and manometer 

 
Figure  3-8: Layout of string potentiometers for S5-1.2-SR 

Manometer 

Pressure 
transducer 

Data acquisition 
system 



 50 

 
Figure  3-9: Layout of strain gages for S6-1.2-SR 

 

 

 

 

 

 

 

 

 

 

 

Figure  3-10: Load Cells 

 

Reaction Wall Concrete 

 Frame 

Load Cell 

4”x4”x3/4” Steel 

Plate w/ 11/16”φ 

hole (typ.) Reaction Rod 
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Figure  3-11: Layout of load cells for S3-1.2-NO 

 
Figure  3-12: Layout of linear potentiometers for S7-1.2-SR 
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3.7 Pre-test Inspection 

Pre-test inspection of the wall panels revealed shrinkage cracks in the head joints along the 

two vertical edges at the masonry / RC frame interface.  Likewise, shrinkage cracks were 

found in the bed joint along the top horizontal edge at the masonry / RC frame interface as 

shown in Figure  3-13.  In addition, failed specimens revealed that there was uneven and 

incomplete fill along the top bed joint.  Both of these deficiencies are common in masonry 

construction and thus likely give a more realistic simulation of existing facilities.  No other 

significant deficiencies in the wall panels were recorded prior to testing.  

 

 

 

 

 

 

 

 

 
Figure  3-13: Pre-test Inspection 

Shrinkage Crack 

Uneven Mortar fill 
along top bed joint 
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3.8 Loading Protocol 

Test specimens were subjected to cycles of loading and unloading. The loading protocol was 

based on ASTM E 72 (Standard Test Methods of Conducting Strength Tests of Panels for 

Building Construction) and ACI 437.1R-07 (Load Tests of Concrete Structures: Methods, 

Magnitude, Protocols, and Acceptance Criteria).  The loading increments were revised over 

the course of the experimental program.  The actual loading sequence is given for each 

specimen in the test results section of this report. 

3.9 Load Distribution and Friction Forces 

Uniform pressure was applied to the masonry via an airbag.  The load was then transferred to 

the RC frame via the mortar interface between the masonry and the RC frame.  For double-

wythe specimens, load was also transferred from the inner wythe (the wythe closest to the 

airbag) to the outer wythe via ladder-type wire reinforcing.  Although symmetry exists in 

both the geometry and the applied pressure, the self-weight of the wall creates a friction force 

along the bottom edge of the wall panel that is not present along the top edge.  This may 

cause asymmetry in the load distribution in the frame in the vertical direction.  In addition, 

shrinkage cracks in the two vertical head joints on the left and right sides of the wall as well 

as in the top bed joint and uneven mortar fill in the top bed joint introduce additional 

asymmetry in the load distribution in the frame in both directions.  Due to these factors as 

well as the inherent heterogeneity of masonry and the differences in tributary areas, the 

measured loads in the reaction rods were not equal and not symmetric.  Additionally, the 

total load measured by the reaction rods was significantly less than the total applied pressure 

multiplied by the area of the wall panel due to the friction force that exists between the 

bottom edge of the RC frame and top edge of the steel beam as shown in Figure  3-14.   It 

should be noted that although the load was not transferred evenly through the reaction rods, 

this is not an indication that there was uneven applied pressure in the masonry wall.  During 

testing, the airbag was in full contact with the surface of the masonry.  As long as this 

condition was met, the airbag was exerting uniform pressure on the masonry surface. 
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Figure  3-14: Friction Forces and Reactions 

3.10 Seating of the Test Specimens 

Prior to the start of each test the nuts on the reaction rods were carefully tightened to a snug 

tight condition.  It should be noted that the reactions of the rods were inter-dependent in 

nature and thus tightening one rod affected the tightness of adjacent rods, however these 

differences were insignificant compared to the measured loads from the applied pressure 

from the airbag. The steel bearing plates used with the rods rested directly on the concrete 

surface of the RC frame and the reaction wall.  Through loading and unloading, the applied 

pressure typically produced slight permanent deformation due to proper seating of the 

bearing plates on the rough surface of the concrete.   

Forces from Reaction Rods 

Friction between RC 

Frame and Steel beam 

Friction between Steel 

Beam and Strong Floor 
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4 EXPERIMENTAL RESULTS 

4.1 General 

This section gives the test results for each specimen.  The testing dates for the specimens are 

given in Table  4-1.  For each specimen, a general description of the specimen is given 

including an elevation view and a profile view.  The load-deflection behavior is then briefly 

described and the exact loading sequence is given along with the pressure-deflection curve.  

The out-of-plane displacement profile along a vertical line at mid-span for various pressures 

is also given.  The measured load in the reaction rods with respect to the applied pressure is 

provided and these loads are then combined to verify linearity.  It should be noted that the 

decision to attach load cells to the reaction rods was made after the first round of testing and 

therefore no load cells were attached to the reaction rods for specimens C1-1.0, S1-1.2-O, 

and S1-1.4-O.  For specimens with no fill in the collar joint between the wythes, the relative 

displacement between the two wythes is given with respect to the applied pressure.  For 

strengthened specimens, the strain in the GFRP sheets is given with respect to the applied 

pressure.  Finally, the failure mode is described and photographs of the specimen at failure 

are provided.  
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Table  4-1: Date and age of specimens (in days) at time of testing 

Specimen ID Date Age of Mortar 

C1 – 1.0 4/14/2008 33 

S1 – 1.2 - O 4/18/2008 37 

S1 – 1.4 - O 4/23/2008 42 

C2 – 1.2 7/9/2008 29 

S4 – 1.2 – NO 7/10/2008 28 

C3 – 1.2 7/15/2008 34 

C1 – 1.2 7/17/2008 35 

S3 – 1.2 – NO 7/23/2008 41 

S2 – 1.2 – O 7/30/2008 48 

S1 – 1.6 – SR 11/19/2008 64 

S2 – 1.6 – SR 11/26/2008 70 

S5 – 1.2 – SR 12/8/2008 85 

S6 – 1.2 – SR 12/15/2008 91 

S7 – 1.2 – SR 12/18/2008 93 

 

4.1.1 Elastic Limit and Ultimate Applied Pressure 

For each specimen, the elastic limit and the ultimate applied pressure were determined.  In 

this thesis, the elastic limit corresponds to the pressure which induced a major loss in 

stiffness.  The magnitude of the elastic limit was determined graphically based on the change 

in stiffness of the brick wall, as defined by the slopes of the pressure-deflection curve.  The 

ultimate applied pressure was determined experimentally as the maximum pressure sustained 

before total collapse of the brick walls.  The elastic limit and ultimate pressure are shown 

schematically in Figure  4-1 for a typical pressure-deflection relationship. 
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Figure  4-1: Determining Elastic Limit and Ultimate Pressure 

 

4.1.2 Observed Failure Modes 

There were three failure modes observed in testing:  Flexural, shear sliding, and GFRP 

debonding.  All observed failures were the result of one or more of these modes.  The 

flexural failure mode was characterized by the formation of a main horizontal or vertical 

crack (or both) as shown in Figure  4-2.  The masonry was therefore separated into sub-panels 

which were then able to rotate in a rigid body fashion about the edge(s) parallel to the main 

crack.  The shear sliding failure mode was characterized by a large relative slip between the 

masonry and the RC frame.  The wall eventually slid out of the frame in a rigid body fashion 

as shown in Figure  4-3.  The debonding mode of failure was characterized by the 

delamination of the GFRP sheets beginning at the interface between the masonry and the RC 

frame.  Debonding in this testing program was always the result of the relative slip between 

the masonry and the RC frame due to shear sliding.  This slip occurred out of the plane of the 

unidirectional fibers of the GFRP sheets, thus limiting their resistance to this form of 

debonding as shown in Figure  4-4.    
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Figure  4-2: Typical Flexural Failure 

 

 
Figure  4-3: Typical Shear Sliding Failure 

 

 
Figure  4-4: Typical Debonding Failure 
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4.2 Control Specimen C1-1.0 

The control specimen C1-1.0 consisted of a double wythe wall with a solid filled collar joint 

and had an aspect ratio of 1.0.  The dimensions are shown in Figure  4-5.  The condition of 

the specimen prior to loading is shown in Figure  4-6. 

 
 

Figure  4-5: Control Specimen C1-1.0 

 
Figure  4-6: C1-1.0 Prior to Loading 
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4.2.1 Load-Deflection Behavior 

Uniform pressure was applied in cycles up to 4 psi, after which the string potentiometers 

were removed and the pressure was increased up to failure as shown in Figure  4-7. The 

applied pressure was increased in increments of 0.2 psi up to an applied pressure of 1.2 psi 

and held constant for approximately 5 minutes at each increment. After each increment, the 

pressure was then released to 0.5 psi and held for 1 minute before proceeding to the next load 

step.  Between 1.2 psi and 4 psi, the pressure was increased in increments of 0.4 psi.  The 

measured load-deflection behavior of the control specimen C1-1.0 up to 4 psi is shown in 

Figure  4-8.  The behavior indicates that the elastic limit is 2.4 psi, the load level 

corresponding to a significant reduction in the stiffness as shown in Figure  4-8.  The 

measured out-of-plane displacement profiles for applied pressures of 1.2 psi, 2.4 psi, and 3.6 

psi are shown in Figure  4-9.  In this figure, a solid line connects the measured values and a 

dashed line gives the upper portion of the profile, assuming vertical symmetry.  The 

specimen reached a maximum load of 8.4 psi, at which point a loss of the load carrying 

capacity was observed as shown in Figure  4-7.  With increasing applied pressure, there was 

significant relative displacement between the brick wall and the concrete frame as shown in 

Figure  4-10.    
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Figure  4-7: Loading sequence for C1-1.0 
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Figure  4-8: Load-deflection behavior of C1-1.0 
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Figure  4-9: Out-of-plane displacement profiles for C1-1.0 

  
Figure  4-10: Slip between concrete frame and masonry wall for C1-1.0 



 63 

4.2.2 Failure Mode 

The control wall C1-1.0 failed in flexure.  The failure was due to the opening of a major 

horizontal crack roughly at mid-height along the mortar joint between the last course of the 

first day’s construction (Friday, March 7th) and the first course of the subsequent day’s 

construction (Monday, March 10th).  This was followed by the formation of a full-height 

vertical crack in the center of the specimen.  The condition of the control wall C1-1.0 at the 

conclusion of the test is shown in Figure  4-11.  The high ultimate applied pressure and the 

deflection profile suggest that significant arching action may have developed prior to failure. 

 

 
Figure  4-11: C1-1.0 at failure 
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4.3 Control Specimen C1-1.2 

The control specimen C1-1.2 consisted of a single wythe wall with an aspect ratio of 1.2.  

The dimensions are shown in Figure  4-12.  The condition of the specimen prior to loading is 

shown in Figure  4-13. 

 

 

Figure  4-12: Control Specimen C1-1.2 

 
Figure  4-13: C1-1.2 Prior to Loading 
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4.3.1 Load-Deflection Behavior 

Uniform pressure was applied in cycles, up to failure, as shown in Figure  4-14. The applied 

pressure was increased in increments of 0.3 psi and held constant for approximately 5 

minutes at each increment.   The measured load-deflection behavior of the control specimen 

C1-1.2 is shown in Figure  4-15.  The behavior indicates that the elastic limit is 0.8 psi, the 

load level corresponding to a significant reduction in the stiffness as shown in Figure  4-15.  

The specimen reached a maximum load of 0.95 psi, at which point a loss of the load carrying 

capacity was observed as shown in Figure  4-15.   The measured out-of-plane displacement 

profiles for applied pressures of 0.3 psi, 0.6 psi, and 0.9 psi are shown in Figure  4-16.  In this 

figure, a solid line connects the measured values and a dashed line gives the upper portion of 

the profile, assuming vertical symmetry.  With increasing applied pressure, there was 

significant relative displacement between the brick wall and the concrete frame as shown in 

Figure  4-17.   
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Figure  4-14: Loading sequence for C1-1.2 
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Figure  4-15: Load-deflection behavior of C1-1.2 
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Figure  4-16: Out-of-plane displacement profiles for C1-1.2 



 67 

 

 
Figure  4-17: Slip between concrete frame and masonry wall for C1-1.2 

 

The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

given in Figure  4-18 for specimen C1-1.2.  The load-pressure relationship is mostly linear up 

to a measured pressure of 0.8 psi, after which it becomes non-linear up to the maximum 

measured pressure. It should be noted that due to the weight of the wall, there is significant 

friction between the bottom surfaces of the brick wythes and the supporting surface of the 

concrete frame.  In addition, friction exists between the bottom of the concrete frame and the 

supporting steel beam.  In both cases, this friction appeared to generate horizontal reactions.  

These reactions were evidenced by a lag in out-of-plane deflections of the bottom of the wall 

and the frame with respect to the top.   A comparison between the total applied load and the 

total load measured by the reaction rods is given in Figure  4-19.  The total measured load 

varies linearly with the total applied load as expected.  Due to a limitation of the number of 

instruments available, not all reactions rods were instrumented with load cells.  Two 
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measured totals are given in the figure: the first is the summation of the measured loads in 

the reaction rods and the second is the summation of the measured loads in the reaction rods 

plus the expected loads (based on symmetry) in the reaction rods that were not able to be 

instrumented.  For example, the value of the load in the reaction rod directly across from load 

cell “V1” is assumed to have the same load as “V1”.  This assumption obviously introduces 

error because of the possible asymmetry in the load in the frame as described in Section  3.9.  

The assumption does however allow for a general indication of the value of the friction force 

between the bottom edge of the concrete frame and the top edge of the supporting steel beam.  

The 30-40% difference between the total applied load and the total measured load (with 

symmetry assumed) can be explained by the aforementioned friction force as well as the 

error in assuming symmetry.  The maximum value of the static friction force for this 

specimen is approximately 4400 lbs (assuming the coefficient of static friction between steel 

and concrete is 0.4).   
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Figure  4-18: Measured load in steel reaction rods for C1-1.2 
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Figure  4-19: Load Comparison for C1-1.2 

4.3.2 Failure Mode 

The control wall C1-1.2 failed in flexure.  An initial horizontal crack formed at mid-height at 

around 0.1 psi and continued to open as the pressure increased.  At an applied pressure of 0.8 

psi the wall separated at mid-height into two panels, the upper panel rotating outward about 

its top edge and the lower panel rotating outward about its bottom edge as shown in Figure 

 4-20.   
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Figure  4-20: C1-1.2 at failure 
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4.4 Control Specimen C2-1.2 

The control specimen C2-1.2 consisted of a double wythe wall with a solid filled collar joint 

and had an aspect ratio of 1.2.  The dimensions are shown in Figure  4-21. The condition of 

the specimen prior to loading is shown in Figure  4-22. 

 

 

Figure  4-21: Control Specimen C2-1.2 

 
Figure  4-22: C2-1.2 Prior to Loading 
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4.4.1 Load-Deflection Behavior 

The cycles of uniform pressure applied to the specimen C2-1.2 are shown up to failure in 

Figure  4-23. The applied pressure was increased in increments of 1.2 psi and held constant 

for approximately 5 minutes at each increment. The pressure was then released to 1.2 psi and 

held for 1 minute before proceeding to the next load step.  The measured load-deflection 

behavior of the control specimen C2-1.2 is shown in Figure  4-24.  The behavior indicates 

that the first crack initiated at a pressure of 2.4 psi, and was accompanied by a noticeable 

reduction in the stiffness as shown in Figure  4-24.  The pressure-deflection behavior then 

became non-linear. The measured elastic limit and maximum pressure were 3.1 and 4.4 psi, 

respectively.  The measured out-of-plane displacement profiles for applied pressures of 2.4 

psi, 3.6 psi, and 4.2 psi are shown in Figure  4-25.  In this figure, a solid line connects the 

measured values and a dashed line gives the upper portion of the profile, assuming vertical 

symmetry.  With increasing applied pressure, there was significant relative displacement 

between the wall and the concrete frame as shown in Figure  4-26.  It should be noted that 

displacement of the wall with respect to the concrete frame was greater at the top than at the 

bottom due to the presence of friction, as discussed previously. 
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Figure  4-23: Loading sequence for C2-1.2 
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Figure  4-24: Load-deflection behavior of C2-1.2 
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Figure  4-25: Out-of-plane displacement profiles for C2-1.2 

 
Figure  4-26: Slip between concrete frame and masonry wall for C2-1.2 
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The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

given in Figure  4-27.  The load-pressure relationship is mostly linear up to the elastic limit of 

3.1 psi. After the elastic limit, the relationship became non-linear up to the maximum applied 

pressure of 4.4 psi.  It should be noted that friction due to the weight of the wall influences 

the horizontal reactions as discussed previously. A comparison between the total applied load 

and the total load measured by the reaction rods is given in Figure  4-28.  The total measured 

load varies linearly with the total applied load as expected.  Due to a limitation of the number 

of instruments available, not all reactions rods were instrumented with load cells.  Two 

measured totals are given in the figure: the first is the summation of the measured loads in 

the reaction rods and the second is the summation of the measured loads in the reaction rods 

plus the expected loads (based on symmetry) in the reaction rods that were not able to be 

instrumented.  For example, the value of the load in the reaction rod directly across from load 

cell “V1” is assumed to have the same load as “V1”.  This assumption obviously introduces 

error because of the possible asymmetry in the load in the frame as described in Section  3.9.  

The assumption does however allow for a general indication of the value of the friction force 

between the bottom edge of the concrete frame and the top edge of the supporting steel beam.  

The 5-15% difference between the total applied load and the total measured load (with 

symmetry assumed) can be explained by the aforementioned friction force as well as the 

error in assuming symmetry.  The maximum value of the static friction force for this 

specimen is approximately 5600 lbs (assuming the coefficient of static friction between steel 

and concrete is 0.4). 



 76 

-2000

-1000

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 0.6 1.2 1.8 2.4 3 3.6 4.2 4.8 5.4

Applied Pressure (psi)

Lo
ad

 (l
bs

)

H1 H2 H3 V1 V2 C1 C2 C3 C4

H1
H2

H3

V2

V1

C4
C3
C2
C1

 
Figure  4-27: Measured load in steel reaction rods for C2-1.2 
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Figure  4-28: Load Comparison for C2-1.2 
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4.4.2 Failure Mode 

The control wall C2-1.2 failed in flexure.  A horizontal crack formed several brick courses 

above mid-height at an applied pressure of 2.4 psi and continued to open as the pressure was 

increased.  At a pressure of nearly 3.1 psi, a vertical crack formed at mid-width as shown in 

Figure  4-29.  The vertical crack then governed the behavior through the maximum pressure 

of 4.4 psi.  The displacement profiles indicate that significant arching action may have 

developed.  This arching action appeared to span the horizontal direction as the vertical crack 

controlled the response. 

 

 
Figure  4-29: C2-1.2 at failure 
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4.5 Control Specimen C3-1.2 

Control specimen C3-1.2 consists of a double wythe wall with no fill in the collar joint 

between the wythes and had an aspect ratio of 1.2. The dimensions are shown in Figure  4-30 

and The condition of the specimen prior to loading is shown in Figure  4-31. 

 

 

Figure  4-30: Control Specimen C3-1.2 

 
Figure  4-31: C3-1.2 Prior to Loading 
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4.5.1 Load-Deflection Behavior 

 The cycles of uniform pressure applied to the specimen are shown up to failure in Figure 

 4-32. The applied pressure was increased in increments of 0.3 psi and held constant for 

approximately 5 minutes at each increment up to a pressure of 1.5 psi. The pressure was then 

released to 1.2 psi and held for 1 minute before proceeding to the next load step.  Each 

subsequent load step was held for 5 minutes and then released to the service load of 1.2 psi.  

