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Abstract

:

In the current research work, an attempt is made to increase the seismic capacity of unreinforced masonry (URM) structures by proposing a new composite material which can improve shear strength and deformation capacity of URM wall systems. Fiber Reinforced Polymer (FRP) having high tensile and shear stiffness can significantly increase in-plane and out-of-plane strength of masonry walls, but, inherently, FRP strengthened wall systems exhibit brittle failure under extreme seismic loading. Polypropylene (PP-band) is a low cost material with sufficient ductility and deformation capacity. Keeping in view the behavior of FRP and PP-band, a composite of FRP and PP-band is proposed for retrofitting of URM walls. Mechanical behavior of the proposed composite material is assessed by carrying out an in-plane diagonal compression test and an out-of-plane bending test on twenty-five 1/4-scaled masonry wall panels. Experimental plan for each panel, URM, PP-band retrofitted, FRP retrofitted and FRP + PP-band retrofitted masonry, is diagonal compression test and three-point bending test. Experimental results have determined that FRP + PP-band composite increased, not only the initial peak strength, but also the ductility, deformation capacity and residual strength of URM wall systems.
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1. Introduction


Masonry is a historical construction material and has served as the first choice of people for many centuries. Pleasing aesthetics with good sound and heat insulation properties are some of the inherent advantages of masonry. Local availability of masonry raw materials and having lower cost of manufacturing has made it a popular construction material. Even in the recent times masonry structures are higher in number than concrete, steel and wooden structures [1]. However, historically unreinforced masonry (URM) structures have suffered extensive damage during earthquakes. Therefore, to increase the seismic capacity of low earthquake-resistant masonry structures is one of the key issues for earthquake disaster mitigation and for reduction of casualties. Seismic retrofitting reduces not only casualties and damage to buildings during earthquakes, but also the costs of first aid activities, rescue, rubble removal and permanent residential reconstruction to help and support re-establishment of daily life [2]. URM buildings can fail due to deficient strength of walls when loaded in in-plane and out-of-plane directions [3]. Seismic capacity of URM buildings depends on the ability of in-plane walls to effectively transfer lateral forces to the foundations [4,5].



Failure of in-plane walls occurs due to formation of diagonal shear cracks, by sliding of a portion of the wall generally along a bed joint (sliding shear deformation), by rocking about the wall toe or by crushing of the wall toe [6]. URM structures are much weaker in out-of-plane direction as compared to in-plane direction and final collapse of masonry buildings is due to out-of-plane failure of URM walls [7].



In order to avoid diagonal shear failure and out-of-plane failure of URM walls, different retrofitting procedures have been adopted by different researchers [8]. Some of the retrofitting methods include the seismic retrofit of URM walls using externally-bonded or near surface mounted Fiber Reinforced Polymer (FRP) laminates, bars and fabrics. Experiments on various patterns and layouts of FRP have validated that FRP can significantly increase in-plane and out-of-plane strength of URM walls [7,9,10,11,12,13,14,15,16,17,18,19,20,21,22]. Higher strength to weight ratio, ease of application and corrosion resistance are some of well-known advantages of FRP retrofitting technique over conventional retrofitting methods. On the other side, FRP is a costly material and exhibits a brittle failure [11,14,23].



In addition to aforementioned retrofitting methods, Mayorca and Meguro [24] proposed polypropylene band (PP-band) mesh retrofitting technique. PP-band is normally used for packing and also available worldwide. PP-band is a low cost material with large deformation capacity [25]. A mesh of PP-band can be applied to URM structures to hold the masonry components into a single unit and to prevent the collapse of masonry structures. After carrying out a series of experiments ranging from small-scale model to full-scale masonry house, it was found that PP-band retrofitted walls can withstand much stronger input ground motion without collapse [2,24,26,27,28,29,30].




2. Research Objectives


In this study, a new composite retrofitting material is proposed, which consists of FRP and PP-band. This composite retrofitting technique can increase the shear strength and bending strength of URM walls and can serve satisfactorily to hold the structural system by providing sufficient deformation capacity. FRP is a brittle material having ultimate tensile strain ranging from only 2% to 4% [31]. PP-band cannot increase initial strength, but it can increase deformation capacity and energy dissipation capacity of masonry wall systems [30]. In order to get holding effect, if FRP is used for brick masonry, then it is required to apply FRP on whole wall surface, which will tremendously increase the retrofitting cost and still the ductile failure of masonry wall system is not guaranteed. On the other hand, PP-band mesh is not only a fairly ductile and deformable, but can also be wrapped around to the whole wall system, because of very low retrofitting cost.



