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Abstract:  

This paper presents the results of an experimental study on the seismic performance of 

axially loaded reinforced concrete (RC) walls with boundary elements confined by limited 

transverse reinforcement. These specimens were initially subjected to axial compression 

loading and cyclic lateral loading to failure, and subsequently repaired and subjected to 

loading again. The test specimens include two low-rise walls of aspect ratio 1.125 and two 

medium-rise walls of aspect ratio 1.625. Results show that significant drift capacities were 

achieved from the strengthened walls. The performance of the repaired walls was similar 

to the original walls before repair in terms of the flexural behavior, shear strength, and 

ductility capacities. While the fiber-reinforced polymer (FRP) anchorage may undergo 

premature failure, it however failed only after the peak lateral strength of the repaired wall 

was attained. This paper demonstrates that repair of damaged RC walls using FRP is able 

to restore the performance of damaged RC walls while also serving as repair method of 

relative ease. 
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Introduction 

 

Reinforced concrete (RC) structural walls are often used in buildings to resist winds and 

earthquakes. According to a research, buildings containing shear walls exhibit fair 

earthquake performance (Fintel 1991). Due to their intrinsic ability to resist lateral load, 

RC structural walls can serve as an important earthquake resistance mechanism in the RC 

structures. However, earlier seismic design provisions may not have addressed the 

demands induced on RC walls, as a result, major earthquakes have caused extensive 

damage to older shear walls which have insufficient in-plane stiffness, flexural and shear 

strengths, and/or ductility. 

 

One repair and strengthening method involves the application of shotcrete, the filling 

of openings in walls with RC and masonry in-fills, followed by epoxy injection and 

possible addition of steel bracing elements. More recently, the use of fiber-reinforced 

polymers (FRPs) for strengthening existing buildings has increased, because of its low 

weight-strength ratio, short installation periods, and low intervention on the structure 

(Alcaino and Santa-Maria 2008) 

 

Research on the behavior of reinforced concrete members with externally bonded FRP 

jackets has mainly focused on columns or piers where its use is more common (Priestley 

et al. 1996; Penelis and Kappos 1997; Triantafillou 2001). Bonding of FRP sheets on RC 

walls using epoxy has proven to be the most cost effective alternative in repairing 

buildings within a short time (Ehsani and Saadatmanesh 1997). Experimental studies 

involving RC walls strengthened by FRP include wall-like columns with different 

arrangements of externally bonded FRP reinforcement subjected to uniaxial compression 

(Neale et al. 1997). A separate research was carried out on four series of half-sale RC 

walls (Lombard et al. 2000). Two tests involved strengthened RC walls which include the 

following categories: (1) wall strengthened by one vertical layer of carbon-fiber-reinforced 



 

polymer (CFRP) sheets on both sides of the wall and (2) wall strengthened by one 

horizontal and two vertical layers of CFRP sheets on both sides of the wall. The walls 

strengthened by the CFRP sheets were found to have an improved load-carrying capacity 

and ductility. The anchorage system between the CFRP sheets and the wall footing was 

shown to play a major role. Inadequate anchorage system may not allow proper load 

transfer from the sheets to the adjacent elements, which can lead to premature failure such 

as delamination of the fiber sheets from the surface of the walls. More recently, cyclical 

load tests on six RC cantilevered wall specimens, which were repaired and subsequently 

strengthened by FRP sheets and strips, were carried out (Antoniades et al. 2003). Test 

results showed that the flexural and shear strength of the repaired specimens were 

significantly larger than the original walls before repair. The anchorage system, which 

involved a combination of metal plates and FRP strips, appeared to be effective. Other 

related studies include the following: (1) RC columns with small elongated members 

extending from the column (Iso et al. 2000) and (2) RC walls strengthened by FRP sheets 

bonded on one or both of the wall faces (Triantafillou 2001). 

