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ABSTRACT 
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The vulnerability of imreinforced masonry buildings (URM) to moderate 

earthquakes is a major concern among the earthquake engineering community. One of 

the most dangerous failure in URM buildings is that experimented by masonry walls 

when subjected to out-of-plane loading induced by inertial forces. The main objective of 

this study was to understand the flexural behavior of URM masonry walls retrofitted 

with fiber composite strips. 

Seven half-scale brick masonry walls were constructed with solid clay brick tied 

with a Type N mortar. Six specimens were constructed in single wythe and one in 

double wythe. The specimens were retrofitted with vertical E-glass fabric composite 

strips bonded with a two component epoxy resin. All walls were subjected to a standard 

pattern of static cyclic out-of-plane loading applied with an air-bag system. The 

specimens were classified according to their height o thickness ratio (h/t) i.e. short walls 

having h/t = 14 and slender walls having h/t = 28. The main investigated parameter was 

the amount of reinforcement. This varied from 0.2 to 0.75 times the corresponding 

balanced condition for the short walls and from 0.5 to 3.0 times the balanced condition 

for the slender ones. 

The collected experimental data consisted of; out-of-plane deflections, tensile 

longitudinal strains in composite strips, and rotations along the wall sides. It was found 

that the strength and ductility of the walls were enhanced significantly. The walls were 
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capable to deflect a height drift of 2 to 5%. The specimens were also capable to support 

pressures in excess of thirty times their own weight. Although many failures occurred 

such as tensile of composite strips, compression of brickwork, and in-plane shear failure, 

the delamination process controlled the overall behavior of the tested specimens. 

The experimental results were compared with respect to predictions given by 

beam theory using ultimate strength and linear elastic approaches. Three main stages of 

behavior corresponding to the first visible bed-joint crack, the first delamination and the 

ultimate load were investigated. It was concluded that the ultimate strength method 

overestimates the flexure capacity of the walls. The best predictions for the load 

corresponding to the defined stages were obtained using linear elastic analysis. 

Preliminary design recommendations are also proposed for tensile strain in the 

composite, maximum deflection, and maximum reinforcement ratio. 
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CHAPTER I 

INTRODUCTION 

1.1 Statement of the Problem 

Being one of the oldest and most widely used types of construction system in the 

world, masonry deserves to be rediscovered by modem engineering technology. Inherent 

advantages, e. g., aesthetic, architectixral appearance, effective heat and sound isolation, 

and fire resistance, and economical construction, will contribute to the use of masonry as 

the prime material specially for residential construction once its behavior be well 

understood (Sucuoglu, et al 1991). Unreinforced masonry buildings (URM) perform 

poorly during moderate earthquakes. During recent earthquakes, even some URM 

buildings that were previously retrofitted suffered serious damage. As a result. U'RM 

buildings are considered as the main cause of injury and loss of life (Qamaruddin, et al 

1990, Trobiner, 1984, Deppe, et al 1988, Moore, et al 1988, EERI, 1994, TMS, 1994, 

Kehoe, 1996. and Tomazeviv, 1996). 

URM buildings constitute a large portion of the world's building inventory. 

Forming part of this stock are the most appreciated historical monuments, which need to 

be preserved. More that twenty thousands of URM buildings exist in California alone. 

Most of them were constructed with little or no seismic loading requirements and they are 

no capable of dissipating energy through inelastic deformations during earthquakes. 

Consequently, the Earthquake Engineering community has recognized the vulnerability 
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of these type of structures as a major concern (Laurence, 1984, Reinhom, et al. 1985. 

Prawel, et al. 1985, Abrams, 1988, Bruneau, 1994a, 1994b. Sucouglu, et al. 1996). For 

this reason, rehabilitation of masonry buildings is one of the major construction activity 

in the United States (Green, et al 1985). 

LTRM buildings are primarily composed of load-bearing walls constructed with 

solid or hollow clay brick. Masonry walls are commonly attached to either flexible 

(wood) or rigid (concrete) diaphragms. In the event of an earthquake, these structural 

elements transfer the seismic forces to the foundation. Due to weak anchoring system or 

lack of reinforcement, load-bearing walls may tear from the building or collapse under in-

plane or out-of-plane forces. Out-of-plane failures due to inertia! forces acting on load-

bearing walls often found in warehouse, theaters and churches have been recognized as 

one of the most dangerous. 

Code seismic design specifications for URM buildings have suffered significant 

changes in the last twenty years. The seismic demand for out-of-plane loads has 

increased up to 50% during this period in the UBC code (Bhende, et al 1994, Wong, 

1994). Therefore, it is a necessary to understand in a better way the brickwork behavior 

under lateral loads such as seismic and wind. Many researchers are working in this 

important field in order to develop better mathematical models for brickwork 

performance and more efficient retrofitting techniques for the mitigation of seismic 

hazard associated with failures in low rise URM buildings. 
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1.2 Objectives 

The flexurai behavior of URM wails retrofitted with glass fabric reinforced 

composite strips (GFRP), and subjected to static cyclic out-of-plane bending is 

investigated in this study 

In this research, three objectives were pointed out, which are: 

a) To experiment with URM walls retrofitted with GFRP composite overlays subjected to 

lateral loads in order to know their behavior before and after cracking. 

b) To develop a new and efficient methodology for strengthening URM buildings by 

using advanced composite materials in order to increase their ductility and strength in 

such manner that new seismic specifications should be satisfied. 

c) To propose an analytical procedure such that it will predict the ultimate strength of this 

type of structural elements. 

These objectives were reached through physical experimentation that was carried 

out on seven half-scale URM walls constructed by a mason with solid clay tile brick, 

retrofitted with vertical glass fabric composite strips and subjected to uniform lateral 

pressure (out-of-plane) applied by an air-bag system. Experimental results are compared 

with respect to analytical solutions given by the ultimate strength and the linear elastic 

approaches. From such comparisons, the linear elastic approach is recommended in order 

to evaluate the flexiu^al capacity of URM walls retrofitted with fiber composites. 
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1.3 Literature review 

Many failures can occur in URM buildings when they are subjected to moderate 

earthquakes. The first is lack of anchorage, this happens when there is absence of 

positive anchorage between walls and the roof Under these conditions, walls behave as 

cantilevers increasing the possibility of out-of-plane failure. The second is related to 

anchor failure, this occurs when anchors holding a wall break in shear or tension because 

they are no enough to support either in-plane or out-of-plane forces acting on the wall. 

The third failure is associated with in-plane loads that cause shear failure on walls, which 

is demonstrated by double diagonal crack patterns. Another type is that caused by out-of-

plane bending due to inertial forces when load bearing walls, infillled walls, and parapet 

walls tear or fall down from the building. The final and more difficult to detect is that 

resulting of a combined action of the last two (Depe, 1988, Moore, et al. 1988, EERI, 

1994 and Bruneau, 1994a, 1994b). A short description about in-plane failures will be 

done and a complete explanation for out-of-plane failures will be described. 

1.3.1 In-Plane Loading 

A lot of research work has been developed for both static and dynamic behavior 

of masonry walls subjected to in-plane loads (Abrams, 1986, Sucouglu, et al 1991, 1989. 

and Mengy, at al 1989). In spite of such number of studies, theories for in-plane behavior 

are still not unified as pointed out by Sucouglu, et al. 1991. They stated that significant 

differences exist between ACI and UBC design procedures for shear design of masonry 
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walls. For example, in a shear analysis of an unreinforced masonry shear wall, the shear 

capacity obtained by ACI method is 25% bigger than that given by UBC procedure 

(Adams, 1993). 

1.3.2 Out-of-Plane Loading 

The potential out-of-plane failure of URM elements (parapet, veneers, and 

unanchored walls) during earthquakes constitutes the most serious life-safety hazard in 

masonry buildings. Consequently, URM buildings are more vulnerable to flexural out-

of-plane failures. The load carrying capacity of a building is not jeopardized by in-plane 

failures as caused by the unstable and explosive out-of-plane type (Bruneau, 1994b). 

Many researchers have concluded that there is a general lack of sufficient experimental 

and theoretical works for laterally (out-of-plane) uniformly loaded masonry walls 

(Hendry. 1973, Bennedetti, e al. 1984, Essawy. 1986, Drysdale, et al. 1988, Dawe, et al. 

1989. Hamid, et al. 1992, Flanagan, et al. 1993, Abrams, et al. 1993a, and Drysdale , et 

al. 1994. Lizunda, et al. 1997). Therefore, there is a need for more research on brickwork 

behavior. .Ajid it is necessary to develop better mathematical models for URM walls 

subjected to out-of-plane loading. 
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1.3.3 Analytical Studies 

From geometric and boundary conditions point of view, analytical studies for the 

behavior of URM walls can be categorized in two: analytical models for infill masonry 

panels and for load bearing walls. Most of the published studies are for the first case and 

a few studies for the second were found, where masonry walls are top and bottom simple 

supported and subjected to out-of-plane loading. Most of the studies were made for 

masonry walls constructed with concrete masonry block and a few of them with clay 

brick as those found in old URM buildings. According to the brickwork behavior, 

analytical studies are divided in two categories, i.e. linear elastic (before cracking) and 

nonlinear (after cracking) behavior. 

Linear elastic approaches can be performed using beam theory, plate theory or 

finite element method (FEM). Many researchers have found good agreement between 

experimental results and those given by linear elastic approaches (Hendry, et al. 1973, 

Bennedetti, et al. 1984, Dawe, et al. 1989, and Tena-Colunga, et al. 1992). To predict the 

ultimate fiexural capacity of masonry walls subjected to lateral loads, researchers have 

incorporated into the mathematical models concepts such as: aspect ratios hJl and h/L 

(where: h=height, L=length and t= thickness of the wall, respectively), yield line theory, 

fracture line theory and arching effect, etc. (Abrams, 1993a, Flanagan, et al. 1993, Dawe, 

et al. 1989, Drysdale, et al. 1988, Essavvay, 1986, and ABK, 1981, and Hendry, et al. 

1973). 
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Some authors have found that for low aspect ratios (h/t<20), compression capacity 

controls post-cracking behavior, while for slender walls (h/t>30), flexure controls the 

ultimate strength under out-of-plane bending. And the type of mortar does not have 

significant influence in the ultimate capacity of the walls (Ehsani, et al. 1994, Abrams, et 

al. 1993a,b). Some authors have concluded that yield line theory predicts very well the 

ultimate flexural capacity of masonry walls, although they exhibit brittle behavior. But, 

when these results are correlated with refined mathematical models and experimental 

results, yield-line analysis overestimates the ultimate strength (Dawe, 1989. Sinha, 1978, 

Hendry, 1973). In the last two decades, many researchers have proposed different 

mathematical models for predicting the brickwork behavior. Thus, better predictions can 

be obtained for the ultimate flexural capacity of masonry walls under out-of-plane loads. 

Some of salient studies are: 

Sinha (1978), proposed a simplified method based on fracture lines, which could 

be applied to any brittle material having both strength and stiffness orthotropy. His 

proposed method correlated very well with experimental results. In that study, many 

panels with different boundary conditions were analyzed and a theoretical formulation for 

the collapse load was proposed for each panel considering both the support conditions 

and the aspect ratio. 
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Sveinsson, et al. (1987) developed an analytical model for steel reinforced block 

masonry walls subjected to out-of-plane seismic motions. In the model, three linear 

stages were proposed representing the following ranges of loading: before cracking, 

between cracking and yielding, and post-yield. Three parameters were incorporated in the 

model for cyclic behavior for the investigated walls: two face shells, a steel reinforcing 

bar across the joint and an elastic masonry block between the joints. Face shell elements 

were assumed to have no tension capacity and to behave elastically in compression. The 

steel bar was modeled by a bi-linear stress-strain curve. In order to validate the proposed 

analytical model, three full-scale reinforced concrete block masonry walls were 

constructed. The specimens were tested under simulated seismic input motions applied 

by two servo controlled hydraulic jacks located at the top and bottom. Comparing the 

results, the authors concluded that the analytical model predicted the overall response of 

the tested walls very well. 

Dawe, et al. 1988, conducted an extensive parametric study on hollow concrete 

block infill panels subjected to out-of-plane loading. The main parameters considered 

were panel thickness, infill strength, boundary conditions, frame rigidity and geometric 

aspect ratios. Based on the results of this study, empirical relations suitable for design 

were proposed. Arching action and yield line analysis were also incorporated into the 

proposed method. It was concluded that the ultimate load increases parabolically when 

panel thickness is increased, and decreases when the length and height of the panel are 

increased. 
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Button, et al. (1992) proposed another analytical model to predict out-of-plane 

seismic behavior of reinforced masonry walls. They compared global responses 

(deflections, moments and reactions) that it predicts with respect to those obtained from 

fliil-scale dynamic tests. The best comparisons were for deflections. The main 

parameters considered in the analytical model are; h/t ratio, amount of vertical 

reinforcement, presence or absence of grouting and splices and the level of vertical loads. 

Finally, Abrams, et al. 1993, conducted an experimental and analytical study in 

order to evaluate the flexural capacity of infill panels previously tested under in-plane 

loading. These results were compared with predictions given by the analytical model 

developed by several researchers. The best predictions were given by models taking into 

account either fractiire line theory or yield line theory. They found that the panel 

strength is inversely proportional to the square of the height to thickness ratio. It was also 

concluded that significant arching action develops for panels with h/t ratios less than 20. 

For slender panels, the capacity is controlled by flexure. 

One of the most important experimental and analytical study on out-of-plane 

bending of URM masonry walls was that developed by ABK, 1981. Dynamic analysis 

and dynamic tests were performed on URM walls. The main objective was to develop a 

methodology for the mitigation of seismic hazard in existing unreinforced masonry 

buildings. In this project, 20 full-scale wall specimens from the most representative 

.America's URM buildings inventory were subjected to dynamic out-of-plane motions. 

From experimental results, upper bounds for dynamic stability of masonry panels were 



established. Thus, typical values for h/t ratios found in different seismic zones were 

established. These values were incorporated into some codes such as UCBC. Canadian 

Standards, and the NfEHRP (FEMA 1992a) (Bruneau, 1994a, 1994b). 

In the revised literature, no study was foimd dealing with the use of composite 

materials on URM masonry brick walls subjected to out-of-plane bending as done in this 

dissertation. Moreover, most of the discussed studies are related to concrete block 

masonry walls and couple of them for solid clay brick masonry walls as those discussed 

here. Besides, most of research projects developed in this area are for infill panels. Thus 

they are not representative for typical walls found in warehouse, churches, parapets, 

theaters, etc as is studied in the present research. Therefore, the work done in this 

dissertation is justified. 

1.3.4 Retrofitting Techniques 

.\ccording to FEMA-1992, the available retrofitting techniques for URM 

buildings are categorized into two types: the first is related to adding structural elements 

such as steel ft-ames and concrete frames to the existing buildings. This option presents 

some disadvantages such as: significant weight is added to building resulting this in 

possible foundation adjustments, changes in the dynamic properties and an increment in 

the seismic demand. This may lead with higher retrofitting costs. Another disadvantage 

is that valuable space is occupied by the new system and in some cases disturbance of the 

occupants of the building may occur. Siegel, et al. (1994), reported that an eccentric 
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concrete frame was used for strengthening a five-story URM building that was damaged 

during the Loma Prieta Earthquake. 

The second alternative is related to surface treatments. Many techniques are 

available such as: using concrete overlays with steel mesh, bonding steel plates in both 

sides. There is another option, which is called center core technique. This consists of 

drilling holes in a multiwythe wall where a steel reinforcement is put inside and bonded 

with epoxy-cement paste (Kehoe, 1996). The reinforcement can be postensioned or 

simple reinforced bar. Some important studies on this field will be discussed. 

Abrams, et al. (1993a, 1993b) used a ferrocement plaster on slender masonry 

walls in combination with a single sheet of hardware steel mesh. From experimental 

results, it was found that this technique enhanced ultimate flexure capacity of the panels 

as much as 2.5 times with respect to control panel. 

Bhende, et al. (1994) used steel plates attached to eight URM walls with steel 

anchors in nuclear power plant facilities. From tested panels, they concluded that out-of-

plane capacity of walls was increased as much as ten times with respect to the non-

retrofitted one. However, they suggested that the effect of drilled holes on in-plane 

behavior need to be investigated. 

Prestressed steel elements have been also used to upgrade masonry panels as 

shown by Dawe, et al. (1994), where eight masonry walls were tested using this 

technique. From experimental results they found that significant improvements in the 

flexural cracking capacity of the tested walls can be achieved with prestressing systems. 
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1.3.4.1 Retrofitting with Advanced Composite Materials 

Another variation of surface treatment type is the use of advanced composite 

materials in the form of composite overlays or strips. Before entering in applications, a 

brief introduction on composite materials will be done. 

1.3.4.1.1 Fiber Composite Materials 

Composite materials consist of strong fibers such as carbon, glass and aramid 

bound together by a matrix. The matrix can be vinylester, polyester, or epoxy. 

Composite materials have been used for more than forty years in the aerospace and other 

industries. The mechanical properties of composite materials depend on the fiber to 

matrix ratio. In composite materials, the fibers provide strength and stif&iess to satisfy 

design requirements and the matrix provides load transfer among fibers, dimensional 

stability, and fiber support and protection. Composite materials posse many advantages 

over conventional materials such as steel. Among them are high specific strength, high 

specific stiffhess, non-corrosive, high fatigue resistance, thermal stability, low cost and 

ease of installation. By selecting the appropriate fiber, matrix and geometry, composite 

materials can be tailored to satisfy a specific application. They also present some 

disadvantages such as low in-plane transverse (i.e. shear) strength, low interlaminar 

strength, linear elastic behavior up to failure, and potential sensitivity to moisture and UV 

radiation (Madenci 1997, Jones, et al. 1975). 