Main objective of this study was to investigate the effect of PP-band and FRP composite on increase in strength and deformation capacity of masonry wall panels. In order to achieve aforementioned objective, diagonal compression tests and three-point bending tests using 1/4-scale retrofitted and non-retrofitted masonry panels were carried out.




3. Experimental Results


Experiments were conducted in three main phases, material test, diagonal compression tests and out-of-plane bending tests on 1/4-scale retrofitted and non-retrofitted masonry panels.



3.1. Diagonal Compression Tests Results


Figure 1a shows the stress-strain of three non-retrofitted masonry panels, which are abbreviated as URM-1, URM-2 and URM-3. All of the URM masonry panels have shown different peak strength values. Stress-strain curve of PP-band retrofitted masonry panel along with URM masonry panels is shown in Figure 1b. PP-band retrofitted panel has shown same initial stiffness as that of URM’s, with a peak stress value of 0.126 MPa. After the initial peak stress, there was sudden drop in peak value due to failure of masonry panel, but as the applied load further increases PP-band comes into action and restrains the further movement of failed masonry. This phenomenon can be seen by increase in load carrying capacity of panel after the strain value of 1.5%. There are some rises and falls in load carrying capacity of masonry panel, which is due to subsequent failure of masonry and PP-band restraining action. After the strain value of 8%, the load carrying capacity has even increased from the initial peak load and keeps on increasing up to 12.1% strain. Beyond 12.1%, bricks and mortar started crushing due to very high compressive displacements.



To understand behavior of retrofitted and non-retrofitted masonry panels under diagonal compression loading, stress-strain curves of non-retrofitted are presented along with retrofitted masonry panels in Figure 2. Figure 2a shows the stress-strain curves of Carbon Fiber Reinforced Polymer (CFRP) and CFRP + PP-band retrofitted masonry panels along with URM, and PP-band retrofitted masonry panels. CFRP retrofitted masonry panel has increased the initial peak load of URM from average value of 0.11 to 0.79 MPa and failure strain from 0.7% to 3.7%. After the initial peak, there is a sudden drop in strength of CFRP retrofitted masonry panel. Proposed CFRP + PP-band retrofitted masonry panel has increased the initial peak strength as that of CFRP retrofitted masonry panel but it has also increased the strain from 0.7% to 20%, which is closer to the failure strain of PP-band retrofitted masonry panel. In addition to this, the panel has shown a high residual strength after the initial peak load. This increase in residual strength was greater than the residual strength of only PP-band retrofitted masonry panel. Failure of CFRP + PP-band retrofitted masonry panel was also gradual with sufficient ductility.
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Figure 1. Stress-strain curves of masonry panels under diagonal compression test, (a) stress-strain curves of non-retrofitted (URM) masonry panels and (b) stress-strain curves of URM and PP-band retrofitted masonry panels. 
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Figure 2. Stress-strain curves of URM and PP-band retrofitted masonry panels along with, (a) CFRP and CFRP + PP-band retrofitted masonry panels, (b) AFRP and AFRP + PP-band retrofitted masonry panels, and (c) GFRP and GFRP + PP-band retrofitted masonry panels. 
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Stress-strain curves of Aramid Fiber Reinforced Polymer (AFRP) and AFRP + PP-band retrofitted masonry panels are shown in Figure 2b. As that of CFRP retrofitted masonry panel, AFRP retrofitted masonry panel has increased initial shear strength but has shown a highly sudden and brittle failure as compared to PP-band retrofitted masonry panel. Increase in initial strength in the case of AFRP retrofitted masonry panels is almost the same as that of CFRP retrofitted masonry panel. Like CFRP + PP-band retrofitted masonry panel, AFRP + PP-band retrofitted masonry panel has also increased the initial shear strength, residual strength and the displacement carrying capacity of masonry panel. In AFRP + PP-band retrofitted case, residual strength was comparatively less than the residual strength of CFRP + PP-band retrofitted masonry panel. This effect could be due to loosen PP-band mesh but still the residual strength is even higher than the initial peak strength of URM panels. Similar type of stress-strain behavior was observed in the case of Glass Fiber Reinforced Polymer (GFRP) and GFRP + PP-band retrofitted masonry panels, as shown in Figure 2c.