 

The present study is an addition to works carried out in Nanyang Technological 

University, Singapore (Li and Xiang 2006). The study was motivated by the effect of low 

to moderate seismicity in regions such as Singapore on RC walls. The lower ductility 

demands within low to moderate seismicity regions imply that the required amount of 

reinforcement, especially the transverse reinforcement in web and boundary element, 

would be relatively small. As such, these walls would have limited transverse 

reinforcements. In the earlier study, the seismic performance of walls with boundary 

elements was investigated by subjecting them to axial compression loading and cyclical 

lateral loading (Li and Xiang 2006). In total, eight walls were subjected to the cyclical 

lateral loading. The aim of the above investigation was to study the available strength and 

ductility capacity of low-rise and medium-rise RC walls containing much less confining 

reinforcement than those recommended by the New Zealand Concrete Design Code and 

American Concrete Institute Code. The effect on the response of the walls due to the 

following variables were studied: (1) aspect ratio, defined as the ratio of the height of the 

wall to the in-plane length of the wall, (2) level of a constant load of axial compression 



 

exerted onto the wall, and (3) the amount and distribution of wall reinforcement. 

 

The test demonstrated that the behavior of RC walls with limited transverse 

reinforcement was predominantly flexural instead of shear. These walls were capable of 

developing their flexural yielding prior to failure. The transverse reinforcement present 

can be expressed as 25% of the amount outlined in ACI 318 (ACI Committee 2002) or 

70% of that in NZS 3101 (Standard Association of New Zealand). In view of the low 

seismic demands in regions such as Singapore, this amount of transverse reinforcement 

can be considered an effective measure for confining the concrete in the compression 

zone of the walls. In contrast, wall specimens containing transverse reinforcement 

equivalent to 10% of that outlined in ACI Committee (2002) or 30% of that in NZS 3101 

exhibited quite critical seismic performance with respect to the strength and deformation 

capacities achieved. As such, the NZS 3101 and ACI 318 requirements for wall boundary 

element confinement can be relaxed for structural walls satisfying limited ductility 

requirements. 

 

Generally, axial compression exerted on walls can lead to a higher stiffness due to the 

confining effect of axial compression. However, it was also observed that the level of 

axial compression loadings had a minor effect on the stiffness degradation rate. The 

stiffness described here refers to the secant stiffness of the walls under lateral loading. 

For the wall specimens subjected to axial compression loadings, the amount of energy 

dissipated was larger than that corresponding to specimens without axial compression 

due to the favorable effect of the axial compression in relation to a reduced pinching 

behavior. The amount of energy dissipation due to shear components did not change 

much under the condition of axial loadings on the specimen. 

 

 

Research Significance 

 

To date, experimental observations of the behavior of RC walls with limited transverse 

reinforcement and boundary elements under cyclical loading is limited. In addition, the 



 

behavior of such walls after being damaged and subsequently repaired with FRP material 

can also be valuable. This is because the use of FRP to repair and strengthen damaged 

walls has its merit in being a method that has short installation periods and poses a low 

intervention on the structure. 

 

This paper aims to understand the seismic performance of RC walls with boundary 

elements and confined with limited reinforcement. The walls were subjected to lateral 

loads and failed. Following this, the walls were repaired by a combination of high 

strength mortar, epoxy injection, and a proposed FRP wrapping scheme. The scheme 

involves the use of glass FRP (GFRP) and carbon-FRP (CFRP) sheets and CFRP strips. 

The repaired walls were subjected to axial compression loading and cyclical lateral 

loading, which simulated a moderate earthquake. The seismic behavior of the repaired 

walls was assessed. The behaviors assessed include: (a) crack patterns; (b) failure modes; 

(c) contributions of deformation components; (d) curvature along the height of the wall; 

(e) stiffness characteristics; (f) the relationship between lateral load and the displacement 

at the top of the wall; and (g) the relationship between lateral load and the shear 

displacement of the wall. 

