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Abstract


In the past, fiber-reinforced polymer (FRP) composites have been extensively used to modify the structural response of masonry brick walls. The promising advantages of FRP composites are easy application, lightweight, and very high tensile strength. However, FRP composites are very expensive, and their availability is an issue, especially in developing countries. The use of bricks is widespread in developing countries due to their low price and easy availability. Recent earthquakes and research results have demonstrated the vulnerability of existing masonry structures. In this study, we aimed to investigate the use of low-cost and readily available strengthening materials, i.e., cement-sand mortar and wire mesh, to enhance the flexural capacity of cement-clay interlocking brick (CCIB) masonry walls. The proposed strengthening materials were applied in different configurations and thicknesses. The experimental results indicated that using CS mortar and wire mesh is promising to enhance the flexural capacity of CCIB masonry walls. The flexural capacity and energy absorption capacity of the CCIB masonry wall (strengthened with 20 mm thick CS mortar and three layers of wire mesh) were 87% and 46% higher than the reference CCIB masonry wall. The results of this study can be used to improve the performance of masonry structures against earthquakes in the developing regions.
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1. Introduction


Earthquakes are natural calamities that pose severe threats to human lives and cause destruction of buildings and infrastructure on a massive scale. Recently, the urbanization and spread of cities have enormously taken place in most countries. Urbanization has resulted in a rapid increase in infrastructure, buildings, and bridges in almost all regions worldwide. Hence, economic and life losses related to earthquake hazards have spiked in the last few decades. Brick masonry is commonly opted throughout the world to construct various structures, including buildings, bridge abutments, and water tanks [1,2,3,4]. It is a fact that brick masonry structures are brittle in nature and weak against earthquake loading, particularly when they are not reinforced against seismic loadings. Unreinforced masonry structures can be inclined to experience severe damages even during a moderate intensity seismic activity. The Christchurch earthquake of 6.3 magnitude resulted in heavy damages to buildings in the city as most of the construction was established by brick masonry. Hence, this type of structure performed worst as compared with the reinforced structures [5,6]. Thailand is considered to be located in a relatively less seismic-prone region; however, the evidence of some severe damage due to earthquakes could be traced in the country. A 2004 earthquake and the subsequent tsunami severely struck Thailand and other countries in the region, resulting in enormous damage to infrastructure, claiming hundreds of human lives [7].



The earthquakes of 2011 in Northern Thailand and 2014 in the Mae Lao province are recent examples of moderate-intensity seismic events that caused severe damage to buildings and infrastructure. In Thailand, masonry is considered to be the essential feature in most building constructions due to its economic benefits, ease of manufacturing, construction, and durability properties [8,9] Due to the high demand for brick masonry in the construction sector, various modifications and innovations have been investigated by several researchers to enhance the properties of brick masonry [10,11,12,13,14]. One such innovations is interlocking brick masonry, which is now extensively used as an alternative to conventional bricks in Thailand. Cement-clay interlocking (CCI) bricks are manufactured locally in small factories [15,16] and are considered to be a feasible replacement for conventional brick masonry because less cement and sand are required during placement. Various researchers have studied the performance and behavior of CCI masonry. It has been observed that, although CCI masonry structures perform well under the compressive loading [17,18], nevertheless, CCI’s efficiency is not appreciable under tensile, lateral loading, and diagonal compression loading [19,20,21].



Several researchers have carried out experimental studies to propose strength-enhancing techniques for brick masonry and concrete structures [22,23,24]. These methods involve strengthening using fiber-reinforced polymer (FRP) composites and steel rods [25,26,27,28,29,30]. Although the proposed FRP composites have exhibited the enhanced load-carrying capacity of brick masonry, the high cost of FRP composites offset their benefits due to their higher cost as compared with the cheaper construction technique of brick masonry.



Therefore, low-cost alternatives to enhance the load-bearing capacity of CCI masonry structures should be explored. These materials are more efficient in terms of cost and strength than the traditionally used materials. The total strengthening cost by FRP composites is usually 100–130% higher than the mortar or concrete jacketing. This current research work is a preliminary study to investigate the viability of various conventional strengthening methods incorporating locally available materials, i.e., cement-sand mortar and wire mesh, which are readily available, and relatively cheaper than FRP composites. Therefore, this study fills the gap in the existing literature by investigating the out-of-plane behavior of brick masonry walls strengthened with mortar and wire mesh. The findings suggest that this technique can outperform the conventional masonry structures which are produced locally. Thus, to the best of our knowledge this study is the first to investigate this particular phenomenon and behavior of masonry structures prepared with locally readily available mortar and wire mesh in Thailand. The findings of this study can be expanded and utilized for improved design of masonry structures, especially in the South-Asian region, where masonry structures are the primary source of building construction. The remainder of this paper is organized as follows: in Section 2, we describe the experimental settings used to prepare specimens and testing system; in Section 3, we discuss the main findings and results of the study; and finally in Section 4, some of the study’s conclusions are summarized. Future research directions are proposed for researchers keen to explore the modified design of masonry structures.




