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ABSTRACT: In the last two decades, several seismic retrofitting techniques for masonry 
structures have been developed and practiced, but rarely validated with experiments and 
numerical modelling. Further more, the research has been carried out mainly in America 
and Japan where the risk of major earthquake is high. In Australia, although unreinforced 
masonry is one of the most popular types of construction, research into seismic 
retrofitting of masonry structures is rare.   The purpose of this research is to develop a 
new and high strength seismic retrofitting technique for masonry structures. An 
innovative retrofitting technique is presented in this paper using Fiber Reinforced 
Polymers (FRP) strips. In the paper, the experimental results of three unreinforced 
masonry walls retrofitted with FRP strips are presented. All walls were tested under 
combined constant gravity load and incrementally increased in-plane lateral displacement 
reversals. The results showed that both the strength and ductility of tested specimens were 
significantly enhanced with this technique. Seismic retrofitting of unreinforced masonry 
walls with FRP proved to be an effective and reliable strengthening alternative. 

 

1 INTRODUCTION 

 

Traditionally Australian civil engineers have not paid a great deal of attention to earthquake resistant 
design. However, the Newcastle earthquake in 1989 led to the creation of a new set of guidelines for 
earthquake resistance. This new code has resulted in the need to systematically retrofit structures that 
no longer comply with the new guidelines. Masonry structures are one of the most common 
construction types in Australia.  Although the history of past earthquakes has shown that masonry 
buildings have suffered the maximum damage and also accounted for the maximum loss of life, they 
continue to be popular. Most of the historic or existing buildings throughout Australia are unreinforced 
masonry, highlighting the need to improve their performance by retrofitting and strengthening to resist 
potential earthquake damages. 

Un-reinforced masonry (URM) is one of the oldest and most widely used construction methods in the 
world. Inherent advantages, including; aesthetics, heat and sound insulation, fire resistance, 
economical considerations and sound understanding of its mechanical properties, contribute to its 
continuing appeal.   In Australia the majority of URM buildings have been constructed with little or no 
seismic requirement. This has resulted in a large inventory of buildings that possess an inability to 
dissipate energy through inelastic deformation in an earthquake event.   “Two types of failure are 
commonly observed in load bearing URM walls subjected to seismic loads. These are in-plane failure 
characterized by a diagonal tensile crack pattern, and out-of-plane failure, where cracks are primarily 
along the mortar bed joints; ”Ehsani, et al. (1999).   The aim of seismic retrofitting is to enhance the 
ultimate strength of the building by improving the structures ability to absorb inelastic deformation.  
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This can be achieved by changing the structural system such that the energy is transferred along 
alternative load paths, or alternatively, increasing the ductility in the individual elements that make up 
the structural system. The application of fibre reinforced polymers (FRP) to URM is one method that 
attempts to improve a structures load carrying capacity and integrity during an earthquake event. With 
particular emphasis on in-plane failure, the project aims to investigate individual element strength 
improvements using configurations of strips of FRP adhered to standard URM walls and  the potential 
increases in ductility of indicative individual walls retrofitted accordingly, that might be included as 
part of a structural system. 

Fiber reinforced polymers (FRP) consist of high resistance fibre impregnated with polymeric resins 
and have high tensile strength, lightness and corrosion insensitivity. These materials can absorb tensile 
stress and increase overall element stiffness, ductility and bearing capacity. Using FRP for seismic 
retrofitting applications has other advantages such as rapid application, durability, no loss of valuable 
space and no additional weight and can remain unchanging dynamic properties for structures. 
Therefore, FRP would seen to be particularly suitable for seismic retrofitting materials.   

There are three common types of FRP, which are Glass, Aramid, and Carbon Fibre Reinforced 
Polymers (GFRP, AFRP AND CERP, respectively) and FRP are commercialised in different shapes: 
rods, tendons, laminates and three-dimensional components. All of them have been successfully used 
to enhance the strength and ductility for seismic retrofitting of unreinforced masonry structures. 
(Ehsani et al., 1997, Kolsch, 1998, Velazquez-Dimas et al., 2000, Tinazzi et al., 2000 Tumialan et al., 
2001) 