The measured load-deflection behavior of the control specimen C3-1.2 is shown in Figure 

 4-33.  The behavior indicates that the first crack initiated at a pressure of 1.2 psi as shown in 

Figure  4-33.  The measured elastic limit of 4.3 psi corresponds to a significant loss of 

stiffness, as shown in Figure  4-33.  The maximum measured pressure was 5.4 psi.   The 

measured out-of-plane displacement profiles for applied pressures of 2.4 psi, 4.2 psi, and 5.4 

psi are shown in Figure  4-34.  In this figure, a solid line connects the measured values and a 

dashed line gives the upper portion of the profile, assuming vertical symmetry.  With 

increasing applied pressure, there was significant relative displacement between the wall and 

the concrete frame as shown in Figure  4-35.   
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Figure  4-32: Loading sequence for C3-1.2 
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Figure  4-33: Load-deflection behavior of C3-1.2 
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Figure  4-34: Out-of-plane displacement profiles for C3-1.2 

 

Figure  4-35: Slip between concrete frame and masonry wall 
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The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

given in Figure  4-36.  The load-pressure relationship is mostly linear up to the elastic limit of 

4.3 psi, after which it becomes non-linear up to the maximum applied pressure of 5.4 psi.  It 

should be noted that friction due to the weight of the wall influences the horizontal reactions 

as discussed previously.  A comparison between the total applied load and the total load 

measured by the reaction rods is given in Figure  4-37.  The total measured load varies 

linearly with the total applied load as expected.  Due to a limitation of the number of 

instruments available, not all reactions rods were instrumented with load cells.  Two 

measured totals are given in the figure: the first is the summation of the measured loads in 

the reaction rods and the second is the summation of the measured loads in the reaction rods 

plus the expected loads (based on symmetry) in the reaction rods that were not able to be 

instrumented.  For example, the value of the load in the reaction rod directly across from load 

cell “V1” is assumed to have the same load as “V1”.  This assumption obviously introduces 

error because of the possible asymmetry in the load in the frame as described in Section  3.9.  

The assumption does however allow for a general indication of the value of the friction force 

between the bottom edge of the concrete frame and the top edge of the supporting steel beam.  

The 30-50% difference between the total applied load and the total measured load (with 

symmetry assumed) can be explained by the aforementioned friction force as well as the 

error in assuming symmetry.  The maximum value of the static friction force for this 

specimen is approximately 5600 lbs (assuming the coefficient of static friction between steel 

and concrete is 0.4). 
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Figure  4-36: Measured load in steel reaction rods for C3-1.2 
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Figure  4-37: Load Comparison for C3-1.2 
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4.5.2 Relative Displacement Between Wythes 

The relative displacement between the inner wythe and the outer wythe was measured using 

linear potentiometers at three locations as shown in Figure  4-38.  The measured relative 

displacements were insignificant and well below 0.01 inch up to an applied pressure of 4.2 

psi.  The linear potentiometers were removed at this pressure to avoid damage to the 

instrumentation at failure.   
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Figure  4-38: Relative Displacement Between Wythes of C3-1.2  

4.5.3 Failure Mode 

The control wall C3-1.2 failed in flexure.  A horizontal crack formed at mid-height at an 

applied pressure of 2.4 psi and continued to open as the pressure increased.  At a pressure 

near 4.3 psi a vertical crack formed at mid-width as shown in Figure  4-39.  The vertical crack 

then governed the behavior through the maximum pressure of 5.4 psi.  The vertical crack was 

accompanied by several additional vertical and diagonal cracks just prior to total collapse of 

the brick wall from the frame.  The displacement profiles indicate that significant arching 
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action may have developed.  This arching action appeared to span the horizontal direction as 

the vertical crack controlled the response. 

 

 

 
Figure  4-39: C3-1.2 at failure 
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4.6 Strengthened Specimen S1-1.2-O 

The strengthened specimen S1-1.2-O consisted of a double wythe wall with a solid filled 

collar joint and had an aspect ratio of 1.2.  The specimen was externally strengthened 

(vertical and horizontal GFRP coverage = 50%) with FRP sheets overlapped onto the 

concrete frame.  The dimensions of S1-1.2-O are shown in Figure  4-40 and The condition of 

the specimen prior to loading is shown in Figure  4-41. 

 

 

Figure  4-40: Strengthened Specimen S1-1.2-O 

 
Figure  4-41: S1-1.2-O Prior to Loading 
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4.6.1 Load-Deflection Behavior 

The cycles of uniform pressure applied to the specimen are shown up to failure in Figure 

 4-42. The applied pressure was increased in increments of 0.6 psi and held constant for 

approximately 5 minutes at each increment. The pressure was then released to 0.6 psi and 

held for 1 minute before proceeding to the next load step.  The measured load-deflection 

behavior of the strengthened specimen S1-1.2-O is shown in Figure  4-43.  The behavior 

indicates that the elastic limit occurred at 6.4 psi.  The maximum measured pressure was 9.9 

psi.  The measured out-of-plane displacement profiles for applied pressures of 3.6 psi, 7.8 psi, 

8.4 psi, and 9.9 psi are shown in Figure  4-44.  In this figure, a solid line connects the 

measured values and a dashed line gives the upper portion of the profile, assuming vertical 

symmetry.  At applied pressures beyond 6.4 psi, significant relative displacement between 

the wall and the concrete frame was observed between the overlapped GFRP sheets, as 

shown in Figure  4-45.  Likewise, at these higher pressures, the relative deflection of the wall 

at mid-span with respect to the frame increased.  
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Figure  4-42: Loading sequence for S1-1.2-O 
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Figure  4-43: Load-deflection behavior of S1-1.2-O 
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Figure  4-44: Out-of-plane displacement profiles for S1-1.2-O 
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Figure  4-45: Slip between concrete frame and masonry wall for S1-1.2-O 

4.6.2 Strain in the GFRP Sheets 

The measured strains in the GFRP sheets at various locations are shown in Figure  4-46.  For 

specimen S2-1.2-O, the measured strain increased dramatically at the onset of debonding of 

the FRP sheets from the RC frame.  No intermediate crack (IC) debonding of the FRP 

attached to the masonry infill was observed, however measured strains in some locations 

reached the vicinity of 7000 microstrain which is somewhat close to the theoretical IC 

debonding strain of 8300 microstrain, calculated based on ACI committee 440 

recommendations for reinforced concrete (see Appendix).  This indicates that under slightly 

different conditions, it may be possible to develop the full IC debonding strain in the FRP. 
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Figure  4-46: Measured strain in FRP sheets of S1-1.2-O  

4.6.3 Failure Mode 

The strengthened wall S1-1.2-O failed due to debonding of the FRP sheets throughout the 

overlapped anchor region and along the wall/frame interface as shown in Figure  4-47.  

Debonding was induced by the relative slip between the concrete frame and the masonry wall 

as a result of shear sliding.  This resulted in very high strains in the FRP in the anchor region 

and along the wall/frame interface.   Several of the vertical FRP sheets anchored to the top of 

the frame debonded completely from the frame, which lead to rapid progressive debonding of 

the remaining FRP sheets from the frame as the wall pushed out of the frame in tact as a 

single rigid body.  It should be noted that no debonding was observed away from the 

overlapped region. 
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Figure  4-47: S1-1.2-O at failure 
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4.7 Strengthened Specimen S2-1.2-O 

The strengthened specimen S2-1.2-O consisted of a single wythe wall with an aspect ratio of 

1.2 that was externally strengthened (vertical and horizontal GFRP coverage = 50%) with 

FRP sheets overlapped onto the concrete frame.  The dimensions of S2-1.2-O are shown in 

Figure  4-48 and the condition of the specimen prior to loading is shown in Figure  4-49. 

 

 

Figure  4-48: Strengthened Specimen S2-1.2-O 

 
Figure  4-49: S2-1.2-O Prior to Loading 
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4.7.1 Load-Deflection Behavior 

The cycles of uniform pressure applied to the specimen are shown up to failure in Figure 

 4-50. The applied pressure was increased in increments of 0.3 psi and held constant for 

approximately 5 minutes at each increment up to a pressure of 1.5 psi. The pressure was then 

released to 1.2 psi and held for 1 minute before proceeding to the next load step of 1.8 psi.  

The measured load-deflection behavior of the strengthened specimen S2-1.2-O is shown in 

Figure  4-51.  The behavior indicates that the first crack formed at a pressure of 1.1 psi and 

the elastic limit occurred at 1.4 psi.  The maximum measured pressure was 1.7 psi.  The 

measured out-of-plane displacement profiles for applied pressures of 0.6 psi, 1.2 psi, and 1.7 

psi are shown in Figure  4-52.  In this figure, a solid line connects the measured values and a 

dashed line gives the upper portion of the profile, assuming vertical symmetry.  Since 

deflection measurements were taken along one of the GFRP sheets, the measured deflection 

did not reflect the relative displacement between the wall and the concrete frame.  At applied 

pressures beyond 1.4 psi, significant relative displacement between the wall and the concrete 

frame was observed between the overlapped GFRP sheets, as shown in Figure  4-53.   
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Figure  4-50: Loading sequence for S2-1.2-O 
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Figure  4-51: Load-deflection behavior of S2-1.2-O 
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Figure  4-52: Out-of-plane displacement profiles for S2-1.2-O 

 
Figure  4-53: Slip between concrete frame and masonry wall for S2-1.2-O 
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The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

given in Figure  4-54.  The load-pressure relationship is linear up to the elastic limit at 1.4 psi, 

after which it becomes non-linear up to the maximum applied pressure of 1.7 psi. It should be 

noted that friction due to the weight of the wall influences the horizontal reactions as 

discussed previously.  A comparison between the total applied load and the total load 

measured by the reaction rods is given in Figure  4-55.  The total measured load varies 

linearly with the total applied load as expected.  Due to a limitation of the number of 

instruments available, not all reactions rods were instrumented with load cells.  Two 

measured totals are given in the figure: the first is the summation of the measured loads in 

the reaction rods and the second is the summation of the measured loads in the reaction rods 

plus the expected loads (based on symmetry) in the reaction rods that were not able to be 

instrumented.  For example, the value of the load in the reaction rod directly across from load 

cell “V1” is assumed to have the same load as “V1”.  This assumption obviously introduces 

error because of the possible asymmetry in the load in the frame as described in Section  3.9.  

The assumption does however allow for a general indication of the value of the friction force 

between the bottom edge of the concrete frame and the top edge of the supporting steel beam.  

The 40-50% difference between the total applied load and the total measured load (with 

symmetry assumed) can be explained by the aforementioned friction force as well as the 

error in assuming symmetry.  The maximum value of the static friction force for this 

specimen is approximately 4400 lbs (assuming the coefficient of static friction between steel 

and concrete is 0.4). 
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Figure  4-54: Measured load in steel reaction rods for S2-1.2-O 
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Figure  4-55: Load Comparison for S2-1.2-O 
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4.7.2 Strain in the GFRP Sheets 

The measured strains in the GFRP sheets at various locations are shown in Figure  4-56.  For 

specimen S20-1.2-O, the measured strain increased dramatically at the onset of debonding 

within the overlapped region.  Recorded strains on the GFRP at locations away from the 

overlap were within 500 microstrain. 
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Figure  4-56: Measured strain in FRP sheets of S2-1.2-O  

4.7.3 Failure Mode 

The strengthened wall S2-1.2-O failed due to debonding of the FRP sheets throughout the 

overlapped anchor region along the wall/frame interface.  This debonding is evidenced by the 

lighter color of the FRP in this region, as shown in Figure  4-57.  Debonding was induced by 

the relative slip between the concrete frame and the masonry wall as a result of shear sliding.  

This resulted in very high strains in the FRP in the anchor region and along the wall/frame 

interface.   It should be noted that no debonding was observed away from the overlapped 

region. 
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Figure  4-57: S2-1.2-O at failure 
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4.8 Strengthened Specimen S1-1.4-O 

The strengthened specimen S1-1.4-O consisted of a double wythe wall with a solid filled 

collar joint and had an aspect ratio of 1.4.  The specimen was externally strengthened with 

FRP sheets overlapped onto the concrete frame.  The dimensions of S1-1.4-O are shown in 

Figure  4-58 and the condition of the specimen prior to loading is shown in Figure  4-59. 

 

 

Figure  4-58: Strengthened Specimen S1-1.4-O 

 
Figure  4-59: S1-1.4-O Prior to Loading 
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4.8.1 Load-Deflection Behavior 

The cycles of uniform pressure applied to the specimen are shown up to failure in Figure 

 4-60. The applied pressure was increased in increments of 0.6 psi and held constant for 

approximately 5 minutes at each increment up to a pressure of 1.2 psi. The pressure was then 

increased in increments of 1.2 psi up to failure.  After each increment, the pressure was 

released to 1.2 psi and held for 1 minute before proceeding to the next load step.  The 

measured load-deflection behavior of the strengthened specimen S1-1.4-O is shown in Figure 

 4-61.  The behavior indicates that the elastic limit occurred at 5.7 psi.  The maximum 

measured pressure was 7.4 psi.  The measured out-of-plane displacement profiles for applied 

pressures of 3.6 psi, 6.0 psi, and 7.4 psi are shown in Figure  4-62.  In this figure, a solid line 

connects the measured values and a dashed line gives the upper portion of the profile, 

assuming vertical symmetry.  At applied pressures beyond 5.7 psi, significant relative 

displacement between the wall and the concrete frame was observed between the overlapped 

GFRP sheets, as shown in Figure  4-63 and Figure  4-64.  Likewise, at these higher pressures, 

the relative deflection of the wall at mid-span with respect to the frame increased.   
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Figure  4-60: Loading sequence for S1-1.4-O 
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Figure  4-61: Load-deflection behavior of S1-1.4-O 
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Figure  4-62: Out-of-plane displacement profiles for S1-1.4-O 

 

 
Figure  4-63: Slip between concrete frame and masonry wall for S1-1.4-O 
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Figure  4-64: Cracking near masonry/frame interface 

4.8.2 Strain in the GFRP Sheets 

The measured strains in the GFRP sheets at various locations are shown in Figure  4-65.  For 

specimen S1-1.4-O, the measured strain increased dramatically at the onset of debonding 

within the overlapped region.   
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Figure  4-65: Measured strain in FRP sheets of S1-1.4-O  

4.8.3 Failure Mode 

The strengthened wall S2-1.2-O failed due to debonding of the FRP sheets throughout the 

overlapped anchor region along the wall/frame interface.  This debonding is evidenced by the 

lighter color of the FRP in this region, as shown in Figure  4-66.  Debonding was induced by 

the relative slip between the concrete frame and the masonry wall as a result of shear sliding.  

This resulted in very high strains in the FRP in the anchor region and along the wall/frame 

interface.   It should be noted that no debonding was observed away from the overlapped 

region. 
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Figure  4-66: Failure of strengthened specimen S1-1.4-O 
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4.9 Strengthened Specimen S3-1.2-NO 

The strengthened specimen S3-1.2-NO consisted of a single wythe wall with an aspect ratio 

of 1.2 externally strengthened (vertical and horizontal GFRP coverage = 50%) with FRP 

sheets without an overlap onto the RC frame.  The dimensions of S3-1.2-NO are shown in 

Figure  4-67.  The condition of the specimen prior to loading is shown in Figure  4-68. 

 

 

Figure  4-67: Strengthened Specimen S3-1.2-NO 

 
Figure  4-68: S3-1.2-NO Prior to Loading 
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4.9.1 Load-Deflection Behavior 

The cycles of uniform pressure applied to the specimen are shown up to failure in Figure 

 4-69. The applied pressure was increased in increments of 0.3 psi and held constant for 

approximately 5 minutes at each increment.  The measured load-deflection behavior of S3-

1.2-NO is shown in Figure  4-70.  The behavior was linear up to the elastic limit of 1.4 psi, 

which for this specimen was also the maximum pressure measured prior to total collapse of 

the brick wall.  The measured out-of-plane displacement profiles for applied pressures of 0.6 

psi, 1.2 psi, and 1.4 psi are shown in Figure  4-71.  In this figure, a solid line connects the 

measured values and a dashed line gives the upper portion of the profile, assuming vertical 

symmetry.  Prior to failure, there was significant relative displacement between the wall and 

the concrete frame, as shown in Figure  4-72. 
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Figure  4-69: Loading sequence for S3-1.2-NO 
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Figure  4-70: Load-deflection behavior of S3-1.2-NO 
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Figure  4-71: Out-of-plane displacement profiles for S3-1.2-NO 
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Figure  4-72: Slip between concrete frame and masonry wall for S3-1.2-NO 

 

The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

given in Figure  4-73.  The load-pressure relationship was linear up to maximum measured 

applied pressure of 1.4 psi. It should be noted that friction due to the weight of the wall 

influences the horizontal reactions as discussed previously.  A comparison between the total 

applied load and the total load measured by the reaction rods is given in Figure  4-74.  The 

total measured load varies linearly with the total applied load as expected.  Due to a 

limitation of the number of instruments available, not all reactions rods were instrumented 

with load cells.  Two measured totals are given in the figure: the first is the summation of the 

measured loads in the reaction rods and the second is the summation of the measured loads in 

the reaction rods plus the expected loads (based on symmetry) in the reaction rods that were 

not able to be instrumented.  For example, the value of the load in the reaction rod directly 

across from load cell “V1” is assumed to have the same load as “V1”.  This assumption 

obviously introduces error because of the possible asymmetry in the load in the frame as 
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described in Section  3.9.  The assumption does however allow for a general indication of the 

value of the friction force between the bottom edge of the concrete frame and the top edge of 

the supporting steel beam.  The 40-50% difference between the total applied load and the 

total measured load (with symmetry assumed) can be explained by the aforementioned 

friction force as well as the error in assuming symmetry.  The maximum value of the static 

friction force for this specimen is approximately 4400 lbs (assuming the coefficient of static 

friction between steel and concrete is 0.4). 
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Figure  4-73: Measured load in steel reaction rods for S3-1.2-NO 
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Figure  4-74: Load Comparison for S3-1.2-NO 

4.9.2 Strain in the FRP Sheets 

The measured strains in the FRP sheets at various locations are shown in Figure  4-75.  All 

measured strains in the FRP were below 500 microstrain for specimen S3-1.2-NO. 
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Figure  4-75: Measured strain in FRP sheets of S3-1.2-NO  

4.9.3 Failure Mode 

The strengthened wall S3-1.2-NO failed due to shear sliding of the wall out of the concrete 

frame as shown in Figure  4-76.  No cracking was observed in the masonry, nor was there any 

debonding of the GFRP sheets prior to failure.  The nonlinearity observed in the strain data at 

locations V2 and V1 (Figure  4-75) indicate that a horizontal crack probably developed prior 

to failure around 0.8 psi, but this crack was not able to be observed during testing.     
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Figure  4-76: S3-1.2-NO at failure 
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4.10 Strengthened Specimen S4-1.2-NO 

The strengthened specimen S4-1.2-NO consisted of a double wythe wall with a solid filled 

collar joint and had an aspect ratio of 1.2.  The specimen was externally strengthened 

(vertical and horizontal GFRP coverage = 50%) with GFRP sheets without an overlap onto 

the RC frame.  The dimensions of S4-1.2-NO are shown in Figure  4-77 and the condition of 

the specimen prior to loading is shown in Figure  4-78. 