2. Experimental Program


A total of six reinforced cement-clay interlocking brick (CCIB) masonry walls were constructed and tested under three-point bending conditions to investigate the out-of-plane behavior of CCIB masonry walls. Five were externally strengthened among the six CCIB masonry walls using cement-sand (CS) mortar and wire mesh (WM). One wall was tested without any external strengthening to serve as a control or reference CCIB masonry wall. The CS mortar and wire mesh were applied in different thicknesses and configurations to investigate the effect of CS mortar thickness and the number of layers of wire mesh on the ultimate load-carrying capacity and deformation of the CCIB masonry walls. In the strengthening configuration A (Figure 1a), the CS mortar was applied on both sides of the CCIB masonry walls. The CS mortar was applied only on one side in the strengthening configuration B, as shown in Figure 1b. The details of the experimental program are given in Table 1. The names of CCIB masonry walls were assigned to represent research parameters. The first letter indicates the masonry wall, the second letter indicates the thickness of cement-sand mortar, the third letter indicates wire mesh, and the last letter presents the number of layers of wire mesh in the CCIB masonry wall names, as shown in Table 1.



2.1. Details of Masonry Walls


The size of the CCI-BM walls was selected as per the capacity and size of the reaction frame in the laboratory. The lengths and heights of the CCI-BM walls were 1000 mm (Figure 2a), and the thicknesses of the wall were equal to the thickness of CCIB, i.e., 125 mm. Locally available CCIBs were used (Figure 2b). The CCIBM walls were all constructed using a running bond pattern (Figure 2a), and circular holes were filled with the cement-sand (CS) mortar to represent existing construction practices in Thailand. Prior to the grout filling, plain bars of diameter 6 mm were placed in the circular holes to reinforce the CCIB masonry walls.




2.2. Material Properties


The cement-clay interlocking (CCI) bricks were obtained from a local supplier. The standard tests were performed on CCI bricks to determine the mechanical properties such as compressive strength, tensile strength, water absorption capacity, and density [31,32]. The mechanical properties of the CCI bricks are summarized in Table 2. Locally available Type I Portland cement was used with river sand to prepare cement-sand (CS) mortar. The compressive strength of the CS mortar was determined by testing standard cubes of 50 × 50 mm. The average compressive strength of CS mortar was 50 MPa. The standard tensile tests were performed on round steel bars (RSB) to determine the tensile strength of round bars. The yield and ultimate tensile strength of RSB6 were 400 MPa and 550 MPa, respectively. The shape of wire mesh used was hexagonal, in which the length and width of the hexagon were 25 mm and 12.5 mm, respectively. The diameter of the steel wire was approximately 1 mm.




2.3. Construction and Strengthening of Masonry Walls


In this study, the CCIB masonry walls were constructed using a running bond pattern. In the first step, dry cement-clay interlocking bricks were stacked over each other, and in the next step, the circular and square holes were filled with CS grout. Before the grout filling, round steel bars with a diameter of 6 mm were placed in the square openings of the CCI bricks to reinforce the CCIB masonry walls. The CCIB masonry walls filled with CS grout were left for seven days at an ambient temperature for curing purposes, and after that, the CS mortar was applied on the CCI bricks using a conventional hand labor process (Figure 3). In the case of CS mortar and wire mesh strengthened walls, the wire mesh was attached to the CCI bricks using steel nails and washers, and then CS mortar was applied on the CCI bricks (Figure 3c). Proper care was taken to achieve the required thickness of the CS mortar. The typical strengthening process of the CCIB masonry walls is shown in Figure 3.




2.4. Loading Setup and Instrumentation Details


The CCIB masonry walls were all tested under a three-point bending scheme, as shown in Figure 4, Figure 5 and Figure 6. A rigid steel reaction frame was used to apply load at the top of the CCIB masonry walls. The maximum capacity of the reaction frame was 2000 kN. The load was applied using a hydraulic jack, as shown in Figure 5 and Figure 6. A pre-calibrated load cell of capacity 500 kN was placed under the piston of the hydraulic jack to record the load. A steel beam of height 100 mm was placed at the top of the CCIB masonry walls to safeguard the uniform application of the load. A total number of four linear variable differential transducers (LVDT) were installed to measure the deformation of the CC-IBM walls under the applied load (Figure 4).





