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Abstract. 
The purpose of this study is the improvement of the behaviors of walls constructed with masonry bricks using reinforced plaster mortars. In this study, 
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 mm sized masonry bricks. The walls were plastered using normal and various proportions of polypropylene and steel fiber reinforced plaster mortars and were subjected to vertical loads at 30°, 45°, 60°, and 90° angles. As a result of the experiments, attempts were made to present the strength, stiffness, and ductility of all of the walls. At the end of the study, an evaluation concerning failure envelope curve (
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) obtained from test results according to plastered masonry walls types was performed.


1. Introduction
Masonry structures constructed without any technical assistance are about 40%–45% of the total structures found in Turkey.  The vertical bearers of this type of structures are the walls. It was observed that the damages occurring on masonry structures are very large even if they are subjected to earthquakes of a small magnitude. A significant portion of the mortalities occurring during earthquakes results from such structures. Walls are not subjected only to vertical loads, but they are also subjected to horizontal loads such as wind and earthquakes. Biaxial loads occur on the walls due to these vertical and horizontal loads acting together.  The performance of brick walls under double axis loads was investigated by various researchers, both theoretically and experimentally [1–3]. 
The wall is a composite material consisting of brick and mortar. The low shear and adherence strength of the mortar cause it to constitute a weak surface at joints. When a horizontal load is applied on a brick wall, the cracks generally occur in the mortar, and the segregations happen at the joining points of the brick and the mortar. Walls constructed using masonry bricks are a material that is resistant to pressure and weak under horizontal loads. Numerous studies were carried out in order to overcome this weakness. The studies generally aimed at increasing the adherence of the brick and the mortar. In these studies that were carried out, usually additives were included in the mortar in order to increase the tensile strength of the wall. The experimental studies carried out with the aim of increasing the strength, stiffness, and ductility of the masonry structures were compared with the numerical models that were created, in order to determine the levels of increase occurring in the strength, stiffness, and ductility of the masonry structures [4–9]. Various strengthening methods were developed in order to increase the strength of the masonry structures which were found to be inadequate against earthquakes. Significant improvements were obtained in the stiffness, strength, and ductility of buildings with masonry walls, by strengthening the brick surfaces with various materials (FRP, wires, fiber materials, wire mesh, reinforcements, steel and wood plates, and unused tires) [10–14]. 
In this study, an attempt was made to compare the brick walls plastered using normal, polypropylene, and steel fiber reinforced plaster mortars, in terms of stiffness, strength, and ductility. In addition, an evaluation concerning failure envelope curve (
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) obtained from test results according to plastered masonry walls types was performed. 
2. Materials and Methods
2.1. Materials
Experimental methods play an important role in the development of earthquake-resistant design. In most of the study, researchers using a full size or scaled models examine the behaviour of buildings under seismic effects. In preparation of the full scale experimental setups, the cost is very high and takes a long time. In this study, 
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				1
				0
				0
				×
				5
				0
				×
				3
				0
			

		
	
 mm sized masonry bricks. The standard test technique for the masonry-wall samples was used as recommended in TSE 771-1 [15]. The masonry brick moulds were prepared for the production of the bricks. The brick clay produced using clayed soil was poured into moulds and left in the sun to dry as shown in Figure 1. 
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Figure 1: The masonry bricks dried under the sun.


The bricks that completely dried under the sun were stacked with coal placed between them and were ready to use following a brick burning procedure which lasted approximately 7 days as shown in Figure 2. 
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Figure 2: The masonry bricks ready to use and stacked with coal.


The experiments which determine mechanical properties of bricks and mortars are shown in Figure 3. The number of samples prepared for each of brick and mortar is 3.
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Figure 3: The experiments prepared of mechanical properties of bricks and mortar.


The standard brick test technique for the samples prepared according to TSE 7720 [15] was used. For the bricks that were used in the experiments, the compressive strength value was 2,65 MPa, modulus of elasticity was 125 MPa, and tensile strength was 0,5 MPa. In the grout mortar used as binder, the sand : lime : cement : water ratio was 20/2/3,6/1,7. The standard mortar test technique for the samples prepared according to TSE 705 [15] was used.  The compressive strength and modulus of elasticity values obtained for the grout mortar were 2,68 and 2100 MPa, respectively, and the tensile strength value obtained from the bending test was 0,325 MPa.
The numbers of plastered masonry walls types with normal, polypropylene, and steel fiber are six. Four specimens were considered for each kind of used plaster mortar. Total of 24 experiments were conducted on the masonry bricks plastered with normal, polypropylene and steel fiber reinforced plasters. The wall samples that were prepared had the dimensions 
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 mm as shown in Figure 4. The horizontal and vertical jointing gap used between the walls was 10 mm. 
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Figure 4: The wall samples prepared the dimensions 
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 mm.