Failure Modes


Failure modes and cracking pattern of different types of masonry panels are shown in Figure 3. Figure 3a,b show the cracking pattern of URM and PP-band retrofitted masonry panel. In both of the masonry panels, failure was initiated by a diagonal slip of masonry panel through the mortar joints. Figure 3c,e,g show the cracking pattern of CFRP, AFRP and GFRP retrofitted masonry panels, respectively. All types of FRP retrofitted panels have exhibited a brittle failure with less ductility and having no warning before failure. In none of the FRP retrofitted panels, fracture of FRP strips was witnessed. In most of the cases, failure was initiated due to detachment of FRP along with a thin layer of brick from the masonry panel surface. Figure 3c clearly shows the detachment of CFRP with thin layer of brick from masonry panel surface. Similar type of failure was witnesses by Bahman et al. who performed single lap shear test to evaluate the deboning behavior of FRP from brick surface by using Digital Image Correlation (DIC) technique [32,33]. DIC technique is becoming popular among researchers for full-field measurement of strains and deformation by comparing the image features at different mechanical states. Ghorbani et al. also used DIC technique to predict the cracking pattern and deformation behavior of confined masonry walls [34]. Figure 3d,f,h show the failure pattern of different FRP + PP-band retrofitted masonry panels.
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Figure 3. Failure mode and cracking pattern of masonry panels under diagonal compression test for (a) URM, (b) PP-band retrofitted, (c) CFRP retrofitted, (d) CFRP + PP-band retrofitted, (e) AFRP retrofitted, (f) AFRP + PP-band retrofitted, (g) GFRP retrofitted, and (h) GFRP + PP-band retrofitted. 
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3.2. Out-of-Plane Bending Test Results for Type-1 Masonry Walls


Figure 4a,b show the moment-deflection curves of three URM and PP-band retrofitted masonry panels, whereas corresponding shear stress is plotted on the secondary vertical axis. URM panels have shown a variety of peak strengths with an average value of 0.08 kN-m with almost similar initial stiffness. Behavior of panels was almost linear up to the peak load, as shown in Figure 4a. Figure 4b shows the moment-deflection curve of PP-band retrofitted masonry panel. It has shown peak strength of 0.085 kN-m, which is almost the same as that of URM masonry panels. In the case of PP-band retrofitted masonry panel after the deflection of 1.2 mm, it again started taking load and has gone up to a value of 57.7 mm with a moment value of 0.097 kN-m, as shown in Figure 4b. PP-band retrofitted masonry panel has shown a fairly long deflection and deformation as compared to URM masonry panels.



Figure 5a shows the moment-deflection curve of CFRP, AFRP and GFRP retrofitted masonry panels under out-of-plane bending test. Application of FRP has significantly increased the out-of-plane bending strength of masonry panel. CFRP has increased initial peak strength of URM masonry panel from 0.08 to 0.88 kN-m, whereas AFRP and GFRP retrofitted masonry panel has shown a peak strength of 0.59 and 0.33 kN-m, respectively. FRP has increased the failure displacement of URM masonry panels but no residual strength of masonry panels was witnessed. All FRP’s retrofitted masonry panels have shown a brittle failure. Figure 5a shows an initial drop in strength of FRP retrofitted masonry panels at a displacement range of 0.5 to 0.9 mm. This sudden drop in load was due to separation and falling of a layer of bricks at the inner edge of the masonry panel. After this drop, panels, again, started taking load and reached their corresponding peak strengths.
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Figure 4. Moment-deflection curves of masonry panels under bending test for (a) URM and (b) PP-band retrofitted. 
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Figure 5. Moment-deflection curves under out-of-plane bending test for (a) CFRP, AFRP and GFRP retrofitted masonry panels and (b) CFRP + PP-band, AFRP + PP-band and GFRP + PP-band retrofitted masonry panels. 
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Figure 5b shows moment-deflection curves for CFRP + PP-band, AFRP + PP-band and GFRP + PP-band retrofitted masonry panels. Application of FRP has increased the initial strength of URM masonry panel compared to that of only FRP retrofitted masonry panels. This increase in strength was variable depending upon the type of FRP used and its application on the surface of masonry panel. Presence of PP-band has increased the displacement carrying capacity of masonry panel as that of only PP-band retrofitted masonry panel. In addition to these two predictive effects, FRP + PP-band retrofitted masonry panels have shown a higher residual strength compared to only PP-band retrofitted masonry panel. In the case of CFRP + PP-band and GFRP + PP-band retrofitted masonry panels, this residual strength was even greater than the strength of URM masonry panel. Figure 5b also shows that, the initial drop of strength due to detachment of brick layers as seen in Figure 5a was either vanished or moved to higher load levels due to the presence of PP-band on the surface of masonry panels. All FRP + PP-band retrofitted masonry panels have increased the initial strength, residual strength and deformation capacity of masonry panels.