 

 

Figure  4-77: Strengthened Specimen S4-1.2-NO 

 
Figure  4-78: S4-1.2-NO Prior to Loading 
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4.10.1 Load-Deflection Behavior 

The cycles of uniform pressure applied to the specimen are shown up to failure in Figure 

 4-79. The applied pressure was increased in increments of 1.2 psi and held constant for 

approximately 5 minutes at each increment. The pressure was then released to the service 

load of 1.2 psi and held for 1 minute before proceeding to the next load step.  Specimen S4-

1.2-NO appeared unstable at an applied pressure of 3.0 psi and, therefore, was unloaded at 

this stage to 1.2 psi to allow for the removal of instrumentation prior to reloading to 

destruction.  The measured load-deflection behavior of the strengthened specimen S4-1.2-NO 

is shown in Figure  4-80.  The behavior indicates that the elastic limit was 1.8 psi, 

accompanied by a significant reduction in the stiffness, as shown in the figure.  At failure, the 

wall slid as a single rigid body out of the frame in a step fashion beginning at an applied 

pressure of 3.0 psi.  Upon reloading beyond 3.0 psi, the specimen reached a maximum 

measured pressure of 4.6 psi.  The measured out-of-plane displacement profiles for applied 

pressures of 1.2 psi, 1.8 psi, and 3.0 psi are shown in Figure  4-81.  Since deflection 

measurements were recorded along one of the GFRP sheets, the measured deflection did not 

reflect the relative displacement between the wall and the concrete frame.  It should be noted 

that the observed out-of-plane displacement profile was not symmetric and thus no 

assumption of vertical symmetry of the displacement profile was made for this specimen.  

Because of the asymmetry observed in this test, future specimens were instrumented with 

string potentiometers in the top half the wall as well as the bottom.  As applied pressure was 

increased beyond 3.0 psi, significant relative displacement between the wall and the concrete 

frame was observed, as shown in Figure  4-82.   
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Figure  4-79: Loading sequence for S4-1.2-NO 
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Figure  4-80: Load-deflection behavior of S4-1.2-NO 
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Figure  4-81: Out-of-plane displacement profiles for S4-1.2-NO 

 
Figure  4-82: Slip between concrete frame and masonry wall for S4-1.2-NO 
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The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

plotted versus applied pressure in Figure  4-83.  The load-pressure relationship is linear up to 

the elastic limit of 1.8 psi, after which it becomes non-linear up to the maximum applied 

pressure of 4.6 psi. It should be noted that friction due to the weight of the wall influences the 

horizontal reactions as discussed previously. A comparison between the total applied load 

and the total load measured by the reaction rods is given in Figure  4-84.  The total measured 

load varies linearly with the total applied load as expected.  Due to a limitation of the number 

of instruments available, not all reactions rods were instrumented with load cells.  Two 

measured totals are given in the figure: the first is the summation of the measured loads in 

the reaction rods and the second is the summation of the measured loads in the reaction rods 

plus the expected loads (based on symmetry) in the reaction rods that were not able to be 

instrumented.  For example, the value of the load in the reaction rod directly across from load 

cell “V1” is assumed to have the same load as “V1”.  This assumption obviously introduces 

error because of the possible asymmetry in the load in the frame as described in Section  3.9.  

The assumption does however allow for a general indication of the value of the friction force 

between the bottom edge of the concrete frame and the top edge of the supporting steel beam.  

The 20-30% difference between the total applied load and the total measured load (with 

symmetry assumed) can be explained by the aforementioned friction force as well as the 

error in assuming symmetry.  The maximum value of the static friction force for this 

specimen is approximately 5600 lbs (assuming the coefficient of static friction between steel 

and concrete is 0.4). 
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Figure  4-83: Measured load in steel reaction rods for S4-1.2-NO 
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Figure  4-84: Load Comparison for S4-1.2-NO 
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4.10.2 Strain in the FRP Sheets 

The measured strains in the FRP sheets at various locations are shown in Figure  4-85.  For 

specimen S4-1.2-NO, strain in the FRP sheets at all measured locations remained below 200 

microstrain up to a measured pressure of 3.0 psi.   
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Figure  4-85: Measured strain in FRP sheets of S4-1.2-NO  

4.10.3 Failure Mode 

 The strengthened wall S4-1.2-NO failed due to shear sliding of the wall out of the frame as 

shown in Figure  4-86.  No cracking was observed in the masonry prior to collapse of the 

brick wall, nor was there any evidence of debonding of the GFRP sheets.  
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Figure  4-86: S4-1.2-NO at failure 

Shear sliding
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edges  



 123 

4.11 Strengthened Specimen S5-1.2-SR 

The strengthened specimen S5-1.2-SR consisted of a double wythe wall with no fill in the 

collar joint and had an aspect ratio of 1.2.  The specimen was externally strengthened 

(vertical and horizontal GFRP coverage = 50%) with GFRP sheets without an overlap on 

onto the RC frame.  Three edges of the specimen were restrained against shear sliding using 

steel shear restraints as described in Section  3.4.  The dimensions of S5-1.2-SR are shown in 

Figure  4-87.  The specimen was tested in two phases.  During the first phase, with the shear 

restraints attached, the pressure was increased in cycles, as described in Section  4.11.1, up to 

a pressure of 3.9 psi.  The condition of the specimen prior to Phase 1 loading is shown in 

Figure  4-88.  The specimen was then unloaded and the shear restraints were removed.  After 

removing the restraints, the specimen was tested in cycles to failure, as described in Section 

 4.11.3.  The condition of the specimen prior to the failure cycles of the second phase is 

shown in Figure  4-89. 

 

 

 

Figure  4-87: Strengthened Specimen S5-1.2-SR 
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Figure  4-88: S5-1.2-SR Prior to Phase 1 Loading 

 
Figure  4-89: S5-1.2-SR Prior to Phase 2 Loading 
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4.11.1 Load-Deflection Behavior: Phase 1 

The specimen was tested in the first phase with the shear restraints attached. The cycles of 

uniform pressure applied to the specimen during the first phase of loading are shown in 

Figure  4-90.  The applied pressure was increased in increments of 0.3 psi and held constant 

for approximately 5 minutes at each increment up to a pressure of 1.5 psi. The pressure was 

then released to 1.2 psi and held for 1 minute before proceeding to the next load step.  Each 

subsequent load step was held for 5 minutes and then released to the service load of 1.2 psi.   

The first phase ended after the applied pressure reached 3.9 psi.  The specimen was then 

unloaded and the shear restraints were removed prior to the start of the second phase of 

loading.  The measured load-deflection behavior of the strengthened specimen S5-1.2-SR is 

shown in Figure  4-91.  Minor cracking of the epoxy at the shear restraints was heard at 

applied pressures exceeding 3.0 psi, but this does not indicate a debonding failure and there 

were no visible signs of damage during the first phase of testing. The measured out-of-plane 

displacement profiles for applied pressures of 1.2 psi, 2.4 psi, and 3.9 psi are shown in Figure 

 4-92.   
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Figure  4-90: Phase 1 loading sequence for S5-1.2-SR  
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Figure  4-91: Phase 1 load-deflection behavior of S5-1.2-SR  



 127 

-4

-3

-2

-1

0

1

2

3

4

0 0.5 1 1.5 2 2.5

Absolute Displacement (in.)

Ve
rt

ic
al

 L
oc

at
io

n 
(ft

. f
ro

m
 C

en
te

r)
3.9 psi
2.4 psi
1.2 psi

3.9 psi

2.4 psi

1.2 psi
Note:  Shear Restraints Attached

 
Figure  4-92: Phase 1 out-of-plane displacement profiles for S5-1.2-SR  

 

The measured loads in the steel reaction rods supporting the frame to the reaction wall for the 

first phase of testing are plotted versus applied pressure in Figure  4-93.  A comparison 

between the total applied load and the total load measured by the reaction rods is given in 

Figure  4-94.  The total measured load varies linearly with the total applied load as expected.  

Due to a limitation of the number of instruments available, not all reactions rods were 

instrumented with load cells.  Two measured totals are given in the figure: the first is the 

summation of the measured loads in the reaction rods and the second is the summation of the 

measured loads in the reaction rods plus the expected loads (based on symmetry) in the 

reaction rods that were not able to be instrumented.  For example, the value of the load in the 

reaction rod directly across from load cell “V1” is assumed to have the same load as “V1”.  

This assumption obviously introduces error because of the possible asymmetry in the load in 

the frame as described in Section  3.9.  The assumption does however allow for a general 

indication of the value of the friction force between the bottom edge of the concrete frame 
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and the top edge of the supporting steel beam.  The 35-45% difference between the total 

applied load and the total measured load (with symmetry assumed) can be explained by the 

aforementioned friction force as well as the error in assuming symmetry.  The maximum 

value of the static friction force for this specimen is approximately 5600 lbs (assuming the 

coefficient of static friction between steel and concrete is 0.4). 
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Figure  4-93: Phase 1 measured load in steel reaction rods for S5-1.2-SR 
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Figure  4-94: Phase 1 Load Comparison for S5-1.2-SR 

4.11.2 Relative Displacement Between Wythes 

The relative displacement between the inner wythe and the outer wythe was measured using 

linear potentiometers at three locations as shown in Figure  4-95.  The measured relative 

displacements were insignificant and well below 0.01 inch up to an applied pressure of 3.9 

psi.  The linear potentiometers were removed after the first phase of testing to avoid damage 

to the instrumentation at failure.   
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Figure  4-95: Relative Displacement Between Wythes of S5-1.2-SR 

4.11.3 Load-Deflection Behavior: Phase 2 

The cycles of uniform pressure applied to the specimen during the second phase of loading 

are shown in Figure  4-96.  In the second phase, with the shear restraints removed, applied 

pressure was increased in increments of 0.3 psi and held constant for approximately 5 

minutes at each increment up to a pressure of 1.5 psi. The pressure was then released to 1.2 

psi and held for 1 minute before proceeding to the next load step.  Each subsequent load step 

was held for 5 minutes and then released to the service load of 1.2 psi.  Beyond an applied 

pressure of 3.9 psi the load increments were increased to 0.6 psi.  The measured load-

deflection behavior of the strengthened specimen S5-1.2-SR is shown in Figure  4-97.  The 

measured elastic limit of 4.5 psi corresponds to a significant loss of stiffness, as shown in 

Figure  4-97.  The maximum measured pressure was 6.9 psi.  Minor cracking of the epoxy at t 

was heard at applied pressures exceeding 2.4 psi. A vertical crack along the full height of the 

wall was formed near mid-span at a pressure of 6.3 psi.  The measured out-of-plane 
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displacement profiles for applied pressures of 1.2 psi, 2.4 psi, 3.9 psi and 6.9 psi are shown in 

Figure  4-98.  Note that all instruments were re-zeroed prior to Phase 2. 
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Figure  4-96: Phase 2 loading sequence for S5-1.2-SR  
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Figure  4-97: Phase 2 load-deflection behavior of S5-1.2-SR  
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Figure  4-98: Phase 2 out-of-plane displacement profiles for S5-1.2-SR  
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The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

plotted versus applied pressure in Figure  4-99.  The load-pressure relationship is mostly 

linear up to the elastic limit of 4.5 psi, after which it becomes non-linear up to the maximum 

applied pressure of 6.9 psi. It should be noted that friction due to the weight of the wall 

influences the horizontal reactions as discussed previously.  A comparison between the total 

applied load and the total load measured by the reaction rods is given in Figure  4-100.  The 

total measured load varies linearly with the total applied load as expected.  The 20-40% 

difference between the total applied load and the total measured load (with symmetry 

assumed) can be explained by the aforementioned friction force as well as the error in 

assuming symmetry. 
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Figure  4-99: Phase 2 measured load in steel reaction rods for S5-1.2-SR 
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Figure  4-100: Phase 2 Load Comparison for S5-1.2-SR 

4.11.4 Strain in the FRP Sheets 

The measured strains in the FRP sheets at various locations for the first and second phases 

are shown in Figure  4-101 and Figure  4-102 respectively.  For the first phase, strain in the 

FRP sheets at all measured locations remained below 200 microstrain up to a measured 

pressure of 3.9 psi.  For the second phase, strain in the FRP sheets at all measured locations 

did not exceed 5000 microstrain, up to the maximum pressure of 6.9 psi.   



 135 

0
0.3
0.6
0.9
1.2
1.5
1.8
2.1
2.4
2.7

3
3.3
3.6
3.9
4.2
4.5

-100 0 100 200 300 400 500

Strain in FRP (Microstrain)

A
pp

lie
d 

Pr
es

su
re

 (p
si

)

V1 V2 H1 H2 H3 H4

H3
H2 H4

V1
V2

H1

 
Figure  4-101: Phase 1 measured strain in FRP sheets of S5-1.2-SR  
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Figure  4-102: Phase 2 measured strain in FRP sheets of S5-1.2-SR  
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4.11.5 Failure Mode without Shear Restraints 

 The strengthened wall S5-1.2-SR had no visible signs of damage up to an applied pressure 

of 3.9 psi with the shear restraints in place.  After the shear restraints were removed and the 

wall was reloaded, it failed due to shear sliding of the wall out of the frame as shown in 

Figure  4-103 and Figure  4-104.   

 

 
Figure  4-103: S5-1.2-SR (without shear restraints) at failure  
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Figure  4-104: Shear sliding of S5-1.2-SR at failure 

Shear sliding 
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4.12 Strengthened Specimen S6-1.2-SR 

The strengthened specimen S6-1.2-SR consisted of a double wythe wall with no fill in the 

collar joint and had an aspect ratio of 1.2. The specimen was externally strengthened (vertical 

GFRP coverage = 75%; horizontal GFRP coverage = 50%) with GFRP sheets that did not 

overlap onto the frame.  Three edges of the specimen were restrained against shear sliding 

using steel shear restraints as described in Section  3.4.  The dimensions of S6-1.2-SR are 

shown in Figure  4-105.  The specimen was tested in two phases.  During the first phase, with 

the shear restraints attached, the pressure was increased in cycles as described in Section 

 4.12.1 up to a pressure of 3.9 psi.  The condition of the specimen prior to Phase 1 loading is 

shown in Figure  4-106.  The specimen was then unloaded and the shear restraints were 

removed.  After removing the restraints, the specimen was tested in cycles to failure, as 

described in Section  4.12.3.  The condition of the specimen prior to the failure cycles of 

Phase 2 is shown in Figure  4-107. 

 

 

 

Figure  4-105: Strengthened Specimen S6-1.2-SR 
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Figure  4-106: S6-1.2-SR Prior to Phase 1 Loading 

 
Figure  4-107: S6-1.2-SR Prior to Phase 2 Loading 
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4.12.1 Load-Deflection Behavior: Phase 1 

The specimen was tested in the first phase with the shear restraints attached. The cycles of 

uniform pressure applied to the specimen during the first phase of loading are shown in 

Figure  4-108.  The applied pressure was increased in increments of 0.3 psi and held constant 

for approximately 5 minutes at each increment up to a pressure of 1.5 psi. The pressure was 

then released to 1.2 psi and held for 1 minute before proceeding to the next load step.  Each 

subsequent load step was held for 5 minutes and then released to the service load of 1.2 psi.   

The first phase ended after the applied pressure reached 3.9 psi.  The specimen was then 

unloaded and the shear restraints were removed prior to the start of the second phase of 

loading.  The measured load-deflection behavior of the strengthened specimen S6-1.2-SR is 

shown in Figure  4-109.  Minor cracking of the epoxy at the shear restraints was heard at 

applied pressures exceeding 2.7 psi, but this does not indicate a debonding failure and there 

were no visible signs of damage during the first phase of testing. The measured out-of-plane 

displacement profiles for applied pressures of 1.2 psi, 2.4 psi, and 3.3 psi are shown in Figure 

 4-110.   
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Figure  4-108: Phase 1 loading sequence for S6-1.2-SR  
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Figure  4-109: Phase 1 load-deflection behavior of S6-1.2-SR  
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Figure  4-110: Phase 1 out-of-plane displacement profiles for S6-1.2-SR  

 

The measured loads in the steel reaction rods supporting the frame to the reaction wall for the 

first phase of testing are plotted versus applied pressure in Figure  4-111.  A comparison 

between the total applied load and the total load measured by the reaction rods is given in 

Figure  4-112.  The total measured load varies linearly with the total applied load as expected.  

Due to a limitation of the number of instruments available, not all reactions rods were 

instrumented with load cells.  Two measured totals are given in the figure: the first is the 

summation of the measured loads in the reaction rods and the second is the summation of the 

measured loads in the reaction rods plus the expected loads (based on symmetry) in the 

reaction rods that were not able to be instrumented.  For example, the value of the load in the 

reaction rod directly across from load cell “V1” is assumed to have the same load as “V1”.  

This assumption obviously introduces error because of the possible asymmetry in the load in 

the frame as described in Section  3.9.  The assumption does however allow for a general 

indication of the value of the friction force between the bottom edge of the concrete frame 
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and the top edge of the supporting steel beam.  The 35-55% difference between the total 

applied load and the total measured load (with symmetry assumed) can be explained by the 

aforementioned friction force as well as the error in assuming symmetry.  The maximum 

value of the static friction force for this specimen is approximately 5600 lbs (assuming the 

coefficient of static friction between steel and concrete is 0.4). 
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Figure  4-111: Phase 1 measured load in steel reaction rods for S6-1.2-SR 
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Figure  4-112: Phase 1 Load comparison for S6-1.2-SR 

4.12.2 Relative Displacement Between Wythes 

The relative displacement between the inner wythe and the outer wythe was measured using 

linear potentiometers at three locations as shown in Figure  4-113.  The measured relative 

displacements were insignificant and well below 0.01 inch up to an applied pressure of 3.9 

psi.  The linear potentiometers were removed after the first phase of testing to avoid damage 

to the instrumentation at failure.   
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Figure  4-113: Relative Displacement Between Wythes of S6-1.2-SR 

4.12.3 Load-Deflection Behavior: Phase 2 

The cycles of uniform pressure applied to the specimen during the second phase of loading 

are shown in Figure  4-114.  In the second phase, with the shear restraints removed, applied 

pressure was increased in increments of 0.3 psi and held constant for approximately 5 

minutes at each increment up to a pressure of 1.5 psi. The pressure was then released to 1.2 

psi and held for 1 minute before proceeding to the next load step.  Each subsequent load step 

was held for 5 minutes and then released to the service load of 1.2 psi.  The measured load-

deflection behavior of the strengthened specimen S6-1.2-SR is shown in Figure  4-115.  There 

was no significant loss of stiffness prior to the maximum measured pressure of 3.3 psi. Minor 

cracking of the epoxy was heard at applied pressures exceeding 1.8 psi.  The measured out-

of-plane displacement profiles for applied pressures of 1.2 psi, 2.4 psi, and 3.3 psi are shown 

in Figure  4-116.  Note that all instruments were re-zeroed prior to Phase 2. 
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Figure  4-114: Phase 2 loading sequence for S6-1.2-SR  
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Figure  4-115: Phase 2 load-deflection behavior of S6-1.2-SR  
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Figure  4-116: Phase 2 out-of-plane displacement profiles for S6-1.2-SR  

 

The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

plotted versus applied pressure in Figure  4-117.  The load-pressure relationship is mostly 

linear up to the maximum applied pressure of 3.3 psi.  It should be noted that friction due to 

the weight of the wall influences the horizontal reactions as discussed previously.  A 

comparison between the total applied load and the total load measured by the reaction rods is 

given in Figure  4-118.  The total measured load varies linearly with the total applied load as 

expected.  The 40-50% difference between the total applied load and the total measured load 

(with symmetry assumed) can be explained by the aforementioned friction force as well as 

the error in assuming symmetry. 
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Figure  4-117: Phase 2 measured load in steel reaction rods for S6-1.2-SR 
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Figure  4-118: Phase 2 Load Comparison for S6-1.2-SR 
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4.12.4 Strain in the FRP Sheets 

The measured strains in the FRP sheets at various locations for the first and second phases 

are shown in Figure  4-119 and Figure  4-120 respectively.  For the first phase, strain in the 

FRP sheets at all measured locations remained below 200 microstrain up to a measured 

pressure of 3.9 psi.  For the second phase, strain in the FRP sheets at all measured locations 

did not exceed 200 microstrain up to the maximum pressure of 3.3 psi.   
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Figure  4-119: Phase 1 measured strain in FRP sheets of S6-1.2-SR  
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Figure  4-120: Phase 2 measured strain in FRP sheets of S6-1.2-SR  

4.12.5 Failure Mode without Shear Restraints 

The strengthened wall S6-1.2-SR had no visible signs of damage up to an applied pressure of 

3.9 psi with the shear restraints in place.  After the shear restraints were removed and the 

wall was reloaded, it failed due to shear sliding of the wall out of the frame as shown in 

Figure  4-121.  
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Figure  4-121: S6-1.2-SR (without shear restraints) at failure  

Shear sliding 
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4.13 Strengthened Specimen S7-1.2-SR 

The strengthened specimen S7-1.2-SR consisted of a double wythe wall with no fill in the 

collar joint and had an aspect ratio of 1.2.  The specimen was externally strengthened 

(vertical and horizontal GFRP coverage = 100%) with GFRP sheets without overlap onto the 

frame.  Three edges of the specimen were restrained against shear sliding using steel shear 

restraints as described in Section  3.4.  The dimensions of S7-1.2-SR are shown in Figure 

 4-122.  The condition of the specimen prior to the loading is shown in Figure  4-123.  It 

should be noted that unlike the other specimens using the shear restraint system, S7-1.2-SR 

was tested to failure with the shear restraints attached. 