The advantages of composite materials make them an ideal material for 

construction applications. To manufacture composite products, many procedures can be 
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used such as filament winding, pultrusion, compression molding, and hand lay up among 

others. Many composite products for civil engineering projects are available in the form 

of structural shapes, reinforcing bars and tendons for concrete structures, fabrics for 

retrofitting beams, columns, walls, etc. In the last ten years many research and field 

applications on composite materials have been reported (Saadatmanesh and Ehsani, 1996 

& 1998, El-Badry, 1996, Nanni, 1993). 

The fibers have very high tensile strength, typically exceeding that of metals. For 

construction applications, usually more than 40% of the total volume of the composite 

products is the resin matrix whose contribution to the strength or stiffiiess of the 

composite is minimal. 

Many field applications of composite materials in civil engineering projects in 

many countries have been reported (USA, CANADA, JAPAN, GERNLANY and 

SWITZERLAND, etc.). These Cover wide range of applications such as: new 

construction in marine environments for both reinforced and prestressed bridges, MRI 

facilities in hospitals, repairing and retrofitting buildings and bridges in seismic zones, 

etc. as shown in several papers (Mier, et al. 1994, Sadaatmanesh, et al. 1991, Ehsani, 

1994, Schwegler, et al. 1996, Saadatmanesh and Ehsani, 1996 & 1998, El-Badry, 1996, 

Nanni, 1993). Field applications increased after the Northridge and Kobe earthquakes, 

where a lot of concrete columns in bridges have been repaired with both carbon and glass 

overlays. 
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Papers related to experimental studies of fiber reinforced plastic (FRP) on 

masonry elements will be discussed next. Most of the reported studies are for in-plane 

behavior rather than out-of-plane. Only one of those is related with the use of glass-

fabric as presented in this dissertation, and the rest are for carbon application in the form 

of carbon plates or carbon fabric overlays. 

The first reported study was done by Ehsani, et al. (1994) they tested under out-

of-plane loading several URM clay brick beams. The specimens were retrofitted with 

glass fabric sheets bonded to the wall surface with an epoxy resin. From experimental 

results, they found that flexural capacity was increased as much as twenty times the beam 

weight and the observed deflections were 1/50 of the corresponding span. Although they 

tested three types of glass-fabric, no study incorporating geometric aspect ratios and the 

amount of fabric was done as presented here. 

The second study was done by Weeks, et al 1994, where concrete masoiuy walls 

were repaired with carbon fiber sheets in a five-story masonry building. From the 

observed behavior, they concluded that the use of composite materials such as carbon 

fiber sheets is a good alternative for repairing masonry buildings. 

Another experimental investigation was reported by Iimamorato, (1994) and 

Laursen, et al. (1995), where three reinforced concrete masonry walls were retrofitted 

with carbon overlays. Each panel was tested twice: first, to create a desirable failiu"e 

mode then retrofitted with FRP overlays and tested again in order to evaluate the 

feasibility of the used retrofitting scheme. From observed behavior, they found that 
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significant improvements in the ultimate strength and ductility were achieved. They also 

concluded that composite materials are good alternative for retrofitting and repairing 

weak masonry buildings. 

Schwegler (1995), reported three URM masonry walls that were retrofitted with 

composite materials i.e. CFRP sheets. In this study, two of the tested walls were 

strengthened with diagonal CFRP sheets and the third one with conventional woven 

fabric that was bonded to the entire surface of the wall without anchoring. Then, the 

specimens were subjected to cyclic in-plane load. From experimental results, it was 

observed that ductility was enhanced and the ultimate shear capacity was increased by a 

factor of 4.3 for diagonal configuration and 1.4 for the fully covered one. They 

concluded that existing shear walls in URM masonry buildings could be efficiently 

strengthened with composite materials. 

A few field applications were found of composite materials on masonry buildings 

in the consulted literature. These will be discussed in the next lines. 

The first was cited by Ehsani, et al. (1996), where one-story commercial URM 

building damaged during Northridge Earthquake was retrofitted with composite 

materials. Although the building was retrofitted with a steel firame in the middle of the 

building and with tying the roof diaphragm to the walls with steel anchors, the earthquake 

seriously damaged this. The building was repaired with glass-fabric overlays on both 

inside and outside surfaces of the load-bearing walls. The retrofitting scheme used in this 

application is similar to that used in the tested walls in this dissertation. The repairing 
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technique was chosen since the complex simation of the damaged building form 

operating and space limitation points of view. Authors concluded that due to the ease 

application, and the lower retrofitting costs, this techniques is one of the most viable 

alternative for seismic retrofitting of URM buildings. 

Another important field application of composite materials is reported by 

Schwegler, et al. (1996), where a six-story and sixty years old URM building in 

Switzerland was retrofitted with CFRP sheets against seismic loads. This retrofitting job 

was necessary since the usage of the building was changed fi'om living to an office 

building. At this time, CFRP sheets were boded only on one face of the load-bearing 

walls in diagonal fashion. From conclusions they established that the used retrofitting 

methodology is easy to apply, cost-competitive and an excellent alternative for field 

earthquake design. 

Triantafillou, (1996) reported one field application, where composite materials 

were used in Greece for preserving valuable historical monuments. In this paper, 

circiunferential carbon tendons for horizontal confinement and CFRP epoxy-bonded 

laminates to facades are mentioned as the most common composite elements used for 

retrofitting old masonry buildings. 

Finally, Ehsani and Saadatmanesh (1997) reported the latest and largest field 

application of composite fabrics on tilt up concrete masonry walls of a building damaged 

during the Northridge earthquake. Nearly 20,000 of wall surface were retrofitted widi 

glass fabric composite fabric in this building. In all cases, retrofitting with composite 
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material has proved to be an efficient and cost-competitive technique. 

It can be concluded that no study was found dealing with URM masonry walls 

under cyclic out-of-plane bending and retrofitted with glass fabric composite strips. In 

addition, the proposed procedure to predict the flexiual capacity of URM walls retrofitted 

with fiber composites as well as the design recommendations have not been also 

recommended by other researchers. Therefore, the investigation presented in this 

dissertation is justified 

1.4 Scope of the Research 

In order to investigate the flexural behavior of URM clay masonry walls 

retrofitted with fiber composites, seven half-scale specimens were constructed and tested 

under static cyclic out-of-plane loading. All specimens were simple supported at top and 

bottom and the other two sides remained free. With this boundary conditions, a typical 

segment of a load bearing wall free of comer and joint interference was intended to 

reproduce. The load was applied following a standard cyclic test history similar to that 

used by other researchers (ATC-24, Shing, et al. I9S9). Pressures were applied 

uniformly distributed to the wall faces using an air-bag system. No axial load was 

applied to the specimens in order to avoid having any beneficial contribution from 

vertical compressive stress induced by overburden masses. 
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1.4.1 Experimental Results of Short Walls 

Three short walls with height to thickness ratio of fourteen were retrofitted and 

tested under cyclic out-of-plane loading. The reinforcement rations varied from 20% to 

75% of the corresponding balanced condition. Two glass-fabric were used; an 18 oz/syd 

unidirectional fabric was bonded to the specimens S75/25 and S20/40. The specimen 

S30/30 was retrofitted with an 18-oz/sy cross-ply fabric. 

The modes of failure for all specimens were controlled by delamination process. 

This phenomenon was more noticeable on the specimens retrofitted with unidirectional 

composite fabric. A tensile fabric and small-delaminated areas were observed on the 

wall retrofitted with the cross-ply fabric. From experimental results, it was observed that 

strength and ductility were enhanced significantly. The tested walls supported pressures 

in excess of 30 times their own weight and deflected up to 1/50 times the wall height. 

1.4.1 Experimental Results of Slender Walls 

Four slender URM walls with a height to thickness ratio of twenty-eight were 

tested under out-of-plane cyclic loading in similar maimer as previous walls. Three of the 

tested specimens were constructed in single wythe and the fourth one in double wythe. 

The reinforcement ratios for these walls varied from 50% to 300% of the corresponding 

balanced condition. Two of the single wythe walls were retrofitted in symmetrical 

patterns (SlOO/100 and S300/300). Because of limitations of the air-bag system, the 

double wythe wall was retrofitted on the north face only with a reinforcement ratio 
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equivalent to the balanced ratio. 

Many failures were observed on this set of walls. In-plane shear failure was 

observed on wall S300/300 due to the high pressures applied to it. Excessive 

delamination occurred on the other walls. In addition, a tensile failure was reached on the 

wall SI00/100 that was also accompanied by excessive delamination. Compression 

failure of the brick surface was observed on the south face of the wall S200/50. Due to 

the poor shear interface capacity between the wythes of the wall DIOO, a splitting failure 

took place on the bottom half part. Although such types of failures, in general it can be 

said that delamination controlled the behavior of the tested specimens. 

Based on experimental results, it was concluded that; the flexure capacity and 

ductility of the tested URM walls were substantially improved by the investigated 

retrofitting technique. The specimens were capable of supporting pressures equivalent to 

almost twenty five times their own weight per unit area. The walls were also able to 

deflect up to 1/20 times the wall height. 

1.4.3 Analytical Studies and Design Recommendations 

The out-of-plane behavior of the tested URM brick masonry walls retrofitted with 

fiber composites was analytically investigated. The experimental results are compared 

with respect to predictions given by beam theory using the ultimate strength and linear 

elastic approaches. Three main stages of behavior corresponding to the first visible bed-

joint crack, the first delamination and the ultimate load were investigated. Clearly, there 
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are a number of issues that require further investigation. However, within the scope of 

this study, the following recommendations can be made. 

A linear elastic solution is recommended for evaluation of the flexural capacity of 

URM masonry walls retrofitted with composite materials. These procedure results in a 

lower calculated strength compared to the measiu'ed values for the recommended range of 

reinforcement ratios. 

The deflection of walls for various stages of loading can be calculated using the 

modified expressions that are recommended. It is also recommended that this deflection 

be limited to 0.007A. 

The average tensile strain in the composite strip for the three stages of loading is 

0.004 for first visible bed-joint crack, 0.0055 for the first delamination, and 0.01 for the 

ultimate condition. It is recommended that the maximum service load be limited to that 

corresponding to a strain of 0.004. 

The maximum reinforcement ratio as a multiple of the balanced reinforcement 

ratio is 0.4 and 2 for walls with aspect ratios of 14, and 28 respectively. With these 

values a ductile behavior is ensured, and explosive and in-plane shear failures are also 

avoided. 
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CHAPTER 2 

PRESENT STUDY 

Test methods, results, and conclusions of this study are presented in the papers 

one through three appended to this dissertation. All graphics, pictures and experimental 

results of the tested URM walls are presented in APPENDIX D and E, respectively. In 

addition, a list of the consulted references is also given at the end. The more important 

findings of this dissertation are presented next. 

The brittle behavior of URM clay brick masonry walls is transformed into a 

ductile one when they are retrofitted with vertical glass fabric composite strips. As 

observed from experimental results, some walls exhibited span drift a high as five 

percentage. 

According to the experimental results, it was found that linear dependence exists 

between the reinforcement ratios used in this study and the corresponding pressures that 

cause the first visible bed joint crack, the first delamination and the ultimate pressure. 

However, no clear dependence between the reinforcement ratio and the corresponding 

mispan deflections and longitudinal tensile strains in composite strips were evidenced. 

Seems that the later parameter is independent of the reinforcement ratios. 
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Based in the above consideration and taking into account that compression strains 

on the brickwork surface were small i.e. less than 0.1 %, and the failure of the specimens 

was mostly controlled by delamination, a linear approach is suggested to determine the 

flexural capacity of URM walls retrofitted with fiber composites. To calculate midspan 

deflections on URM walls retrofitted with composite materials, modified equations 

similar to those recommended by the UBC-91 code are also proposed. Finally, 

preliminary design recommendations are also proposed for tensile strain in the composite, 

maximum deflection, and maximum reinforcement ratio. 

A retrofitting methodology for URM buildings using advanced composite 

materials is justified in this smdy. This has some advantages such, which are explained 

next. By using external reinforcement, the brick compressive capacity is better used 

since larger lever arms are developed. Thus, the retrofitted walls can reach larger flexural 

capacity. Another benefit that is gained with external reinforcement it that less pinched 

hysteric loops are developed, if compared with respect to those given by centrally 

reinforced walls, which are highly pinched. A major advantage given by the used 

strengthening technique is that no significant weight is added to the wall since the density 

of the glass fiber composites is less that a quarter of that of steel. Consequently, the 

seismic demand is practically unchanged while ductility and strength are enhanced 

significantly. Finally, due to the ease retrofitting procedure when composites are used, no 

highly qualified laborship is needed. The last has tremendous impact in retrofitting costs. 
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Since the findings of this study are limited, more research job is needed in order 

to understand in a better way the behavior of URM buildings retrofitted with composite 

materials. To develop general design guide lines for flexure in URM walls, more tests 

need to be done of walls constructed with other brick units such as concrete block (solid 

or hallow), and hollow clay brick. 

Another problem that need to be investigated is that related with delamination 

propagation. According to the observed experimental results, delamination can be 

developed in many ways. One source of delamination is due to uneven brick surface i.e. 

uneven brick create a local shear transfer stress concentration that initiates delamination 

at early loads. Delamination is also attributed to a combination of direct shear and 

flexural cracks. The last observed source of delamination was due the presence of air-

bubbles beneath the composite fabrics. 

Mathematical models for brickwork behavior under cyclic out-of-plane and in-

plane loads needs to be developed. Once such mathematical models be developed, 

numerical experimentation through a tridimensional analysis on URM buildings 

retrofitted with composite materials need to be done in order to know the behavior of 

such structures when subjected to lateral forces such as seismic. 
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Behavior of Retrofitted URM Walls under Simulated Earthquake Loading 

by 

M. R. Ehsani', F. ASCE, H. Saadatmanesh*, M. ASCE, and J. I. Velazquez-Dimas^ 

'Professor, and "Associate Professor of Civil Eng. and Eng. Mech.,Univ. of Arizona 
'Graduate Student of Civil Eng. and Eng. Mech., Univ. of Arizona and 

Professor of Civil Eng., Autonomous University of Sinaloa, Mexico 

(Submitted for review and publication to the ASCE J. of Composites for Construction — January 1998) 

Abstract; URM masonry buildings perform poorly under seismic forces and have been 
identified as the main cause of loss of life in recent earthquakes. Many of these structures 
fail in out-of-plane bending due to the lack of reinforcement. In this study, the 
experimental results from three half-scale URM brick masonry walls retrofitted with 
vertical GFRP composite strips are presented. The specimens were subjected to cyclic out-
of-plane loading. Five reinforcement ratios and two different fabric composite densities 
were investigated. It was observed that the mode of failure is controlled by tensile failure in 
fabric when wider and lighter composite fabrics are used and by shear transfer capacity 
when stronger strips are used. The tested specimens were capable to support lateral load up 
to thirty two times the weight of the wall for the highest reinforcement ratio. A deflection as 
much as 2% of the wall height was measured. Although both URM walls and composite 
strips behave in brittle manner, the combination resulted in a system capable of dissipating 
some energy. Retrofitting URM walls with GFRP strips proved to be a good and reliable 
strengthening altemative. 

INTRODUCTION 

General 

Being one of the oldest and most widely used types of construction in the world, 

masonry deserves to be rediscovered by modem engineering technology. Inherent 

advantages, e.g. aesthetics, architectural appearance, effective heat and sound isolation, fire 

resistance and economical construction, will contribute to the use of masonry as the prime 

material especially for residential construction once its mechanical behavior is well 

understood (Sucouglu, et al. 1991). There is a large inventory of URM buildings in the 
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world. Most of these were built with little or no seismic loading requirement and they are 

not capable of dissipating energy through inelastic deformation during earthquakes. 

As shown in Fig. 1, in most older buildings, the floor joists simply rest on the 

masonry wall. During the earthquake, the wall movement would result in loss of support 

for the beam. One method to fix this problem is to bolt some of the floor joists through the 

wall. This retrofitting technique has been applied to many buildings in California since the 

mid 1980s. The retrofitted buildings can be easily identified from the washers that are used 

on the exterior face of the wall (Fig. 2). The intent is to force the wall to span between 

floors. However, because most of these walls do not contain any reinforcement, they 

cannot resist the imposed loads and displacements. The result is that many of these 

retrofitted huiXdmgs are subject to severe damage in future earthquakes (Fig. 3); in essence, 

the weakest link in the chain which used to be the connection between the wall and the floor 

has been replaced with the unreinforced wail itself. These continuing challenges have 

resulted in URM buildings being identified as the primary cause of injuries and loss of life 

(Trobiner, 1984; Deppe, et al. 1988; EERI, 1994; Kehoe, 1996; Tomazeviv, 1996). 