Failure Modes for Type-1 Walls


Figure 6 shows that failure pattern of different type of masonry panels under out-of-plane bending test. Figure 6a shows a pure bending type of failure with major bending cracks and spalling of bricks from the central part of the panels. There were no signs of shear failure near supports. Figure 6b shows that PP-band retrofitted masonry panel failure. Failure of PP-band retrofitted masonry panels was the same as that of URM masonry panels but the presence of PP-band kept the brick masonry as a single unit. PP-band has not provided any increase in bending strength but after the initial drop of strength due to masonry failure, PP-band enabled the panel to take load after the initial failure. Figure 6c,e,g show the failure of CFRP, AFRP and GFRP retrofitted masonry panels. All FRP retrofitted masonry panels have shown a stepwise failure initiated with the fall of inner and outer bricklayers. Brittle failure of panels was mainly due to detachment and debonding of FRP from brick surface. No FRP rupture was witnessed in any of CFRP, AFRP and GFRP retrofitted masonry panel, failure was due to delamination of FRP from the panel surface. Failure patterns of CFRP + PP-band, AFRP + PP-band and GFRP + PP-band retrofitted masonry panels are shown in Figure 6d,f,h, respectively. Initial failure of all three FRP + PP-band retrofitted masonry panels was similar as that of only FRP retrofitted masonry panels but presence of PP-band did not allow the masonry panel to dismember and kept it as one unit which enabled it to undergo further displacements.
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Figure 6. Failure mode and cracking pattern of Type-1 masonry panels under out-of-plane bending test for (a) URM, (b) PP-band retrofitted, (c) CFRP retrofitted, (d) CFRP + PP-band retrofitted, (e) AFRP retrofitted, (f) AFRP + PP-band retrofitted, (g) GFRP retrofitted, and (h) GFRP + PP-band retrofitted. 
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3.3. Out-of-Plane Bending Test Results for Type-2 Masonry Walls


Figure 7 shows the moment-deflection curves of URM, PP-band retrofitted, CFRP and CFRP + PP-band retrofitted masonry panels under out-of-plane bending test for Type-2 walls, whereas their corresponding shear stress values are plotted on secondary vertical axis. Figure 7a shows the moment-deflection curves of URM masonry panels. Both of URM masonry panels have shown a variety of peak strengths ranging from 0.0066 to 0.0154 kN-m, which is significantly less than peak strength of URM panels in Type-1 as shown in Figure 4a. Figure 7b shows the moment-deflection curve for PP-band retrofitted masonry panel along with URM masonry panels. PP-band has shown almost same peak strength as that of URM masonry panels but it has shown a long deformation capacity. Figure 7c shows that CFRP has increased the URM strength from 0.0154 to 0.77 kN-m, but failure displacement was far less than PP-band retrofitted masonry panel. CFRP + PP-band retrofitted masonry panel has increased the peak strength from 0.0154 to 0.79 kN-m and failure displacement from 0.17 to almost 44 mm as shown in Figure 7c. Type-2 masonry panels have shown similar type of behavior as that of their corresponding Type-1 masonry panels but in Type-2 masonry panels, the residual strength has vanished by stepwise degradation, as shown in Figure 7b,c. This phenomenon could be due to gradual separation of bricks from mortar as all bed joints are parallel to the plane of loading.





[image: Polymers 07 00963 g007 1024] 





Figure 7. Moment-deflection curves of Type-2 masonry panels under out-of-plane load for (a) URM, (b) URM and PP-band retrofitted and (c) PP-band, CFRP and CFRP + PP-band retrofitted. 
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Failure Modes for Type-2 Walls


Figure 8a–d shows the failure pattern of masonry panel under out-of-plane loading for Type-2 walls. Failure patterns were also similar as that of Type-1 masonry panels. URM has shown a highly brittle failure with separation of wall segments at bed joints as shown in Figure 8a. In the case of PP-band retrofitted masonry panel, failure was gradual and panel did not break into different segments as shown in Figure 8b. Figure 8c shows failure of CFRP retrofitted masonry panel. CFRP retrofitted masonry panels failed by delamination of CFRP from the bottom face at a section located near the supports, which shows a kind of shear failure near the support. Once the delamination of CFRP started, it did not stop and, finally, the panel broke into several pieces. Figure 8d shows the failure of CFRP + PP-band retrofitted masonry panel. Failure started by the delamination of CFRP from the panel surface near the support, but PP-band hindered the complete delamination and breaking of panel into small pieces, as shown in Figure 8d.
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Figure 8. Failure mode and cracking pattern of Type-2 masonry panels under out-of-plane bending test for (a) URM, (b) PP-band retrofitted, (c) CFRP retrofitted, and (d) CFRP + PP-band retrofitted. 