 

 

 

Figure  4-122: Strengthened Specimen S7-1.2-SR 
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Figure  4-123: S7-1.2-SR Prior to Loading 

4.13.1 Load-Deflection Behavior 

The cycles of uniform pressure applied to the specimen are shown up to failure in Figure 

 4-124.  Applied pressure was increased in increments of 0.3 psi and held constant for 

approximately 5 minutes at each increment up to a pressure of 1.5 psi. The pressure was then 

released to 1.2 psi and held for 1 minute before proceeding to the next load step.  Each 

subsequent load step was held for 5 minutes and then released to the service load of 1.2 psi.   

Beyond an applied pressure of 3.9 psi the load increments were increased to 0.6 psi.  The 

measured load-deflection behavior of the strengthened specimen S5-1.2-SR is shown in 

Figure  4-125.  The measured elastic limit of 5.7 psi corresponds to a significant loss of 

stiffness, as shown in Figure  4-125.  The maximum measured pressure was 7.5 psi.  Minor 

cracking of the epoxy at the shear restraints was heard at applied pressures exceeding 5.1 psi 

but this does not indicate a debonding failure.  There was also evidence of diagonal cracking 

from the corners to toward the center at applied pressures exceeding 6.3 psi.  The measured 

out-of-plane displacement profiles for applied pressures of 3.9 psi, 5.7 psi, and 7.5 psi are 

shown in Figure  4-126.   
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Figure  4-124: Loading sequence for S7-1.2-SR  
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Figure  4-125: Load-deflection behavior of S7-1.2-SR  
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Figure  4-126: Out-of-plane displacement profiles for S7-1.2-SR  

 

The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

plotted versus applied pressure in Figure  4-127.  The load-pressure relationship is mostly 

linear up to the elastic limit of 5.7 psi, after which it becomes non-linear up to the maximum 

applied pressure of 7.5 psi. It should be noted that friction due to the weight of the wall 

influences the horizontal reactions as discussed previously.  A comparison between the total 

applied load and the total load measured by the reaction rods is given in Figure  4-128.  The 

total measured load varies linearly with the total applied load as expected.  Due to a 

limitation of the number of instruments available, not all reactions rods were instrumented 

with load cells.  Two measured totals are given in the figure: the first is the summation of the 

measured loads in the reaction rods and the second is the summation of the measured loads in 

the reaction rods plus the expected loads (based on symmetry) in the reaction rods that were 

not able to be instrumented.  For example, the value of the load in the reaction rod directly 

across from load cell “V1” is assumed to have the same load as “V1”.  This assumption 
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obviously introduces error because of the possible asymmetry in the load in the frame as 

described in Section  3.9.  The assumption does however allow for a general indication of the 

value of the friction force between the bottom edge of the concrete frame and the top edge of 

the supporting steel beam.  The 30-40% difference between the total applied load and the 

total measured load (with symmetry assumed) can be explained by the aforementioned 

friction force as well as the error in assuming symmetry.  The maximum value of the static 

friction force for this specimen is approximately 5600 lbs (assuming the coefficient of static 

friction between steel and concrete is 0.4). 
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Figure  4-127: Measured load in steel reaction rods for S7-1.2-SR 
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Figure  4-128: Load Comparison for S7-1.2-SR 

4.13.2 Relative Displacement Between Wythes 

The relative displacement between the inner wythe and the outer wythe was measured using 

linear potentiometers at three locations as shown in Figure  4-129.  The measured relative 

displacements were insignificant and well below 0.01 inch up to an applied pressure of 3.9 

psi.  The linear potentiometers were removed after reaching this pressure to avoid damage to 

the instrumentation at failure.   
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Figure  4-129: Relative Displacement Between Wythes of S7-1.2-SR 

 

4.13.3 Strain in the FRP Sheets 

The measured strains in the FRP sheets at various locations are shown in Figure  4-130.  

Strain in the FRP sheets at all measured locations remained below 1500 microstrain up to the 

maximum measured pressure of 7.5 psi.   



 159 

0
0.6
1.2
1.8
2.4

3
3.6
4.2
4.8
5.4

6
6.6
7.2
7.8

-500 0 500 1000 1500 2000

Strain in FRP (Microstrain)

A
pp

lie
d 

Pr
es

su
re

 (p
si

)

V1 V2 V3 V4

V4

V3 V2 V1

 
Figure  4-130: Measured strain in FRP sheets of S7-1.2-SR  

4.13.4 Failure Mode 

The strengthened wall S7-1.2-SR had no visible signs of damage up to an applied pressure of 

3.9 psi with the shear restraints in place.  The wall then eventually failed due to shear sliding 

of the wall out of the frame as shown in Figure  4-131.  The presence of the shear restraints 

successfully delayed the shear sliding mode to pressures well exceeding the design load, 

however, due to the amount of FRP, the failure mode was still governed by shear sliding in a 

rigid body fashion.  It should be noted that, at ultimate, the shear restraints held the wall in 

place, preventing total collapse, however the substantial shear sliding constituted failure. 
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Figure  4-131: S7-1.2-SR at failure 

Shear sliding 
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4.14 Strengthened Specimen S1-1.6-SR 

The strengthened specimen S1-1.6-SR consisted of a double wythe wall with no fill in the 

collar joint and had an aspect ratio of 1.6.  The specimen was externally strengthened 

(vertical and horizontal GFRP coverage = 50%) with GFRP sheets without overlap onto the 

RC frame.  Three edges of the specimen were restrained against shear sliding using steel 

shear restraints as described in Section  3.4.  The dimensions of S1-1.6-SR are shown in 

Figure  4-132.  The specimen was tested in three phases.  During the first phase, with the 

shear restraints attached, the pressure was increased monotonically as described in Section 

 4.14.1 up to a pressure of 6.0 psi.  The condition of the specimen prior to Phase 1 loading is 

shown in Figure  4-133.  The specimen was then unloaded.  During the second phase, with the 

shear restraints attached, the pressure was increased in cycles as described in Section  4.12.3 

below up to a pressure of 3.9 psi.  The condition of the specimen prior to Phase 2 loading is 

shown in Figure  4-134. The specimen was then unloaded and the shear restraints were 

removed.  After removing the restraints, the specimen was tested in cycles to failure, as 

described in Section  4.14.4.  The condition of the specimen prior to the failure cycles of 

Phase 3 is shown in Figure  4-135. 

 

 

 

Figure  4-132: Strengthened Specimen S1-1.6-SR 
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Figure  4-133: S1-1.6-SR Prior to Phase 1 Loading 

 
Figure  4-134: S1-1.6-SR Prior to Phase 2 Loading 
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Figure  4-135: S1-1.6-SR Prior to Phase 3 Loading 

 

4.14.1 Load-Deflection Behavior: Phase 1 

The specimen was tested in three phases.  In the first phase, with the shear restraints attached, 

applied pressure was increased directly to a pressure of 6 psi over the course of 15 mins.  The 

specimen was then unloaded before proceeding to the next phase of testing.  The measured 

load-deflection behavior of the strengthened specimen S1-1.6-SR is shown in Figure  4-136.  

Minor cracking of the epoxy at the shear restraints was heard at applied pressures exceeding 

4.0 psi. At an applied pressure of 4.8 psi, the bottom edge of the specimen began to slide out 

from the frame along the bottom bed joint.  The measured out-of-plane displacement profiles 

for applied pressures of 2.4 psi, 3.9 psi, 4.5 psi and 6.0 psi are shown in Figure  4-137.   
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Figure  4-136: Phase 1 load-deflection behavior of S1-1.6-SR  
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Figure  4-137: Phase 1 out-of-plane displacement profiles for S1-1.6-SR  
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The measured loads in the steel reaction rods supporting the frame to the reaction wall for the 

initial monotonic phase of testing are plotted versus applied pressure in Figure  4-138.  A 

comparison between the total applied load and the total load measured by the reaction rods is 

given in Figure  4-139.  The total measured load varies linearly with the total applied load as 

expected.  Due to a limitation of the number of instruments available, not all reactions rods 

were instrumented with load cells.  Two measured totals are given in the figure: the first is 

the summation of the measured loads in the reaction rods and the second is the summation of 

the measured loads in the reaction rods plus the expected loads (based on symmetry) in the 

reaction rods that were not able to be instrumented.  For example, the value of the load in the 

reaction rod directly across from load cell “V1” is assumed to have the same load as “V1”.  

This assumption obviously introduces error because of the possible asymmetry in the load in 

the frame as described in Section  3.9.  The assumption does however allow for a general 

indication of the value of the friction force between the bottom edge of the concrete frame 

and the top edge of the supporting steel beam.  The 35-55% difference between the total 

applied load and the total measured load (with symmetry assumed) can be explained by the 

aforementioned friction force as well as the error in assuming symmetry.  The maximum 

value of the static friction force for this specimen is approximately 6800 lbs (assuming the 

coefficient of static friction between steel and concrete is 0.4). 



 166 

-1000

0

1000

2000

3000

4000

5000

6000

7000

8000

0 0.6 1.2 1.8 2.4 3 3.6 4.2 4.8 5.4 6 6.6

Applied Pressure (psi)

Lo
ad

 (l
bs

)

H1 H2 H3 H4 V1 C1 C3

H2
H1

H3
H4

C1
V1

C3

 
Figure  4-138: Phase 1 measured load in steel reaction rods for S1-1.6-SR  
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Figure  4-139: Phase 1 Load Comparison for S1-1.6-SR 
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4.14.2 Load-Deflection Behavior: Phase 2 

The cycles of uniform pressure applied to the specimen during Phase 2 are shown in Figure 

 4-140.  In this phase, with the shear restraints attached, applied pressure was increased in 

increments of 0.3 psi and held constant for approximately 5 minutes at each increment up to 

a pressure of 1.5 psi. The pressure was then released to 1.2 psi and held for 1 minute before 

proceeding to the next load step.  Each subsequent load step was held for 5 minutes and then 

released to the service load of 1.2 psi.   The second phase ended after the applied pressure 

reached 3.9 psi.  The specimen was then unloaded and the shear restraints were removed 

prior to the start of the third phase of loading.  The measured load-deflection behavior of the 

strengthened specimen S1-1.6-SR is shown in Figure  4-141.  There were no additional 

visible signs of damage during this phase of testing. The measured out-of-plane displacement 

profiles for applied pressures of 1.2 psi, 2.4 psi, and 3.9 psi are shown in Figure  4-142.   Note 

that all instruments were re-zeroed prior to Phase 2. 
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Figure  4-140: Phase 2 cyclic loading sequence for S1-1.6-SR  
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Figure  4-141: Phase 2 cyclic load-deflection behavior of S1-1.6-SR  
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Figure  4-142: Phase 2 out-of-plane displacement profiles for S1-1.6-SR  
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The measured loads in the steel reaction rods supporting the frame to the reaction wall for the 

Phase 2 cyclic phase of testing are plotted versus applied pressure in Figure  4-143.  A 

comparison between the total applied load and the total load measured by the reaction rods is 

given in Figure  4-144.  The total measured load varies linearly with the total applied load as 

expected.  The 35-45% difference between the total applied load and the total measured load 

(with symmetry assumed) can be explained by the aforementioned friction force as well as 

the error in assuming symmetry. 
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Figure  4-143: Phase 2 measured load in steel reaction rods for S1-1.6-SR  
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Figure  4-144: Phase 2 Load Comparison for S1-1.6-SR  

 

 

4.14.3 Relative Displacement Between Wythes 

The relative displacement between the inner wythe and the outer wythe was measured using 

linear potentiometers at three locations as shown in Figure  4-145.  The measured relative 

displacements were insignificant and well below 0.01 inch up to an applied pressure of 3.9 

psi.  The linear potentiometers were removed after the second phase of testing to avoid 

damage to the instrumentation at failure.   
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Figure  4-145: Relative Displacement Between Wythes of S1-1.6-SR 

4.14.4 Load-Deflection Behavior: Phase 3 

The cycles of uniform pressure applied to the specimen during the third phase of loading are 

shown in Figure  4-146.  In this phase, with the shear restraints removed, applied pressure was 

increased in increments of 0.3 psi and held constant for approximately 5 minutes at each 

increment up to a pressure of 1.5 psi. The pressure was then released to 1.2 psi and held for 1 

minute before proceeding to the next load step.  Each subsequent load step was held for 5 

minutes and then released to the service load of 1.2 psi.  Beyond an applied pressure of 3.9 

psi the load increments were increased to 0.6 psi.  The measured load-deflection behavior of 

the strengthened specimen S1-1.6-SR is shown in Figure  4-147.  The measured elastic limit 

of 3.2 psi corresponds to a significant loss of stiffness, as shown in Figure  4-147.  The 

maximum measured pressure was 4.5 psi.  The measured out-of-plane displacement profiles 

for applied pressures of 1.2 psi, 2.4 psi, 3.9 psi and 4.5 psi are shown in Figure  4-148.  Note 

that all instruments were re-zeroed prior to Phase 3. 
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Figure  4-146: Phase 3 loading sequence for S1-1.6-SR  
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Figure  4-147: Phase 3 load-deflection behavior of S1-1.6-SR  
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Figure  4-148: Phase 3 out-of-plane displacement profiles for S1-1.6-SR  

 

The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

plotted versus applied pressure in Figure  4-149.  The load-pressure relationship is mostly 

linear up to the elastic limit of 3.2 psi, after which it becomes non-linear up to the maximum 

applied pressure of 4.5 psi. It should be noted that friction due to the weight of the wall 

influences the horizontal reactions as discussed previously.  A comparison between the total 

applied load and the total load measured by the reaction rods is given in Figure  4-150.  The 

total measured load varies linearly with the total applied load as expected.  The 35-55% 

difference between the total applied load and the total measured load (with symmetry 

assumed) can be explained by the aforementioned friction force as well as the error in 

assuming symmetry. 
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Figure  4-149: Phase 3 measured load in steel reaction rods for S1-1.6-SR 
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Figure  4-150: Phase 3 Load Comparison for S1-1.6-SR 
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4.14.5 Strain in the FRP Sheets 

The measured strains in the FRP sheets at various locations for the three phases are shown in 

Figure  4-151, Figure  4-152 and Figure  4-153 respectively.  For the first phase, strain in the 

FRP sheets at all measured locations did not exceed 3500 microstrain up to a measured 

pressure of 6.0 psi.  For the second phase, strain in the FRP sheets at all measured locations 

did not exceed 1500 microstrain up to a measured pressure of 3.9 psi. For the third phase, 

strain in the FRP sheets at all measured locations did not exceed 3500 microstrain up to a 

measured pressure of 4.5 psi.  
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Figure  4-151: Phase 1 measured strain in FRP sheets of S1-1.6-SR  
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Figure  4-152: Phase 2 measured strain in FRP sheets of S1-1.6-SR  
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Figure  4-153: Phase 3 measured strain in FRP sheets of S1-1.6-SR  
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4.14.6 Failure Mode without Shear Restraints 

 The strengthened wall S1-1.6-SR had no visible signs of damage up to an applied pressure 

of 3.9 psi with the shear restraints in place.  After the shear restraints were removed and the 

wall was reloaded, it failed due to shear sliding of the wall out of the frame as shown in 

Figure  4-154.   

 

 
Figure  4-154: S1-1.6-SR (without shear restraints) at failure  

Shear sliding
along all four 

edges  
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4.15 Strengthened Specimen S2-1.6-SR 

The strengthened specimen S2-1.6-SR consisted of a double wythe wall with no fill in the 

collar joint and had an aspect ratio of 1.6.  The specimen was externally strengthened 

(vertical and horizontal GFRP coverage = 100%) with GFRP sheets without overlap onto the 

RC frame.  Three edges of the specimen were restrained against shear sliding using steel 

shear restraints as described in Section  3.4.  The dimensions of S2-1.6-SR are shown in 

Figure  4-155.  The specimen was tested in two phases.  During the first phase, with the shear 

restraints attached, the pressure was increased in cycles as described in Section  4.15.1 up to a 

pressure of 3.9 psi.  The condition of the specimen prior to Phase 1 loading is shown in 

Figure  4-156.  The specimen was then unloaded and the shear restraints were removed.  After 

removing the restraints, the specimen was tested in cycles to failure as described in Section 

 4.15.3.  The condition of the specimen prior to Phase 2 loading is shown in Figure  4-157. 

 

 

 

Figure  4-155: Strengthened Specimen S2-1.6-SR 
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Figure  4-156: S2-1.6-SR Prior to Phase 1 Loading 

 
Figure  4-157: S2-1.6-SR Prior to Phase 2 Loading 
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4.15.1 Load-Deflection Behavior: Phase 1 

The specimen was tested in the first phase with the shear restraints attached. The cycles of 

uniform pressure applied to the specimen during the first phase of loading are shown in 

Figure  4-158.  The applied pressure was increased in increments of 0.3 psi and held constant 

for approximately 5 minutes at each increment up to a pressure of 1.5 psi. The pressure was 

then released to 1.2 psi and held for 1 minute before proceeding to the next load step.  Each 

subsequent load step was held for 5 minutes and then released to the service load of 1.2 psi.   

The first phase ended after the applied pressure reached 3.9 psi.  The specimen was then 

unloaded and the shear restraints were removed prior to the start of the second phase of 

loading.  The measured load-deflection behavior of the strengthened specimen S2-1.6-SR is 

shown in Figure  4-159.  There were no visible signs of damage during the first phase of 

testing. The measured out-of-plane displacement profiles for applied pressures of 1.2 psi, 2.4 

psi, and 3.9 psi are shown in Figure  4-160.   
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Figure  4-158: Phase 1 loading sequence for S2-1.6-SR  
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Figure  4-159: Phase 1 load-deflection behavior of S2-1.6-SR  
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Figure  4-160: Phase 1 out-of-plane displacement profiles for S2-1.6-SR  
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The measured loads in the steel reaction rods supporting the frame to the reaction wall for the 

first phase of testing are plotted versus applied pressure in Figure  4-161.  A comparison 

between the total applied load and the total load measured by the reaction rods is given in 

Figure  4-162.  The total measured load varies linearly with the total applied load as expected.  