Two types of failure are commonly observed in load bearing URM walls subjected 

to lateral loads. These are the in-plane failure characterized by a diagonal tensile crack 

pattern, and the out-of-plane failiure, where cracks are primarily along the mortar bed joints; 

some inclined cracks may also be developed. The exact crack pattem will, of course, 

depend on the wall boundary conditions. Between these two, the out-of-plane failure has 

been identified as the main cause of loss of lives. Therefore, there is a necessity for better 

understanding of this failure as well as the development of new and more efficient 

retrofitting techniques. In this paper, the experimental results of three half-scale URM 

walls retrofitted with E-glass composite strips and tested under cyclic out-of plane bending 

are presented. 
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Figure 2. Typical retrofitted URM building showing the anchorage of wall to floors 
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Figure 3. Failure of retrofitted URM wall 

LITERATURE REVIEW 

The potential out-of-plane failure of URM elements such as parapet walls, veneers 

and unanchored load bearing walls during earthquakes constitutes the most serious life-

safety hazard for this type of construction. Whereas an in-plane failure does not endanger 

the gravity load carry capacity of the wall, the unstable and explosive out-of-plane failure 

will (Bruneau, 1994). Consequently, URM buildings are more vulnerable to out-of-plane 

failure. Many researchers have concluded that there is still insufficient experimental and 

theoretical results for masonry walls uniformly loaded in the lateral direction (Hendry, 

1973; Bennedetti, et al. 1984; Essawy, 1986; Dawe, et al. 1989; Hamaid, et al. 1992; 

Flanagan, et al. 1993; Abrams, et al. 1993; and Drysdale, et al. 1994). 
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One of the most important experimental and analytical studies on out-of-plane 

bending of URM walls is that developed by ABK (1981). In this study, dynamic analysis 

as well as dynamic tests were performed on URM walls. The main objective was to 

develop a methodology for mitigation of seismic hazard in URM buildings. Twenty wall 

specimens from the most representative URM buildings were subjected to dynamic out-of-

plane motions. From the observed behavior, upper bound values were established for the 

dynamic stability of masonry panels. Typical values for the height to thickness ratios found 

in different seismic zones were established. These were incorporated into some codes such 

as UCBC(1994), Canadian Standards, and the NEHRP handbook for Seismic Evaluation of 

Existing Buildings (FEMA 1992a) (Bruneau, 1994). 

Although glass-fabric offers great potential in increasing strength and ductility of 

masonry walls, few studies have been conducted on URM walls retrofitted with glass-fabric 

overlays. Earlier studies have demonstrated that static bending capacity of URM beams can 

be significantly increased by epoxy bonding a sheet of high-strength composite fabric to the 

tension face (Ehsani and Saadatmanesh, 1994). The study presented here was conducted to 

demonstrate the feasibility of such retrofitting system for structure subjected to reversed 

cyclic loading. 

STRENGTHENING TECHNIQUES FOR URM WALLS 

Conventional Methods 

Several retrofitting approaches are available in order to increase the strength and 

ductility of masonry buildings. A comprehensive survey of all these techniques was 

recently completed (Lizundia, et al. 1997). These can be summarized in two types (FEMA-

1992). The first is related to adding structural elements such as steel or concrete frames to 

the existing building. This option presents some disadvantages such as adding significant 

weight to the building, which in tum may require foundation adjustments, resulting in 

higher retrofit costs. Another disadvantage is that valuable space is lost to the fi-aming 
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elements and in some cases, disturbance of the occupants may occur. Siegel, et al. (1994) 

reported that an eccentric concrete frame was used for repairing a five-story URM building 

damaged during Loma Prieta Earthquake. 

The second alternative is related to surface treatments. This can be achieved in 

many ways. A standard procedure consists of removing one wythe from the existing 

multiwythe wall and replacing it by a layer of reinforced concrete (or gunite). In some 

cases the wails are retrofitted with a steel plates attached to the wall with steel anchors. 

Among major smdies using surface coating is one by Abrams, et al. (1993) that used 

a ferrocement plaster coating on slender masonry walls in combination with a single sheet 

of hardware steel mesh. They found that this technique enhanced ultimate flexure capacity 

of the panels as much as 2.5 times with respect to control specimen. Bhende, et al. (1994) 

used steel plates attached to eight URM walls with steel anchors in a nuclear power plant 

facility. From observed results, it was found that out-of-plane capacity of the walls was 

increased by a factor of ten with respect to the non-retrofitted ones. However, they 

suggested that the effect of drilled holes on in-plane behavior needs to be addressed. 

Strengthening with FRPs 

There is a variation of surface treatments where fiber reinforced polymers (FRP) 

materials are used in the form of overlays or plates on masonry walls (Ehsani and 

Saadatmanesh, 1997a). FRPs are made of strong fibers such as glass, carbon and aramid 

bound by an epoxy resin or polyester. The main function of the fibers is to carry the applied 

load; the matrix protects the fibers from damage and distributes the load among fibers. 

Composite materials are very attractive for constmction applications due to their superior 

characteristics with respect to conventional materials such as steel. Among them are high 

strength to weight ratio, corrosion resistance and ease of application. 

There are a few reported studies and field applications of composites on masonry 

buildings. However, most of the studies reported are for in-plane masonry walls retrofitted 

with either carbon or glass overlays (Weeks, et al. 1994; Laursen, et. al 1995; Schwegler, 
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1995; Ehsani, et al. 1997b). In all cases, composites have demonstrated good performance 

in increasing shear behavior of masonry elements. Only one study has been reported where 

glass-fabric was used on brick masonry walls under transverse load (Ehsani and 

Saadatmanesh 1994). In this study, several brick masonry beams retrofitted with glass-

fabric sheets were tested. It was found that this technique improved the ultimate flexural 

strength so that the beam could resist a load twenty times its weight; deflections were as 

much as 1/50 of the span. 

In addition, three field applications have been reported (Ehsani and Saadatmanesh 

1996; Schwegler, et al. 1996; and Ehsani and Saadatmanesh 1997b). In the first, glass-

fabric overlays were bonded on both faces of the walls of a concrete block masonry 

building that was damaged during the Northridge Earthquake. In the second application, a 

60 years old and six-story residential brick masonry building was retrofitted with carbon 

reinforced plastic sheets (CFRP) in order to overcome the new seismic demand. This was 

done because the building was remodeled as an office building. Ehsani and Saadatmanesh 

(1997b) reported the latest and largest field application of composite fabrics on tilt up 

concrete masonry walls of a building damaged during the Northridge earthquake. Nearly 

20,000 ft^ of wall surface were retrofitted with glass fabric composite fabric in this building. 

In all cases, retrofitting with composite material has proved to be an efficient and cost-

competitive technique. 
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Figure 4. Overall view of test specimens 

EXPERIMENTAL INVESTIGATION 

Test specimens 

Three half-scale unreinforced masonn' wails were constmcted with solid clay brick. 

As shown in Fig. 4, the specimens were 0.710 m (28 in.) high and 1.22 m (48 in.) long. 

They were constructed in single wythe of 49.x38xl02 mm (1.92.x1.5.x4 in.) reduced-scale 

solid clay bricks tied with cement-lime Type N mortar. As illustrated on Table 1, each wall 

is designated with the letter "S" followed by two aumbers. The letter "S" refers to single 

wythe; the following two numbers refer to the percentage of composite reinforcement with 

respect to the balanced condition used on the south and the north faces of the wall 

respectively. All specimens were retrofitted with vertical E-glass fabric composite strips 

bonded on both faces of the walls with a two component epoxy resin. 

Wall Construction and Retrofitting 

In order to reproduce filed conditions as closely as possible, a mason and his 

assistant were hired for constructing the specimens. Solid clay masonry bricks were used 

similar to those found in the majority of old UR\I buildings. These were tied with a low 
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strength Type N mortar. Reduced-scale bricks were cut from pavement bricks supplied by a 

local brick manufacturer. 

Scaled models have been used in many research projects (Abboud. et al.l990; 

Abrams, et al. 1993; Abrams and Costley 1996) to reduce cost and to facilitate handing in 

the laboratory; if built properly, they do give good results. The bricks were laid in running 

bond with a mortar joint of quarter-inch thickness to match the reduced-scale brick 

dimensions. River sand was used for mortar mixture. The first course of bricks for all 

specimens was placed in a machined steel channel that formed a part of the support during 

the test. As can be seen in Fig. 4, all walls were simple supported at top and bottom and the 

other two sides remained free. With selected materials and support conditions, it was 

intended to represent typical load-bearing walls found in old low-rise buildings. It was also 

intended to create conditions such that comers or wall to wall joints could be avoided. 

All specimens were retrofitted with vertical composite strips of E-glass. These were 

bonded to the wall surface with an epoxy resin using the wet lay-up procedure. The steps 

followed were; first, the wall was cleaned with steel brush and dust and any loose particle 

was removed with high air-pressure. The surface of the wall where the fabrics were to be 

attached was coated with a thin layer of primer. Second, composite fabric strips were cut 

and laid on a plastic sheet and the mixed epoxy was poured on the fabric and spread over 

the whole fabric using a trowel, ensuring that the fabric was saturated with epoxy. Next, the 

saturated composite strips were bonded to the wall surface by hand pressure and pressed 

with a roller. Finally, a small layer of epoxy was put on the fabric for protection and 

instrumentation purposes. This retrofitting process was followed for the three walls. As 

depicted in Fig. 4, the center to center space between vertical strips was kept constant at 16 

in. (406 mm) for all specimens. The fabric width varied for different reinforcement ratios. 

These values can be observed in Table I. 

Material Properties 

The material properties were characterized according to the appropriate ASTM 
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standards. For the brick units compressive strength and initial rate of absorption (IRA) 

were determined. From test results, it was concluded that the bricks needed to be soaked in 

order to avoid rapid setting time of the mortar. For the brick-mortar assemblages, the 

compressive strength was determined using prisms constructed with five bricks and the 

modulus of rupture was obtained using beam specimens constructed with ten bricks. Figure 

5 shows a typical test for modulus of rupture. The properties were obtained at 28 days and 

at testing time; as shown in Table 2. 

From the specimens for modulus of rupture, the density for brickwork was also 

determined. The compression capacity for mortar was determined at 28-day and at testing 

time; more details about material properties can be found elsewhere (Velazquez-Dimas, 

1998). In order to achieve a quarter inch mortar bed, a sieve analysis was carried out for the 

sand used in the mortar. Sand passing mesh #18 was used in the mortar. The tensile 

strength for both composite fabrics used in this study was determined and the corresponding 

values are shown in Table 3. Fig. 6 shows typical stress-strain relationship for the 

composite fabrics used on this study. 

Test Setup and Instrumentation 

A steel test fi-ame capable of accommodating specimens up to 3060 mm (120 in.) 

high was constructed. The testing ftame consists of two identical reaction frames, one in 

the north and one in the south. These reaction frames were spaced 920 mm (36 in.) apart to 

provide space for the placement of the wall specimen and the airbag. Each reaction frame 

consisted of three W8x31 columns, nine W8x31 cross beams and three bracing elements 

built with C3x8 channels. An airbag confined in a plywood box was used for applying the 

out-of-plane pressure to the wall surfaces. 

The three walls were instrumented identically. As shown in Fig. 7, ten stain gages 

(SGI-SGIO) were used to monitor longitudinal and transverse strains on the north and the 

south faces of the wall at five points in the composite strips. Ten clinometers (Cl-ClO) 
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Table 1. Overall wall parameters 

Specimen 

Designation 

1 Length 

j mm (in.) 

j Height 

1 mm 
i (in.) 
1 

1 
1 
1 h/t 

"/iA, 
i Fabric Width (W) 

mm (in.) 
w/t 1 Length 

j mm (in.) 

j Height 

1 mm 
i (in.) 
1 

1 
1 
1 h/t South North South North South .^'onh 

j Height 

1 mm 
i (in.) 
1 face face face face face face 

S75/25 1220 
(48) 

710 
(28) 14 25 75 

34 

(1.33) 

101 

(3.98) 
0.7 2.1 

S40/20 1220 
(48) 

710 
(28) 14 40 20 54 

(2.12) 

27 

(1.06) 
I.I 1 0.55 

SjO/30 1220 
(48) 

710 
(28) 41 30 1 30 

81 

(3.18) ' 
81 

(3.18) 
1.7 . 1.7 

h= height, and t= thickness 

Table 2. Material properties 

Component Measured Property 
•Measured Value Coefficient of 

Variation % 

Brickwork Density kN/m' (lb/ft') 18.7(120) 035 

.Mortar 
ASTM C270-92 

Compression Capacity 
kPa (psi) 

5190 (754)- 12.5 
.Mortar 

ASTM C270-92 
Compression Capacity 

kPa (psi) 7200(1044)-- 23 

Brick Units 
ASTM C-67 

Compression Capacity 
.MPa (ksi) 

45(5.51) 12.2 

Brick Units 
ASTM C-67 Initial Rate of .absorption 

gm/min 

7.9 20.2 

Brick prisms 
ASTM E447-80 

Compression Capacity 
MPa (ksi) 

20 (2.9)^ 96 
Brick prisms 

ASTM E447-80 
Compression Capacity 

MPa (ksi) 26.7(3.87)" 11.2 

Brick Beams 
ASTM E518-80 

Modulus of Rupture 
kPa (psO 

1482 (215)- 24.4 
Brick Beams 

ASTM E518-80 
Modulus of Rupture 

kPa (psO 1613 (234)" 11 

•Measured at 2S days: •'.Measured at testing time 

Table 3. Tensile capacity of fabrics 

Fabric Description 18-oz Unidirectional 18-oz cross-ply (0/90) 
Measured 

Value 

n
 

b
 

<
 

Measured 
Value 

C.O.V. 
(%) 

N/mm( lb/in.) 370 (2106) 4.3 184(1053) 3.6 

a, MPa(ksi) 197 (28.6) 5.0 93 (13.6) 5.4 

e.C'o) 1.85 10 1.6 11.6 

E GPa(ksi) 10.3 (1500) 5.0 5.9 (855) 11.0 
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Figure 5. Test of brick prisms for determination of modulus of rupture 
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Figure 6. Stress vs. strain behavior of the GFRP composite 
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were also attached along the height of the wall on the east and west wall edges to measure 

rotations. Seven points were instrumented with Linear Variable Displacement 

Transducer (LVDTs) to measure out-of-plane displacements. In addition, a pressure 

sensor capable of measurements with an accuracy of 0.35 kPa (0.05 psi) was connected to 

the airbag for measuring the applied pressure. Data from all devices were recorded 

through a computer controlled data acquisition system. 

Loading History 

Each wall was subjected to a prescribed out-of-plane load and displacement history. 

No axial load was applied to the walls to exclude the beneficial effect of axial compressive 

stresses on the mortar. The load sequence consisted of typical cyclic displacements similar 

to that shown in Fig. 8. The first four cycles were applied under load control mode, two 

before cracking and two for the cracking load. The remaining cycles were applied under a 

displacement-controlled mode. The specimens were subjected to a maximum displacement 

of 1.3 mm (0.05 in.) during the first such cycle. The walls were subjected to two cycles at 

each maximum displacement level to evaluate stif&iess degradation of the wall. The 

maximum displacement for the next pair of cycles was increased by 1.3 mm (0.05 in.). This 

procedure was followed until failure of the wall. 

The lateral load was applied to the wall by means of an airbag system. Each cycle 

began by gradually pressurizing the airbag on the north face of the wall (i.e. the south face 

of the wall subjected to tension). After reaching the maximum load or displacement, the 

airbag was gradually depressurized to zero pressure. For the second half of the cycle, the 

airbag and the confining box were moved to the south face of the wall and the procedure 

was repeated. These movements were necessary in order to have access to the tension face 

of the wall to monitor and record cracks and delamination patterns. 

EXPERIMENTAL RESULTS 

In this part, the observed behavior and modes of failure for each wall will be 

described. Two types of composite fabrics were used in this smdy; a 611 gm/m" (18-oz/yd") 
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unidirectional glass fabric was bonded to the north and south faces of Specimens S75/25 

and S20/40. For Specimen 330/30, a 611 gm/m" (l8-oz/yd') cross-ply (i.e. 0/90) fabric was 

used. A water-based primer was applied to the wall surfaces and the composite strips were 

saturated and bonded to the wall with a two-component epoxy resin. 

Based on the behavior of a symmetrically-retrofitted wall described elsewhere 

(Velazquez-Dimas et al., 1998), it was decided to retrofit two of the test specimens with 

different amounts of reinforcement on each face. Thus, more valuable information was 

collected fi'om a limited number of specimens. Low reinforcement ratios were used 

because they are sufficient for strengthening URJvI walls with low height to thickness ratios 

against seismic loads. 

W 

H M  

i H /4 

iH/4 

,H/4 

r 
406 niin(16 in) 
K >• 

J L 

GFRP 

H = 710 mm 
(28 m) =-

L = 1219 mm(48 In) 

= Strain gage 2* Clinometer LVDT 

Figure 7. Instrumentation for test specimens 
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To failure 

Cycles 

Figure 8. Load history applied to the test specimens 

The observed behavior on the tested walls will be explained as follows. First, the 

behavior of one of the walls (S75/25) will be discussed in detail. This will be followed with 

brief description of the other two walls. Finally, the overall behavior of the three tested 

walls will be compared. 

Wall S75/25 

In order to determine the load carrying capacity of plane brickwork, this wall was 

first tested as a Control Specimen (without any composite strips). Under these conditions, 

the wall failed at an applied pressure of 4.13 kPa (0.6 psi) by splitting in two pieces as 

depicted in Fig. 9. The wall was later retrofitted and tested again. This specimen had 

reinforcement ratios of 25% and 75% of the balanced condition for the south and the north 

faces, respectively. The south face was subjected to 21 cycles of loading while the north 

face supported 23 cycles. The behavior on both faces was characterized by a progressive 

bed joint cracking and gradual delamination of the composite strips as the applied pressure 



Figure 9. Failure of the Control Specimen. 
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Figure 10. Load vs. deflection at midheight of Specimen 575/25. 
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increased. Wider cracks were observed on the south face of the wall, where a 2-mni crack 

width was measured. Cracks spread for almost 75 % of the wail area on both faces. 