University of Missouri-Rolla has conducted  a series of research using FRP laminates and rods to   
retrofit masonry structures. It has been found out from their research that using FRP Structural re-
pointing technique and combining with FRP laminates on particularly surface is the most effective 
retrofitting technique.  Repointing is a traditional retrofitting technique, commonly used in the 
masonry industry, which consists of replacing missing mortar in the joints. The term “ structural “ is 
added to describe a strengthening method aimed at restoring the integrity and/or upgrading the 
capacity of walls. This is achieved by placing into the joints deformed Fibre Reinforced polymer 
(FRP) rods, which are bonded to the masonry wall by a suitable paste. From the laboratory tests, the 
FRP Structural Repointing technique and combining with FRP laminates on particularly surface has 
shown to dramatically improve the shear and bending moment capacities under static or cyclic in-
plane and out-of-plane load. Also the residual load bearing capacity remains remarkable even after 
high damage levels were introduced. (Tinazzi et al., 2000)  

Triantafillou (1998) tested a series of indicative clay URM walls fitted with uni-directional CFRP 
fabric strips for the three most common cases of masonry loading: out-of-plane bending with axial 
force, in-plane bending with axial force, and in-plane shear with axial force. The pertinent results of 
this experimentation led the author to the conclusion that the in-plane shear capacity of FRP 
strengthened walls can be quite high, especially in the case of low axial loads. The author’s 
experimentation highlighted the important role of failure through the FRP shearing beneath the bond. 

Albert et al. (2001) conducted an experimental program to investigate the following parameters: type 
of fibre reinforcement, amount of fibre reinforcement, layout of fibre reinforcement, effects of 
moderate compressive axial load, and cyclic behaviour. Two out-of-plane concentrated loads were 
applied to the walls. The conclusions of relevance from this investigation were; firstly, overall the 
strength and ductility of the specimens is increased significantly when strengthened with FRP, and 
secondly, using twice as much carbon fibre sheet resulted in double the stiffness. This article indicates 
the importance of the layout and the amount of material that is used. Due to the high cost of the 
material it is important that the amount required to satisfy the structural application be known so that 
sound decisions can be made in regards to the financial viability of the method ultimately 
implemented. The amount used will not only depend on the strengthening required by the thickness, 
but also the layout that is used. 

Another experimental program was to use GFRP on URM walls loaded cyclically out-of-plane  
(Ehsani et al. 1999). It was concluded that the ultimate flexural strength of the tested walls was 
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significantly increased when this retrofitting technique was used. This experiment measured 
deflections as much as 2.5% of the wall height, which equated to approximately 14 times the 
maximum allowable deflection. 

The use of diagonally placed reinforcement appeared again in an experiment conducted by Sittipunt et 
al. (2001). Whilst this experiment tested concrete walls reinforced with steel bars, the results obtained 
and some of the issues highlighted are quite interesting. The walls were loaded cyclically in-plane and 
whilst the layout of reinforcement did not have a significant influence on the maximum lateral load 
resisted by the walls, the measured crack widths were less, and more energy was dissipated by the 
walls with diagonal reinforcement during loading cycles with comparable levels of displacement. The 
ultimate failure of the walls with the diagonal reinforcement was due to crushing of the boundary 
elements. Whilst this testing procedure was neither FRP nor retrofitting related it does indicate a case 
for a bracing or diagonal layout of the material. 

Several other investigators studied the out-of-plane failure using various FRP’s coupled with 
variations on loading and wall construction methods and similar results were obtained. The consensus 
is no doubt that FRP’s indeed improve the overall strength and ductility of URM walls that are loaded 
out-of-plane similar to an earthquake event. 

Perhaps the most relevant to my research is that produced by Tinazzi and Nanni, (2000). In this 
experimental program they tested the shear resistance of a masonry wall using the diagonal 
compression test. This is an in-plane loading condition designed to simulate the resultant of an axial 
load and an in-plane load. Using a specially designed jig the experiment tested various configurations 
of GFRP on both single and double brick indicative URM walls under quasi-static loading cycles. The 
results revealed an elastic behaviour until de-bonding of the reinforcement occurred. FRP 
strengthening completely changed the failure mode of the shear walls, preventing any detrimental 
sliding of the mortar joints. 

Progression and width of the cracks were limited by the reinforcement effect, obtaining higher 
capacity, damage progression control, ductile behaviour and energy dissipation.  