Figure 8. Failure mode and cracking pattern of Type-2 masonry panels under out-of-plane bending test for (a) URM, (b) PP-band retrofitted, (c) CFRP retrofitted, and (d) CFRP + PP-band retrofitted.
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4. Retrofitting Procedure


For in-plane diagonal compression test, all FRP and FRP + PP-band retrofitted masonry panel were retrofitted by 50 mm × 0.5 mm FRP strips. Whereas for out-of-plane bending test, FRP strip width of 40 mm with fabric thickness of 0.5 mm was used. In the case of FRP and FRP + PP-band retrofitted masonry panels, quantity of FRP was decided based upon the FRP reinforcement ratios used in experiments conducted in the past [12,16,18,35,36,37,38]. The surfaces of masonry walls were cleaned with the help of a wet cloth and then FRP was applied on both faces of wall using strong epoxy glue.



In the case of PP-band and FRP + PP-band retrofitted masonry panels, PP-band mesh pitch of 50 mm was used. Mesh pitch was decided based upon the parametric study carried out by Sathiparan (2005) and Mayorca and Meguro (2008) [26,39]. PP-band mesh making process is very simple and do not require any skilled labor. Unbonded and untensioned PP-bands are arranged in a mesh fashion and connected at their intersection points using portable ultrasonic welder. Mesh of PP-bands with any desired pitch is prepared commercially by using ultrasonic welding machine in which multiple ultrasonic welders are arranged in rows. Holes are drilled through the wall at approximately four times the mesh pitch for an existing masonry wall and small straws/pipes are left embedded at the joints in the case of new construction [39]. Figure 9 shows some of the features of PP-band retrofitting method. Figure 9a,b show Polypropylene bands and mesh making process, whereas Figure 9c shows PP-band meshes prepared by ultrasonic welding machine. Once PP-band mesh is ready, it can be applied on both faces of wall with the help of out-of-plane connectors, as shown in Figure 9d. These out-of-plane connectors could be a steel wire, PP string or PP-band itself. PP-band is attached on walls with the help of out-of-plane connectors and no epoxy is applied on wall surface. At wall edges or corners PP-bands are connected with the help of portable ultrasonic welders, which are commercially available in markets and could be easily brought to the site. After applying the PP-band mesh on masonry walls, a layer of surface finish is applied, which gives an appearance just like an ordinary masonry house as shown in Figure 10 [28].
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Figure 9. Retrofitting of masonry walls using PP-band mesh: (a) Unbonded and untensioned PP-band, (b) ultrasonic welding of PP-bands, (c) PP-band mesh prepared by ultrasonic welding machine, and (d) out-of-plane connection of PP-band mesh. 
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Figure 10. Application of PP-band retrofitting technology in Pakistan, (a) PP-band retrofitted house, (b) plastering of PP-band retrofitted house, and (c) surface Finished PP-band retrofitted house [28]. 
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5. Experimental Program


Current experimental study is carried out to evaluate the alternate strengthening techniques for URM masonry structures. Many researchers have tried to evaluate the performance of retrofitted masonry using full-scale brick units with size of masonry panels ranging from 1070 to 1975 mm but it requires large size testing facilities and a large amount of research funds [10,18,19,38]. Structural tests of scaled models are also an alternative to understand the behavior of masonry wall system. Many researchers have carried out experiments using scaled bricks and scaled size of masonry panels (ranging from 300 to 600 mm) based upon available testing facilities and number of units to be tested [12,16,40,41].



In most of developing countries, length of brick ranges from 200 to 300 mm, whereas thickness of mortar ranges from 13 to 20 mm. Keeping in mind aforementioned aspects, length of the brick was scaled down to 75 mm for better handling, laying and based upon available manufacturing facilities, whereas depth of brick was kept half of its length. Thickness of brick was kept 50 mm to provide sufficient out-of-plane stability during application of in-plane loads. Thickness of mortar was kept 5 mm to control the consistency of the wall panels and to allow the failure, either inside the mortar or at brick mortar interface.