Essentially, linear elastic behavior was observed before a major crack development on both 

faces. TTiis resulted in a stiffiiess degradation as shown in Fig. 10. 

The first major crack, the one that develops along the full bed joint, was detected 

below the middle bed joint on the south face during 4th cycle at an applied pressure of 6.9 

kPa (I.O psi) and a deflection of 3.5 mm (0.14 in.). For the north face, the first major 

horizontal crack was detected during the 5th cycle above and below the middle brick layer 

at a pressure of 12.61 kPa (1.83 psi) and a deflection of 3.8 mm (0.15 in.). The delamiation 

process began at many points on the three composite strips of the south face during the 8th 

cycle at an applied pressure of 11.57 kPa (1.67 psi) and a deflection of 5 mm (0.2 in.). On 

the north face, the first delaminated area was marked on the central and the west strips at 

midheight during the 11th cycle at an applied pressure of 18.67 kPa (2.7 psi) and a 

deflection of 7.6 mm (0.3 in.), i.e. at pressure and deflection levels 50% higher than those 

measured for the south face. These two events are very important since the most significant 

stiffiiess degradation of the wall is attributed to them. 

Longitudinal tensile strain of \% in the composite strips was measured on the south 

face of the wall. A compressive strain of 0.25% was also recorded for the same face. 

Maximum strains of 1.2% in tension and 0.3% in compression were measured in the 

composite strips of the north face. In Fig. 11, a typical load vs. strain curve is shown. 

Another piece of data collected was the wall rotation at top and bottom ends. 

Rotations as much as 3.24° and 3.06° were recorded at the top support for both 

reinforcement ratios, as depicted in Fig. 12. Although the north face had three times more 

reinforcement than the south one, the last values are fairly close. This is attributed to the 

excessive delamination suffered by the composite strips on both faces. Thus, the stiffiiess 

of the wall degrades to similar values for both faces once excessive delamination begins to 

control the wall behavior. 
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Different mode failure occurred on both faces. Twenty one cycles were applied to 

the south face. Due to the severe damage caused by the delamination on the three strips, it 

was decided to stop the load. The top half of the west-strip was almost completely 

delaminated. The same situation was observed for the bottom half area of the central strip. 

The east strip was almost fully delaminated from the top to the bottom support. It is 

important to note that delamination started at midheight then spread above and below the 

middle brick layer. No tensile failure on the composite strips was reached due to the fact 

that the load was stopped at pressure of 12.4 kPa (1.8 psi) at a maximum deflection of 16 

mm (0.63 in.). This was done in order to continue the test for the north face. 

Very stiff behavior was observed for the north face. The failure occurred by a 

sudden peeling of the three strips at the top support. On this face, delaminated areas were 

located mostly above the middle brick layer as shown in Fig. 13. This failure took place at 

a maximum pressure of 31.03 kPa (4.5 psi) and for an ultimate deflection of 15.5 mm (0.61 

in.). Peeling controlled the mode of failure for both faces, although a tensile failure of the 

fabric was expected due to the relatively low reinforcement ratios used. It is noted, 

however, that these peeling failures did not occur until the specimen had resisted significant 

load and displacement. In addition, the ratio of maximum supported lateral pressure for the 

north and the south face (Pma.^/Pmixs=2.5) was in agreement with that given by the 

corresponding reinforcement ratios, i.e. close enough to 3. However, the same pressure 

ratio was not observed for the first major crack and the first delaminated area on both faces 

of the specimen. 

Wall S20/40 

This specimen was reinforced with 20% of balanced reinforcement ratio on the 

north face while 40% was used for the south face. It was observed from experimental 

results that both faces exhibited similar crack and delamination pattern behavior. However, 

cracks were narrower on the south side, which in turn was stiffer. Crack patterns were more 

noticeable on top half of the wall on both faces. 



56 

The modes of failure were as follows. For the north-face, during the 16th cycle a 

large delaminated area occurred on the east-strip from center to the top steel channel. The 

central and the west strips delaminated almost 50 % of their own areas. Most of these 

delaminated areas were located above the middle bricklayer. Failure occurred on the south 

face during the 18th cycle on the three strips, which experienced peeling from the steel 

channel. The west and the east strips peeled off at the bottom support and the central one at 

the top. No tensile failure on fabric was observed. However, a wide longimdinal mortar 

joint crack developed along the bottom bed-joint of the central brick layer as shown in Fig. 

14. Fig. 15 shows the load vs. deflection curve where the failure on both faces is denoted 

by a sudden loss of wall stiffriess at the corresponding hysteretic loop. Details about the 

overall behavior of both faces of this wall are summarized in Table 4. 

Wall S30/30 

Because the failure of the previous two walls was due to excessive delamination. it 

was decided to retrofit this wall in a more efficient way. As a result, a lighter fabric was 

used. The fabric was an l8-oz cross-ply, i.e. the fabric density was reduced by fifty percent 

in the tested direction. Thus, with a 30% reinforcement ratio, vertical strips of 81 mm (3.2 

in) width were symmetrically bonded to the wall surfaces. Therefore, the width of the 

strips was increased by a factor of two if compared with the fabric used on the previous 

walls. By increasing the contact area, the shear stresses were reduced and it was intended to 

force a tensile failure on the fabric instead of the typical delamination for the previous 

walls. According to the experimental results, this wall posed stiffer behavior with respect to 

the others. The important aspects of the behavior of this specimen are shown in Table 4. 

Fairly symmetric behavior was experienced for this wall. Due to the good interface 

behavior observed on both wall faces, few delaminated areas were developed as shown on 

Fig. 16. Those were marked away from the center brick layer and were caused either by an 
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Table 4. Summary of the test results 
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Figure 13. Delamination and crack patterns just before failure of Specimen S75-25 

Figure 14. Cracking and delamination pattern at failure on the south face of Specimen 

840/20 
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Figure 16. Cracking and delamination pattern at failure on the north face of Specimen 

S30/30 
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uneven brick surface or by a wide flexural crack. Cracks penetrated through the bed joint as 

much as 75% of the wall thickness. Tensile failure occurred during the 17th cycle on the 

south face on the three composite strips at midheight. At failure, this wall split into two 

pieces due to the wide horizontal crack that was developed along the central bed joint just 

below the middle brick layer (see Fig. 17). Failure points were at the center for the central 

and east strips where the big crack was developed. However, the west strip showed the 

largest delaminated area and broke below the central brick layer where an uneven brick was 

located. The symmetric behavior of this specimen can be seen in the load vs. deflection 

shown in Fig. 18. 

DISCUSSION AND COMPARISON OF EXPERIMENTAL RESULTS 

The three URM walls tested had the same height to thickness ratio (h/t={4) and 

were retrofitted using the same epoxy and primer. Two different glass fabric densities and 

five reinforcement ratios were investigated. The load-deflection envelopes for the three 

walls are presented in Fig. 19. It can be observed that for non-symmetrically retrofitted 

walls, the ultimate deflection was practically the same. However, within the range of 

reinforcement ratios investigated in this study, the ratio of the maximum supported lateral 

pressure by each face of a given wall was proportional to the amount of reinforcement. For 

specimens retrofitted with unidirectional fabric, i.e. S75/25 and S20/40. the ultimate 

deflection appears to be independent of the reinforcement ratio. The longitudinal tensile 

strains on the composite fabrics were similar in all specimens, i.e. about 1%-1.2% for most 

cases. 

The behavior of Specimen S30/30, in which the shear transfer stresses were reduced 

by using wider fabric strips, was in many ways different firom the other two walls. For 

example, the maximum rotation for this wall was about two-thirds that of the other walls. 

As can be seen in Fig. 19, walls S75/25 and S20/40 showed larger deflection capacity but 

less stiffiiess than wall S30/30. Walls S75/25 and S20/40 that were retrofitted with stronger 



Figure 17. Tensile failure of the GFRP strips on the south face of Specimen S30/30 
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Figure 18. Load vs. deflection at midheight of Specimen S30/30 
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fabric e.xhibited more delamination than wall S30/30 that was retrofitted with wider strips of 

fabric; the latter practically showed no delamination. Due to the ability to support larger 

deflections, the first two walls lasted through a larger number of loading cycles. Therefore, 

they dissipated more energy. 

The primer used on the tested walls gave good interface behavior, since all peeled 

composite strips took away the top brick surface. Failures due to excessive delamination 

proved to be a slowly progressing phenomenon, resulting in more dissipated energy when 

such failure took place. These delaminations generally took place at pressures much larger 

than those required by service conditions. Considering the hysteretic behavior of these 

specimens, failure of walls at higher load levels by delamination is more desirable than 

other modes of failure, for example, tension failure of GFRP strips at lower load levels. 



63 

CONCLUSIONS 

From the observed behavior of this set of URM masomy walls retrofitted with 

GFRP vertical composite strips, the following conclusions can be drawn: 

1. The ultimate flexural strength of the tested walls was significantly increased; the 

applied pressure varied from ten to thirty two times the unit weight of wall per 

surface area. 

2. Deflections as much as 2.5% of the wall height were observed for walls with 

unidirectional fabric; these walls deflected almost 14 times the maximum 

allowable deflection according to the latest masonry specifications. 

3. Inelastic behavior was observed as a result of brickwork softening and 

delamination of the GFRP strips; this is of interest considering that brick and 

composite strips, individually, behave in a brittle manner. 

4. Weak shear transfer capacity of ±e brickwork controlled the mode of failure on 

walls retrofitted with unidirectional fabric. 

5. Tensile failure of the GFRP strips was reached in Specimen S30/30 where 

lighter fabric was used. However, the stiffer behavior of this specimen resulted 

in lower deflections. 

6. GFRP composite strips proved to be a good alternative for retrofitting LUM 

walls against lateral loads such as those from wind and seismic forces. 
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Out-of-Plane Behavior of Brick Masonry Walls 
Strengthened with Fiber Composites 

J. I. Velazquez-Dimas, M. R. Ehsani (M.EERI), and H. Saadatmanesh 

(Submitted to Earthquake Spectra for review and publication — January 1998) 

The vulnerability of unreinforced masonry buildings (URM) to moderate 
ground motions is a fact recognized by the earthquake engineering 
community. In this paper, an innovative retrofitting system for URM 
buildings using glass-fiber-reinforced-polymer (GFRP) strips is 
investigated. The experimental results for four retrofitted URM walls 
subjected to cyclic out-of-plane loading are presented here. The first three 
specimens were constructed in single wythe and the fourth one in double 
wythe. The height to thickness ratio for all specimens was 28. Depending 
on the reinforcement ratio, single wythe walls failed in tension, excessive 
delamination or a combination of both. Failure modes in the double wythe 
wall were peeling off of composite strips and splitting of the wythes. 
From experimental results it was found that walls were capable of 
supporting pressures of up to 25 times their weight and deflect up to 1/20 
times the wall height. Stiffriess and ductility of the walls were 
significantly improved by the investigated retrofitting technique. 

INTRODUCTION 

Unreinforced masonry buildings (U^RM) constitute a large portion of the world's building 

inventory. The vuhierability of these structures to moderate seismic forces is a fact 

recognized by earthquake engineers. Forming part of this stock are the most appreciated 

historical monuments, which need to be preserved. As an example, more than twenty 

thousands URM buildings exist in California alone. Most of these were constructed 

considering little, if any, seismic design criteria (Laurence, 1984, Reinhom, et al. 1985, 

Abrams, 1988, Bruneau, 1994a, Soucouglu, et al. 1996). Old masonry buildings are 

primarily composed of load-bearing walls constructed with solid or hollow clay brick. 

Masonry walls are commonly attached to either flexible (wood) or rigid (concrete) 
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diaphragms. In the event of an earthquake, these structural elements transfer the seismic 

forces to the foundation. Due to weak anchoring system or lack of reinforcement, load-

bearing walls may tear from the building or collapse under in-plane or out-of-plane 

forces. 

In recent earthquakes, some URM buildings that were retrofitted earlier performed well. 

However, some others that were strengthened (more than 450) with current design 

procedures were damaged during the Northridge Earthquake (Kehoe, 1996). These 

figures suggest that actual masonry behavior is not properly considered in the retrofitting 

schemes. In addition, the seismic demand for out-of-plane loads in the UBC code has 

increased by as much as 50% during the last twenty years (Bhende. et al. 1994, Wong, 

1994). Therefore, there is a need for better understanding of brickwork behavior under 

reverse loads, and the development of new and more efficient strengthening techniques. 

The objective of this study is to investigate the flexural behavior of slender URM walls 

retrofitted with vertical glass fabric composite strips and subjected to cyclic out-of-plane 

loading. The influence of the number of wythes on the behavior of the walls is also 

investigated. 

PERFORMANCE OF URM WALLS 

As mentioned before, masonry walls may fail under in-plane or out-of-plane forces. 

Significant research has been published for in-plane behavior of URM masonry walls 

(Soucouglu, et al. 1991, Mengy, et al. 1989, Abrams, 1986, etc.). However, there are not 

enough data for URM walls under out-of-plane loading (Hendry, 1973, Essaway, 1986, 

Dawe, et al. 1989, and Drysdale, et al. 1994, etc.). The more significant retrofitting 

techniques reported to enhance flexural capacity of masonry walls are: shotcreting 

reinforced with steel mesh, bonding steel plates, prestressing, center core technique, and 

bonding composite fabrics or plates. In the following paragraphs, some of the most 
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important studies on flexural behavior of slender LFRM walls retrofitted with different 

surface treatment techniques are discussed. Additional details for other types of 

retrofitting procedures can be found else (Velazquez-Dimas, 1998). 

Bhende and Ovadia, 1994, tested eight walls panels, each 203 mm (8 in.) thick, 1200 mm 

(48 in. wide) and 2600 mm (104 in.) high. The specimens were retrofitted by attaching a 

16 X 150 mm (0.675 x 6.0 in.) steel plate to each face of the walls using 4 tlirough-bolts at 

the top and bottom of the wall. The specimens were subjected to static out-of-plane 

loading. From experimental results they found that the out-of-plane capacity of the walls 

was increased by a factor of ten. However, they suggested that further studies are needed 

in order to investigate the effect of the drilled holes on the in-plane capacity of the wall. 

Dawe and Axidru, 1993, demonstrated that cracking capacity, ultimate strength and 

ductility of plane masonry walls can be enhanced with prestressing bars. They tested two 

series of five full-scale specimens, each 1200 mm wide. 3000 mm high and 140 and 190 

mm thick. The specimens were subjected to monotonic out-of-plane loading applied 

with an air-bag system. Experimental results showed a significant increase in the wall 

stiffness of prestressed walls compared with traditionally reinforced masonry. .An 

equation to estimate the flexure capacity of the prestressed walls was also presented. 

Prawel and Reinhora, 1985 proved that a thin bonded coat of reinforced cement to one or 

both sides of a masonry panel could substantially improve the in-plane and out-of-plane 

strength and ductility. They showed that for in-plane loading of URM panels, the 

strength, ductility and stiffiiess of the retrofitted specimens were almost twice of the bare 

specimens. 

The application of fiber composites in repair and rehabilitation of structures has become 

popular (Saadatmanesh and Ehsani, 1998). In recent years, many researchers have used 
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composite materials in the form of fabrics or composite plates to retrofit URM walls 

against in-plane and out-of-plane loads (Laursen, et al., 1995; Schwegler, G. and 

Kelterbom, P. , 1996; Ehsani and Saadatmanesh, 1994, 1996, 1997). Velazquez-Dimas, et 

al. 1998, reported that strength and Ductility of URM walls retrofitted with glass fabric 

composite strips can be substantially enhanced. Deflection up to 4% of the wall span can 

be reached. The ultimate pressure supported by the tested walls can be up to 31 times the 

weigh of ±e wall. 

EXPERn^4ENTAL PROGRAM 

DESCRIPTION AND CONSTRUCTION OF THE SPECIMENS 

Four half-scale slender masonry walls were constructed by an experienced mason using 

solid clay bricks. The brick units were cut from pavement solid clay bricks supplied by a 

local manufacturer. The half-scale units had dimensions of 49x38x102 mm (1.92x1.5x4 

in.). The units were tied with a low strength capacity cement-lime Type N mortar, similar 

to that found in old masonry buildings. All specimens had the same height to thickness 

ratio of 28. Three of the tested walls were constructed in single wythe. The fourth wall 

was constructed in double wythe with a header course placed every six courses. The area 

represented by the header courses is in agreement the latest masonry specifications 

(ACI/ASCE/TMS), which recommend that it should represent a minimum of 4% of the 

wall surface. Bricks were bonded in running bond pattern with a mortar joint of a quarter-

inch thickness to match the reduced-scale brick dimensions. The mortar mix was made 

with river sand passing mesh #18. The main geometric features of the constructed walls 

are illustrated in Table 1. 

Investigation of brickwork behavior on scaled specimens has been cited in many studies 

(Hendry, 1973, Abrams, 1988, Abboud, et al. 1990, Abrams, et al. 1996). Using scaled 

models for laboratory tests results in lower research costs and ease of handing; if built 

properly, reduced-scaled specimens do provide good results. 
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Specimen 

Designation 

Length 

mm 
Cm.) 

Height 

mm 
(in.) 

h/t 
%Pb 

Fabric Width (W) 
mm (in.) 

w/t 
Specimen 

Designation 

Length 

mm 
Cm.) 