Clearly there is not one experiment in particular that addresses directly the ability to improve the in-
plane capacity of retrofitted URM walls for seismic loading, however, each of these articles presents 
valid information that is useful for implementing a testing procedure that will ideally produce useful 
results for the intended recipients of the experimental data. 

There are other retrofitting methods currently being practiced around the world. The majority of these 
can be categorized into two types. The first of these relates to adding structural elements such as steel 
or concrete frames to the existing building. 

According to Ehsani et al. (1999), this option presents some disadvantages such as adding significant 
weight to the building which in turn may require foundation adjustments, loss of valuable space to the 
building occupants, and possible disturbance to the users whilst retrofitting occurs. 

The second alternative relates to surface treatments, and can be achieved in many ways. One of these 
methods is the attachment of steel plates to URM walls. This steel strip system consists of diagonal 
and vertical strips that are attached using through-thickness bolts. Test results produced by Taghdi, 
(1998) showed that it was effective in significantly increasing the in-plane strength, ductility and 
energy dissipation capacity of low-rise URM walls. This method is, however, time and labour 
intensive, and, according to Bhende and Ovadia, (1994) the effects of the drill holes on the in-plane 
behaviour needs to be addressed. 

 

2. EXPERIMENTAL PROGROM 

 

Three full-scale clay brick masonry walls retrofit ted with FRP have been tested under combined 
compression and racking cyclic loads. 
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2.1 TEST SPECIMEN 

 

To simulate practical situations, solid clay bricks (Medium Sandstock, Size of brick: 230x110x76mm) 
which are commonly used as load bearing walls in Australia were chosen from commercially available 
clay bricks and pavers to build the test wall panels. 

The mortar used had a mix design of 1:1:6 (cement: lime sand: sand, by volume) ratio and a thickness 
of 10mm. To maintain the consistency, all the wall panels were built by the same bricklayer and were 
cured in air for 28 days, before testing. 

The test wall panels were built on reinforced concrete beams which were bolted on to the reaction 
floor. The beams acted as a foundation for the walls.   

The type of FRP used for this experiment was Sika CarboDur S (Width 30mm ,thickness 1.2mm and 
tensile strength 2800 MPa) and epoxy adhesive for bonding Sika CarboDur Strips was Sikadur-30. 
The FRP was fixed for one side of the wall only. 

 

2.2 WALL CONFIGURATION 

 

Wall with aspect ratios of less than 1.0 have flexural strength higher than their shear strength. These 
walls should fail in shear in a non-ductile manner. The proposed retrofitting systems aim to improve 
the performance of walls by increasing shear strength above their flexural strength and by increasing 
ductility and energy dissipation capability. All specimens were chosen with an aspect ratio of 1.0 to 
ensure that most of the unretrofitted walls would exhibit shear-induced damage. Therefore, the in-
plane failure would be dominate. The dimension of the wall is 940mm long x 940mm high x 110 wide 
(11 courses high and 4 bricks in each course). The wall was constructed on top of a concrete 
foundation beam to simulate a house footing. Two different FRP configurations were used for the test. 
(Figure 1)  

                            
          

Fig. 1. Two different FRP configurations   

 

2.3  WALL TESTING SETUP 

The test setup is shown in Figure 2. One hydraulic jack was used to apply lateral loads to the specimen 
and another one used to apply a vertical load.  The jacks were supported by a steel reaction frame. The 
vertical load was applied uniformly to the top of the wall through a stiff spreader beam. The walls 
were braced by using two lateral steel beams to prevent the out-of-plane deflection. 

Wall 2 Wall 3 
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Fig. 2. Test setup  

 

2.4  LOAD HISTORY 

 

Each specimen was subjected to horizontal displacement reversals while also subjected to a constant 
axial compression. 

In this test program, axial loads were applied to all specimens in addition to the lateral loads, to create 
a more realistic loading conditions, and because this research includes masonry walls whose ultimate 
behaviour is considerably affected by the presence of gravity loads. For example, the rocking capacity 
of URM walls depends directly on the magnitude of the applied axial load. If bearing loads are not 
applied on such a masonry wall, its lateral capacity is theoretically zero (if the self weigh of the wall is 
neglected). Identical axial loads were applied to all specimens of this research. This simulated 
identical tributary floor areas, and made it convenient to compare the results between specimens. A 
realistic axial load of 0.2 MPa was applied to the wall to simulate an applied roof and second story 
onto the wall. 