 

 

Experimental Program 

 

Descriptions of Original Wall Specimens 

 

The experimental program presented in this work is related to four specimens. The four 

specimens can be categorized as low-rise walls and medium-rise walls. The low-rise 

walls have rectangular cross sections of dimensions 120 mm by 1,700 mm and a height of 

2,250 mm. The aspect ratio expressed as the ratio of the height of the wall to the in-plane 

length is 1.125. Low-rise walls are denoted as LW and the two wall specimens are LW2 

and LW3. On the other hand, medium-rise walls have a rectangular cross section of 300 

mm by 1,700 mm and a height of 3,500 mm. The aspect ratio of medium-rise walls is 

1.75 and the specimens for this wall are denoted by MW. For medium-rise walls, the two 



 

specimens are MW1 and MW2. These wall specimens are cantilever walls, with a steel 

beam at the top for applying vertical and the in-plane horizontal loading. The walls were 

subjected to a constant axial load using double-acting vertical hydraulic actuators. For the 

in-plane horizontal loading, cycles of quasistatic cyclical loading were carried out using 

horizontal hydraulic actuators. This cyclical loading was carried out using an incremental 

system until the wall specimens failed. For all specimens, the web reinforcement 

comprised a double orthogonal grid of 10-mm diameter bars spaced at 250 mm. The 

boundary elements were rectangular and of a cross section of 300 mm by 150 mm. These 

boundary elements were reinforced with eight bars of 10-mm diameter. Confinement in 

the boundary elements was provided by 6-mm diameter closed stirrups spaced at 75 mm. 

Fig. 1 shows the details of the wall specimens. Concrete strength was 40 MPa. Average 

values of measured yield strengths of 10-mm diameter bars as web reinforcement were 

462 and 382 MPa for low-rise and medium-rise walls, respectively. The 10-mm diameter 

bars used in the boundary elements had an average measured yield strength of 380 MPa. 

 

In order to restrain against rotation and sliding of the specimens during loading, a 

foundation block (900-mm thick, 3,600-mm wide, and 500-mm high) was designed to 

serve as the base of the specimens. In addition, the specimens were attached to the 

strong floor by prestressed high strength rods. The boundary elements helped to resist 

the large bending moment sustained by the base of the specimens. The ultimate load 

capacity and ductility of the wall specimens were increased, which limited the crushing 

of concrete and buckling of vertical reinforcement. 

 

The failure mode was similar for all four specimens. Hairline shear and flexural cracks 

were formed along the height of the specimens, while heavy damage was concentrated at 

the base. Spalling of the cover concrete was observed along with failure of the concrete 

under compression inside the confined core at the base, large inelastic elongation, and 

buckling of steel bars. Despite the slenderness of the walls, the wall specimens failed in a 

predominantly flexural mode, characterized by concrete crushing and reinforcement 

buckling at the confined edges. Moderate diagonal cracking of the web and shear sliding 

at the fixed base were also observed. The damage of the specimens was mainly located at 



 

the lower parts of the walls except for LW3, where the damage zone extended upwards 

and occurred within the left flange ranging from approximately 500 to 1000 mm (Li and 

Xiang 2006). Fig. 2 illustrates the crack patterns of the damaged specimens. 

 

 

Repair and Strengthening of Wall Specimens 

 

Following the loading and failure of the original wall specimens LW2, LW3, MW1, and 

MW2, the walls were repaired (see Figs.3 and 4). The repaired specimens shall be 

referred to with a prefix of “R” to the original specimen names. For instance, specimen 

RLW2 is the repaired specimen LW2. 

 

Based on engineering judgment and intuition, the FRP strips were externally bonded to 

the wall in the horizontal and vertical directions. The externally bonded FRP composites 

served to increase the member size and shift the failure of the wall toward a ductile 

behavior. The walls were strengthened using a layer of FRP in the horizontal direction 

and an additional layer of FRP in the vertical direction. For enhancement of shear 

strength of the wall, the FRPs were bonded to the wall with the fibers oriented in a 

horizontal direction. Vertical FRPs were also added to improve the flexural strength of 

the walls. While this served to provide confinement to the RC wall, it was believed that 

the orthogonal arrangement of the FRP can resist the diagonal stress fields developed 

when the wall is loaded in-plane. In addition, the flanges were also strengthened with a 

layer of FRP in the horizontal and an additional layer in the vertical direction to provide 

the required restoration of strength in these elements. 