Height 

mm 
(in.) 

h/t 
South 
race 

North 
lace 

South 
face 

North 
face 

South 
face 

North 
face 

S100/100 
1220 
(48) 

1420 
(56) 28 100 100 

135 
(5.3) 

135 
(5.3) 

2.76 2.76 

S300/300 
1220 
(48) 

1420 
(56) 28 300 300 

406 
(16) 

406 
(16) 

8.3 8.3 

S50/200 
1220 
(48) 

1420 
(56) 28 50 200 

67 
(2.65) 

270 
(10.6) 

1.4 5.5 

DlOO 
1220 
(48) 

2740 
(108) 28 0 100 

1 
0 1  -  i  2 7 5  (11) i i - = 

W= fabric width, h= height, and t= thickness, S= single wythe, D= Double w\ihe, p\^= reinforcement ratio 

Table 2. Material properties 

Component Measured property 
Measured values 
For single wythe 

walls 

Measured values 
For double wythe wall 

Brickwork Density kN/m^ (ib/ft^) 18.7(120) 18.7(120) 

Bnck units 

Compression capacity 
MPa Ocsi) 

45 (5.1) 45 (5.1) 
Bnck units 

Initial rate of absorption 
gm/min 

7.9 7.9 

Mortar 

Compression capacity 
kPa fpsf) 

5190 (754 • 5826 (845)* 
Mortar 

7200 (1044)" 

Brick prisms 

Compression capacity 
MPa (ksi) 

20 (2.9)' 26 (3.767)« 
Brick prisms 

26.7 (3.87)" 

Brick beams 

Modulus of rupture 
kPa fpsi) 

1482 (215)- 1124(163)* 
Brick beams 

1613 (234)" 

• Detennined at 28 days, ••Determined at testing time. 
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The first course of bricks for the four walls was lied in a machined steel channel that 

formed part of the support during the test. As can be observed in Fig. 1, all walls were 

simple supported at top and bottom and the other two sides remained free. With these 

boundary conditions, it was intended to simulate portion of the masonry walls found in 

low-rise buildings free of comer and wall to wall joint interference. 

Each wall was designated with a letter followed by one or two numbers. The letter "S" 

refers to single wythe and the letter "D" to double wythe. The designation for "S" series 

specimens is followed by two numbers that refer to the percentage of the composite 

reinforcement on the south and the north faces of the wall with respect to the balanced 

condition used, respectively. A number indicating the reinforcement ratio for the north 

face follows the letter "D". The four walls were strengthened with strips of a fabric 

constructed with E-glass, in which the glass fibers were aligned vertically (i.e. along the 

height of the wall). The fabric was bonded to the wall surface with a two components 

epoxy resin. 

MATERIAL PROPERTIES 

All materials properties were determined according to the appropriate ASTM standard. 

The compression capacity, initial rate of absorption (IRA) and the density were 

determined for brick units. From test results, it was found that brick units needed to be 

wet in order to avoid rapid setting time of the mortar. From prisms constructed with five 

bricks, the compressive capacity of the brick-mortar assemblage was determined. Figure 

2 shows a typical test specimen. The modulus of rupture for brickwork was also 

determined from brick beams constructed with ten brick. The last properties were 

determined at 28 days and at testing time, as shown in Table 2. The density for brick-

mortar assemblages was determined from coupons for modulus of rupture. From mortar 

cubes of 50x50x50 mm (2x2x2 in.), the mortar compression capacity was also obtained at 

28 days and at testing time for all the specimens. A sieve analysis was carried out for the 
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L = 1219 mm(48 in) 

Figure I. Overall view of test specimens 

Figure 2. test of brick prisms for determination of compression capacity of brickwork 
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sand used in the mortar. Using sand from river passing mesh #8, a quarter inch mortar 

bed joint was used to match the half-scale bricks used in this investigation. A 

unidirectional glass fabric weighing 18 oz per square yard was used for retrofitting all the 

walls. The tensile strength of the composite fabric was obtained according to ASTM D-

3039 to be 369 N/mm (2106 lb/in) width based on the average of six coupons. 

RETROFITTING PROCEDURE 

The single wythe specimens were retrofitted with three vertical strips of glass fabric 

bonded on the north and the south wall faces. The double wythe wall was strengthened 

on the north face only. The composite strips were bonded with an epoxy resin using the 

wet lay-up procedure. The wail was first cleaned with a steel brush. Then dust and any 

loose particle were removed with high air-pressure. A. thin layer of primer was coated to 

the wall surface where the composite strips were to be attached (for all walls except for 

wall SI00/100). Next, the composite strips were cut to size and laid on a plastic sheet 

and the mixed epoxy was poured on the fabric and spread over the whole fabric, ensuring 

that the fabric was saturated with the epoxy. The saturated composite strips were bonded 

to the wall face by hand pressure and pressed with a roller (see Figure 3). Finally, the 

exterior surface of the fabric was coated with a small layer of epoxy for protection and 

instrumentation purposes. The four walls were retrofitted with the same procedure. As 

depicted in Fig. I, the center to center space between the vertical strips was kept constant 

at 406 mm (16 in.) for all walls. The fabric width varied for different reinforcement 

ratios. The values are shown in Table I. 

TESTING FRAME 

The four walls were tested in a steel reaction frame. The specimens were simple 

supported along the top and the bottom edges and the two vertical sides were free. With 

these boundary conditions, it was intended to reproduce a portion of the wall free of 
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Figure 3. Steps in retrofit procedure; a) spreading the epoxy over the fabnc. b) bonding 

the fabric to the wall 

Figure 4. Test set up 
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comer and joint interference. A roller condition was provided at the top, i.e. vertical 

displacements and rotations were allowed. The specimens were subjected to cyclic out-

of-plane loading. The lateral pressure was applied through an airbag system which was 

moved from one face of the wall to the other; more details about the test set-up is 

presented elsewhere (Velazquez-Dimas, 1998). The load was applied to the walls in two 

stages: a load-controlled stage, which consisted of two pairs of cycles to observe the 

uncracked behavior, and a displacement-controlled stage, where the maximum 

displacement in each pair of cycles remained constant. The stiffiiess degradation was 

monitored using two loading cycles for the same displacement level. This procedure was 

continued until the failure of the wall was reached. In order to exclude the beneficial 

effect of overburden pressure, no axial load was applied to the specimens. An overall 

view of the testing frame showing the double wythe wall is given in Fig. 4. The 

maximum deflection at midheight of the west edge and the applied pressures were 

monitored in real time by two voltmeters and the corresponding load vs. deflection curves 

were plotted on the monitor of the data acquisition system. 

INSTRUMENTATION 

The specimens were instrumented with several devices. Ten strain gages were bonded to 

the north and the south faces of the single wythe walls to measure longitudinal and 

transverse strains. The double wythe wall was instrumented differently since it was 

retrofitted on one face only. Thus, seventeen strain gages were bonded to the composite 

strips and three strain gages were bonded at midheight on the south face of the wall to 

measure compressive strains on the brick surface. Five clinometers were attached to the 

east and the west sides of the four walls to measure rotations. In addition, seven points 

were instrumented on all specimens with LVDTs to measure out-of-plane deflections of 

the wall surface. The applied pressure to the wall surface was measured with an 

electronic pressure sensor capable of reading pressure increments of 345 Pa (0.05 psi). 
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The information read by each device was recorded using a computer-controiied data 

acquisition system. Finally, vertical gypsum strips were built around the midheight 

portion of the specimens on the south and the north wall faces for detection of bed joint 

cracks. 

EXPERIMENTAL RESULTS 

A summary of the observed behavior of the tested walls is presented in Table 3. In this 

part, a detailed description of the behavior of Specimen SI00/100 will be given. This 

will be followed by a general discussion of the other walls. More detailed information 

about the behavior of the tested walls can be found in Velazquez-Dimas (1998). 

WALL SI00/100 

This wall was symmetrically strengthened with three vertical composite strips each 135 

mm (5.3 in.) wide. This reinforcement ratio was equivalent to balanced condition, i.e. a 

tensile failure in composite strips would occur at the same time that brick failed in 

compression. No primer was used in this wall to improve interface behavior of the 

composite strips. The wall was subjected to 23 cycles of loading. For the first twenty 

cycles, cracking and delamination pattems were fairly symmetrical on both faces. The 

observed behavior of this wall is explained as follows. 

The first major visible crack along a bed joint was detected on the north face during the 

8th cycle at an applied pressure of 4.62 kPa (96.5 psf) and at a deflection of 12.5 mm (0.5 

in.). These cracks were marked at midheigh immediately above and below the middle 

mortar joint. Upon reversal of loading, the same type of crack was observed on the south 

face of the wall at similar load and displacement levels. Significant stiffiiess degradation 

was observed after the major crack. The enlarged hysteretic loop areas following a 

displacement of 12.5 mm in Fig. 5 is attributed to this. Full longitudinal bed joint cracks 

formed above and below the middle brick layer more or less in a uniform pattern. As 



79 

Table 3. Summary of the observed behavior of the tested walls 

DESIGNATION S100/100 S300/300 S50/200 DlOO 

Face S N S N S N N 

Reinforcement ratio (%) 100 100 300 300 50 200 100 

First nujor 
crack 

Cj'cle 9 s 7 7 6 6 7 

First nujor 
crack 

Pressure, 
kPa (psf) 

4.62 (97) 4.62 (97) 
10.34 • 

13.1 (1^ 
1.T4 

2.81 (59) 8.7 (187) 4.6 (97) 

First nujor 
crack 

Deflection 
mmO'n.) 

12.5 
(0.5) 

12.5 (0.5) 12.5 (0.5) 
14 

(0.56) 
10 (0.4) 14 (0.56) 15 (0.59) First nujor 

crack 

Location 

Above and 
beiowr 
middle 

bnckiayer 

Above and 
beiow middle 

bncUiyer 

Beiow 
ouddle 
bridcUycr 

At midheight 
oa west edge 

Above middle 
brickUyer 

Twocotuses 
Above middle 

bridcJayer 

At 
midheight 

and blow up 
to 5 bcdjs. 

First 
delami-
nation 

C>'cle 13 14 11 11 9 13 9 

First 
delami-
nation 

Pressure 
kPa (psf) 

6.9(144) 7.6 (15S) 
17 (360) 

13.34 
(383) 

3.75 (78) 15.5 (324) 5.3 (112) 

First 
delami-
nation 

Deflection 
mm (in.) 

25 (I.O) 25 (1.0) 25 (1.0) 25 (1.0) 21 (0.86) 33 (1.3) 20 (0.79) 
First 

delami-
nation 

Location 

Central 
strip 

above 
midhdght 

Central strip 
ibove 
nxidbeighl 

At center 
around an 
air bubble 

At center 
around an 
air bubble 

West and 
east strips 
above 

West ifid cost 
strips 2t 
midhei^t 

Central and 
west strips a: 
center and 
18"above 

.Maximum 
strain(%) 

Corap. 0.4 0.4 0.15 0.3 0.3 0.2 0.12 

.Maximum 
strain(%) 

Tension 0.9 1.0 0.4 0.5 1.3 1.1 0.8 
.Maximum 
strain(%) 

Strip 

West and 
east at 
center 

Central at 
midheight 

At center 
at middle 
brick layer 

At center 
at middle 
brick layer 

West at 
center 

Central and 
west at center 

East at 18' 
beiow middle 

briddaj-er 

Mxximum 
rotation( °) 

Top 6 6 3.4 3.4 5.7 7.4 4.6 

Mode of 
Failure 

Cycle 23 23 13 12 25 27 24 

Mode of 
Failure 

Pressure 
kPa (psf) 

11.7 
(245) 

11.71 
(245) 

22.75 
(475) 

16.7 
(350) 

6.2 

(130) 

20.7 

(432) 

9.8 

(205) 

Mode of 
Failure 

Defleoion 
mm (in.) 

58 (2.3) 58 ,(2.3) 
33 

(1.3) 
25 

(1.0) 
47 (1.84) 70 (2.75) 76 (3.0) 

Mode of 
Failure Tvpe PD T. PD SHEAR NO T.PD C.FD FD 

Mode of 
Failure 

Location 

All strips 
70% 

delamin. 
Areas 

All strips 
At bottom 
bricklayer 

No 
West strip 

50% 
delamin. 

All strips •• 
All strips 

«•« 

Span drift S^ax/ ^ 4.0 4.0 ISPy 2.0 3.4 5.0 2.77 

Pmax ^ 13 13 24 7 23 5 

NOTZS; D = Delamiisation, T = Tensile. C = Compression, Wl = Weight of the walL'ft-
FD and PD = Full and Partial Delaminaiion 

* Central and west strips on top half and the east strip at midheigbL 
•• Central and east strips from top support to midway of the bottom half pan and the west strip from top midway to the 
bottom support. All strips delaminated almost 70%. A compression failure was also observed on the south face. 

••• All strips delaminated almost 80%. Symmetrical delaminated patterns were observed for the three strips. 
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pressures reached higher levels, mortar joint cracks grew up in number as well in size 

toward the top and the bottom supports. 

Delamination is another factor that produces loss of stiflfiiess. The first delaminated areas 

were observed on the north face during the 14th cycle at an applied pressure of 7.6 kPa 

(158 psf) and a deflection of 25 mm (l.O in.). These delaminated areas were marked on 

the central composite strip above the middle bricklayer. Delaminated areas are often 

accompanied by sounds of the epoxy breaking away from the brick surface and result in 

enlarged hysteretic loops. Similar behavior was observed for the south face as shown in 

Table 1, where close correlation is shown for both faces. In Fig. 5, the first significant 

stiffhess degradation seemed to be more influenced by the formation of large cracks along 

bed joints rather than the formation of the first delaminated areas. After these two major 

damages occurred, the additional cycles of loading resulted in fluther delamination of the 

fabric strips. 

As mentioned above, fairly symmetrical behavior was observed for both wall faces. This 

was also observed for longimdinal strains. Longitudinal tensile strains as much as 1% 

were measured in the composite strips at midheight on both wall faces. From tensile 

coupon tests according to ASTM D-3039, composite strips should reach a minimum 

longitudinal strain of 1.5% prior to failure. Although a tensile failure occurred on the 

north composite strips, an ultimate strain of 1.5% could not be reached. This is attributed 

to the fact that composite strips are subjected to axial and shear strains. Figure 6 shows a 

load vs. longitudinal tensile strain curve for a strain gage bonded on the north central 

composite strip at midheight. A maximum longitudinal compressive strain of 0.4% was 

also measured on the composite strip for the south and the north faces. In addition, 

transverse strains were measured at midheight on the three composite strips. From the 

collected data it was found that transverse strains as much as 500 micro strain were 

measured, indicating that transverse stresses on composite strips were negligible. 
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Figure 5. Load vs. Deflection at midheight of specimen Si 00/100 

Strain 

Figure 6. Load vs. Longitudinal strain in the composite strip in specimen SI00/100 
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Rotations on the west and the east wall edges of the wall were also measured. From the 

recorded data, this wall rotated at the top and the bottom supports up to 6 degrees. This 

gave an indication of how the composite strips can transform a brittle wall into a flexible 

one. In Fig. 7, a typical load vs. rotation curve is depicted for a clinometer attached to the 

top west comer. This curve also confirms the symmetry that was mentioned before. In 

addition, measured rotations at midheight were almost zero, indicating that the pressured 

applied by the airbag system was symmetrical. 

Tensile failure occurred on all three north composite strips. Prior to the fracture of the 

north strips, cracking sounds indicated the imminent failure. While the central and the 

west strips failed above the middle bricklayer, the east strip broke at midheight. Although 

the balanced reinforcement ratio suggests simultaneous tension and compression failure 

of the wall, no compression failure of the brick was observed. This may be attributed to 

the uneven wall surface that would create local stress concentration points at the edges of 

each brick. Due to the failure on the north face, the composite strips of the south face did 

not fail. A vertical crack passing through the brick was detected underneath the central 

strip at failure. This indicated that the flexural capacity of the brickwork parallel to the 

bed joint was reached. Therefore, a minimum amount of horizontal reinforcement needs 

to be provided to avoid such failure. 

In summary, the behavior of the wall was characterized by excessive cracking along the 

mortar joints all over the north and the south wall surfaces. The crack patterns on both 

faces seemed more or less uniformly distributed. Extensive delamination also took place 

on the composite strips on both faces. By the conclusion of the test, delaminated areas 

covered approximately 75% of the entire area of the strips. But, delaminated patterns 

were non-symmetrical for the two faces. On the north face where tensile failure occurred, 

the east strip delaminated fairly symmetrically above and below the middle bricklayer. 

However, the central and west strips delaminated fi-om bottom, midway to the top 
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support. The wall was subjected to 23 cycles of loading, supported a maximum lateral 

pressure of II.7 kPa (249 psf) and deflected 58 mm (2.3 in.). The failure load was 

equivalent to nearly 13 times the weight of the wall and the maximum deflection was 

ahnost 4% of the span. Figure 8 shows the failed north composite strips. 

WALL S300/300 

Based on the observed results of the previous wail, it was decided to test the next wall 

with a higher reinforcement ratio. The wall surfaces on both faces were fully covered 

with the same fabric, i.e. an 18-oz per square yard unidirectional glass-fabric. This 

resulted in a reinforcement ratio equivalent to three times the balanced condition. As 

expected, very stiff behavior was observed for this wall. Almost linear elastic behavior 

was observed because of the high reinforcement ratio used. This behavior can be seen in 

the Fig. 9, where typical curves for deflection, strain and rotations are depicted. Little 

damage was observed for this wall. The few delaminated areas that were marked on 

either faces of the wall were initiated by the presence of air bubbles that were introduced 

by entrapped air during the bonding of the fabric. The measured compressive strains in 

the composite fabric were very close to the calculated values for the brick; this indicates 

that good interface bond existed between the two materials. Very small bed-joint cracks 

were also developed. Since the fabric covered the entire wall surface, it was very difficult 

to detect bed joint cracks. These were marked only at the vertical edges. Initial cracks 

were detected on vertical strips of gypsum that were bonded to the fabric surfaces on both 

faces. Because the wall suffered little damage, very narrow hysteretic loops were 

observed and hence small energy was dissipated. 