Due to a limitation of the number of instruments available, not all reactions rods were 

instrumented with load cells.  Two measured totals are given in the figure: the first is the 

summation of the measured loads in the reaction rods and the second is the summation of the 

measured loads in the reaction rods plus the expected loads (based on symmetry) in the 

reaction rods that were not able to be instrumented.  For example, the value of the load in the 

reaction rod directly across from load cell “V1” is assumed to have the same load as “V1”.  

This assumption obviously introduces error because of the possible asymmetry in the load in 

the frame as described in Section  3.9.  The assumption does however allow for a general 

indication of the value of the friction force between the bottom edge of the concrete frame 

and the top edge of the supporting steel beam.  The 35-50% difference between the total 

applied load and the total measured load (with symmetry assumed) can be explained by the 

aforementioned friction force as well as the error in assuming symmetry.  The maximum 

value of the static friction force for this specimen is approximately 6800 lbs (assuming the 

coefficient of static friction between steel and concrete is 0.4). 
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Figure  4-161: Phase 1 measured load in steel reaction rods for S2-1.6-SR 
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Figure  4-162: Phase 1 Load Comparison for S2-1.6-SR 
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4.15.2 Relative Displacement Between Wythes 

The relative displacement between the inner wythe and the outer wythe was measured using 

linear potentiometers at three locations as shown in Figure  4-163.  The measured relative 

displacements were insignificant and well below 0.01 inch up to an applied pressure of 3.9 

psi.  The linear potentiometers were removed after the first phase of testing to avoid damage 

to the instrumentation at failure.   

0

0.6

1.2

1.8

2.4

3

3.6

4.2

4.8

5.4

6

-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05

Relative Displacement Between Wythes  (in.)

A
pp

lie
d 

Pr
es

su
re

 (p
si

)

HV1
H2
V2

H2    V2    HV1

 
Figure  4-163: Relative Displacement Between Wythes of S2-1.6-SR 

4.15.3 Load-Deflection Behavior: Phase 2 

The cycles of uniform pressure applied to the specimen during the second phase of loading 

are shown in Figure  4-164.  In the second phase, with the shear restraints removed, applied 

pressure was increased in increments of 0.3 psi and held constant for approximately 5 

minutes at each increment up to a pressure of 1.5 psi. The pressure was then released to 1.2 

psi and held for 1 minute before proceeding to the next load step.  Each subsequent load step 

was held for 5 minutes and then released to the service load of 1.2 psi.  The measured load- 
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deflection behavior of the strengthened specimen S2-1.6-SR is shown in Figure  4-165.  There 

was no significant loss of stiffness prior to the maximum measured pressure of 3.3 psi. Minor 

cracking of the epoxy was heard at applied pressures exceeding 1.8 psi.  The measured out-

of-plane displacement profiles for applied pressures of 1.2 psi, 2.4 psi, and 2.7 psi are shown 

in Figure  4-166.  Note that all instruments were re-zeroed prior to Phase 2. 
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Figure  4-164: Phase 2 loading sequence for S2-1.6-SR  
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Figure  4-165: Phase 2 load-deflection behavior of S2-1.6-SR  
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Figure  4-166: Phase 2 out-of-plane displacement profiles for S2-1.6-SR  
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The measured loads in the steel reaction rods supporting the frame to the reaction wall are 

plotted versus applied pressure in Figure  4-167.  The load-pressure relationship is mostly 

linear up to the maximum pressure of 2.7 psi.  It should be noted that friction due to the 

weight of the wall influences the horizontal reactions as discussed previously.  A comparison 

between the total applied load and the total load measured by the reaction rods is given in 

Figure  4-168.  The total measured load varies linearly with the total applied load as expected.  

The 40-50% difference between the total applied load and the total measured load (with 

symmetry assumed) can be explained by the aforementioned friction force as well as the 

error in assuming symmetry. 
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Figure  4-167: Phase 2 measured load in steel reaction rods for S2-1.6-SR 



 188 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3 3.3

Applied Pressure (psi)

Lo
ad

 (l
bs

) 40- 50% 

Total Measured Load 
From  Load Cells

Total Applied Load 
(Applied Pressure x Area)

Total Measured Load
+ Assumed Symmetry

Assumed Symmetrical 
to Opposite Load Cell

 
Figure  4-168: Phase 2 Load Comparison for S2-1.6-SR 

4.15.4 Strain in the FRP Sheets 

The measured strains in the FRP sheets at various locations for the first and second phases 

are shown in Figure  4-169 and Figure  4-170 respectively.  For the first phase, strain in the 

FRP sheets at all measured locations remained below 300 microstrain up to a measured 

pressure of 3.9 psi.  For the second phase, strain in the FRP sheets at all measured locations 

did not exceed 100 microstrain up to the maximum pressure of 2.7 psi.   



 189 

0
0.3
0.6
0.9
1.2
1.5
1.8
2.1
2.4
2.7

3
3.3
3.6
3.9
4.2
4.5

-100 0 100 200 300 400 500

Strain in FRP (Microstrain)

A
pp

lie
d 

Pr
es

su
re

 (p
si

)

V1 V2 V3 V4

V4 V3
V1

V2

 
Figure  4-169: Phase 1 measured strain in FRP sheets of S2-1.6-SR  
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Figure  4-170: Phase 2 measured strain in FRP sheets of S2-1.6-SR  
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4.15.5 Failure Mode without Shear Restraints 

 The strengthened wall S2-1.6-SR had no visible signs of damage up to an applied pressure 

of 3.9 psi with the shear restraints in place.  After the shear restraints were removed and the 

wall was reloaded, it failed due to shear sliding of the wall out of the frame as shown in 

Figure  4-171.   

 

 
Figure  4-171: S2-1.6-SR (without shear restraints) at failure  
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4.16 Summary of Experimental Results 

A summary of the experimental results is given in Table  4-2.  In this table, column (1) gives 

the anchorage system.  Strengthened specimens are divided into the three anchorage types, 

which are GFRP sheets overlapped onto the RC frame, GFRP sheets with no overlap onto the 

RC frame, and those shear restrained using steel angles as described in Section  3.4.  Column 

(5) identifies whether mortar fill was present in the collar joint between the two wythes for 

double wythe specimens.  Column (6) indicates the percentage of the surface area of the 

outer wythe that was covered with unidirectional GFRP in the vertical (V) and horizontal (H) 

directions respectively.  Column (7) gives the elastic limit in psi as determined from the 

pressure-deflection relationship.  Column (8) gives the ultimate applied pressure in psi.  

Information related to the determination of the elastic limit and ultimate applied pressure is 

provided in Section  4.1.1.  Column (9) gives a failure code related to the observed modes of 

failure.  The flexural failure mode is subdivided according to the orientation of cracking.  

Specimens that failed in flexure with the major crack oriented horizontally are given the code 

“FH”.  Likewise, specimens failing in flexure with the major crack oriented vertically are 

given the code “FV”.  The dashed lines indicate the order in which the failure occurred, for 

example “FH-FV” indicates that the specimen failed in flexure with a major horizontal crack 

forming first followed by a major vertical crack.  Specimens that failed due to shear sliding 

of the wall panel out of the frame are given the code “SS”.  Where debonding of the GFRP 

sheets was observed at failure a “-D” is included.  It should be noted that the shear restrained 

specimens all reached an applied pressure of 3.9 psi with no visible signs of damage.  These 

specimens are give the failure code “NF” for “No Failure”, because the test was terminated 

after they successfully resisted an applied pressure of 3.9 psi.  Note that specimen S7-1.2-SR 

was tested to failure with the shear restraints attached. 
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Table  4-2: Summary of Experimental Results 

(1) 

Anchorage 

System 

(2) 

Specimen 

ID 

(3) 

Aspect 

Ratio 

(w/h) 

(4) 

Number 

of 

Wythes 

(5) 

Collar 

Joint 

(6) 

GFRP % 

Coverage 

(V/H) 

(7) 

Elastic 

Limit 

(psi) 

(8) 

Ultimate 

Applied 

Pressure 

(psi) 

(9) 

Failure 

Mode† 

C1-1.0 1.0 Double Solid None 2.4 8.4 FH-FV 

C1-1.2 1.2 Single N/A None 0.8 0.9 FH 

C2-1.2 1.2 Double Solid None 3.1 4.4 FH-FV 

N/A 

(Control) 

C3-1.2 1.2 Double No Fill None 4.3 5.4 FH-FV 

S1-1.2-O 1.2 Double Solid 50/50 6.4 9.9 SS-D 

S2-1.2-O 1.2 Single N/A 50/50 1.4 1.7 SS-D 

Overlap 

Onto RC 

Frame S1-1.4-O 1.4 Double Solid 50/50 5.7 7.4 SS-D 

S3-1.2-NO 1.2 Single N/A 50/50 1.4 1.4 SS 

S4-1.2-NO 1.2 Double Solid 50/50 1.8 4.6 SS 

S5-1.2-SR* 1.2 Double No Fill 50/50 4.5 6.9 SS 

S6-1.2-SR* 1.2 Double No Fill 75/50 3.3 3.3 SS 

S1-1.6-SR* 1.6 Double No Fill 50/50 3.2 4.5 SS 

No 

Overlap 

Onto RC 

Frame 

S2-1.6-SR* 1.6 Double No Fill 100/100 2.7 2.7 SS 

S5-1.2-SR 1.2 Double No Fill 50/50 >3.9 ----- NF 

S6-1.2-SR 1.2 Double No Fill 75/50 >3.9 ----- NF 

S7-1.2-SR 1.2 Double No Fill 100/100 5.7 7.5 SS 

S1-1.6-SR 1.6 Double No Fill 50/50 >3.9 ----- NF 

Shear 

Restraint 

S2-1.6-SR 1.6 Double No Fill 100/100 >3.9 ----- NF 

* Note:  The measured elastic limit of the applied pressure for these specimens was taken after the removal  of 
the shear restraint FRP anchorage system and therefore the specimens for this phase of loading are strengthened 
specimens without overlap.  For S7-1.2-SR, the shear restraints remained in place up to failure. 
† Failure modes:  FH – Flexural with main horizontal crack; FV – Flexural with main vertical crack; SS – Shear 
Sliding; -D – FRP Debonding; NF – No Failure. 
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4.16.1 Factor of Safety 

The factor of safety of the measured elastic limit of the applied pressure in relation to the 

design tornado induced differential pressure of 1.2 psi is given in Table  4-3.  It can be seen 

from the table that for the infill walls tested in this experimental program using the shear 

restraint FRP anchorage system reliably gave a factor of safety in excess of 3.0. 

 

Table  4-3: Factor of Safety 

Anchorage System Specimen ID Elastic Limit  (psi) Factor of Safety 

C1-1.0 2.4 2.00 

C1-1.2 0.8 0.67 

C2-1.2 3.1 2.58 

N/A 

(Control) 

C3-1.2 4.3 3.58 

S1-1.2-O 6.4 5.33 

S2-1.2-O 1.4 1.17 
Overlapped Onto RC 

Frame 
S1-1.4-O 5.7 4.75 

S3-1.2-NO 1.4 1.17 

S4-1.2-NO 1.8 1.50 

S5-1.2-SR* 4.5 3.75 

S6-1.2-SR* 3.3 2.75 

S1-1.6-SR* 3.2 2.67 

No Overlap Onto RC 

Frame 

S2-1.6-SR* 2.7 2.25 

S5-1.2-SR >3.9 >3.25 

S6-1.2-SR >3.9 >3.25 

S1-1.6-SR >3.9 >3.25 

S2-1.6-SR >3.9 >3.25 

Shear Restrained 

S7-1.2-SR 5.7 4.75 

* Note:  The measured elastic limit of the applied pressure for these specimens was taken after the removal  of 
the shear restraint FRP anchorage system and therefore the specimens for this phase of loading are strengthened 
specimens without overlap.  For S7-1.2-SR, the shear restraints remained in place up to failure. 
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4.16.2 Influence of Overlapping 

The influence of overlapping the GFRP onto the RC frame can be seen among double wythe 

specimens with an aspect ratio of 1.2 and a solid filled collar joint.  The specimen with GFRP 

overlapped onto the RC frame (S1-1.2-O) was found to have the highest strength as shown in 

Figure  4-172.  Likewise, among single wythe specimens with an aspect ratio of 1.2, the 

specimen with GFRP overlapped onto the RC frame (S2-1.2-O) was again found to have the 

highest strength as shown in Figure  4-173. 
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Figure  4-172: Influence of Overlapping (1) 
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Figure  4-173: Influence of Overlapping (2) 

 

4.16.3 Influence of Number of Wythes and Collar Joint Fill 

The influence of a second wythe and whether or not the collar joint between the two wythes 

is filled with mortar can be seen among control specimens with an aspect ratio of 1.2.  Both 

double wythe specimens had substantially greater strength than the single wythe specimen as 

shown in Figure  4-174.  The double wythe specimen with no fill in the collar joint (C3-1.2) 

withstood a greater applied pressure than the double wythe specimen with a solid filled collar 

joint (C2-1.2).   
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Figure  4-174: Influence of Number of Wythes and Collar Joint Fill 

4.16.4 Influence of Aspect Ratio 

The influence of different aspect ratios can be seen among double wythe specimens without 

fill in the collar joint that were strengthened with no overlap onto the RC frame and 

restrained using steel shear restraints as described in Section  3.4.  The 1.2 aspect ratio 

specimen (S5-1.2-SR) and the 1.6 aspect ratio specimen (S1-1.6-SR) achieved similar results 

up to the applied load of 3.9 psi as shown in Figure  4-175.  Double wythe specimens with 

solid fill in the collar joint that were strengthened with GFRP overlapped onto the RC frame 

however showed a slight difference.  The 1.2 aspect ratio specimen (S1-1.2-O) achieved a 

greater strength than the larger 1.4 aspect ratio specimen (S1-1.4-O) as shown in Figure 

 4-176.  This difference is even more pronounced when comparing the 1.2 aspect ratio 

specimen (S5-1.2-SR*) to the 1.6 aspect ratio specimen (S1-1.6-SR*) as shown in Figure 

 4-177.  It should be noted that the load deflection behavior shown is for the second phase of 

testing in which the shear restraints were removed from the specimens. 
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Figure  4-175: Influence of Aspect Ratio (1) 
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Figure  4-176: Influence of Aspect Ratio (2) 
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Figure  4-177: Influence of Aspect Ratio (3) 

4.16.5 Influence of Coverage Ratio 

The influence of different coverage ratios can be seen among double wythe specimens 

without fill in the collar joint that were strengthened with no overlap onto the RC frame.  For 

the 1.2 aspect ratio specimens (with the shear restraints attached) shown in Figure  4-178, the 

specimen with 50% vertical and horizontal GFRP coverage (S5-1.2-SR) and the specimen 

with 75% vertical GFRP coverage and 50% horizontal GFRP coverage (S6-1.2-SR) 

displayed similar results.  However, when the shear restraints for these specimens were 

removed, the influence of the coverage ratio became more apparent as shown in Figure  4-179.  

Somewhat surprisingly, the specimen with a smaller percent coverage out-performed the 

specimen with a higher percent coverage.  This is likely due to the greater flexural stiffness 

of the specimen with a greater percentage of GFRP.  The greater flexural stiffness allowed 

the specimen to behave more like a rigid body and thus limited the ability of the specimen to 

develop significant clamping forces at the bottom bed joint to resist shear sliding.  A similar 

relationship was observed among the 1.6 aspect ratio specimens.  The specimen with 50% 
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vertical and horizontal GFRP coverage (S1-1.6-SR) and the specimen with the 100% vertical 

and horizontal GFRP coverage (S2-1.6-SR) displayed similar results as shown in Figure 

 4-180.  However, like the previous specimens, when the shear restraints for these specimens 

were removed, the specimen with a smaller percent coverage out-performed the specimen 

with a higher percent coverage as shown in Figure  4-181. 
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Figure  4-178: Influence of Vertical Coverage Ratio (1) 
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Figure  4-179: Influence of Vertical Coverage Ratio (2) 



 201 

0

0.6

1.2

1.8

2.4

3

3.6

4.2

4.8

5.4

6

6.6

7.2

7.8

0 0.5 1 1.5 2 2.5

Deflection at Mid Point (in.)

A
pp

lie
d 

Pr
es

su
re

 (p
si

)

S1-1.6-SR

S2-1.6-SR

50% Vertical & 
Horizontal Coverage

(S1-1.6-SR)

100% Vertical & 
Horizontal Coverage

(S2-1.6-SR)

 
Figure  4-180: Influence of Vertical Coverage Ratio (3) 
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Figure  4-181: Influence of Vertical Coverage Ratio (4) 
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5 ANALYSIS 

This chapter discusses the various analytical approaches that were considered for predicting 

the behavior of infill brick wall test specimens.  For each type of analysis, the applicable 

limit states are identified and discussed, the method of analysis is described, and the results 

of the analysis are presented in comparison to the experimental results.   

5.1 Working Stress Analysis  

5.1.1 Introduction 

The working stress approach considered the flexural behavior of the infill wall with respect 

to the reinforced concrete frame.  The method specifies an allowable stress for both the 

masonry and the FRP material. The cross-section is analyzed in a state of pure bending for 

two failure cases:  The first assumes that the masonry reaches its allowable stress while the 

strain in the FRP is below the allowable limit and the second assumes that the FRP material 

reaches its allowable stress first.  The minimum of the moment resistances from the two 

cases is selected as the maximum allowable moment.  Using the moment resistance, the 

uniformly distributed pressure was determined based on the geometry and boundary 

conditions of the wall.  This pressure is calculated for two cases:  the first assuming the worst 

case scenario in which the lateral support from the vertical edges is negligible and the wall is 

simply supported one-way in the vertical direction and the second assuming the wall behaves 

as a rectangular plate element simply supported by the four sides.  The results of both cases 

were then compared to the measured elastic limit of the applied pressure to determine: (1) the 

extent to which the working stress approach could be used to predict the elastic limit of the 

pressure deflection response for the various types of FRP anchorage systems and (2) the 

extent to which the behavior matches the two different boundary condition assumptions. 
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5.1.2 Applicable Limit States 

The working stress analysis considered in this thesis is based on the flexural limit state.  

Since it is an elastic analysis, it was considered for all strengthened specimens, even those 

whose ultimate failure was not governed by flexural behavior.   