 

For the repair of specimens, heavily cracked and spalled concrete from the wall base 

was removed and replaced by a polymer modified cementitious repair mortar known as 

Plantitop G40SP. The repair mortar had a rated compressive strength of more than 40 

MPa and a flexural strength of more than 7 MPa after 28 days. The shrinkage was less 

than 0.1% and had a volume change of about 2%. The damaged flange was cleared of 

loose concrete and deleterious substances, which was replaced by the repair mortar. A 



 

formwork was fabricated around the affected region for the application of the repair 

mortar. Cracks at the base of the specimens were repaired by injecting epoxy into tubes 

installed at the base. Injection inlets were installed on the wall at intervals of about 300 

mm along the cracks. A crack sealer made of epoxy was used to seal the remaining parts 

of the cracks during epoxy injection. The epoxy was a two-component solvent-free, 

nonpigmented epoxy resin compound with low viscosity. In addition, the epoxy had a 

tensile strength of 74 MPa and Young’s modulus of 3.17 GPa. However, after curing, it 

had a rated compressive strength of 65 MPa, slant shear bond strength of 16.8 MPa, 

flexural strength of 40 MPa, Young’s modulus of 2.40 GPa, and an ultimate strain of 4%. 

The aforesaid material characteristics were based on the manufacturer’s data. 

 

Subsequent to repair, specimens were strengthened with FRP material. Before the 

application of FRP sheets and strips, grinding of the specimens was undertaken to 

achieve a fully smooth surface and rounding of corners with a radius of about 20 mm. 

The rounding of the corners allowed for the application of the FRP sheets and strips 

around the corners. Fig. 5 illustrates the FRP strengthening scheme for each specimen, 

whereby the GFRP strips are demarked as SEH-51A and the CFRP strips are de-marked 

as SCH-41. The strengthening scheme is described as follows: 

 GFRP strips that were applied at the base of the flanges were bent at 90° and thereafter 

extended 300 mm in length to be anchored for specimens RLW2 and RMW1. 

Similarly, CFRP strips were used for specimens RLW3 and RMW2. 

 A layer of GFRP sheet was applied at each flange with fibers oriented in the vertical 

direction to increase flexural strength of the walls for specimens RLW2 and RMW1. 

Similarly, CFRP layers were used for specimens RLW3 and RMW2. 

 Two layers of GFRP U-shaped jacket with fibers oriented in a horizontal direction 

were applied to confine the flanges of all specimens. 

 A layer of GFRP sheet was applied on the main face of the wall with fibers oriented in 

a vertical direction to increase flexural strength for specimens RLW2 and RMW1. 

Similarly, CFRP sheet was applied on specimen RMW2. However, for specimen 

RLW3, two CFRP strips were used to form a cross bracing on the main face of the 

wall. 



 

 A layer of GFRP sheet was applied to the main face to increase the strength and cover 

the ends of the previous jackets at the flanges. 

 

GFRP anchors were placed at various locations along the development length of the 

sheets. The anchor consisted of a bundle of fibers properly formed to size and fully 

impregnated with epoxy prior to insertion into the drilled holes in the wall. The drilled 

holes were cleaned and kept free of dust. The embedded length of the anchor from the 

surface of the wall had a minimum length of 50 mm. For the GFRP anchor, the tensile 

strength of the glass fiber is 3.24 GPa, the tensile modulus is 72.4 GPa, and the ultimate 

elongation is 4.5%. The anchor comprises of epoxy and glass fiber roving. Typically, a 

10-mm diameter hole is drilled into the specimen at the location of the anchor and for a 

depth of 75 mm into the specimen. When anchored, the splay out rovings of the fiber 

extend for a minimum of about 100-mm diameter on the surface of the specimen. Fig. 6 

shows a typical detail for the fiber anchor. For each wall, 18 anchors were used. For the 

low-rise wall, the vertical spacing of the anchors is 600 mm center to center and the 

horizontal spacing is 700 mm center to center. For the medium-rise wall, the vertical 

spacing of the anchors is 700 mm center to center and the horizontal spacing is 700 mm 

center to center. 