5.1. Test Specimens and Setup


5.1.1. Diagonal Compression Test


Figure 11 shows test setup of masonry panels under diagonal compression test. Same test setup was used for all masonry panels. All panels were tested with the same initial rate of loading up to the first initial peak load; after that, different loading rates were used depending upon the type of masonry panel. In the case of the URM masonry panel, and all FRP retrofitted masonry panels, a loading rate of 0.15 mm/min was used up to the failure of masonry panels. For PP-band retrofitted and FRP + PP-band retrofitted masonry panels, loading rate of 0.15 mm/min was used up to initial peak, but after the initial failure peak, loading rate was increased to 1.00 mm/min to evaluate the performance of PP-band and FRP + PP-band retrofitted panels under higher diagonal displacements. Diagonal force over the corners of masonry panels was applied with specially designed strong wooden wedges placed at top and bottom platens of 100 kN Universal Testing Machine (UTM) manufactured by Shimadzu Scientific Instruments (SSI), Kyoto, Japan, as shown in Figure 11a,b. In-plane displacements of masonry panels were measured with linear variable displacement transducers (LVDT) of 500 × 10−6 mm sensitivity.
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Figure 11. Test setup for diagonal compression test: (a) schematic and (b) experimental. 
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Recorded horizontal and vertical deformation and diagonal loads are converted to corresponding stress and strains by the following Equations (1) and (2):


   v =   P cos α   ( ( L + W ) / 2 ) t     



(1)






   γ =    (  Δ H + Δ V  )       L 2  +  W 2  )       



(2)




where P = load applied, α = angle between the load and wallet top surface, L = length of wallet, W = height of wall, t = thickness of wall, ∆V = vertical deformation and ∆H = horizontal deformation.



Panel retrofitting scheme for in-plane diagonal compression test is shown in Figure 12. In the case of three FRP retrofitted panels, each one of the panels was retrofitted with CFRP, AFRP and GFRP. Similarly, out of three FRP + PP-band retrofitted masonry panels, the first panel was CFRP + PP-band retrofitted, the second was AFRP + PP-band retrofitted, and the third was GFRP + PP-band retrofitted masonry panel. Dimensions of each masonry panel were 280 mm × 290 mm × 50 mm, made with 75 mm × 38 mm × 50 mm brick units, as shown in Figure 12. Mortar mixed proportion of cement, lime and sand (140 g:1110 g:2800 g) with 0.14 water/cement ratio was used for in-plane diagonal compression test. Five-millimeter mortar thickness was used for both vertical and horizontal joints.
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Figure 12. Panel retrofitting scheme for in-plane diagonal compression test: (a) non-retrofitted masonry panel, (b) PP-band retrofitted masonry panels, (c) FRP retrofitted masonry panel, and (d) FRP + PP-band retrofitted masonry panel. 






Figure 12. Panel retrofitting scheme for in-plane diagonal compression test: (a) non-retrofitted masonry panel, (b) PP-band retrofitted masonry panels, (c) FRP retrofitted masonry panel, and (d) FRP + PP-band retrofitted masonry panel.
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5.1.2. Out-of-Plane Load Test


In out-of-plane bending test, masonry panels were tested like a simply support beam having center-to-center span of 440 mm with a line load applied at the center of span throughout the width of the masonry panel, as shown in Figure 13a,b. Different displacement loading rates were selected depending upon the failure displacement and duration of test. All masonry panels were tested at initial loading rate of 0.1 mm/min up to the initial peak, whereas PP-band and FRP + PP-band retrofitted panels had 2 mm/min loading rate after the initial failure. Two LDTV displacement transducers with 500 × 10−6 mm sensitivity were attached at quarter span to measure deflections. Wall specimens were simply supported on two specially designed steel rollers and applied displacement was transferred from machine to specimen with the help of steel roller and a cap plate as shown in Figure 13b. A small initial displacement is applied to assure the full contact of the panel and loading arrangement.