5.1.3 Method of Analysis 

5.1.3.1     Allowable Stresses 

An allowable stress is defined for both the masonry and the FRP material.  For the masonry, 

the allowable stress is given in Eq.  5-1.  This is based on a 2/3 reduction of the measured 

compressive strength, f’m, in accordance with the Masonry Standards Joint Committee 

(MSJC) Masonry Code (ACI 530-05 / ASCE 5-05 / TMS 402-05).  The measured 

compressive strength for the test walls was obtained from the masonry prism testing 

described in Section  3.2.3 of this thesis.  The effective allowable stress for the FRP sheets, 

Ffe, is defined according to ACI Committee 440.  The ultimate tensile strain provided by the 

manufacturer, εfu*, is reduced by an environmental factor, CE, which is related to the type of 

FRP and the exposure level, to determine the design rupture strain, εfu, as given in Eq.  5-2.  In 

this research, the environmental factor was taken as 1.0 due to the limited duration of the 

exposure of test specimens to the environment.  The ultimate tensile strain is reduced by a 

bond-dependent coefficient for flexure, κm, to give the maximum effective strain, εfe, as given 

in Eq.  5-3.  This must be less than the design rupture strain.  The bond-dependent coefficient 

for flexure used in this analysis was 0.225, which is half of the typical value of 0.45 for 

ultimate strength design as recommended by the ACI Committee 440 for the working stress 

approach.  The allowable tensile stress is then the product of the elastic modulus of the FRP 

laminate, Ef, and the maximum effective strain, as given in Eq.  5-4. 
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Eq.  5-1 

  Eq.  5-2 

 

 

Eq.  5-3 

  Eq.  5-4 

5.1.3.2     Rectangular Section Analysis 

The strengthened masonry cross-section was analyzed in a manner similar to the flexural 

analysis of a typical reinforced concrete section. The following basic assumptions were 

implemented into the analysis: (1) External and internal moments and forces are in 

equilibrium; (2) Shearing forces are uniformly distributed over the cross section; (3) Tensile 

strength of the masonry is neglected; (4) FRP reinforcement has a linear elastic stress-strain 

relationship to failure; (5) Plane sections remain plane after deformation, and therefore 

strains in the reinforcement and masonry are directly proportional to the distance from the 

neutral axis; (6)There is no relative slip between external FRP reinforcement and masonry 

and therefore the strain in the masonry and the strain in the FRP are the same at the same 

location; and (7) Shear deformation within the FRP adhesive layer is neglected, since the 

adhesive layer is very thin with slight variations in thickness.  Using these basic assumptions, 

the stress and strain distributions for a cross-section of unit width of the masonry wall are 

given in Figure  5-1.  The vertical FRP strengthening ratio, ρfv, is defined by the ratio of the 

cross-sectional area of vertically oriented unidirectional GFRP per unit width of wall, Af, to 

the cross-sectional area of the masonry wall itself in terms of the effective width, b, and the 

effective depth, d, as given in Eq.  5-5.  Using equilibrium and compatibility, the geometric 

coefficients in Figure  5-1 may be determined in terms of the strengthening ratio and the 

modular ratio of the FRP to the masonry, n, as defined in Eq.  5-6, Eq.  5-7, and Eq.  5-8. 
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Eq.  5-5  

 
 

Eq.  5-6 

 
 

Eq.  5-7  

  Eq.  5-8 

 

 

 
 

Figure  5-1: Stress and Strain Distributions 

 

The moment resistance is then calculated for each failure case.  The first case involves the 

FRP sheets reaching their maximum allowable tensile stress.  The moment resistance for this 

first case, Mrf, is given in Eq.  5-9.  The second case occurs when the masonry at the extreme 

compressive fiber reaches the allowable compressive stress.  The moment resistance for this 
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second case, Mrm, is given in Eq.  5-10.  The minimum of the moment resistances for the two 

cases was considered to be the maximum allowable moment, Mr as given in Eq.  5-11.   

 
 

 

 

Eq.  5-9 

 Eq.  5-10 

 
 

Eq.  5-11 

5.1.3.3 Allowable Applied Pressure 

The uniformly distributed pressure to cause this maximum allowable moment, qe, is 

calculated based on the geometry and boundary conditions of the wall.  The pressure is 

calculated for two cases:  the first assumed the worst case scenario in which the lateral 

support from the vertical edges is negligible and the wall is simply supported one-way in the 

vertical direction.  The second scenario assumed that the wall behaves as a rectangular plate 

element simply supported on the four sides.   For the first case, shown in Figure  5-2, 

application of the uniformly distributed pressure will cause a maximum moment as given by  

Eq.  5-12, for a simply supported span where, h, is the height of the masonry wall.   

 

 

 

 

Eq.  5-12 
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Figure  5-2: Simply Supported One-Way Span 

 

 In the second case, the wall is treated as a rectangular plate element simply supported on the 

four sides as shown in  Figure  5-3.  The aspect ratio of the plate element w/h, then determines 

the distribution of bending moment in the vertical and horizontal directions.  Timoshenko & 

Woinowsky-Krieger (1959) determined the coefficients, β and β1, governing the maximum 

internal bending moments for vertical and horizontal bending respectively.  These 

coefficients were derived based on a Poisson’s ratio of 0.3 by solving the differential 

equations satisfying the simple boundary conditions on the four sides and the equation of the 

deflection surface.  The allowable applied uniformly distributed pressure, for a given moment 

resistance, Mr, is given by Eq.  5-13.  The coefficients for various aspect ratios are given in  

 

Table  5-1.  It can be seen from the table that as the aspect ratio approaches infinity, the 

coefficient for vertical bending, β, approaches that of the first case which assumed no lateral 

support from the vertical sides.   

 
 

Eq.  5-13 

 

Moment Distribution 

Mmax = qe*h2/8 qe h 
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Figure  5-3: Rectangular Plate Element Geometry 

 

 

Table  5-1: Numerical Factors for Uniformly Loaded and Simply Supported 

Rectangular Plates  (Timoshenko & Woinowsky-Krieger, 1959) 

Aspect Ratio 

w/h 

(Mv)max = β*qe*h2 

β 

(Mh)max = β1*qe*h2 

β 1 

1.0 0.0479 0.0479 

1.1 0.0554 0.0493 

1.2 0.0627 0.0501 

1.3 0.0694 0.0503 

1.4 0.0755 0.0502 

1.5 0.0812 0.0498 

1.6 0.0862 0.0492 

2.0 0.1017 0.0464 

3.0 0.1189 0.0406 

4.0 0.1235 0.0384 

5.0 0.1246 0.0375 

∞ 0.1250 0.0375 

w 

h 

Simply Supported 

All Four Sides 
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5.1.4 Results of the Analysis 

The allowable applied pressure based on the working stress analysis for both cases was 

compared to the measured elastic limit of the applied pressure from the experimental testing.  

It should be noted that in every instance, the moment resistance, Mr, from which the 

allowable applied pressure was determined, was controlled by the masonry reaching its 

allowable compressive strain as shown in the appendix, which contains the detailed 

calculations for this analysis.  This matches the experimental observations in which the FRP 

was not highly activated before reaching the elastic pressure limit. Results of the analysis 

based on the assumption of vertical bending only are presented in Table  5-2 and presented 

graphically in Figure  5-4. 

 

Table  5-2: Comparison Assuming Vertical Bending Only 

(1) 

Anchorage System 

 (2) 

Specimen ID 

(3) 

Measured 

Elastic Limit of 

Applied 

Pressure (psi)  

(4) 

Allowable Applied 

Pressure Based on 

Elastic Analysis 

(psi) 

(5) 

Experimental / 

Theoretical 

S1-1.2-O 6.4 1.80 3.56 

S2-1.2-O 1.4 0.53 2.67 
Overlap of FRP 

Onto RC Frame 
S1-1.4-O 5.7 1.80 3.17 

S3-1.2-NO 1.4 0.53 2.67 

S4-1.2-NO 1.8 1.80 1.00 

S5-1.2-SR* 4.5 1.80 2.50 

S6-1.2-SR* 3.3 2.16 1.53 

S1-1.6-SR* 3.2 1.80 1.78 

No Overlap of 

FRP Onto RC 

Frame 

S2-1.6-SR* 2.7 2.45 1.10 

Shear Restraint S7-1.2-SR 5.7 2.45 2.33 

 
* Note:  The measured elastic limit of the applied pressure for these specimens was taken after the removal  of 
the shear restraint FRP anchorage system and therefore the specimens for this phase of loading are strengthened 
specimens without overlap.  For S7-1.2-SR, the shear restraints remained in place up to failure. 
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Figure  5-4: Comparison Assuming Vertical Bending Only 

 

From the figure it can be seen that the elastic analysis, with the assumption of vertical 

bending only, leads to conservative results for all of the strengthened specimens.  The level 

of conservatism depends on the type of anchorage system and the aspect ratio.  The elastic 

analysis, with the assumption of vertical bending only, substantially under predicted the 

elastic limit of strengthened specimens in which the FRP was overlapped on to the reinforced 

concrete frame and the specimen tested to failure with mechanical anchorage provided by the 

shear restraint system.  The elastic analysis also under predicted the elastic limit of 

strengthened specimens without FRP overlap on to the reinforced concrete frame, though not 

to the same extent as those with the other FRP anchorage types.  The aspect ratio also 

influenced the level of conservatism in the analysis.  The smaller aspect ratio specimens 

tended to have a greater contribution to the behavior from the vertical edges that was not 

accounted for in the assumption of vertical bending only.   
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It should be noted that four of the strengthened specimens using the shear restraint anchorage 

system achieved more than three times the service load of 1.2 psi, without reaching an elastic 

limit.  These specimens were then unloaded and the shear restraints were removed.  Without 

the shear restraints, the specimens were re-tested.  In this second phase of testing, the 

specimens had the same type of FRP anchorage as those strengthened without overlap onto 

the reinforced concrete frame.  For S7-1.2-SR however, the shear restraints remained in place 

to failure. 

 

The results of this comparison for the case of elastic analysis in which the walls are treated as 

rectangular plate elements that are simply supported on the four sides are presented in Table 

 5-3 and presented graphically in Figure  5-5. 
 

Table  5-3: Comparison Assuming Two-Way Plate Bending 

(1) 

Anchorage System 

 (2) 

Specimen ID 

(3) 

Measured 

Elastic Limit of 

Applied 

Pressure (psi)  

(4) 

Allowable Applied 

Pressure Based on 

Elastic Analysis 

(psi) 

(5) 

Experimental / 

Theoretical 

S1-1.2-O 6.4 3.58 1.79 

S2-1.2-O 1.4 1.05 1.34 
Overlap of FRP 

Onto RC Frame 
S1-1.4-O 5.7 3.17 1.80 

S3-1.2-NO 1.4 1.05 1.34 

S4-1.2-NO 1.8 3.58 0.50 

S5-1.2-SR* 4.5 3.58 1.26 

S6-1.2-SR* 3.3 4.30 0.77 

S1-1.6-SR* 3.2 2.61 1.23 

No Overlap of 

FRP Onto RC 

Frame 

S2-1.6-SR* 2.7 3.55 0.76 

Shear Restraint S7-1.2-SR 5.7 4.88 1.17 

* Note:  The measured elastic limit of the applied pressure for these specimens was taken after the removal  of 
the shear restraint FRP anchorage system and therefore the specimens for this phase of loading are strengthened 
specimens without overlap.  For S7-1.2-SR, the shear restraints remained in place up to failure. 
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Figure  5-5: Comparison Assuming Two-Way Plate Bending 

 

From the figure it can be seen that the elastic analysis in which the walls are treated as 

rectangular plate elements that are simply supported on the four sides leads to a better 

prediction of the elastic limit of the applied pressure for all types of FRP anchorage 

compared to the previous assumption of vertical bending only.  The results of this analysis 

capture the difference between aspect ratios much better than those of the previous 

assumption.  This analysis under predicted the elastic limit of strengthened specimens with 

overlap of the FRP reinforcement on to the reinforced concrete frame and the specimen 

tested to failure with mechanical anchorage provided by the shear restraint system.  However, 

the analysis over predicted the elastic limit of some of the strengthened specimens without 

overlap of the FRP reinforcement on to the reinforced concrete frame.  This is likely due to 

the fact that these specimens failed prematurely due to shear sliding of the masonry out of the 

RC frame. 
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5.1.5 Remarks 

The working stress elastic analysis was shown to give a reasonably accurate prediction of the 

elastic limit of the applied pressure, especially for the case in which the walls were treated as 

rectangular plate elements simply supported on the four sides.  Applying appropriate factors 

of safety, this approach can be successfully used to design strengthening systems for infill 

masonry wall panels, provided that premature failure mechanisms including shear sliding are 

also considered.   

 

There are however limitations to the use of this approach.  The analysis is based on flexural 

behavior, therefore does not directly account for the possible premature failure mechanisms 

observed in testing due to the shear sliding of the wall panel out of the RC frame.  It is 

recommended this mechanism be delayed or prevented with the use of a shear restraint 

anchorage system.  Where such a system is not feasible, additional analysis should be 

conducted to ensure that the shear sliding failure mode will not control the behavior. 
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5.2 Shear Sliding Ultimate Analysis 

5.2.1 Introduction 

This section discusses the ultimate analysis of the shear sliding failure mode.  Specimens 

failing in this mode experienced a relative slip between the masonry and the RC frame along 

the mortar interface of the four sides of the wall panel.  There are two main contributions to 

the shear resistance along this interface: (1) the friction due to the self-weight of the wall 

along the bottom side of the wall panel and (2) the shear resistance of the mortar itself.  The 

theoretical friction force was calculated using the self-weight of the wall and a standard 

coefficient of friction.  The shear stress in the mortar at ultimate was determined using the 

results of the experimental program using the three scenarios shown in Figure  5-6: Case I 

assumed that, at ultimate, the applied force was resisted by the bottom mortar bed joint only; 

Case II assumed that, at ultimate, the applied force was resisted by the bottom mortar bed 

joint and the two vertical mortar edge joints; and Case III assumed that, at ultimate, the 

applied force was resisted by the four mortar edge joints of the wall.  The calculated shear 

stress for each case was compared to values typically used in design to determine which case 

best represented the actual behavior.   
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(a) Case I 

 
(b) Case II 

 
(c) Case III 

Figure  5-6: Sliding Shear Transfer Assumptions at Ultimate 
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5.2.2 Applicable Limit State 

The shear sliding analysis considered in this thesis is, as its name suggests, based on the 

shear sliding limit state, in which the wall panel slides out of the RC frame in a rigid body 

fashion.  It was considered for strengthened specimens without overlap of the FRP 

reinforcement onto the RC frame, as this failure mode was shown to govern in these types of 

specimens.  It should be noted that this failure mode causes the debonding failure mode 

observed in strengthened specimens with overlap of the FRP onto the RC frame.  The 

analysis for that mode is discussed in Section  5.3 of this thesis.   

5.2.3 Method of Analysis 

To determine the frictional resistance of the masonry wall to shear sliding, the self-weight of 

the masonry wall, N, was calculated using a typical unit weight of 120 lb/ft3 and the 

geometry of the walls.  The static frictional resistance, FN, was calculated as the product of 

the standard coefficient of friction for these materials, μ = 0.45, according to MSJC, and the 

self-weight of the masonry as given in Eq.  5-14.  It should be noted that this friction force is 

based on the self-weight of the masonry alone and not the combined weight of the masonry 

and the RC frame.  Since the RC frame was in-filled with masonry in the vertical orientation 

after it was cast, the RC frame supports its own weight and does not exert gravitational forces 

on the masonry infill.   

  Eq.  5-14 

Next, the ultimate shear force transferred through the mortar interface, Vu, was calculated by 

multiplying the measured ultimate applied pressure, qu, by the surface area of the wall over 

which this pressure was applied and then subtracting the frictional resistance as in Eq.  5-15.  

Based on the net shear force, Vu, the shear stress in the mortar was calculated for the three 

cases.  It should be noted that although there is a combination of flexure and shear, this 

analysis assumes that the strengthened wall panel behaves in a rigid body fashion and thus 

does not account for the beneficial effects of the clamping forces that form when arching 

action is developed. 
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  Eq.  5-15 

 

Case I represents the lower bound of the resistance of the masonry to shear sliding, in which 

shrinkage cracks and uneven mortar fill are assumed to prevent the top mortar bed joint and 

the vertical mortar edge joints from effectively resisting shear sliding at ultimate. As such, all 

of the shear force is resisted by only the bottom mortar bed joint.  For Case I the average 

shear stress in the bed joint, τ1, is the total shear force, Vu, divided by the area of the bottom 

mortar bed joint as given in Eq.  5-16, where t is the depth of the mortar bed joint.   

 
 

Eq.  5-16 

 

Case II represents the situation in which both vertical mortar edge joints as well as the 

bottom mortar bed joint are effective in resisting shear sliding at ultimate.  The top mortar 

bed joint for this case is assumed to provide negligible resistance at ultimate.  For Case II, the 

average shear stress in the mortar edge joints, τ2, is the total shear force, Vu, divided by the 

summation of the area of the bottom mortar bed joint and the area of the two vertical mortar 

edge joints as given in Eq.  5-17.  It should be noted that this case assumes that the shear force 

is distributed evenly among the three effective edges. 

 
 

Eq.  5-17 

 

Case III represents the upper bound of the resistance of the masonry to shear sliding, in 

which all four edge joints are assumed to be effective in resisting the shear sliding at ultimate.  

For Case III the average shear stress in the bed joint, τ3, is the total shear force, Vu, divided 

by the summation of the areas of the four mortar edge joints as given in Eq.  5-18.   
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Eq.  5-18 

5.2.4 Analytical Results 

Table  5-4 gives the calculated frictional resistance and the ultimate shear force transferred 

through the mortar interface for strengthened specimens without overlap of the FRP 

reinforcement onto the RC frame.   

 

Table  5-4: Shear Sliding Forces 

 (1) 

Specimen 

ID 

(2) 

Width, 

w (in) 

(3) 

Depth,  

t (in) 

(4) 

Masonry 

Self-

Weight, 

N (lbs) 

(5) 

Frictional 

Resistance, 

FN (lbs) 

(6) 

Measured 

Ultimate 

Applied 

Pressure, 

qu (psi) 

(7) 

Ultimate 

Shear 

Force, Vu 

(lbs) 

S3-1.2-NO 115 3.63 2780 1250 1.4 15500 

S4-1.2-NO 115 8.00 6130 2760 4.6 50800 

S5-1.2-SR* 115 7.25 5560 2500 6.9 76200 

S6-1.2-SR* 115 7.25 5560 2500 3.3 36400 

S1-1.6-SR* 154 7.25 7440 3350 4.5 66500 

S2-1.6-SR* 154 7.25 7440 3350 2.7 39900 

* Note:  The measured elastic limit of the applied pressure for these specimens was taken after the removal  of 
the shear restraint FRP anchorage system and therefore the specimens for this phase of loading are strengthened 
specimens without overlap.  
 

Table  5-5 gives the calculated average shear stress for the three scenarios.  The calculated 

shear stresses for the three scenarios are compared to the allowable and ultimate stress limits 

provided by MSJC, in Figure  5-7.  The results indicate that the calculated shear stresses at 

ultimate for Case II and Case III are consistently less than the allowable shear stress for un-

grouted or solid masonry units.  Given that the mortar compressive strength for these 
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specimens (excluding S2-1.6-SR) met or exceeded the specified values, the results suggest 

that the assumptions of Case II and Case III are incorrect.  Case I however, provided 

calculated shear stress values that are within the range of code specified values.  This 

supports the conclusion that the majority of the resistance to shear sliding is provided by the 

bottom mortar bed joint and thus, the vertical edge joints and top mortar bed joint are 

ineffective in resisting shear sliding.  This matches the experimental observations in which 

the majority of the specimens of this type experienced some shear sliding along the weaker 

and less compacted mortar edge joints prior to the ultimate failure along the bottom edge.  