3. Experimental Results


The experimental results in terms of ultimate load, % increase in ultimate load, and ultimate deflection are summarized in Table 3. The experimental load versus deflection responses of the CCIB masonry walls are shown in Figure 7.



3.1. Flexural Capacity of the CCIB Masonry Walls


The use of cement-sand mortar and wire mesh effectively modified the flexural capacity and the initial stiffness of the CCIB masonry walls (Figure 7). The recorded ultimate load of reference or control CCIB masonry wall was 25.06 kN. The ultimate load-carrying capacity of the CCIB masonry wall (strengthened using only cement-sand mortar of thickness 10 mm) was 38% higher than the control wall, i.e., MW-CON. When the thickness of CS mortar was increased to 20 mm, the flexural capacity of the CCIB masonry wall MW-CS20-A was observed to be 72% higher than the reference wall and 34% higher than the CCIB masonry wall MW-CS10-A, respectively. The results indicate that the thickness of CS mortar significantly affected the flexural capacity of CCIB masonry walls.



Moreover, the ultimate load-carrying capacity was further enhanced when the cement-sand mortar was applied in combination with the wire mesh. The flexural capacity of the CCIB masonry wall MW-CS10-A-WM-1L was 56% and 18% higher than the CCIB masonry walls MW-CON and MW-CS10-A, respectively. This behavior shows that the use of wire mesh effectively enhances the flexural capacity of CCIB masonry walls strengthened with CS mortar and wire mesh.



Similar to the thickness of the CS mortar, it was found that the number of layers of wire mesh also had a significant effect on the flexural capacity of the CCIB masonry walls. The flexural capacity of the CCIB masonry wall MW-CS20-A-WM-3L was 87% and 21% higher than the CCIB masonry walls MW-CON and MW-CS10-A-WM-1L, respectively. In the case of the strengthening configuration B (Figure 1), where the CS mortar and wire mesh were applied only on the side of the CCIB masonry wall, the flexural capacity of the CCIB masonry wall was almost equal to the reference wall, i.e., MW-CON. However, the initial stiffness and energy absorption capacity of the CCIB masonry wall MW-CS10-B-WM-3L was observed to be higher than the reference or control wall MW-CON. (Further discussion is provided in the next section).




3.2. Energy Absorption Capacity of the CCIB Masonry Walls


The energy absorption capacities of the CCIB masonry walls are summarized in Table 4. The energy absorption capacity of a CCIB masonry wall was defined as the area under the curve, i.e., load versus deflection curves (Figure 7). It can be seen that the use of cement-sand mortar and wire mesh is very effective in modifying the energy capacity of CCIB masonry walls. The energy absorption capacity of the CCIB masonry wall MW-CS10-A was 44% higher than the control wall, i.e., MW-CON. When the thickness of CS mortar was increased to 20 mm, the energy absorption capacity of the CCIB masonry wall MW-CS20-A was observed to be 56% higher than the reference wall, i.e., MW-CON and 12% higher than the CCIB masonry wall MW-CS10-A. The energy absorption capacity of the CCIB masonry wall MW-CS10-A-WM-1L was 69% and 13% higher than the CCIB masonry walls MS-CON and MW-CS10-A, respectively.



In addition, the flexural capacity of the CCIB masonry wall MW-CS10-A-WM-3L was 46% higher than the CCIB masonry wall MW-CON. The energy capacity of the CCIB masonry wall MW-CS20-B-WM-3L was 7% higher than the control wall, i.e., MW-CON. It could be noticed that the use of CS mortar and wire mesh on only one side was effective in enhancing the initial stiffness (Figure 7); however, we found that there was a slight increase in the energy absorption capacity. Thus, the latter indicates that the performance of strengthening configuration A is much better than the performance of strengthening configuration B.




3.3. End Deflection of the CCIB Masonry Walls


The experimental results in terms of load versus upward deflections (end deflection) are shown in Figure 8. The term “end deflection” is used to express the upward movement of the masonry walls at the ends or the edges (Figure 4). The maximum end deflection of the control CCIB masonry wall was recorded as 3.99 mm. The use of cement-sand mortar was found to be effective in enhancing the end deflections. The end movement of the CCIB masonry wall MW-CS10-A was 66% higher than the control or reference CCIB masonry wall.