 

The FRP sheets used for strengthening the walls were GFRP and CFRP with main 

fibers running in one direction. GFRP sheets, after the application and hardening of the 

epoxy resin binder, had a Young’s modulus in tension equal to 20.9 GPa, ultimate tensile 

strength of 460 MPa, and ultimate strain of 2.2%. The ultimate tensile strength 

perpendicular to the primary fiber was 25.8 MPa and the laminate thickness around 1.3 

mm. CFRP sheets, after the application and hardening of the epoxy resin binder, had a 

Young’s modulus in tension equal to 82 GPa, ultimate tensile strength of 834 MPa, and 

ultimate strain of 0.85%. The laminate thickness was around 1.0 mm. The CFRP strip 

used had a high modulus, high-tensile strength, pull-formed epoxy-carbon composite that 

was used for the cross bracing of specimen RLW3. After the application and hardening of 

the epoxy resin binder, it had a Young’s modulus in tension equal to 139 GPa, ultimate 

tensile strength of 2.51 GPa, and an ultimate strain of 1.8%. 



 

Experimental setup 

 

An in-plane loading system, which included three double-acting hydraulic actuators, was 

used. The actuators have a capacity of 1,000 kN with a stroke of 1,000 mm when fully 

extended. The steel beam at the top of each wall specimen was bolted to a horizontal 

double-acting hydraulic actuator and two vertical double-acting hydraulic actuators. 12 

high-strength steel rods (six on each side) were used to tighten the loading beam to the 

wall to enable the lateral loading to be introduced as compression on the end faces of the 

top loading beam. Fig. 7 illustrates the experimental setup. 

 

Throughout the testing, the specimens were subjected to axial loading by two vertical 

hydraulic actuators. The axial loading on all the wall specimens was calculated based on 

the tested concrete strength of the specimen: Pi=0.05  
 Ag, where   

 =40 MPa, Ag is the 

cross-sectional area of wall, and Pi is the total axial load on the wall. Since the axial load is 

exerted by two vertical hydraulic actuators on each side, vertical force exerted by one 

actuator =Pi/2. The loading shown in Fig. 8 included two load cycles at each displacement 

level. Displacement control was used throughout the test and the extent of in-plane 

displacement, which the specimens were subjected to, is expressed in terms of drift ratio. 

Drift ratio is the displacement of the top of the wall relative to the wall base, expressed as 

a ratio of the height of the wall. 

 

For recording the displacements and deformations, a total of 14 linear variable 

displacement transducers (LVDTs) were installed along the specimens. One horizontal 

LVDT was installed at the top of the wall to measure the top deformation. Two diagonal 

LVDTs were inclined at 60° at the back of the wall to measure the shear deformation of 

the wall. Another two diagonal LVDTs were inclined at 30° to measure the sliding 

displacement of the base. The rest of the vertical LVDTs at the side were installed to 

measure their axial deformations within a length equal the horizontal length of the wall. 

Refer to Fig. 9 for the arrangement of the LVDTs. 