 

Table  5-5: Average Shear Stress in Mortar Edge Joints at Ultimate 

(1) 

Specimen 

ID 

(2) 

Average Shear 

Stress in Bottom 

Mortar Bed Joint 

 (Case I) 

τ1 (psi) 

(3) 

Average Shear 

Stress in Mortar 

Edge Joints 

 (Case II) 

τ2 (psi) 

(4) 

Average Shear Stress 

in Mortar Edge 

Joints 

 (Case III) 

τ3 (psi) 

S3-1.2-NO 34 13 9 

S4-1.2-NO 52 20 14 

S5-1.2-SR* 88 33 24 

S6-1.2-SR* 41 15 11 

S1-1.6-SR* 57 25 17 

S2-1.6-SR* 33 15 10 

Average 51 20 14 

* Note:  The measured elastic limit of the applied pressure for these specimens was taken after the removal  of 
the shear restraint FRP anchorage system and therefore the specimens for this phase of loading are strengthened 
specimens without overlap.  
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Figure  5-7: Shear Stress in Mortar Edge Joints at Ultimate 

 

The results also suggest that the MSJC ultimate shear stress limit for ungrouted or solid 

masonry units of 56 psi could be unconservative for all but two of the specimens, even when 

using the assumptions of Case I.  Therefore, for comparison purposes, the predicted ultimate 

applied pressure for both the ultimate shear stress limit of 56 psi and the MSJC allowable 

shear stress limit of 37 psi (treated as an ultimate limit) were compared to the measured 

ultimate applied pressure as given in Table  5-6 and presented in Figure  5-8 (see the appendix 

for detailed calculations).  The predicted ultimate applied pressures using the assumptions of 

Case I and the MSJC allowable shear stress limit of 37 psi (treated as an ultimate limit),  are 

shown to be mostly conservative. 
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Table  5-6: Comparison Assuming Case I and MSJC Shear Stress Limits 

(3) 

Predicted Ultimate 

Applied Pressure 

(psi) 

(4) 

Experimental / 

Theoretical 

(1) 

Specimen ID 

(2) 

Measured 

Ultimate Applied 

Pressure (psi)  

τallow 

(37 psi) 

τultimate 

(56 psi) 

τallow 

(37 psi) 

τultimate 

(56 psi) 

S3-1.2-NO 1.4 1.51 2.23 0.93 0.63 

S4-1.2-NO 4.6 3.33 4.92 1.38 0.94 

S5-1.2-SR* 6.9 3.02 4.46 2.28 1.55 

S6-1.2-SR* 3.3 3.02 4.46 1.09 0.74 

S1-1.6-SR* 4.5 3.02 4.46 1.49 1.01 

S2-1.6-SR* 2.7 3.02 4.46 0.89 0.61 

* Note:  The measured elastic limit of the applied pressure for these specimens was taken after the removal  of 
the shear restraint FRP anchorage system and therefore the specimens for this phase of loading are strengthened 
specimens without overlap.  
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Figure  5-8: Comparison Assuming Case I and MSJC Shear Stress 

5.2.5 Remarks 

The ultimate shear sliding analysis demonstrated that the ultimate shear sliding failure of the 

infill wall panels was governed primarily by the shear strength of the mortar bed joint at the 

bottom of the masonry infill.  It was found that the MSJC allowable shear stress limit for 

ungrouted or solid masonry of 37 psi, when treated as an ultimate limit, provided 

conservative prediction of the ultimate applied pressure at failure due to shear sliding.  

 

There are however limitations to the use of this approach.  One limitation is that there is no 

strong correlation between the predicted values using the MSJC shear stress limit and the 

values measured experimentally.  This is due to the variability in mortar strength which is not 

captured when using a single specified limit for all specimens.  Another limitation is that this 

analysis approach neglects the interaction between the flexural and shear behavior of the wall 

panel.  The panel is assumed to slide out from the RC frame in a rigid body fashion, however, 

in reality there is some flexural behavior present.  This flexural response can develop arching 
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action which can increase the clamping forces at the mortar edge joints, which in turn 

enhances the resistance of the specimen to shear sliding.  This was observed for the control 

specimens especially, in which the flexural response dominated the behavior.  Therefore this 

analysis will likely be overly conservative if applied to unstrengthened walls capable of 

developing significant arching action.  For the specimens considered in this analysis however, 

shear sliding dominated the response since the presence of FRP reinforcement significantly 

increased the flexural strength of the wall in both directions and caused the wall to behave in 

a rigid body fashion.   
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5.3 FRP Debonding Analysis 

5.3.1 Introduction 

This section discusses the analysis related to the FRP debonding failure mode that results 

from the relative displacement between the infill masonry wall panel and the RC frame due 

to shear sliding.  This displacement, out of the plane of the FRP sheets, initiates debonding of 

the sheets beginning at the interface between the infill wall and the RC frame.  This 

debonding allows the peeling of the sheets until all of the FRP is debonded from the RC 

frame.  A similar mechanism was reported by Dai et al. (2007).  Using the model developed 

by Dai et al.’s paper, the lateral load carrying capacity of the FRP sheets could be obtained.  

The predicted maximum applied pressure using this approach was compared to the 

experimental results to determine the extent to which it can be used to predict the behavior of 

masonry infill walls strengthened with FRP that is overlapped on to the RC frame. 

5.3.2 Applicable Limit State 

The debonding analysis considered in this thesis is based on the debonding limit state that 

results from the relative displacement between the infill masonry wall panel and the RC 

frame due to shear sliding.  It was considered for strengthened specimens with overlap of the 

FRP reinforcement onto the RC frame, as this failure mode was shown to govern in these 

types of specimens.  

5.3.3 Method of Analysis 

Dai et al. (2007) explored this debonding mechanism through a series of tests on simply-

supported reinforced concrete beams strengthened with an externally bonded CFRP sheet, 

each with a hole at midspan that was filled with a steel rod attached to a steel block at the 

bottom.  A dowel load was applied via the steel rod and the steel block to the FRP sheet 

which induced the interface peeling of the sheet.  The peeled sheets behaved as tension 

elements, developing the tension force, T, to resist the out-of-plane load, Pd, as shown in 

Figure  5-9.  It is clear from the figure that the tangent of the interface peeling angle, θ, is 
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equal to the relative out-of-plane displacement, Δ, divided by the peeled length of the FRP 

sheet, Lp as given in Eq.  5-19.  It was found in testing that the interface peeling angle 

remained the same throughout the peeling process.  Knowing this, the tension strain in the 

peeled FRP, εf, is also constant and can be calculated from the geometry as given in Eq.  5-20.  

From force equilibrium, the dowel load carrying capacity, Pd, is related to the peeling angle 

and the material properties of the FRP as given in Eq.  5-21. 

 

 

 

 

 

 

Eq.  5-19 

 

 

 

 

 

 

 

Eq.  5-20 

 

 

 

Eq.  5-21 

 

   

 
 

Figure  5-9: Modeling of Dowel Testing (Dai et al., 2007) 
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The model developed by Dai et al. (2007) was used for the debonding mechanism induced by 

the shear sliding of masonry infills with respect to the supporting RC frame as shown in 

Figure  5-10.  The dowel load carrying capacity is analogous to the load carrying capacity of a 

single FRP sheet. 

 
Figure  5-10: Modeling of Debonding Induced by Shear Sliding of Masonry 

 

The load carrying capacity of a single FRP sheet can be calculated from Eq.  5-21 provided 

the interface peeling angle is known.  Unfortunately, the peeling angle was not measured 

during the testing of the infill masonry wall panels, however, Dai et al. (2007) found that the 

peeling angle is affected by the tension stiffness of the FRP.  Using the test data from Dai et 

al. (2007) and the tension stiffness of the GFRP used for the strengthening system used in 

this thesis, an estimation of the range of likely peeling angles was determined.  Assuming all 

FRP sheets are able to develop their full load carrying capacity, the total dowel load that can 

be resisted by the FRP sheets, Pdtot, is given in Eq.  5-22. 

 

  Eq.  5-22 

RC Frame 

Masonry Infill 

qu 

θ
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T
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5.3.4 Analytical Results 

The likely range of the interface peeling angle for the GFRP strengthening system used in 

this research with a tension stiffness of 33.9 kN/mm was determined using the test data of 

Dai et al. (2007) as shown in Figure  5-11.  Table  5-7 gives an upper and lower bound as well 

as an average of the predicted dowel load carrying capacity of a single sheet.   

θave = -0.0226Eftf + 5.76

θmax = -0.0217Eftf + 6.37
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Figure  5-11: Estimating the Likely Interface Peeling Angle  
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Table  5-7: Theoretical Dowel Load Carrying Capacity of a Single GFRP Sheet 

Ef  (ksi) 3790 

tf   (in) 0.05 

bf  (in) 12 

Pd (θmin = 4.38°) 

(lbs) 
1017 

Pd (θave = 5.00°) 

(lbs) 
1514 

Pd (θmax = 5.64°) 

(lbs) 
2174 

 

It can be seen from the table that the load carrying capacity is very sensitive to the interface 

peeling angle, as even a modest increase of the angle of 1.26° more than doubles the load 

carrying capacity.  The load carrying capacities for a single sheet were then used to calculate 

the total dowel load carrying capacity of the FRP for the strengthened specimens with the 

FRP reinforcement overlapped on the reinforced concrete frame.  This capacity was then 

converted to an equivalent uniformly distributed applied pressure, qeq, over the surface of the 

masonry wall that could be resisted by the FRP sheets only.  Both the dowel load carrying 

capacity and the equivalent uniformly distributed applied pressure for the range of assumed 

interface peeling angles are given in Table  5-8. 
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Table  5-8: Total Dowel Load Carrying Capacity of FRP Sheets and Equivalent 

Uniformly Distributed Pressure 

θmin = 4.38° θave = 5.00° θmax = 5.64° 
Specimen 

ID 

# of 

Sheets 
Pdtot 

(lbs) 

qeq 

(psi) 

Pdtot 

(lbs) 

qeq 

(psi) 

Pdtot 

(lbs) 

qeq 

(psi) 

S1-1.2-O 9 9160 0.83 13630 1.23 19570 1.77 

S2-1.2-O 9 9160 0.83 13630 1.23 19570 1.77 

S1-1.4-O 10 10200 0.80 15100 1.19 21700 1.71 

 

This predicted equivalent applied pressure range of 0.8 -1.8 psi is not well correlated with the 

measured ultimate applied pressures for these specimens, which are given in Table  5-9.  The 

single wythe specimen, S2-1.2-O, failed within this range (1.7 psi), indicating that the 

resistance of this wall due to shear sliding was less than or equal to the resistance of the FRP 

sheets to debonding.  The double wythe walls however achieved vastly greater pressure than 

that which could be resisted by the FRP sheets alone.  This indicates that for double wythe 

walls at ultimate, the applied pressure is resisted by more than the FRP reinforcement at the 

masonry infill / RC frame interface.  Table  5-9 also compares these specimens to the 

corresponding specimens without overlap of the FRP reinforcement onto the RC frame. The 

difference in the ultimate applied pressure which is primarily attributed to presence of the 

overlap does not fall within the range of the calculated equivalent applied pressure carried by 

the FRP reinforcement.  In the case of the double wythe specimen, S1-1.2-O, this indicates 

that the presence of the overlap of the FRP reinforcement increased the strength beyond that 

of the strength of the overlapped FRP itself.  This is likely due to the ability of the overlap to 

contribute to the resistance of the wall to shear sliding such that the masonry infill is able to 

develop more significant flexural behavior and arching action.  This is supported by the 

much higher measured strains that were developed in the FRP at mid-span for the overlapped 

case relative to the case with no overlap, indicating that flexural behavior was present.  For 
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the single wythe specimen, S2-1.2-O, no significant arching action was developed and the 

presence of the overlap of the FRP reinforcement did not substantially enhance the strength.   

 

Table  5-9: Measured Ultimate Applied Pressure 

Specimen 

ID 

Measured 

Ultimate 

Applied 

Pressure (psi) 

Corresponding 

Strengthened 

Specimen 

without Overlap 

Measured 

Ultimate 

Applied 

Pressure (psi) 

Difference in 

Measured 

Ultimate Applied 

Pressure (psi) 

S1-1.2-O 9.9 S4-1.2-NO 4.6 5.3 

S2-1.2-O 1.7 S3-1.2-NO 1.4 0.3 

S1-1.4-O 7.4 N/A N/A N/A 

5.3.5 Remarks 

The debonding ultimate analysis demonstrated that the measured ultimate applied pressure of 

specimens failing in this mode was due to significantly more than the dowel load carrying 

capacity of the FRP sheets alone.  The model developed by Dai et al. (2007) can be used to 

quantify the behavior of the FRP sheets in the overlap region as they debond, but the overall 

load carrying capacity is influenced by a variety of other factors.  More work is needed to 

study the interaction between the flexural behavior of the masonry infill and the shear sliding 

and debonding that occurs at the interface between the masonry infill and the RC frame.  

Treating them as independent mechanisms gave reasonable results for the specimens without 

overlap of the FRP reinforcement onto the RC frame because shear sliding dominated the 

behavior.  However, for specimens with overlap, this simplification does not yield adequate 

results because there is a substantial flexural response in addition to the shear sliding.   
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5.4 Arching Action Ultimate Analysis 

5.4.1 Introduction 

This section discusses the analysis of the flexural failure mode in which arching action is 

developed.  The predicted ultimate applied pressure, assuming vertical arching action, was 

calculated based on the strength of the mortar joint at the contact surface, the height-to-

thickness ratio of the infill wall, and the deflection of the infill at midspan at the ultimate 

applied pressure.  Because of the relatively small aspect ratios (w/h) and the relatively rigid 

vertical members of the frame, both vertical and horizontal arching are possible and therefore 

horizontal arching action was also considered.  The theoretical ultimate applied pressure for 

both vertical arching action and horizontal arching action was then compared to the measured 

ultimate applied pressure to determine the extent to which this analysis could be used to 

predict the ultimate capacity of unstrengthened infill wall panels.   

5.4.2 Applicable Limit State 

The arching action analysis considered in this thesis is based on the flexural limit state in 

which arching action is developed.  It was considered for unstrengthened (control) specimens, 

as this failure mode was shown to govern in these types of specimens.  

5.4.3 Method of Analysis 

For vertical arching action, a horizontal flexural crack forms at mid-height eventually 

separating the wall panel into two subpanels that rotate about the top and bottom supports.  

As the load is increased, the wall is pushed against the supports creating clamping forces at 

the ends as shown in Figure  5-12.  A three hinged arch is formed in which the external 

moment is resisted by the internal couple, C(γt-Δ0), where C is the compression force per unit 

length, γ is a factor relating the total depth, t, to the depth of the contact area, (1-γ)t, and Δ0 is 

the out-of-plane displacement of the wall at mid-height at ultimate.  Although the depth of 

the compression zone changes with the wall geometry and level of stress, Drysdale et al. 

(1999) suggests assuming a compression zone of (1-γ)t and assuming a constant stress, 
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0.85*f’m, over the compression zone such as approximated using the rectangular stress block 

for strength design.  With these assumptions, the compression force per unit length is given 

by Eq.  5-23, the resisting moment, Mr, is given by Eq.  5-24, and from moment equilibrium, 

the lateral load resistance, qu, corresponding to the assumed stress is given by Eq.  5-25.  For 

horizontal arching action, the relationships are the same as for vertical arching action, except 

that the width of the wall, w, is used in place of the height of the wall, h.   

 

 

 

 

Eq.  5-23 

  

 

Eq.  5-24 

 
 

Eq.  5-25 
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Figure  5-12: Arching Action Model (Drysdale et al., 1999) 

5.4.4 Analytical Results 

Table  5-10 and Table  5-11 summarize the parameters of the arching action analysis of  the 

control specimens for vertical arching and horizontal arching respectively.  The limiting 

height-to-thickness ratio for this type of analysis is given by Drysdale et al. (1999) as 25. 

qu 

Δo 

t h/2 

h/2 

C γt - Δo 

γt 

C 

quh/2 

C 
0.85f’m 

(1-γ)t γt 



 234 

The ACI Committee 440 suggests that for height-to-thickness ratios less than 8, arching 

action is likely, and that the influence of arching action decreases as the height-to-thickness 

ratio exceeds 14.  This ratio for wall test specimens was within or very near this range for all 

specimens expect for the single wythe specimen, C1-1.2, in which the height-to-thickness 

ratio exceeded 25.  The factor, γ, was selected as 0.9 based on the recommendations of the 

British Standards Institution, BS 5628. The uniform compressive stress assumed in the 

analysis was taken by applying the standard β factor for concrete, 0.85, to the minimum of 

the average measured compressive strength of the concrete bricks, 2550 psi, and the 

measured compressive strength of the mortar, taken from mortar cube testing.  The 

displacement at mid-span at ultimate, Δ0, was taken from the measured experimental data.  

Note that this displacement differs slightly for vertical and horizontal arching, because the 

displacement was taken relative to the displacement of the bottom beam of the RC frame or 

the left vertical element of the RC frame for vertical and horizontal arching respectively.   

 

Table  5-10: Arching Action Parameters Assuming Vertical Arching Only 

Specimen ID 
Parameters 

C1-1.0 C1-1.2 C2-1.2 C3-1.2 

t (in) 8.00 3.63 8.00 8.00 

h (in) 96 96 96 96 

h/t 12.0 26.5 12.0 12.0 

γ 0.9 0.9 0.9 0.9 

0.85f’m (psi) 2168 2168 2103 2168 

C (lb/in) 1730 790 1680 1730 

Δ0 (in) 1.25* 1.22 1.27 1.28 

qu (psi) 8.94 1.40 8.65 8.89 

*Estimated 
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Table  5-11: Arching Action Parameters Assuming Horizontal Arching Only 

Specimen ID 
Parameters 

C1-1.0 C1-1.2 C2-1.2 C3-1.2 

t (in) 8.00 3.63 8.00 8.00 

w (in) 96 115 115 115 

w/t 12.0 31.7 14.4 14.4 

γ 0.9 0.9 0.9 0.9 

0.85f’m (psi) 2168 2168 2103 2168 

C (lb/in) 1730 790 1680 1730 

Δ0 (in) 1.25* 1.24 1.11 1.36 

qu (psi) 8.94 0.97 6.19 6.11 

*Estimated 

 

The theoretical ultimate applied pressure for both vertical and horizontal arching action is 

compared to the measured ultimate applied pressure in Table  5-12 and presented in Figure 

 5-13.  Both analyses were unconservative for all specimens.  This may be due to the 

assumption that the full compressive strength of the concrete bricks (or mortar) was 

developed at the contact areas.  The figure shows that the horizontal arching action analysis 

gave a better prediction of the ultimate applied pressure in every case, (except for the 1.0 

aspect ratio specimen in which the predictions were the same).  This matches the 

experimental observations for the double wythe control specimens in which, after the 

formation of an initial horizontal crack at mid-height, a vertical crack formed at mid-span.  

This vertical crack then dominated the behavior, indicating that, at ultimate, the arching 

action was along the horizontal span.   

 

This was unexpected for the 1.2 aspect ratio specimens, because the shorter vertical span was 

thought to control.  The reason for this may be inadequate support from the top mortar bed 

joint.  Small gaps due to shrinkage and lack of mortar fill could have prevented arching 

action from developing in the vertical direction.  The mortar edge joints along the two 
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vertical sides of the infill may then have provided adequate support for the development of 

arching action in the horizontal direction.   

 

It should be noted that the single wythe specimen, C1-1.2, failed shortly after the formation 

of the horizontal crack at mid-height.  Therefore, even though the horizontal arching action 

analysis better predicts the ultimate applied pressure, it was not the case for this specimen, 

because a horizontal arch clearly did not develop.   

 

Table  5-12: Arching Action Comparison 

  Assuming Vertical 

Arching 

Assuming Horizontal 

Arching 

(1) 

Specimen 

ID 

(2) 

Measured 

Ultimate 

Applied 

Pressure 

(psi) 

(3) 

Theoretical 

Ultimate 

Applied 

Pressure 

(psi) 

(4) 

Exp. / 

Theo. 

(5) 

Theoretical 

Ultimate 

Applied 

Pressure 

(psi) 

(6) 

Exp. / 

Theo. 