The failure occurred during the 13th cycle while pushing from the north face at an applied 

pressure of 22.8 kPa (475 psf). This was characterized by a sudden loss of the holding 

capacity of the bottom steel channel. A fully longitudinal crack was observed through the 

bottom bricklayer, indicating shear failure of the brick. In fact, as expected, due to the 
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used reinforcement ratio no tension failure of the composite strips or compression failure 

of the bricks occurred. Since the applied shear stresses at supports were approximately 

344 kPa (50 psi), the shear capacity of the brickwork was exceeded according to the LiBC 

and the ACI/ASCE/TMS specifications. Figure 10 shows the failure of the wall. In 

summary, the wall supported lateral pressures equivalent to aknost 24 times its own 

weight. The maximum measured deflection was equivalent to 1/50 times the wall span. 

According to the latest masonry specifications this deflection was almost 13 times the 

allowable value if the wall were unreinforced. 

Figure 10. Shear failure along the bottom brick layer of specimen S300/300 

WALL S50/200 

In order to get as much information as possible about the behavior of this type of 

masonry walls and based on results from the previous two symmetrical specimens, it was 

decided to retrofit this wall in a non-symmetrical way. Thus, reinforcement ratios of half 

and two times the balanced condition were used on the south and the north wall faces. 
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respectively. As a result, the three wall specimens would provide information on the 

behavior of systems retrofitted with four different reinforcement ratios. 

Excessive bed-joint cracking and delamination of the composite strips characterized the 

observed behavior on both wall faces. Bed joint cracks spread to almost 90% of the wall 

surface. Cracks went through almost 80% of the wall thickness. Delaminated areas 

reached more than 75% of the area of the composite strips by the end of the test. 

Longitudinal strain in excess of 1.1% was measured on composite fabric on both wall 

faces. It is important to remark that the ratios of the applied pressure on both faces for 

the first major crack, first delamination and for the ultimate load were proportional to the 

reinforcement ratios. Figure 11 shows typical curves for all measured parameters. The 

general information is described in Table 3. 

Three modes of failure were observed in this wall. Tensile fracture of the composite 

strips on the south face, delamination on the north face and crushing of the masonry on 

the south face. The tensile failure on the south face occurred on the west strip below the 

middle bricklayer. This happened although the three strips delaminated pretty 

sytnmetrically. This is attributed to the fact that the central and the east strips did not 

peel at midheight as the west one did. Cracks on the epoxy matrix were also observed on 

the central and the east strips. This indicated that a tensile failure was close to be 

reached. 

The failure on the north face, which was reinforced witli two times the balanced 

condition, was in combination of excessive delamination and compression of the brick. 

The delamination pattem at failure was non-symmetrical. The central and the east 

composite strips delaminated from the top support half way to the bottom. The west strip 

delaminated in opposite manner, i.e. from the bottom support half way to the top. This 

delamination configuration caused a non-symmetrical distribution of major flexural 
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cracks. The main flexural crack was a stepped one. This was marked three bricks above 

the middle brick layer on the east side and stepped down to two brick layers below the 

middle one. In addition, another stepped crack formed above the previous one from the 

east side to the central composite strip. Two vertical cracks along the west and the 

central strips passing through the bricklayers were also detected. The last indicated that 

flexural cracking capacity parallel to the bed joint was reached. It is important to note 

that for the first time clear indication of compression failure on the south face along the 

main stepped flexural crack was observed. 

In summary, diis wall was subjected to 25 and 27 cycles on the south and the north faces, 

respectively. The wall supported pressures equivalent to 7 and 23 times its own weight 

for the south and the north faces. The wall was also capable to deflect on the south face 

as much as 18 times the maximum allowable deflection if it were unreinforced. according 

to the ACI/ASCE/TMS specifications. The latter is equivalent to a span drift of 3.4% 

(//30). The corresponding measured parameters for the north face were 30 times the 

allowable deflection or a span drift of 5% (//20). Figure 12 shows the failure of the north 

face and the delaminated pattern of the same face just before the failure. From the load 

vs. deflection curve, it can be observed ±at the hysteretic loops for the north face were 

more enlarged. So a better energy dissipating mechanism was developed on the north 

face. 

WALL D100 

This wall was constructed in double wythe. Because of the size of the wall and the 

difficulties involved in loading the wall on both faces, it was decided to retrofit the north 

face only. Previous tests had indicated that the reversed cyclic behavior of such walls can 

be fairly accurately predicted from loading the wall on one side only. A reinforcement 

ratio equal to the balanced condition was used. A unidirectional glass fabric weighing 18 

oz per square yard was used. A header course was placed every six courses, representing 
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a) b) 

Figure 12. Failure of the north face of Specimen S50/200; a) delamination pattern prior 

to failure; b) wall at failure 

approximately a 16% of the wall surface (four times the minimum area recommended by 

ACE/ASCE/TMS specifications). Although some mortar was placed in the vertical space 

separating the two wythes, due to the small size of the opening, no special attempt was 

made to completely fill this gap. Consequently, a full composite action could not be 

developed between the two wythes. 

The main objective in the construction of this wall was to investigate the influence of the 

number of wythes in the flexural behavior of URM walls retrofitted with composites. By 

using a balanced reinforcement ratio, the comparison of the behavior between single and 

double wythe walls was also investigated between this specimen and Specimen 



S100/100. The wall was subjected to 24 half cycles of loading. The salient featiu-es of 

the observed behavior are given below. 

Extensive bed joint cracking on the north face and delamination of almost 80% of the 

composite strips by the end of the test characterized the behavior of this wall. The 

maximum measured compressive strain in the bricks was 0.12%. The low compressive 

strain indicated that brickwork behaved elastically. Bed joint cracks were uniformly 

distributed along the height of the wall. Furthermore, the gradual delamination of the 

composite strips prevented the development of the ultimate capacity of both materials. 

The lack of full composite action between the two wythes of this wall is attributed to two 

factors: a) the weak interface between the wythes due to the low area represented by 

headers, and b) because of the partially-filled gap between the wythes. Figure 13 shows 

typical curves for strain and deflections. The predicted behavior by beam theory was in 

agreement with experimental results for deflections up to 25 mm (1.0 in.); little 

agreement exists for points corresponding to higher deflection levels. This deflection 

level is close to the first major stiffiiess degradation due to early delamination. 

In addition to bed joint cracks and delamination areas, two failures were detected on the 

wall. These were: splitting of the wythes and sliding of the north wythe along two bed 

joint cracks. These two failures were detected in the lower part of the wall. No splitting 

failure was detected crossing the header courses. This is due to the high interface shear 

capacity of headers given by the bricks. However, a section of the wall between the 

headers did split. This is attributed to the low shear capacity of the poorly-grouted gap. 

The in-plane shear capacity of the headers was calculated from the compressive strength 

of the brick units according to ACI/ASCE/TMS specifications to be 552 kPa (80 psi). 

The theoretical shear stress at the point of splitting failures calculated with elastic beam 

theory and assuming that the gap was fiilly grouted varied from 117 to 145 kPa (17 to 21 
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psi); therefore, the headers did not fail in shear. However, these shear stresses ranging 

from 17 to 21 psi were beyond the shear capacity of the mortar itself. Consequently, as 

shown in Fig. 14, splitting cracks were observed on the east and west sides of the wall 

between the headers. The outward displacement of the brick, such as that shown in this 

figure, contributes to the delamination of the fabric. Testing of the specimen was 

terminated once these shear cracks were formed and the delamination reached the bottom 

support. 

In summary, the wail behaved well although the above failures forced a pre-mature 

termination of the test. The wall was capable of deflecting a span drift of 2.77% through 

24 half-cycles of loading, i.e. 17 times the allowable deflection if it were unreinforced. It 

also supported pressures in excess of 5 times its own weight. Longitudinal strains on 

composite strips were in agreement with those observed in Wall SI00/100. But rotations 

and span drifts were less than 80% of the corresponding values in Specimen SI 00/100. 

Figure 14. Interface splitting failure and delamination pattern for Specimen DlOO 
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Four half-scale URM masonry walls retrofitted with vertical glass fabric composite strips 

were tested under cyclic out-of-plane bending. The salient parameters were the height to 

thickness ratio, which was held constant at 28, the number of wythes being one or two, 

and the reinforcement ratio that varied fi-om 0.5 to 3 times that of the balanced condition. 

One of the tested single wythe walls was retrofitted with no primer and the others with 

primer. Four types of failure were detected in walls constructed in single wythe. With 

the exception of Specimen S300/300 that failed due to high in-plane shear stresses along 

the lower brick layer (i.e. more than 50 psi), the other two showed extensive delamination 

at failure. Tensile failure occurred for faces reinforced with half or full balanced 

condition (Table 3). 

Two failure modes were detected on Wall DIOO. Excessive delamination took place on 

all composite strips, peeling off more than 80% of the areas by the end of the test. An 

interface shear failure, i.e. splitting of the wythes, also occurred at the lower half part 

along the east and the west sides. The latter was attributed to the low shear capacity of 

the poorly compacted mortar between the two wythes. According to the 

ACI/ASCE/TMS specifications and following the beam theory approach, the shear 

stresses caused by the applied pressure were in excess of the allowable values. However, 

no interface failure was detected along the header courses, since the shear capacity of the 

brick units were much higher than those caused by the applied pressure. The dissipated 

energy at different displacement levels for Walls SI00/100 and DIOO are compared in 

Fig. 15. In spite of their differences in terms of the number of wythes and the presence of 

a partial gap in Specimen DIOO, both of these specimens dissipated similar amounts of 

energy for displacements up to 50 mm (2.0 in.). 
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From Fig. 16 where the load vs. deflection envelops for all walls is presented, it can be 

observed that the maximum measured deflection did not depend too much on the amount 

of reinforcement. But the maximum supported pressiu^es showed to be linearly dependent 

on the amount of reinforcement. The same trend was also observed for pressures at first 

visible crack as well as for the first delaminated area. From Table 3, it can also be 

observed that the ultimate strain on composite strips was not dependent on the 

reinforcement ratio. Vertical cracks crossing the brick layers were detected on Walls 

SI00/100 and S50/200. These failures occurred since the flexiural capacity perpendicular 

to the bed joint was reached. In order to avoid such failures in field applications, 

precautions must be taken by providing some reinforcement in the horizontal direction. 

Based on the observed failure modes, the specimens with lower reinforcement ratios 

exhibited a more ductile behavior. Therefore, pending further research smdies, the 

reinforcement ratio should be limited to two times that of the balanced failure. Additional 

studies are also needed in order to examine the influence of an uneven brick surface in the 

development and propagation of delaminated areas. 

From the observed experimental behavior of the tested walls, the following conclusions 

can be drawn: 

1. Strength and ductility of the retrofitted walls were significantly enhanced; retrofitted 

walls resisted pressures ranging from 5 to 24 times the weight of the wall and 

deflected as much as 5% of the wall height. 

2. The described retrofitting technique is very efficient since the reinforcing material 

(i.e. composite strips) are placed on the surface of the wall, providing the maximum 

moment arm between the internal compression and tension couple. 

3. The retrofitted walls failed by one of the following five modes: tension in composite 

fabrics, compression in brick, excessive delamination of the fabric, horizontal shear 
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failure of the brickwork, and in the case of the double-wythe wall, interface shear 

failure. 

4. In general, the load resisted by the specimens that caused the first major bed-joint 

crack, first delamination, and ultimate failiu"e appeared to be directly proportional to 

the reinforcement ratio. However, no such correlation was observed between the 

corresponding deflections and the reinforcement ratio. 

5. In most cases, failure was controlled by peeling off of the composite strips after the 

specimens were subjected to a large number of loading cycles. Even in cases with 

high reinforcement ratios (p>pb), only localized signs of early compression failure 

were observed at the center of the wail but no complete compression failure of the 

bricks occurred. Instead, failure of such specimens is often controlled by excessive 

delamination of the composite fabric due to the low shear transfer capacity of the 

brick surface. 

6. In order to avoid very stiff behavior and for improved hysteretic response, the 

reinforcement ratio should be limited to two times that of the balanced condition. 
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ABSTRACT 

The out-of-plane behavior of URM brick masonry walls retrofitted with fiber composites 
is analytically investigated. Seven half-scale brick masonry walls were constructed and 
externally strengthened with vertical glass-fabric composite strips. The specimens were 
subjected to static cyclic out-of-plane loading. The experimental results are compared 
with respect to predictions given by beam theory using ultimate strength and linear 
elastic approaches. Three main stages of behavior corresponding to the first visible bed-
joint crack, the first delamination and the ultimate load are investigated. It was 
concluded that the ultimate strength method overestimates the flexure capacity of the 
walls. The best predictions for the load corresponding to the defined stages were 
obtained using linear elastic analysis. Preliminary design recommendations are also 
proposed for tensile strain in the composite, maximum deflection, and maximum 
reinforcement ratio. 

INTRODUCTION 

Masonry is among the oldest construction material. For thousands of years masonry was 
the predominant building material until modem materials such as concrete, steel and 
wood appeared in the nineteenth century (Abrams, 1996). The mechanical properties of 
masonry are much more complicated than those of other construction materials. For 
many years, lack of research and understanding of the behavior of masonry led to a 
reluctance by the engineering community in widespread use of this material. However, a 
large number of research projects conducted on masonry in the last twenty years, have 
demonstrated the feasibility of this material for many applications. As a result, masonry 
seems to be retuming as a reliable construction alternative. Most of the recent research 
has focused on improving the seismic safety of new buildings being constructed with 
masonry. 

Unreinforced masonry buildings (URM) constitute a significant part of the existing 
building inventory worldwide. URM buildings are vulnerable to lateral loads such as 
those caused by earthquakes or high speed winds. In the event of an earthquake, these 
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lateral forces are transferred to the foundation by load bearing walls. These structural 
elements may be subjected to in-plane or out-of-plane loads. Failure in URM buildings 
due to out-of-plane loads is considered a main cause of personal injury and loss of life 
during earthquakes. 

Recognizing the shortcomings of URM buildings, there has been a surge of interest in 
recent years to develop techniques for improving seismic behavior of these structures. A 
number of techniques have been proposed and a complete overview of these approaches 
has been documented by Lizundia, et al. (1997). Among the new techniques for seismic 
retrofit of URM buildings is the bonding of thin sheets of fiber composites to the wall 
surface (Ehsani and Saadatmanesh 1997a). Recent field applications have demonstrated 
the feasibility of this procedure (Ehsani and Saadatmanesh 1996, 1997b). 

RESEARCH SIGNIFICANCE 

This paper compares various approaches for predicting the fiexural behavior of 
unreinforced clay masonry walls retrofitted with composite materials. The data analyzed 
included several design parameters such as the amount of reinforcement and height to 
thickness ratio (h/t) as well as the observed behavior in terms of modes of failure, 
maximum measured longitudinal strains in composite strips, compressive strain in 
brickwork and out-of-plane deflection. The paper includes preliminary design 
recommendations and must be of interest to those engineers involved with seismic retrofit 
of existing masonry structures. 

PREVIOUS STUDIES 

A number of analytical procedures have been proposed for evaluation of the behavior of 
masonry walls subjected to out-of-plane loading. Some of the proposed methodologies 
are based on classical mechanics of materials, elastic plate theory and finite element 
method. Some of these methods have been reformulated in order to estimate the ultimate 
flexural capacity of URM panels. These modifications consider the yield line theory and 
the fracture line theory. Most of these methods are applicable to infill panels with 
different boundary conditions. 

Sinha (1978), proposed a simplified method based on fi:acture lines, which could be 
applied to any brittle material having both strength and stiffiiess orthotropy. His 
proposed method correlated very well with experimental results. In that study, many 
panels with different boundary conditions were analyzed and a theoretical formulation for 
the collapse load was proposed for each panel considering both the support conditions 
and the aspect ratio. 

Dawe, et al. (1988), conducted an extensive parametric study on hollow concrete block 
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infill panels subjected to out-of-plane loading. The main parameters considered were 
panel thickness, infill strength, boundary conditions, frame rigidity and geometric aspect 
ratios. Based on the results of this study, empirical relations suitable for design were 
proposed. Arching action and yield line analysis were also incorporated into the 
proposed method. It was concluded that the ultimate load increases parabolically when 
panel thickness is increased, and decreases when the length and height of the panel are 
increased. 

Sveinsson, et al. (1987) developed an analytical model for steel reinforced block masoruy 
walls subjected to out-of-plane seismic motions. In the model, three linear stages were 
proposed representing the following ranges of loading: before cracking, between cracking 
and yielding, and post-yield. Three parameters were incorporated in the model for cyclic 
behavior for the investigated walls; two face shells, a steel reinforcing bar across the joint 
and an elastic masonry block between the joints. Face shell elements were assumed to 
have no tension capacity and to behave elastically in compression. The steel bar was 
modeled by a bi-linear stress-strain curve. In order to validate the proposed analytical 
model, three full-scale reinforced concrete block masonry walls were constructed. The 
specimens were tested under simulated seismic input motions applied by two servo 
controlled hydraulic jacks located at the top and bottom. Finally the authors concluded 
that the analytical model predicted the overall response of the tested walls very well. 