In comparison, the end movement of the CCIB masonry wall MW-CS20-A was 49% higher than the control or reference CCIB masonry wall. In the case of the CCIB masonry wall MW-CS20-A, the end movement was lower than the end movement of the CCIB masonry wall MW-CS10-A. This exception is related to the ultimate failure mode of the masonry wall MW-CS20-A. The ultimate failure of the CCIB masonry wall MW-CS20-A was shear dominated. Therefore, the resulting end movement was lower than the masonry wall MW-CS10-A. The use of wire mesh was also found to be effective in enhancing the end movement. In the case of masonry walls strengthened with CS mortar and wire mesh, the end movements of CCIB masonry walls, i.e., MW-CS10-A-WM-1L and MW-CS20-A-WM-3L, were 92% and 80% higher than the control masonry wall, respectively. However, the end movement of the CCIB masonry wall MW-CS20-A-WM-3L was recorded lower than the CCIB masonry wall MW-CON, which was mainly due to the shear-dominated failure of the masonry wall MW-CS20-A-WM-3L. The end movements were also enhanced when the CS mortar and wire mesh were applied only on one side of the CCIB masonry wall. The end movement of the CCIB masonry wall MW-CS20-B-WM-3L was 82% higher than the control or reference CCIB masonry wall.




3.4. Failure Modes of the CCIB Masonry Walls


The ultimate failure modes of the CCIB masonry walls are shown in Figure 9. The ultimate failure of the CCIB masonry wall MW-CON was mainly due to the joint opening at the mid-span following a large deflection, as shown in Figure 9a. This behavior is an indication that brick joints are very vulnerable against out-of-plane forces. In the CCIB masonry wall, slight splitting and crushing of the cement-clay interlocking bricks were observed at the top under the loading plate. The ultimate failure mode of the CCIB masonry wall CCIB-CS10-A was similar to the control wall MW-CON, i.e., large deflection and joint opening, as shown in Figure 9b. However, in this case, the tensile splitting of the cement-clay interlocking bricks was also observed at the mid-span. Due to the tensile splitting of the cement-clay interlocking brick, the joint opening was also observed on the right side of the mid-span, as shown in Figure 9b. The ultimate failure mode of the CCIB masonry wall CCIB-CS20-A was different from the CCIB masonry walls MW-CON and MW-CS10-A. In this case, large splitting and crushing of the cement-clay interlocking bricks were observed on the right side of the mid-span, i.e., in-between the loading point and the right support, as shown in Figure 9c. This phenomenon could be associated with the large thickness of cement-sand mortar on both sides of the CCIB masonry wall. Due to the cement-sand mortar, the mid-span deflection was considerably reduced, thus, preventing the joint opening at the mid-span and causing the splitting and crushing of the cement-clay interlocking bricks near the support regions. The ultimate failure mode of the CCIB masonry wall MW-CS10-A-WM-1L was also due to the large deflection and joint splitting at the mid-span, as shown in Figure 9d.



In contrast to the CCIB masonry wall MW-CS10-A, in this case, the tensile splitting of the cement-clay interlocking bricks at the mid-span was not observed, which could be associated with the presence of wire mesh in the CCIB masonry wall MW-CS10-A-WM-1L. The presence of the wire mesh could enhance the tensile strength of cement-sand mortar and cement-clay interlocking bricks. The ultimate failure mode of CCIB masonry wall MW-CS20-A-WM-3L was similar to the CCIB masonry wall MW-CS20-A (Figure 9e). However, in this case, the splitting and crushing of the cement-clay interlocking bricks were observed over a small region compared to the CCIB masonry wall MW-CS20-A, which could be due to three layers of wire mesh. In the case of the CCIB masonry wall MW-CS20-B-WM-3L, the splitting and crushing of the cement-clay interlocking bricks were observed close to the mid-span, as shown in Figure 9f. This contrary phenomenon is due to the absence of the cement-sand mortar and wire mesh at one side of the CCIB masonry wall MW-CS20-B-WM-3L. In addition to the above-discussed failure modes, in all the tested CCIB masonry walls, cement-clay interlocking bricks’ tensile splitting was observed at the supports. In general, the ultimate failure modes of the CCIB masonry walls can be divided into three categories, i.e., flexure failure, shear failure, and a combination of both flexure and shear failures, i.e., flexure-shear failure. The failures are defined based on crack initiation, propagation, and ultimate failure modes. A flexure failure represented a failure mode in which vertical cracks were mainly observed at the mid-span, such as MW-CON, MW-CS10-A-WM-1L, and MW-CS10-A-WM-1L. A shear failure represented a failure mode observed by inclined (shearing) cracks near the supporting edge, such as MW-CS20-A and MW-CS20-A-WM-3L. A combination of flexure and shear failure was referred to as flexure-shear failures, such as in the case of MW-CS20-B-WM-3L. The ultimate failure modes of the CCIB masonry walls are summarized in Table 4.