C1-1.0 8.4 8.94 0.94 8.94 0.94 

C1-1.2 0.9 1.40 0.64 0.97 0.93 

C2-1.2 4.4 8.65 0.51 6.19 0.71 

C3-1.2 5.4 8.89 0.61 6.11 0.88 
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Figure  5-13: Arching Action Comparison 

5.4.5 Remarks 

The arching action ultimate analysis correlated reasonably well with the experimental 

observations.  However, the analysis was somewhat unconservative, indicating that the full 

compressive strength of the concrete bricks (or mortar) may not have developed.  There are 

several limitations to the use of this analysis approach for design purposes.  One limitation is 

that the actual deflection of the infill at midspan at ultimate, Δ0, would be unknown.  This 

deflection, could be estimated based on an assumed shrinkage strain and axial compression, 

however these estimates may underpredict the actual deflection.  Furthermore, it is difficult 

to completely fill the top mortar joint of a masonry infill.  Any gap due to construction or due 

to the deflection of the supporting beam could cause a substantial decrease in the lateral 

resistance of masonry infills.  If vertical arching action was not able to be developed, as was 

the case for control specimens, horizontal arching action is possible provided the vertical 

supports (such as RC columns) were rigid.  This horizontal arching may however give 

considerably less strength if the aspect ratio is larger than 1.0.  Arching action analysis is a 
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useful tool for explaining observed results, but should be avoided in design unless the 

designer can guarantee that the conditions for developing arching action will be met.      

5.5 Summary of Analytical Results 

Analyzing infill walls as plate elements simply supported on four sides with a working stress 

elastic analysis approach was shown to give reasonably accurate predictions of the elastic 

limit of the applied pressure for all test specimens.  Shear sliding ultimate analysis using the 

MSJC allowable stress limit and assuming that only the bottom mortar bed joint is effective 

in resisting shear at ultimate was shown to conservatively predict the ultimate applied 

pressure for strengthened specimens without overlap of the FRP reinforcement onto the RC 

frame.  Analysis of the debonding failure mechanism revealed that the increase in lateral load 

carrying capacity for specimens with FRP reinforcement overlapped onto the RC frame was 

not due to the dowel resistance of the FRP alone.  A combination of shear sliding, flexural, 

and/or debonding mechanisms is thought to control the capacity for infill walls strengthened 

with FRP overlapped onto the RC frame and more work is needed to quantify these 

interacting mechanisms.  Analysis of the arching mechanism in control specimens supported 

the experimental observations that in most cases arching spanned the horizontal direction, 

likely due to inadequate support at the top mortar bed joint.   This arching action analysis was 

shown to reasonably predict the ultimate applied pressure, however it was found to be 

somewhat unconservative.   

 

Although the various analytical approaches were mostly successful in predicting the ultimate 

applied pressure of test specimens failing due to a known mechanism, the various approaches 

were not successful in predicting the failure mechanism.  A limit states approach, in which 

all possible limit states are analyzed and the minimum failure pressure is used would, in most 

cases, be conservative.  However, it would not predict the failure mechanism.  Taking the 

control specimens as an example, a limit states approach may lead one to conclude that 

control specimens would fail due to shear sliding, because this is the lowest predicted 

ultimate load.  However, the experimental observations showed that these specimens failed in 
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flexure at much higher loads than the shear sliding analysis would predict.  This is because 

the assumption in the shear sliding analysis is that the wall translates in a nearly rigid body 

fashion and thus none of the beneficial effects of the clamping forces created when an 

arching mechanism is developed are accounted for.  These forces dramatically increase the 

frictional resistance of the walls along the mortar edge joints and thus their resistance to 

shear sliding, allowing control specimens to fail in flexure instead of by shear sliding.  It is 

the type of FRP anchorage system that is best correlated with the mode of failure for test 

specimens, not the minimum predicted ultimate pressure according to the various analytical 

approaches.   

 

In order to accurately predict the ultimate applied pressure of strengthened infill walls where 

the failure mode is unknown, a robust analytical approach is needed that properly accounts 

for the FRP anchorage system and the combined effects of the shear, flexural, and/or 

debonding mechanisms, instead of treating them separately.   
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6 CONCLUSIONS  

6.1 Summary 

This section provides several significant observations and conclusions based on the 

experimental and analytical phases of this research program.  Fourteen full-scale infill 

masonry walls, including unstrengthened (control) specimens and specimens strengthened 

with externally bonded GFRP sheets, were tested to failure by applying a uniformly 

distributed out-of-plane pressure.  The following provides several observations regarding the 

observed failure modes: 

 

(1) There were three failure modes:  Flexural, shear sliding, and GFRP debonding.  All 

observed failures were the result of one or more of these modes.  The failure mode 

was best correlated to the type of GFRP anchorage.  

 

(2) All control specimens (without strengthening) failed in the flexural mode.  First, a 

horizontal crack formed at mid-height, increasing in width as the load was increased.  

The single wythe control specimen failed shortly thereafter, with the top and bottom 

subpanels rotating about the top and bottom supports respectively.  The double 

wythe control specimens however appeared to develop horizontal arching action 

with the formation of a vertical crack at mid-span.  This vertical crack then 

controlled the behavior. 

 

(3) All strengthened specimens without overlap of the GFRP reinforcement onto the RC 

frame failed due to shear sliding of the wall panel out of the RC frame in a rigid 

body fashion. 
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(4) All strengthened specimens with overlap of the GFRP reinforcement onto the RC 

frame failed due to debonding of the FRP sheets from the RC frame.  This 

debonding initiated at the mortar interface between the masonry infill and the RC 

frame, resulting from the relative displacement of the masonry infill (out of the 

plane of the glass fibers) with respect to the RC frame caused by shear sliding.   

 

(5) Strengthened specimens using the steel shear restraint anchorage system were 

loaded to over three times the service load without any visible signs of distress.  One 

specimen using the shear restraint anchorage system, S7-1.2-SR, was  loaded to 

failure with the shear restraints attached.  This specimen failed due to shear sliding 

of the wall panel out of the RC frame.  Although the specimen failed in sliding shear, 

it was held in place by the steel shear restraint system. 

 

Several parameters were investigated including the type of anchorage used (overlap onto the 

reinforced concrete frame or steel shear restraints along the perimeter), the aspect ratio 

(Width: Height) (ranging from 1.0 to 1.6), the number of wythes (single or double), and for 

double wythe specimens, the use of mortar fill in the collar joint between the wythes.  The 

following provides several observations regarding the influence of the various parameters: 

 

(1) Two types of FRP anchorage were effective in increasing the load carrying capacity 

of masonry infill walls.  The first in which the FRP reinforcement was overlapped 

onto the RC frame was shown to more than double the load carrying capacity of the 

double wythe control specimen.  The single wythe specimen strengthened in this 

manner nearly doubled the load carrying capacity, but failed in a brittle manner at a 

load only marginally greater than the service load.  The second type, in which the 

FRP reinforcement was mechanically anchored using steel shear restraints bolted to 

the RC frame was shown to provide over three times the service load without any 

visible signs of distress.  
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(2) The third type of FRP anchorage, in which the FRP reinforcement was terminated at 

the edge of the masonry infill, with no overlap onto the RC frame was shown to be 

ineffective at increasing the lateral load carrying capacity as a result of premature 

failure due to shear sliding. 

 

(3) The strengthening system was shown to be effective for a range of aspect ratios 

(width to height) from 1.2 to 1.6.  Increasing the aspect ratio decreased the lateral 

load carrying capacity and stiffness of strengthened specimens with FRP 

reinforcement overlapped onto the RC frame.   

 

(4) Increasing the FRP percent coverage (vertical/horizontal) had little effect on the 

strengthened specimens with the shear restraints attached up to three times the 

service load.  However, after the shear restraints were removed, the specimens with 

the higher FRP percent coverage  (75/50 and 100/100) surprisingly showed a lower 

load carrying capacity than the specimens with lower FRP percent coverage (50/50).  

Increasing the flexural rigidity of the wall panel (by increasing the percent FRP 

coverage) reduced the rotation of the masonry at the supports for a given pressure 

which reduced clamping forces that might have developed without the presence of 

the additional FRP.  Reducing the clamping forces also reduces the resistance of the 

specimen to shear sliding, which was the ultimate failure mode of these types of 

specimens.  This may explain why the lower FRP percent coverage specimens 

performed better (with this particular anchorage system) than the higher FRP 

percent coverage specimens. 

 

(5) Double wythe walls had vastly greater lateral load carrying capacity than single 

wythe walls. 
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(6) There was very little difference in the load carrying capacity between double wythe 

walls with mortar fill in the collar joint between the two wythes and those without 

fill in the collar joint.   

6.2 Conclusions 

GFRP strengthening of infill masonry walls was found to be effective, provided that proper 

anchorage of the FRP laminate was assured.  Two methods of providing anchorage were 

found to be effective in increasing the lateral load carrying capacity of masonry infill walls 

and a third method was found to be inadequate as follows.   

 

(1) Overlapping the FRP reinforcement onto the RC frame was very effective for double 

wythe specimens, but less so for single wythe specimens.  Overlapping the 

reinforcement provides a level of lateral restraint of the mortar interface between the 

masonry infill and the RC frame.  In double wythe specimens this appeared to delay 

the shear sliding mode of failure long enough to develop arching action, which further 

increased the resistance to shear sliding.  In single wythe specimens however, due to 

the greater height-to-thickness ratio, arching action was not developed and thus the 

presence of the overlap did not increase the lateral load carrying capacity much 

beyond the shear sliding capacity.   

 

(2) Mechanically anchoring the FRP using steel shear restraints was found to be very 

effective.  All specimens strengthened in this way achieved over three times the 

service load without any visible signs of distress.  The drawback of the steel shear 

restraint system used in the experimental program is that it adds significant cost, 

weight, and time to the construction process.  However, with refinement, a more 

economical design could be reached that is both safe and effective.   
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(3) It is not advisable to strengthen infill masonry walls with FRP sheets that terminate at 

the mortar interface between the masonry infill and the RC frame (i.e. without 

overlap), unless some additional anchorage or shear restraint is provided.  This 

method of anchorage (or lack thereof) was shown to allow premature and brittle 

failure due to sliding shear.  In some situations this strengthening may actually 

decrease the lateral load carrying capacity if the resulting increase in stiffness 

prevents the formation of beneficial arching action.   

 

Simulating the actual boundary conditions of masonry infill walls was shown to be of great 

importance in understanding the actual strength gains that are achievable with FRP 

strengthening.  Previous studies, using artificial simple supports, were often able to develop 

the full rupture strain of the FRP or the full crushing strain of the masonry.  This 

experimental program, using the actual boundary conditions of masonry infill walls showed 

that premature failure due to shear sliding was more likely in strengthened masonry infills 

and occurred long before rupture or crushing.  Furthermore, using the (relatively) rigid 

concrete frame allowed for the formation of arching action in several of the unstrengthened 

specimens.  This accurately simulated the reserve strength of many existing masonry infills 

that would not be accounted for in design or if the experimental program had used simple 

supports.  This further reduces the actual strength increase compared to that which would 

have been perceived based on testing with simple supports.  Even with these (necessary) 

reductions, the GFRP strengthening system (with proper anchorage) was shown to be 

effective for masonry infill walls. 

 

The analytical study revealed that reasonably accurate prediction of the elastic limit of the 

applied pressure was achievable using a working stress analysis approach that analyses the 

infill wall as a plate element that is simply supported on all four sides.  Prediction of the 

ultimate applied pressure, using the various analytical approaches, however was less reliable 

and depended on accurately predicting the mode of failure.  If one mode of failure dominated 

the behavior, a reasonably accurate prediction of the ultimate applied pressure based on shear 
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sliding resistance or the arching mechanism, for example, could be obtained.  However, for 

the case of GFRP debonding, the interaction between the shear sliding, flexural, and 

debonding mechanisms meant that a simple analytical model considering each mode 

independently did not yield a useable prediction.  The lateral load carrying capacity for this 

case was neither the minimum nor the superposition of the various capacities of the separate 

models because each influenced the other to a substantial degree.   

6.3 Future Work 

This experimental program is one of very few published works in the area of the out-of-plane 

behavior of masonry infill walls strengthened with FRP materials.  There is much work left 

to be done to understand the behavior of these walls.  The following is a short list of possible 

research topics that would be beneficial in the furtherance of knowledge in this area: 

 

(1) A non-linear finite element model should be developed to accurately predict the 

response of masonry infill walls strengthened with FRP materials.  This model 

should account for the orthotropic nature of masonry as well as the bond-slip 

relationship of the FRP strengthening.  The model should use realistic boundary 

elements that accurately simulate the various boundary conditions likely in masonry 

infill construction.  The model should account for the interactions of shear sliding, 

arching action, and FRP debonding.  Once a robust model is developed and 

calibrated using experimental results, it could be used to conduct parametric studies 

to determine the influence of parameters beyond those considered in this 

experimental program.  Such parameters might include the strengthening ratio, 

including ratios much less than those used in this experimental program; the type of 

masonry material, including clay brick and concrete block masonry; and the FRP 

material properties, and orientation. 
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(2) The body of experimental research in this area is somewhat limited.  Therefore, 

additional experimental programs would be useful to validate improved analytical 

models and explore other parameters.  Future experimental research on masonry 

infill walls should use the actual boundary conditions of masonry infills, which 

typically consist of a mortar interface along all four edges of the wall and reinforced 

concrete boundary elements.  This research could explore additional FRP anchorage 

systems, such as a more refined steel shear restraint mechanical anchorage system or 

a system in which the FRP sheets are wrapped around bars embedded in the 

reinforced concrete boundary elements and sealed with an epoxy adhesive. 

 

(3) Also of interest would be to expand the body of experimental research and the 

associated analytical models to include near surface mounted FRP.  Near surface 

mounted FRP has the advantage of the ability to develop higher strains (and 

therefore stress) in the FRP prior to debonding compared to the externally bonded 

approach used in this research program.  It is also more appropriate for historic and 

exposed masonry structures in which the aesthetic appearance is an important factor.  
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APPENDIX 
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The calculation of the IC debonding strain according to ACI 440.2R-08 is given below.  

 
 

Table A-1 gives the properties used in the working stress analysis.  Table A-2 and Table A-3 

give the working stress analysis calculated values for each strengthened specimen.   

 

Table A-1: Properties of Strengthened Wall Specimens 

 f'm 1910 psi 

Eq.  5-1 Fm 636.7 psi 

 Em = 1000 * fm' 1910000 psi 

 ffu* 83400 psi 

 Ef 3790000 psi 

 εfu* = ffu* / Ef 0.022 in / in 

Eq.  5-2 εfu 0.022 in / in 

Eq.  5-3 εfe 0.005 in / in 

Eq.  5-4 Ffe 18765 psi 

 nf 1   

 tf 0.05 in 

Eq.  5-6 n 1.98   
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Table A-2: Working Stress Analysis  (1) 

(1) 

 

(2) 

Units 

(3) 

S1-1.2-O 

(4) 

S2-1.2-O 

(5) 

S1-1.4-O 

(6) 

S3-1.2-NO 

(7) 

S4-1.2-NO 

h ft 8 8 8 8 8 

w ft 9.58 9.58 11.00 9.58 9.58 

Aspect Ratio (w/h) --- 1.20 1.20 1.38 1.20 1.20 

wf in 6 6 6 6 6 

Af = nftfwf in2 / ft 0.30 0.30 0.30 0.30 0.30 

b in 12 12 12 12 12 

d in 8 3.625 8 3.625 8 

ρfv = Af / bd --- 0.003 0.007 0.003 0.007 0.003 

k = ((nrfv)2 + 2nrfv)1/2 - nrfv --- 0.105 0.152 0.105 0.152 0.105 

j = 1 - k/3 --- 0.96 0.95 0.96 0.95 0.96 

Mrf = Ffe*Af*jd ft-lb / ft 3621 1614 3621 1614 3621 

Mrm = Fm*(1/2*b*kd)jd ft-lb / ft 2071 605 2071 605 2071 

Mr = min(Mrf, Mrm) ft-lb / ft 2071 605 2071 605 2071 

qe = Mr/((1/8)*h2) psi 1.80 0.53 1.80 0.53 1.80 

β --- 0.0627 0.0627 0.0709 0.0627 0.0627 

qe = Mr/((β)*h2) psi 3.58 1.05 3.17 1.05 3.58 
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Table A-3: Working Stress Analysis  Continued 

(1) 

 

(2) 

Units 

(8) 

S5-1.2-SR* 

(9) 

S6-1.2-SR* 

(10) 

S1-1.6-SR* 

(11) 

S2-1.6-SR* 

(12) 

S7-1.2-SR 

h ft 8 8 8 8 8 

w ft 9.58 9.58 12.83 12.83 9.58 

(w/h) --- 1.20 1.20 1.60 1.60 1.20 

wf in 6 9 6 12 12 

Af  in2 / ft 0.30 0.45 0.30 0.60 0.60 

b in 12 12 12 12 12 

d in 8 8 8 8 8 

ρfv  --- 0.003 0.005 0.003 0.006 0.006 

k  --- 0.105 0.127 0.105 0.146 0.146 

j  --- 0.96 0.96 0.96 0.95 0.95 

Mrf  ft-lb / ft 3621 5390 3621 7142 7142 

Mrm  ft-lb / ft 2071 2485 2071 2822 2822 

Mr  ft-lb / ft 2071 2485 2071 2822 2822 

qe  psi 1.80 2.16 1.80 2.45 2.45 

β --- 0.0627 0.0627 0.0862 0.0862 0.0627 

qe  psi 3.58 4.30 2.61 3.55 4.88 

* Note:  The measured elastic limit of the applied pressure for these specimens was taken after the removal  of 
the shear restraint FRP anchorage system and therefore the specimens for this phase of loading are strengthened 
specimens without overlap.  For S7-1.2-SR, the shear restraints remained in place up to failure. 
 

 

Table A-4 gives the calculated ultimate shear sliding resistance using the MSJC allowable 

shear stress of 37 psi and ultimate shear stress of 56 psi.  The self-weight, N, is calculated 

using the geometry of the wall and a unit weight of 120 lbs/ft3.  The Frictional resistance, FN, 

is the self-weight multiplied by the coefficient of friction, μ = 0.45.  The ultimate shear force 

that can be transferred through the mortar interface, Vu, is summation of the frictional 

resistance and the product of the net area of the bottom bed joint (w*t) and the shear stress 

limit (37 or 56 psi).  The predicted ultimate applied pressure, qu, is the force Vu divided by 

the surface area of the wall (w*h).  Note that h is equal to 8 ft for all specimens. 
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Table A-4: Shear Sliding Analysis  

     τall = 37 psi τUlt = 56 psi 

(1) 

Specimen 

ID 

(2) 

w 

(in) 

(3) 

t 

(in) 

(4) 

N 

(lbs) 

(5) 

FN 

(lbs) 

(7) 

Vu 

(lbs) 

(8) 

qu 

(psi) 

(9) 

Vu 

(lbs) 

(10) 

qu 

(psi) 

S3-1.2-NO 115.0 3.63 2779 1251 16675 1.51 24596 2.23 

S4-1.2-NO 115.0 8.00 6133 2760 36800 3.33 54280 4.92 

S5-1.2-SR* 115.0 7.25 5558 2501 33350 3.02 49191 4.46 

S6-1.2-SR* 115.0 7.25 5558 2501 33350 3.02 49191 4.46 

S1-1.6-SR* 154.0 7.25 7443 3350 44660 3.02 65874 4.46 

S2-1.6-SR* 154.0 7.25 7443 3350 44660 3.02 65874 4.46 
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