Abrams, et al. (1993), conducted an experimental and analytical study in order to evaluate 
the flexural capacity of infill panels previously tested under in-plane loading. These 
results were compared with predictions given by the analytical model developed by 
several researchers. The best predictions were given by models taking into account either 
fracture line theory or yield line theory. They found that the panel strength is inversely 
proportional to the square of the height to thickness ratio. It was also concluded that 
significant arching action develops for panels with h/t ratios less than 20. For slender 
panels, the capacity is controlled by flexure. 
As noted above, very little information is available in the literature for walls that are 
simply supported at top and bottom. In particular, no studies were found on predicting 
the behavior of URM panels retrofitted with composite overlays. 

FIBER COMPOSITE MATERIALS 

Composite materials consist of strong fibers such as carbon, glass and aramid bound 
together by a matrix. The matrix can be vinylester, polyester, or epoxy. Composite 
materials have been used for more than forty years in the aerospace and other industries. 
The mechanical properties of composite materials depend on the fiber to matrix ratio. In 
composite materials, the fibers provide strength and stiffriess to satisfy design 
requirements and the matrix provides load transfer among fibers, dimensional stability, 
and fiber support and protection. Composite materials posse many advantages over 
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conventional materials such as steel. Among them are high specific strength, high 
specific stif&iess, non-corrosive, high fatigue resistance, thermal stability, low cost and 
ease of installation. By selecting the appropriate fiber, matrix and geometry, composite 
materials can be tailored to satisfy a specific application. They also present some 
disadvantages such as low in-plane transverse (i.e. shear) strength, low interlaminar 
strength, linear elastic behavior up to failure, and potential sensitivity to moisture and UV 
radiation (Madenci 1997, Jones, et al. 1975). 

The advantages of composite materials make them an ideal material for construction 
applications. To manufacture composite products, many procedures can be used such as 
filament winding, pultrusion, compression molding, and hand lay up. Many composite 
products for civil engineering projects are available in the form of structural shapes, 
reinforcing bars and tendons for concrete structures, fabrics for retrofitting beams, 
columns, walls, etc. In the last ten years many research and field applications on 
composite materials have been reported (Saadatmanesh and Ehsani, 1996 & 1998, El-
Badry, 1996, Nanni, 1993). 

The fibers have very high tensile strength, typically exceeding that of metals. For 
construction applications, usually more than 40% of the total volume of the composite 
products is the resin matrix whose contribution to the strength or stiffiiess of the 
composite is minimal. For the retrofit of masonry walls reported here, a unidirectional 
glass fabric weighing 18 ounces per square yard (610 g/m') and a two component epoxy 
matrix were used. The hand lay-up technique used to apply the fabric to the wall 
resulted in a resin-rich composite. Figure 1 shows a typical stress vs. strain curve for the 
composite used in this study. The stresses are calculated based on gross cross section 
according to ASTM D 3039. 

DISCUSSION OF THE EXPERIMENTAL RESULTS 

The experimental data analyzed in this paper were obtained from seven half-scale 
unreinforced masonry walls. These walls were retrofitted with vertical glass-fabric-
composite strips applied to the wall faces. All specimens were subjected to the same 
standard history pattern of static cyclic out-of-plane loading applied with an air-bag 
system. The specimens were simple supported at top and bottom and remained fi-ee along 
the vertical edges. Figure 2 shows a general overview of the test set up. Experimental 
results and material properties of all specimens are discussed in detail elsewhere (Ehsani, 
et al. 1998; Velazquez-Dimas, et al. 1998). The main parameters investigated in this 
study are summarized in Table 1. In addition, the load vs. deflection envelops for all 
walls are shown in Fig. 3. From these curves, it can be seen that the flexural capacity and 
ductility of URM walls retrofitted with glass-fabric composites are significantly 
enhanced. For example, some of the tested specimens deflected to drift levels of 5%; 
others resisted load more than 30 times the weight of the specimen 
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Table 1. Main measured parameters for tite tested specimens 

Wall S75/25 S20/40 S30/30 SI 00/100 S300/300 S200/50 DIDO 

H/t 14 14 14 28 28 28 28 

Facc North Suiilh North SoiUU North South Nortl) Soutli North South North South North 

P/Pb 0.75 0,25 0.2 0,4 0,3 0.3 1.0 1.0 3.0 3.0 2.0 0.5 1.0 

P • m»\ 648 259 216 389 331 346 245 245 350 475 432 130 205 

psf (kPa) (31) (12.4) (10.3) (18,6) (15.5) (16.6) (11.7) (11.7) (16.7) (22.7) (20.7) (6.2) (9.8) 

0.6 0.63 0.5 0.6 0,35 0.4 2,3 2.3 1.0 1.3 2.75 1.84 3.0 

in. (mm) (15.5) (16) (12.5) (5,2) (9) (10) (58) (58) (25) (33) (70) (47) (76) 

%Drift 
2.5 2.25 1.8 2.1 1.25 1.42 4.0 4.0 , 2.0 2.3 5.0 3.4 2.77 

P,n«/wt 33 13 11 20 16 17 13 13 17.5 24 23 7 5 

Win. 4.0 1.32 1.06 2.12 3.18» 3.18* 5.3 5.3 16.0 16.0 10.6 2.6 11.0 

(mm) (102) (34) (26) (52) (81) (81) (135) (135) (406) (406) (269) (66) (279) 

FraclureD 

uctility 4.0 4.3 5.0 3.75 3.5 2.7 4.6 4.6 1.8 2.6 5.0 4.6 5.0 

Mode of 
Failure 

D D D D PD T T.D D NF S D.C T D 

0)% 1.2 l.O 1.2 1.0 0.7 1.0 1.0 0.9 0.5 0.3 1.1 I.  0.8 

• This wall was relrofiUed with an 18-oz Cross/ply E-Glass fabric 
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Because delamination controlled the mode of failure of the majority of the tested 
specimens, longitudinal tensile strain in composite strips, deflections at midheight and the 
reinforcement ratio are considered to be the most representative parameters for the 
purposes of this study. For each specimen, the peak tensile strains in the composite strip 
at midheight of the wall and the average of the three strips at the same location was 
analyzed. Although each specimen was subjected to a large number of loading cycles, 
the above strain values were only examined for loads corresponding to the first visible 
bed joint crack, the first delamination of the composite strip, and the ultimate failure. 
These results are shown in Figs. 4 and 5. 

The experimental data summarized in Figs. 4 and 5 were used to select strain values that 
would correspond to the different stages of the behavior of the walls. The following 
values were selected based on judgement, but they are fairly close to the average values 
reported in those figures. A longitudinal strain of 0.004 is assumed to occur in composite 
strips when the first visible bed joint crack appears. For the first delamination. a 
longitudinal tensile strain in the composite strips of 0.0055 is considered. Finally, a 
tensile strain of 0.01 is assumed for the ultimate failure of the walls. It is noted that based 
on coupon tests of the composite laminates under pure tension, the failure strain should 
reach approximately 0.02 (Fig. 1). However, none of the test specimens experienced 
strain levels beyond 1.3%. This difference is attributed to several factors including the 
cyclic tension/compression nature of the loading, and the uneven surface of the brick 
walls. The above values could be used for analytical prediction of the corresponding 
loading condition. 

Midspan deflections for the walls at different stages of loading are summarized in Fig. 6. 
The calculated points shown on this figure will be discussed later. Experimental data for 
the short walls indicate that no particular trend exists between the deflection and 
reinforcement ratio. However, for the slender walls, there is an increase in deflection as 
the reinforcement ratio is increased up to two times the balanced condition. 

Figiure 7 shows a non-dimensionalized representation of the load vs. the amount of 
reinforcement in the walls. The applied pressures have been normalized with respect to 
the weight of the wall. The abscissa depicts the width of the composite strips normalized 
with respect to the wall thickness. For all stages of loading, i.e. cracking, delamination 
and ultimate, there is a nearly linear increase in load with respect to the amount of 
reinforcement. This is particularly true if the behavior of Specimen S300 (W/t = 8.3) 
which failed by in-plane shear in the wall is excluded. 
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PREDICTION OF THE OBSERVED BEHAVIOR 

The observed experimental results will be compared with the predicted values following 
the ultimate strength method and the linear elastic approach. 

Ultimate Strength approach 
One of the common methods for predicting the flexural capacity of structural elements is 
the use of the ultimate strength conditions. These calculations require the limit state 
conditions for the brick and composite laminate. An ultimate compressive strain of 0.003 
was assumed for the masonry. Based on coupon tests, an ultimate tensile strain of 0.02 
was selected for the composite materials. To predict the load vs. deflection response of 
the specimens, a computer program was used (Marine, 1995). 

Results for a short and a slender specimen are presented in Fig. 8. It is clear that the 
results calculated based on the ultimate strength approach overestimate the measured 
experimental values. A similar trend was observed for all specimens. The 
overestimation of the ultimate strength method is attributed to several factors. First, the 
analysis assumes full composite action between the composite strips and the masonry. 
However as delamination begins, this assumption is no longer valid. This delamination 
prevented two modes of failures to take place: a) compression failure in the slender walls 
with high reinforcement ratios, and b) tensile failure in the short walls with small 
reinforcement ratios. The second factor contributing to the mismatch of results is the 
softening of the brickwork as a result of cyclic loading. Based on these results, the use of 
ultimate strength approach is not recommended for estimating the flexure capacity of 
URM walls retrofitted with composite materials. 

Linear Elastic approach 
Based on the observed behavior of the tested specimens, where the mode of failure was 
controlled by delamination, it was decided to estimate the flexural capacity using a linear 
elastic approach. The use of such approach can be justified because none of the tested 
specimens failed by compression crushing of the brick. Weak interface between the 
composite strips and the surface of the brickwork, caused by the large number of loading 
cycles, resulted in excessive delamination that eliminated the possibility of compression 
failure of brick. Therefore, both materials i.e. the composite strips and the brickwork can 
be assumed to behave linearly elastic for the entire loading history. 

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 analysis for the first visible bed-joint 
crack was done assuming a tensile strain in composite strip of 0.004. To calculate the 
load corresponding to the formation of the first delamination, a tensile strain of 0.0055 
was also considered. In addition, a tensile strain of 1% was assumed in order to obtain 
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the ultimate load. Furthermore, the tensile strength of brickwork was neglected and the 
analysis was carried out on transformed sections. Using the above tensile strains in the 
composite strips, the compressive strains and stresses in the brick were calculated using a 
trial and error procedure such that equilibrium of forces would be satisfied. 

The Uniform Building Code (UBC 1991) limits the service load deflection of steel 
reinforced masonry walls to 0.7% of the wall height, i.e. UBC Eq. 11-10: 

J, <0.007/1 (I) 

For the tested specimens, this limit has been calculated and the results are shown as 
dashed lines in Fig. 6. It is clear that the above serviceability limit state is below or 
slightly above ±e deflections that correspond to the observation of the first bed joint 
cracks. In all cases, the specimens had significant reserve capacity in terms of both load 
and deflection beyond this limit. It can therefore be concluded that the same limit can be 
considered for unreinforced masonry walls that have been retrofitted with externally 
bonded composite strips. 

The UBC also recommends Eqs. 11-11 and 11-12 for calculating the midheight 
deflections of walls as given below; 

» \ f J z 
" (forM,„<U„) (2) 

m g 

^ M < ,vy (3) 
' 4 8 £ „ / ,  4 8 E  cr scr ^ fn g n cr 

Analysis of the data revealed that the use of the above equations would underestimate the 
measured deflections of the test specimens. It is believed that complex behavior of 
masonry walls due to the non-homogenous and orthotropic nature of the brick masonry, 
and the presence of the composite strips cannot be adequately accounted for by the above 
equations. The data also indicated that while the above equations underestimated the 
deflections for both short and slender walls, the discrepancy between the equations and 
the test results was nearly twice as high for specimens with h/t = 14. It is recognized that 
because the thickness of the specimens was the same, this behavior could be attributed to 
the variation in h/t or h. However, it was decided to modify the equations assuming that 
this discrepancy was due to h/t rather than h. 

Therefore, a modification of the above equations in the forms presented below is 
suggested to account for the observed behavior of the walls. To calculate the midspan 
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deflections for service moments smaller than that for cracking, i.e. M < Eq. 2 can be 
modified as: 

3 = 6 M h -
/ r. ^ h 

\t J 

(4) 

m g 

To calculate the deflection when the first visible bed-joint crack occurs, i.e. when 
!VI„<M5„ <M the Eq. 3 is modified as: 

S . . , =  6 M h -

u. f-
(5) 

nt Cr 

To calculate the deflection when the service moment is smaller that that for the first 
delamination but larger than that for the first visible bed-joint crack, i.e. 
the following equation is recommended: 

r u\ (6) 

EI 
V ' / 

For all test specimens, the load was calculated for the three stages of loading. The 
corresponding deflections were also calculated according to the above procedures; 
however, the deflections were calculated for the cracking and delamination points only. 
No deflections were calculated for the ultimate condition. These calculated loads and 
deflections are shown in Fig. 9. In these calculations, the measured modulus of elasticity 
of the brickwork, which was 657 ksi (4530 MPa), was used. This value is considerably 
lower than the recommended value of E^, = 750f„ (UBC 1991); the latter would result in 
a modulus of 2160 ksi (14890 MPa) for the tested specimens. 

As stated earlier, because the ultimate deflections were not calculated, the ultimate point 
for each of the calculated graphs in Fig. 9 could not be shown. However, the loads for 
these ultimate points were calculated and they were in very good agreement with the 
measured results. The calculated ultimate loads and the corresponding experimental 
value for all specimens are listed in Table 2. The results indicate that the linear elastic 
approach gives a better prediction of the flexural capacity of URM walls retrofitted with 
composite materials. With the exception of Specimen S300, the average difference 
between the measured and calculated failure loads was less than 10%. 
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DISCUSSION AND PROPOSED METHOD 

Two methodologies were used to model the behavior of URM walls retrofitted with 
glass-fiber composite strips. The procedure based on ultimate strength condition 
overestimates the flexurai capacity of the specimens. Since the materials that comprise 
the wall, i.e. brickwork and composite strips, behave in a brittle maimer, an upper bound 
solution is not recommended. Instead, an easier and more conservative analytical method 
is recommended for modeling the behavior of URM clay brick masonry walls retrofitted 
with composites. With this alternative, it is intended to incorporate a more realistic 
behavior of the walls by assuming that they behave linearly elastic up to failure. This is 
supported by the observed behavior of all specimens, where most of them failed due to 
excessive delamination after a large nimiber of loading cycles. 

In order to calculate the flexurai capacity of retrofitted URM brick masonry walls through 
an elastic analysis, the following assumption were made: 
• Plane sections remain plane; 
• Tensile strength in brickwork is neglected; 
• Linear stress and strain distribution across the wall section is assumed (see Fig. 10.); 
• Full composite action between composite strip and the brick surface is assumed, i.e. stram 

compatibility is satisfied; 
• All compressive forces are resisted by brickwork; Compressive capacity of composite strips is ignored; 
• Composite strips take all tensile force in the cross section; 
• The mode of failiure can be either tensile rupture of composite strips or excessive delamination. No 

compressive failure of masonry is expected; 
• The maximiun expected tensile strain in composite strips is 1%; and 
• .Modulus of elasticity of brickwork is calculated as = 750 (UBC 1991). 

As stated earlier, the calculation of deflections are very sensitive to the modulus of 
elasticity of the masonry and therefore the actual measured modulus was used. However, 
the effect of modulus of elasticity of the brickwork on the flexurai capacity is minimal. 
Therefore, for these calculations, = 750 was assumed. Taking summation of 
moments of the internal stress resultants in Fig. 10, the moment can be calculated as: 

M  =  T f Z  =  f ^ W t f Z  ( 7 )  

where f^ = EfSf and Z = t-kt/3. Substituting for "Z" in Eq. 7, one obtains: 

f k\ 
M  =  T f Z  =  E f S ^ W t f t  1 ( 8 )  



Table 1. Experimental and calculated ultimate load of the tested specimens 
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h/t 14 1 28 
Wall S20/40 S75/2S SlOO/100 S200/50 S300/300 

P/Pb 0.2 0.4 0.75 1.0 2.0 0.5 3.0 
P (Exp.) 
psf (kPa) 

216 
(10.3) 

389 
(18.6) 

648 
(11.7) 

245 
(11.7) 

432 
(20.7) 

130 
(6.2) 

475 
(22.7) 

P (Calc.) 
psf (kPa) 

193 
(9.24) 

383 
(18.34) 

m 
(34.33) 

236 
(11.3) 

466 
(22.31) 

119 
(5.7) 

697 
(33.37) 

Error (%) + 12 + 1.6 -9.6 + 3.8 -7.3 +9.2 -3 2  
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T r W f  

Figure 10. Strains, Stresses, and Internal Forces in a Brick Masonry Beam 

Due to the small thickness of the composite laminate, its influence on the moment arms 
in the above expression has been ignored. For an assumed value of strain in the 
composite strip, the internal tensile and compressive force resultants can be set equal to 
one another to obtain the depth of the neutral axis. From this condition, the factor "k" 
can be obtained: 

k = _ 2 f ^  

fn,bn,^ 
(9) 

The moment capacity of the wall can be calculated by combining Eqs. 8 and 9: 
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PRELIMINARY DESIGN RECOMMENDATIONS 

The authors recognize that this is the first reported investigation on a study of the 
behavior of URM retrofitted with fiber composites. Considering the scope of this study, 
clearly additional investigations are required before a set of comprehensive design 
guidelines could be established. However, based on the observed behavior of the 
specimens and the analysis of the results, the following preliminary design 
recommendations are provided. 