4. Conclusions


The use of cement-sand mortar and wire mesh effectively increases the ultimate load-carrying capacity, toughness, and energy absorption capacity of the reinforced CCIB masonry walls.



	(1)

	
The increase in ultimate load-carrying capacity and energy absorption capacity is high when the thickness of the cement-sand mortar and layers of wire mesh are increased. The efficiency of the strengthening configuration A was found to be higher than the strengthening configuration B.




	(2)

	
The highest increases in ultimate load-carrying capacity and energy absorption capacity were observed for masonry wall WM-CS20-A-3L. The flexural capacity of the CCIB masonry wall MW-CS20-A-WM-3L was 87% and 15% higher than the CCIB masonry walls MW-CON and MW-CS20-A, respectively.




	(3)

	
The ultimate failure mode of control and or reference masonry is attributed mainly due to the large deflections and joint opening at the mid-span. The ultimate failure modes of cement-sand mortar and wire mesh strengthened walls is mainly due to the tensile splitting and crushing of the CCIBs.




	(4)

	
In general, the ultimate failure modes of the CCIB masonry walls can be divided into three categories, i.e., flexure failure, shear failure, and a combination of both flexure and shear failures, i.e., flexure-shear failure.




	(5)

	
For future research study, the behavior of CCIB masonry walls should be explored when subjected to external reinforcements. In addition, the constitutive models could be developed to comprehend the failure behaviors using analytical and finite element analysis techniques.




	(6)

	
According to the experimental results, it can be concluded that using CS mortar and wire-mesh is practical. However, there is a need to evaluate and compare the performance of this method with other techniques.
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Figure 1. Typical details of strengthening configurations: (a) Configuration A; (b) configuration B. 
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Figure 2. Typical details of the CCIB masonry wall (units, mm): (a) Wall details; (b) CCI brick. 
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Figure 3. Application of wire mesh and CS mortar: (a) Wire mesh and cement mortar; (b) cement mortar; (c) attachment of wire mesh. 
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Figure 4. Details of LVDTs (units, mm). 
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Figure 5. Typical loading setup. 
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Figure 6. Loading setup (laboratory view). 
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Figure 7. Load versus deflection responses of the CCIB masonry walls. 
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Figure 8. Load versus end deflection responses of the CCIB masonry walls. 
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Figure 9. Ultimate failure modes of the CCIB masonry walls: (a) MW-CON; (b) MW-CS10-A; (c) MW-CS20-A; (d) MW-CS10-A-WM-1L; (e) MW-CS20-A-WM-3L; (f) MW-CS20-B-WM-3L. 
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Table 1. Details of CS mortar strengthening.
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	CCIB Masonry Walls
	Thickness of CS Mortar (mm)
	Configuration
	Layers of Wire Mesh





	MW-CON
	-
	-
	-



	MW-CS10-A
	10
	A
	-



	MW-CS20-A
	20
	A
	-



	MW-CS10-A-WM-1L
	10
	A
	1



	MW-CS20-A-WM-3L
	20
	A
	3



	MW-CS20-B-WM-3L
	20
	B
	3










 





Table 2. Material properties.
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	Properties
	Values
	Units
	Reference Standards





	Compressive strength
	6.70
	MPa
	ASTM C1314



	Tensile strength
	0.22
	MPa
	ASTM C1006



	Water absorption
	13.0
	%
	ASTM C1314



	Density
	1850
	kg/m3
	ASTM C1314










 





Table 3. Experimental results.
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	CCIB Masonry Walls
	Ultimate Load (kN)
	% Increase in Ultimate Load
	Ultimate Deflection (mm)





	MW-CON
	25.06
	-
	45.3



	MW-CS10-A
	34.61
	38
	26.9



	MW-CS20-A
	43.05
	72
	22.0



	MW-CS10-A-WM-1L
	39.04
	56
	40.4



	MW-CS20-A-WM-3L
	46.74
	87
	6.90



	MW-CS20-B-WM-3L
	24.92
	-
	42.5










 





Table 4. Energy absorption capacity of the CCIB masonry walls.
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	CCIB Masonry Walls
	Energy Absorption Capacity (kN-mm)
	% Increase Energy Absorption Capacity
	Ultimate Failure Modes





	MW-CON
	948
	-
	Flexure



	MW-CS10-A
	1369
	44
	Flexure



	MW-CS20-A
	1482
	56
	Shear



	MW-CS10-A-WM-1L
	1603
	69
	Flexure



	MW-CS20-A-WM-3L
	1383
	46
	Shear



	MW-CS20-B-WM-3L
	1017
	7
	Flexure-shear
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