Masonry walls under lateral loads can have either only uniaxial bending or biaxial bending depending upon the aspect ratio (length/height) of wall and its boundary conditions (presence of other walls perpendicular to wall under consideration). In order to consider this effect, two types of masonry panels were constructed. Type-1 corresponds to a condition where wall is long and tall (length/height > 0.5) having bending about longitudinal and vertical axis of the wall, whereas Type-2 represents a condition when walls are tall (aspect ratio < 0.5) having bending only about the longitudinal axis of the wall. For Type-2 walls, it was very difficult to test walls under biaxial bending, so in order to simplify the testing plan, two types of walls were constructed for each case, as shown in Figure 14. In Type-1 masonry panels, bed joints of wall were kept parallel to horizontal axis, whereas in Type-2 bed joint were kept perpendicular to horizontal axis.
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Figure 13. Test setups of masonry panels under out-of-plane bending test: (a) schematic and (b) experimental. 
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Figure 14. Layout of Type-1 and Type-2 masonry panels for out-of-plane bending test: (a) Type-1 and (b) Type-2. 
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Figure 15 shows the testing plan for out-of-plane load tests for Type-1 and Type-2 walls. Ten masonry panels were tested in out-of-plane direction for Type-1 walls. Out of ten masonry panels, three were non-retrofitted, named URM-1, URM-2 and URM-3; one was PP-band retrofitted; three were CFRP, AFRP and GFRP retrofitted; and three were CFRP + PP, AFRP + PP and GFRP + PP-band retrofitted masonry panels. Size of each masonry panel was 475 mm × 238 mm × 50 mm. Five wall panels were constructed for Type-2 walls, out of five masonry panels, two were non-retrofitted, one was PP-band retrofitted, one was CFRP retrofitted, and one was CFRP + PP-band retrofitted. All masonry wall panels were constructed, cured and tested under similar conditions.
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Figure 15. Panels retrofitting scheme for out-of-plane bending test: (a) non-retrofitted masonry panel, (b) PP-band retrofitted masonry panels, (c) FRP retrofitted masonry panel, and (d) FRP + PP-band retrofitted masonry panel. 
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5.2. Material Properties


5.2.1. FRP, Polypropylene Band (PP-band) and Epoxy


Figure 16 shows the stress-strain curve of three PP-bands samples (PP-1, PP-2 and PP-3) of same polypropylene material and three different types of FRPs (CFRP, AFRP and GFRP) supplied by Sekisui Jushi Strapping Co. Milton Keynes, UK and Sankyo Manufacturers, Yokohama, Japan, respectively. PP-bands and FRPs were tested under uniaxial tensile conditions. Figure 16 shows that all three PP-band samples have shown a bi-linear behavior having initial and residual modulus of elasticity of 6.92 and 1.98 GPa. Three different types of FRP materials were used in order to find the best economical and efficient type of FRP to be used with the PP-band. For this purpose, CFRP, AFRP and GFRP were used. Out of these three, CFRP was found to be the most expensive and GFRP was the cheapest among all. All FRPs carry a biaxial type of fiber layout having fabric thickness of 0.5 mm. CFRP, AFRP and GFRP have shown a linear elastic behavior with tensile modulus of elasticity of 37, 24 and 18 GPa, respectively. Figure 16 shows that FRP has high stiffness and tensile strength with poor elongation capacity, whereas PP-bands have comparatively low strength, but have higher strain values compared to CFRP, AFRP and GFRP. Failure behavior and strength increment are mainly function of FRP strength, epoxy used and the surface on which it is applied. Two types of epoxies are available, the first adhesive is epoxy resin and other is a flexible polyurethane polymer. Flexible polyurethane polymer with higher ductility and lower tensile modulus can ensure lesser brittle failure of FRP systems but strength increment could not be sufficient due to movability of applied composites. According to Bhaman et al., due to higher tensile modulus, epoxy resin can contribute much higher in terms of strength as compared to flexible polymer resins [32]. In this study, an epoxy resin Epoxy Bond E-250 was used as it has strong bonding properties with lower debonding strain values. Table 1 summarizes the properties of epoxy resin (Epoxy Bond E-250) used to apply FRP over the masonry wall surface. All epoxy strength parameters were provided by the epoxy supplier Konishi Chemical Ind., Wakayama, Japan and examined at a temperature of 20 ± 1 °C after curing time of seven days.
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Figure 16. Stress-strain curves of CFRP, AFRP, GFRP and PP-band. 
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Table 1. Material properties of epoxy.







Table 1. Material properties of epoxy.