Reinforcement ratio 
For the specimens with h/t=14, the maximum reinforcement ratio tested was 0,75pb. The 
failture of this specimen was rather explosive due to the high pressure applied to the wall 
at failure. On the other hand, the specimen with a reinforcement ratio of 0.4pb exhibited 
a more ductile failure and deformed to the same ultimate deflection. Therefore, it is 
recommended that for walls having an aspect ratio of 14, the reinforcement ratio be 
limited to 0.4pb. 

For walls with aspect ratio of 28, the highest tested reinforcement ratio was This 
specimen failed by in-plane shear failure of the brickwork and showed a very stiff 
behavior. Based on the observed behavior of this specimen, it is not recommended to 
utilize such high reinforcement ratios. In contrast, the specimen with a reinforcement 
ratio of 2pb carried nearly the same load, deflected more than twice as much as S300, and 
resisted twice as many loading cycles. It is therefore recommended that for walls with 
aspect ratio of 28, the maximum reinforcement ratio be limited to 2p^,. 

For the case of minimum reinforcement, the designer must keep in mind that in general, 
narrow strips of composites are subjected to higher shear transfer stresses that could 
result in early delamination. It is recommended to check these stresses and select the 
appropriate type of composite strip with adequate contact area to delay or eliminate this 
mode of failure. 

Calculation of load and deflection 
The flexural capacity of the walls can be calculated using the linear elastic approach 
discussed earlier. The load corresponding to the three stages of the behavior can be 
determined with a fair degree of accuracy. The results of the study suggest that the 
average longitudinal tensile strain in the composite strips be limited to 0.004 for the first 
visible bed joint crack, 0.0055 for the first delamination of the composite strip, and 0.01 
for the ultimate failure. The calculation of these three loads as shown in Fig. 9, and Table 
2 can provide the designer with an overall estimation of the factors of safety relative to 
the applied service loads. 
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According to the experimental data, the deflection of the retrofitted walls can be 
calculated with the modified expressions presented in Eqs. 4-6. These equations predict 
the cracking and delamination of the wall fairly accurately. However, the equations 
cannot be applied for calculation of the ultimate deflections of the wall. 

For service conditions, it is recommended to limit the maximum deflection to 0.007/? and 
the tensile strain in the composite strip to 0.004. The deflection limit represents less than 
30% of the measiu-ed ultimate values and it is always less than the deflection 
corresponding to the delamination of composite strips. The maximum span drift 
suggested for service condition in unreinforced masonry beams is //600 
(ACI/ASCE/TME-95). Therefore, the proposed retrofit scheme allows an increase in the 
deflections of four times to 0.007/?. 

As discussed previously, the strain limit of 0.004 corresponds to the load causing the first 
visible bed-joint crack. Test results indicate that this load is approximately forty percent 
of the maximiun pressure supported by the walls. Therefore, a sufficient factor of safety 
in load carrying capacity is provided by this guideline. Similar limits on strain have been 
proposed for reinforced concrete walls retrofitted with fiber composites (ICBO 97). 

Fracture Ductility Index 

One of the shortcomings of fiber composites is their inability to deform in an inelastic 
manner. This problem has been observed by many researchers in case of concrete beams 
reinforced with composite tendons or reinforcing bars. The problem is of particular 
interest in this application as it is desirable to have a ductile failure of the retrofitted 
walls. 

Due to the lack of a yield point in composites, the use of the traditional definition of 
ductility is not warranted. However, in many applications, including in the retrofitted 
walls discussed here, the presence of the composite strips does allow the walls to undergo 
significant deformation prior to failure. There is also energy dissipation through cracking 
and softening of the masonry and delamination of the composite strips. Instead of the 
traditional yield point as reference, it is proposed to consider the load corresponding to 
the first visible bed joint crack. 

A Fracture Ductility Index (FD) is proposed. The index is defined as the ratio of the 
deflection at pressures beyond that causing the first visible bed-joint crack to that 
corresponding to the first visible bed-joint crack. The fracture ductility index is defined 
mathematically as: 

FD = — (10) 
S. 
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Since the deflection corresponding to the cracking capacity is very small and difficult to 
detect, it was decided to use the deflection at the first visible bed-joint crack. Other 
researchers have also used the concept of the first visible crack to characterize the 
cracking capacity of block masonry walls subjected to out-of-plane load (Abboud, et al. 
1996). 

A fracture ductility index as high as five was obtained in the test specimens (Table 1). 
Even Specimen S300, that failed prematurely by in-plane shear stresses, exhibited a 
ductility index of two. In steel reinforced concrete or masonry members, ductility 
increases as the reinforcement ratio is reduced. This is because the lower reinforcement 
ratio results in larger steel strain and curvature at failure. However, due to the elastic 
behavior of composite strips, a similar trend cannot be obtained in URM walls retrofitted 
with composite materials. This is evident firom the test results shown in Table 1, where 
regardless of the aspect ratio and the amount of reinforcement, the maximum recorded 
fi-acture ductility index was similar for all walls and it was limited to 5. Therefore, the 
data do not justify a reduction in the reinforcement ratio in an attempt to achieve a higher 
ductility index. 

CONCLUSIONS 

The experimental results obtained from URM brick masonry walls retrofitted with glass-
fiber composite strips are compared with respect to diose obtained from analytical 
solutions. The analytical results were obtained using the beam theory through the ultimate 
strength and linear elastic approaches. Clearly, there are a number of issues that require 
further investigation. However, within the scope of this study, the following conclusions 
can be made. 

1. A linear elastic solution is recommended for evaluation of the flexural capacity of 
URM masonry walls retrofitted with composite materials. This procedure results in a 
lower calculated strength compared to the measured values for the recommended 
range of reinforcement ratios. 

2. The deflection of walls for various stages of loading can be calculated using the 
modified expressions in Eq. 4-6. It is recommended that this deflection be limited to 
0.007/2. 

3. The average tensile strain in the composite strip for the three stages of loading is 
0.004 for first visible bed-joint crack, 0.0055 for the first delamination, and 0.01 for 
the ultimate condition. It is recommended that the maximum service load be limited 
to that corresponding to a strain of 0.004. 

4. The maximum reinforcement ratio as a multiple of the balanced reinforcement ratio is 
0.4 and 2 for walls with aspect ratios of 14, and 28 respectively. 

5. The majority of the specimens exhibited a fracture ductility index of 3.75-5.0 
regardless of the amount of reinforcement present. 
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NOTATION 

b. Width of the brick-beam section 
C Compression mode of failure 
C. Compressive force of the brick-beam section 
D Delamination mode of failure 

Ef Modulus of elasticity of composite strip 

E™ Modulus of elasticity of brickwork 
FD Fracture ductility index 
fr Stress in composite strip 
f. Stress in masonry 
h wall height 

Cracked moment of inertia 

Is Gross moment of inertia 
kt Neutral axis position 
M Flexural moment 

M„ Flexural cracking moment 

Mo Flexural moment at first delamination 
Flexural moment at first visible bed-joint crack 

P Applied pressure 

Per Load corresponding to the first visible bed-joint crack 

Pd Load corresponding to the first delamination 

Pmax Maximum supported pressure (psf) 

Pult Load at failure 
s Shear mode of failure 
t Wall thickness 

tf Thickness of the composite strip 
T Tension mode of failure 
T, Tensile force in the composite strip 
wt wall weight (psf/wythe) 
W width of composite strips 
Z Lever arm between resultant forces 
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5 Deflection at any load 
5d Deflection at first deiamination 

Deflection at first visible bed-joint crack 
Scr Strain corresponding to the first visible bed-joint crack 
Zq  Strain corresponding to the first deiamination 
8f Strain in composite strip 
Em Strain in masonry 
Su„ Strain corresponding to the ultimate load 
p Reinforcement ratio 
Pb Balanced reinforcement ratio 
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Figure 1. Construction of specimens by a mason 

Figure 2. Construction of specimens for brickwork properties 
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Figure 3. Test of a brick beam for modulus of rupture 

Figure 4. Test for compressive capacity of brickwork 



Figure 5. Test for compressive capacity of mortar 

Figure 6 Test for tensile capacity of composite laminate 
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Figure 7. Wall with primer 

Figure 8. Spreading the epoxy over the glass-fabric 



Figure 9. Bonding the composite strip to the wall surface 



WALL-2 

Figure 11. Wall S40 at failure 
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Figure 12. Wall S20 at failure 
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Figure 14. Wall SlOO showing a 2.0 in. deflection 



Figure 15. Shear failure at bottom support of wall S300 

Figure 16. Marking bed-joint cracks on wall S200 
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Figure 17. Wall S50 at failure 

Figure 18. Splitting failure of the Wall DlOO 



Figure 19. Delaminated pattern of the wall D100 at failure 
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Figure 20. Load vs. deflection envelopes of short walls 
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Figure 22. Dissipated vs. midspan deflection of short walls 
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Figure 23. Dissipated vs. midspan deflection of slender walls 
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Table I. Overall dimensions of full-scale bricks 

OVERAL DIMENSIONS FOR FULL SCALE BRICKS 

ASTM C-140 
SPECIMEN b (in) t (in) L(in) L'(in) A „(in^) A'„(in') 

1 3,80 2.51 8.375 26.349 

2 3.87 2.51 8.375 4.09 26.19 12.718 

3 3.9 2.53 8.375 4.145 26.441 13.055 

4 3,91 2.49 8.375 4.08 26.525 12.842 

5 3.9 2.5 8.375 4.18 26.442 13.192 

6 3.85 2.5 8.375 4.15 26.023 12.867 

7 3.88 2.51 8.375 4.15 26.274 12.992 

8 3.89 2.5 8.375 4.11 26.349 12.877 

3.886 t.v«=2.506 L.v. = 8.375 A„ ,,,^26.32 1 A'„„ = 12.93 



Table 2. Overall dimensions of half-scale bricks 

OVERALL DIMENSIONS FOR HALF SCALE BRICKS 
ASTM C-67 

SPECIMEN b(in) t (in) L(in) L'(in) A.^in^) A'„(in') 
I 1.9 1.525 4.04 7.676 

2 1.94 1.54 4.084 2.2 7.932 4.268 
3 1.92 1.55 4.07 1.95 7.814 3.744 
4 1.91 1.54 4.12 1.93 7.869 3.686 
5 1.9 1.54 4.04 1.935 7.676 3.676 
6 1.92 1.56 4.09 1.945 7.853 3.734 
7 1.94 1.55 4.08 2.15 7.915 4.171 
8 1.91 1.52 4.03 1.935 7.697 3.696 

t 

b«,e=1.92 1.541 Lave" 4.07 ^ve = '7.8 A nave""^'® 
5 
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Table 3. Density of brickwork 

DENSITY FOR BRICKWORK 

Specimens tested at 28 days 

BEAM L(in) t(in) b (in) V(in^) Wt (lb) Y (lb/ft') 

1 17.375 1.935 4.067 135.59 9.405 119.85 

2 17.312 1.937 4.061 136.11 9.573 12.1 

3 17.437 1.937 4.061 137.16 9.487 119.52 

4 17.312 1.924 4.071 136.78 9.482 119.79 

5 17.437 1.936 4.078 137.66 9.543 119.77 

6 17.375 1.94 4.07 137.19 9.341 117.66 

Mean 136.75 9.472 119 61 

C O.V.% 0.51 0.83 0.85 
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Table 4. Initial rate of absorption of fiiil-scale bricks 

INITIAL RATE OF ABSORPTION FOR FULL SCALE 
BRICKS (IRA) 

SPECIMEN DRY WEIGHT 
Wj(grms) 

WET WEIGHT 
Ww(grms) 

IRA 
(Grms/min) 

1 2060.5 2091,5 35.295 

2 2054.5 2082.5 32.07 

3 2070.5 2102.5 36.307 

4 2048.5 2081.5 37.323 

5 2080 2109.5 33.469 

6 2051 2079 32.279 

7 2058 2090 36.538 

8 2033 2065 35.295 

S =278.576 

iVlEAi\=34.822 
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Table 5. Initial rate of absorption of half-scale bricks 

1 INITIAL RATE OF ABSORPTIOi\ IL\LF SCALE BRICKS 
1 ASTM C-67 

BRICK L (in) t(in) b(in) DRAY 
wt (grras) 

WET 
wt (gms) 

IRA 
(grais/min) 

1 4.04 1.525 1.9 364.3 370.3 5.846 

2 4.084 1.54 1.94 363.5 374.2 10.128 

3 4.07 1.55 1.92 369.6 377 7.102 

4 4.12 1.54 1.91 364.8 373.5 8.292 

5 4.04 1.54 1.9 366.3 383 8.977 

6 4.09 1.56 1.92 373.6 383 8.977 

7 4.08 1.55 1.94 370.8 379.8 8.528 

8 4.03 1.52 1.91 366.8 372.1 5.154 

Mean 367.46 376.61 7.876 

C.O.V. 
% 

0.9 1.2 20.16 
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Table 6. Compression capacity of haJf-scale bricks 

COIVIPRESSIOIN CAPACITY FOR BRICKS 
Half Scale ASTM C-67 

BRICK L (in) t(m) b(in) A(in-) Pa (kip) f'.,(ksi) 

1 1.525. 1.9 

2 2.2 1.54 1.94 4.268 25.7 6.021 

3 1.95 1.55 1.92 3.744 27.4 7.318 

4 1.93 1.54 1.91 3.686 19.0 5.154 

5 1.935 1.54 1.9 3.676 25.6 6.964 

6 1.945 1.56 1.92 3.734 24.0 6.427 

7 2.15 1.55 1.94 4.171 25.2 6.042 

8 1.935 1.52 1.91 3.696 28.2 7.63 

Mean 25.014 6.508 

C.O.V. 
% 

1 1 . 1  12.2 
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Table 7. Compression capacity of brickwork 

COMPRESSION CAPACITY FOR BRICK PRISMS 
Half Scale ASTM E-447 (84) 

Specimens tested at 28 days 

prism h(in) t (in) b(in) h/t A(in-) Pu (kip) f'.Cksi) 

1 8.625 1.92 4.06 4.516 7.775 20.00 2.579 

4 8.625 1.92 4.033 4.492 7.743 20.40 2.634 

5 8.625 1.92 4.07 4.492 7.814 23.90 3.059 

6 8.625 1.91 4.09 4.516 7.812 26.00 3.328 

7 8.687 1.92 4.09 4,525 7.853 22.60 2.878 

Mean 22.50 2.895 

C.O.V.% 9.87 9.55 

Specimens tested at 365 days 

2 8.563 1.913 4.046 4,476 7.74 26,211 3.386 

J 8.604 1.917 4.066 4.483 7.79 27,607 3.544 

8 8.687 1.907 4.07 4.555 7.761 34.818 4.486 

9 8.875 1.931 4,07 4.596 7.859 31.876 4.056 

Mean 30.128 3.868 

C.O.V.% 11.347 11.228 



Table 8 Compression capacity of mortar 
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COMPRESSION CAPACITY FOR MORTAR SPECIMENS 
ASTVI C270-92 

Specimens tested at 28 days 

prism h(in) t(in) b(in) A(in-) Pc (lap) f'm(ps') 

I 2.0 2.015 2.0 4.03 2.60 645 

4 2.0 2.0 2.0 4.0 3.40 850 

5 2.02 2.015 2.0 4.03 3.40 844 

6 2.02 2.0 2.0 4.0 2.70 675 

Mean 3.025 754 

C.O.V.% 12.45 12.49 

Specimens tested at 365 days 

2 2.117 2.002 2.003 4.02 4.30 844 

3 2.081 2.01 2.026 4.072 5.80 1424 

7 2.115 2.001 2.015 4.032 4.3 1.065 

8 2.116 2.022 1.992 4.027 3.40 844 

Mean 4.45 1044 

C.O.V.% 19.36 22.7 
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Table 9. Modulus of rupture of brick beams 

MODULUS OF RUPTURE FOR BRICKWORK 
ASTM E518- 80 

Specimens tested at 28 days 

BEAM L(in) t(in) b (in) Si.(in) Pu(lbs) fr(psi) 

1 17.375 1.935 4.067 15.75 179 187 

2 17.312 1.937 4.061 15.75 256 289 

J 17.437 1.937 4.061 15.875 156 170 

Mean 197 215 

C O.V.% 21.7 24.4 

Specimens tested at 365 days 

4 17.312 1.924 4.071 15.75 230 246.12 

5 17.437 1.936 4.078 16.00 240 259.1 

6 17.375 1.94 4.07 15.687 190 198.87 

Mean 220 234.69 

C.O.V.% 9,8 11.03 



Table 10, Tensile properties of composite fabric 
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TENSILE PROPERTIES FOR GLASS-FABRIC 
ASTM D-3039 

FABRIC SPECIMEN Pc (lb/in) a„ (ksi) E (ksi) 

18-oz 
I -direction 

1 2180 30.11 1.79 1408 18-oz 
I -direction 

2 1980 26.61 1.66 1492 

18-oz 
I -direction 

J 2160 28.99 2.1 1319 

Mean 2106 28.57 1.85 1406 

C.O.V.% 4.27 5,1 9 97 5 

18-oz 
Cross/ply 

0/90= 

I 1106 14.31 1,51 947 18-oz 
Cross/ply 

0/90= 2 1052 13.6 1.47 925 

18-oz 
Cross/ply 

0/90= 

J 999 12.31 1.5 820 

18-oz 
Cross/ply 

0/90= 

4 1056 13.62 1.92 709 

1053 13.46 1.6 850 

C.O.V.% 3.59 5.37 11.58 11.13 
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