To simulate earthquake loading, a series of horizontal displacement cycles of increasing amplitude 
were used on all the walls. The wall was cycled twice at each of the incrementally increasing inelastic 
displacement amplitude until failure.  

 

2.5 DATA COLLECTION 

The specimens were well instrumented for displacement, rotation and strain measurements. Strain 
gauges were used to measure strains in FRP. Displacements were measured by linear variable 
displacement transducers (LVDT’s). Data acquisition systems were used to record forces and 
deformations.  

3 EXPERIMENTAL RESULTS 

The three walls tested had the same height-to-thickness ratio, and were retrofitted using the same 
epoxy and primer. Two different configurations were investigated. The load-deflection envelopes for 
three walls are presented in Fig 3. It can be seen from the envelope, the dramatic increase of the 
ultimate strength for walls retrofitted with FRP is evident. The improvement of the ultimate lateral 
load resistance of the retrofitted walls with two FRP strips and four FRP strips strengthening is 
respectively 3 times and 4 times the capacity of unreinforced wall.  
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The hysteretic relationship of all wall specimens is shown in Fig.4 ,5 and 6, respectively, indicates that 
the retrofitted URM walls exhibit approximately symmetrical stable hysteretic behaviour with 
significant increase in ductility, stiffness, and dissipation of energy.   

 

Maximum load envelops for all test specimens
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Fig. 3. The load-deflection envelopes of three walls                     Fig. 4.  Hysteretic behaviour of Wall-1 

                                                                                                                     (Unreinforced wall)                                                       

Wall 2 ( Two FRP strips)
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Wall 3 (Four FRP strips)
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             Fig. 5.  Hysteretic behaviour of Wall-2                            Fig. 6.  Hysteretic behaviour of Wall-3 

                            (Retrofitted with two FRP)                                                (Retrofitted with four FRP)                                    

                           

4 MECHANISM OF FAILURE 

 

The failure mode and cracking pattern of three walls, indicated by arrows in the pictures, are shown in 
Figure 7,8,9 and 10, respectively The unretrofitted wall behaved in a combination of rocking and 
sliding. The sliding developed in one direction, at an ultimate force of 17.4kN, while the rigid-body 
rocking (with some small amount of sliding) developed in the other direction, at an ultimate force of—
12.8kN. The wall exhibited relatively large deformations with minor strength decay before failure. 
Rocking and sliding could only develop as a consequence of cracking along the bed joint. Despite the 
low strength of this wall, which indicates a certain strength deficiency, its sliding friction and rocking 
behaviour noticeably dissipates energy. In hindsight, even though calculations prior to testing 
predicted that rocking would develop at a lateral load of 10kN, assuming cracking along the base of 
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the wall, cracking above the base joint should not be surprising; the base joint was fully mortared in 
compliance with construction requirements and was thus stronger, forcing the crack to occur in the 
weaker joints above. However, the reason cracking occurred above the third course of masonry rather 
than the first is due to the metal bracket to prevent the wall from moving. The failure mode of the Wall 
2 and Wall 3 are quite similar to Wall 1, behaved in a combination of rocking and sliding. 

 

           
      Fig. 7.  The failure mode of wall 1 (Back side)                Fig. 8.  The failure mode of wall 1 (Front Side) 

 

           
   Fig. 9.  The failure mode of wall 3 (Back side)                Fig. 10.  The failure mode of wall 3 (Front Side) 

 

5 CONCLUSIONS 

 

Experiments conducted in this study show that FRP strips retrofitted to low-rise masonry walls are 
effective in significantly increasing their in-plane strength, ductility, and energy dissipation capacity. 
The improvement of the ultimate lateral load resistance of the retrofitted walls with two FRP strips and 
four FRP strips strengthening is respectively 3 times and 4 times the capacity of unreinforced wall.  

Note that, although no out-of-plane tests were conducted within the scope of this research, the authors 
believe it is preferable to use the proposed strip system on both sides of the wall, to provide greater 
out-of-plane strength and minimize out-of-plane displacements.   

Seismic retrofitting of unreinforced masonry walls with FRP proved to be an effective and 
reliable strengthening alternative. 
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