 

 



 

Discussion of Results 

 

Crack Patterns and Failure Modes 

 

Crack patterns and failure modes for all specimens were generally similar. In all 

specimens, no visible cracks were observed on the wall at drift ratios ranging from 0.05% 

to 0.17% compared to the observed flexural cracks at the lower part of the original 

specimens. Up to a drift ratio of 1%, the main face of the web and flanges extending up 

from the base remained intact with no visible signs of cracking or debonding of FRP 

sheets. As drift ratio increased from 0.25%, the anchor strips under the flanges showed 

debonding at a greater degree. The delaminating of GFRP and CFRP sheets initiated at 

drift ratio 0.25% for specimens RMW1 and RMW2, respectively. Compared to the 

original specimens, no spalling of concrete cover at wall base of all repaired specimens 

except shear cracking of concrete was observed in specimen RMW1 (refer to Fig. 10). 

For specimen RLW2, flange failure was observed at the base region as shown in Fig. 11. 

In all specimens, the final failure involved severe cracking along the base of the main 

face of the wall. This was associated with the failure of the anchor of the FRP strips, 

which were introduced to increase the flexural strength of the walls. The failure 

mechanisms can be characterized by flexural failure under the flanges and sliding failure 

along the wall base. This flexural-dominant failure mechanism which occurred in the 

repaired specimens was also present in the original specimens. 

 

 

Lateral Load versus Top Displacement 

 

Fig. 12 shows the lateral load versus top displacement relationship of the original and 

repaired specimens. In all specimens, pinching was observed after a drift ratio of 0.67% 

and became significant for subsequent cycles. At drift ratio=0.67%, the envelope of the 

hysteresis loops was nearly horizontal, indicating that the peak strength of the walls was 

reached. After this stage, there was strength deterioration and stiffness degradation as 

seen in the hysteresis loops. Table 1 summarizes the maximum strength at corresponding 



 

cycle attained by each wall for negative and positive loadings. 

 

For the repaired low-rise walls, RLW2 recovered almost 80% of its original strength in 

the negative loading cycle direction and was slightly stronger than the original in the 

positive loading cycle. An attainment of a higher maximum strength in the positive 

loading than in the negative loading also indicated that the right side of the wall was 

much stronger than the left side. RLW3, on the other hand, managed to recover its 

original strength in both the negative and positive loading cycle directions with an attain-

ment of similar maximum strength in the respective loading cycles. This showed that 

both sides of RLW3 were similar in strength in withstanding lateral loading. 

 

For medium-rise walls, RMW1 and RMW2 also managed to recover almost all of its 

original strength. However, after reaching their peak, respectively, it was observed that 

both repaired specimens suffered a more rapid drop in strength compared to the original 

walls. 

 

 

Lateral Load versus Shear Displacement 

 

Fig. 13 illustrates the lateral load versus shear displacement relationship. Shear 

displacement was greatly reduced in all repaired specimens. This suggested that the 

repaired walls were significantly resistant against diagonal shear cracks. For the repaired 

medium-rise walls, specimens RMW1 and RMW2 showed an increase in shear strengths 

as compared to their original counterparts of MW1 and MW2, respectively. For the low-

rise walls, the repaired RLW2 showed a significant increase in the shear strength 

compared to the original counterpart LW2. However, the repaired RLW3 did not show an 

increase in shear strength when compared to its original counterpart of LW3. 

 

 

 

 



 

Components of Top Deformation 

 

An analysis was carried out to assess the contribution of deformation components. The 

top deformation of the walls in this testing was mainly caused by flexural, shear, and 

sliding displacement. Fig. 14 illustrates the ratios of three displacement components to 

the total deformation with respect to drift ratios. From Fig. 14, the relative contribution of 

three components vary in terms of the drift ratios with the observed behavior that with 

increasing lateral displacements up to drift ratio 1%, the contributions of flexural 

deformations increased while the ratios of the other two components rose slightly. The 

flexural deformation had about a 30% increase in both RLW2 and RLW3 whereas for 

RMW1, it started to decrease after drift ratio 0.67% and there was no significant increase 

for RMW2. Similar to the original specimens, the repaired counterparts exhibited a 

flexural-dominant deformation with flexural deformation observed to have contributed to 

more than 50% of the total displacement, on average. Following flexural deformation, the 

next dominant contribution to deformation was shear deformation for all original 

specimens, which accounted for about 20% of the total deformation. The shear com-

ponent was only significant for RMW1; it was more pronounced at drift ratio 0.5% where 

it peaked and then decreased significantly. The sliding shear component accounted for 

10% or less in all original specimens. The contribution of sliding shear to the deformation 

increased significantly in RLW2 and RLW3 but the sliding shear component in RMW1 

and RMW2 was almost negligible. 