	
Material Property

	
Value

	
Units






	
Tensile Strength

	
20

	
MPa




	
Tensile shear strength

	
9.6

	
MPa




	
Compressive shear bond strength

	
21

	
MPa




	
Modulus of elasticity

	
1.5

	
GPa










5.2.2. Properties of Masonry


Material properties of brick, mortar, and masonry were determined by performing compression, shear and bond tests on bricks, mortar and masonry prisms. Material testing results are summarized in Table 2. Compression test on clay burnt bricks was carried out according to ASTM C67-03a [42]. Average compressive strength of brick samples was determined by performing compression test on three brick samples of 75 mm × 38 mm × 50 mm. Brick work for masonry walls was conducted using a cement lime mortar. Two different types of mortar were used for diagonal compression test and three point bending test. Weight mixed proportion of cement, lime and sand (140 g:1110 g:2800 g) with 0.14 water/cement ratio was used for in-plane diagonal compression test and (250 g:1000 g:2800g) with 0.25 water/cement was used for out-of-plane load bending test. Compressive strength of mortar for in-plane and out-of-plane load tests was determined by performing a direct compression test using 50 mm × 50 mm × 50 mm mortar cubes according to ASTM C109-02 [43]. Compressive strength of masonry was determined by performing compression test using masonry prisms of five bricks joined together with 5 mm mortar thickness according to ASTM C1314-03a [44]. Average values of brick, mortar and masonry compressive strength for in-plane and out-of-plane load tests are given in Table 2. Shear strength and bond strength of brick mortar assembly was determined by performing shear test and bond test using the test setup shown in Figure 17a,b.
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Table 2. Material properties of masonry.







Table 2. Material properties of masonry.







	
Material Property

	
Diagonal Compression Test

	
Out-of-Plane Load Test

	
Units






	
Average compressive strength of bricks

	
26.10

	
26.10

	
MPa




	
Average compressive strength of mortar

	
1.03

	
1.16

	
MPa




	
Average compressive strength of masonry

	
13.42

	
13.60

	
MPa




	
Average Shear strength of mortar

	
0.023

	
0.025

	
MPa




	
Average bond strength of mortar

	
0.0032

	
0.0043

	
MPa
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Figure 17. Test setup for masonry (a) shear test and (b) bond test. 






Figure 17. Test setup for masonry (a) shear test and (b) bond test.
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6. Conclusions


Current experimental study gives a good basis for comparison and suitability of different retrofitting methods. FRP is an expensive material with high tensile strength but with low tensile failure strain ranging from 2%–4%, whereas PP-band is a low cost material with low tensile strength and higher tensile failure strain. Composite of FRP + PP-band has not only increased the initial strength and deformation capacity but also the residual strength of masonry wall panels. FRP and URM masonry panel has shown a brittle failure as compared to PP-band and FRP + PP-band retrofitted masonry panels. In the case of only FRP retrofitted masonry panels, once the FRP debonding started, it did not stop until complete detachment form the wall surface. This resulted in sudden drop in shear strength and breaking of masonry panels into several pieces. In the case of FRP + PP-band retrofitted panels, FRP was not completely detached because of the hindrance provided by PP-band at certain locations. This effect kept FRP attached on some parts of the masonry panel, which resulted in higher values of residual strength compared to only PP-band retrofitted masonry panels. Due to the holding effect of PP-band, the panels were capable of withstanding much bigger displacements as compared to only FRP retrofitted masonry panels.



In out-of-plane bending tests it is seen that application of PP-band along with the CFRP has changed the failure mode of FRP retrofitted masonry panels as initial drop in strength and separation of brick layers were not observed in FRP + PP-band retrofitted masonry panels. In FRP retrofitted panels, panels were broken in the form of longitudinal strips, but FRP + PP-band retrofitted masonry panels remained as single units during the entire loading history. In the case of FRP + PP-band retrofitted masonry panels, the initial failure of masonry panel was just like FRP retrofitted masonry panels due to debonding of FRP from the brick surface, but panels had sufficient residual strength and long deformation capacity.



In this study, different types of FRPs were selected to find the most suitable and appropriate type of FRP to be used with PP-band. Experimental results showed that in all types of FRP retrofitted panels, full strength of FRP was not utilized and higher strength and stiffness values of FRP have not played any important role as all types of FRP has shown almost similar increase in initial strength. Most suitable type of FRP is that which has minimum cost. Failure occurs either due to detachment of FRP from the brick surface or due to debonding of FRP and epoxy from the brick surface, which forces not using high quality and higher volumes of FRP, but to use strong epoxy or glue and bricks with good surface qualities. Current study has proven that FRP + PP-band composite is a high performance composite solution for seismic retrofitting of masonry structures and proposed retrofitting technique, using composite of FRP and PP-band is a very viable solution for seismic retrofitting of URM masonry structures.
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