 

Curvature Distribution along Wall Height 

 

Figs. 15 and 16 show the wall curvature distribution along the wall height for all wall 

specimens. In all repaired specimens, the curvature of the region above 500 mm from the 

wall base did not have much change. For RLW2 and RLW3, it was observed that the 

curvature was highly concentrated at the bottom region. In the negative and positive 

loading directions, the bottom curvatures of both original and repaired specimens were 

observed to be similar and increased significantly after attaining drift ratio of approxi-

mately 0.33%. The curvature distribution for MW2 and RMW2 was an exception. Above 



 

500 mm, the curvature for MW2 was large as compared to a concentrated distribution for 

RMW2. 

 

 

Stiffness Characteristics 

 

Fig. 17 shows the stiffness curves for the wall specimens at the peaks of their loading 

cycles. For the low-rise walls, it was observed that the repaired RLW2 and RLW3 were 

not as stiff as the original walls, especially in the initial cycles. At higher drift ratios, the 

repaired walls, however, showed less stiffness degradation than the original walls. This 

implied that the repaired walls were more ductile than the original ones. For the medium-

rise walls, the initial stiffness of RMW1 and RMW2 was significantly less than that of 

the original counterparts. At a later stage, the stiffness of all the walls was about the 

same. 

 

 

Conclusions 

 

The work presented compares the behavior of damaged RC walls after they have been 

repaired to that of its original counterparts. From the experiments, repair of damaged 

walls using FRP sheets can serve to restore the strength and ductility of damaged RC 

walls. From the present experimental work, conclusions related to the behavior of 

damaged RC walls, subject to seismic loading after repair, are as follows: 

 Flexural strength and stiffness can be increased by the use of GFRP and CFRP sheets. 

The use of CFRP is more effective than GFRP in recovering the strength as shown by 

the better performance of RMW2 compared to RMW1. Additional use of CFRP 

laminate strips on RLW3 was effective in restoring the original strength and ductility 

of low-rise specimen LW3. The increase in strength following the repair of the 

damaged walls was as high as 10% in the low-rise walls and up to 20% in the 

medium-rise walls. 

 By using FRP jackets, the shear strength of the repaired walls increased and shear 



 

cracking was effectively controlled by much reduced shear displacement. However, 

sliding shear cracks could not be prevented from propagating at the base. 

 The use of a GFRP sheet to confine the ends of the FRP jackets assisted in preventing 

the debonding of the jackets. 

 In general, the dissipated energy of the repaired specimens is significantly larger than 

those of the original counterparts for both the low-rise and medium-rise walls, as 

observed from the hysteresis loops. However, hysteretic behavior of repaired low-rise 

specimen RLW2 is worse than that of LW2, mainly because inelastic deformation 

concentrates at the critical crack formed at the interface of the repair mortar and the 

flange base. 

 Stiffness of the repaired specimens was on average higher than that of original 

specimens at higher drift ratios. 

 The L-shaped anchor strips were effective as there was no debonding observed on the 

main body of the wall in all repaired specimens. 

 However, debonding of the L-shaped strips occurred at the base of the wall. Anchoring 

of FRP strips at critical regions (such as the base of walls) is far from easy and the 

anchorage zones are susceptible to failure under tension. 

 Increasing the anchorage length along with plates or angles will help in preventing 

early peeling. 

FRP has its merits such as the ease of installation and minimal intervention to an existing 

building and it can serve as a favorable repair and strengthening choice for RC walls 

damaged by lateral loads. 
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