Upper and lower hoods were made in order to facilitate the transfer of the loads to be applied on the samples and to keep the samples in their planes as shown in Figure 5. 
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Figure 5: Upper and lower hoods.


The masonry brick walls constructed were also plastered with polypropylene and steel fiber reinforced materials under its traditional application. Since the effect of the additive materials in the plastering applied was researched, the type of sand and cement used was kept fixed. The polypropylene and steel fiber additives added into the plaster mortar are shown in Figure 6. 
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Figure 6: The polypropylene and steel fiber additives.


In the reinforced plaster mortar, 2% and 3% polypropylene and 2% and 5% steel fiber were used. Normal plaster was denoted with N, 2% and 3% polypropylene added plaster mortars with PS2 and PS3, respectively, 2% and 5% steel fiber added plaster mortar with S2 and S5, respectively, and the hybrid plaster composed of 2% polypropylene and 3% steel fiber was denoted using P2S3. The mechanical properties of the plaster material obtained from the experiments are shown in Table 1. 
Table 1: The mechanical properties of the plaster material.
	

	Sample	Compressive strength(Mpa)	Tensile strength(Mpa)	Modulus of elasticity(MPa)
	

	N	2,68	0,325	2100
	P2	7,05	0,561	5189
	P3	8,95	0,573	9017
	S2	4,26	0,657	6650
	S5	4,82	0,867	10450
	P2S3	3,61	0,589	5534
	




When P3 was used in hybrid plaster composite, workability was difficult. If S5 was used in hybrid plaster composite, plaster mortar was uncomfortable for human body. Therefore, P2S3 are considered as hybrid plaster composite type.
The maximum grain diameter of the sand used in the plaster mortars was 4 mm. Portland cement (CemII-42,5) was used in the plaster mortars. The plaster was applied to firstly side edges of the walls. Later, the plasters were applied to the two opposite surfaces with a trowel. The walls were completely wrapped by plaster mortar. After the plaster mortars were applied, the samples were cured in the laboratory at 7 days, afterwards left in a dry environment for 3 days, and then tested in Figure 7. 















(a)















(b)















(c)















(d)
Figure 7: The masonry wall with reinforced plaster mortars.


2.2. Methods
In the experiments, the value of the applied load was measured using a load cell with 250 kN capacity that was placed on the hydraulic jack. The vertical load was applied with hydraulic jack at 30°, 45°, 60°, and 90° angles, as shown in Figure 8. The loads were applied constantly, with 0,1 mm/s intervals.















(a)















(b)















(c)















(d)
Figure 8: Experiments at 30°, 45°, 60°, and 90° angles.


 Linear voltage displacement transducers (LVDT) were placed on the point of load application and the two opposite surfaces in order to determine the displacements. The values were read by the LVDT and were transferred to the computer through the data collection system and simultaneously recorded. The experiment setup and the system that was used to evaluate the readings obtained from the load cell and the LVDT are shown in Figure 9. 
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Figure 9: The experiment setup and data collection system.


3. Results and Discussions
Twenty-four wall samples were subjected to vertical loading at 30°, 45°, 60°, and 90° angles, and the maximum load, shear strength, stiffness, ductility and consumed energy levels were calculated for all samples.
These values obtained from reinforced plastered samples were compared with the values obtained from the reference samples as given in Tables 2–7. At the end of the experiments, the relationships between loads and displacements values transferred to the computer as explained in Section 2.2 were drawn with excel program as shown in Figure 10.
Table 2: The maximum load values and the load capacity of the walls.
	

	Angles	Values	The wall samples with reinforced plaster mortar
	N	P2	P3	S2	S5	P2S3
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	The maximum load (N)	36033,5	50357,4	76961,8	60084,8	66900,0	58606,6
	The rates of  in the load capacity 	1,00	1,40	2,14	1,67	1,86	1,63
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	The maximum load (N)	64346,0	80722,2	133952,3	97453,0	99606,7	93570,8
	The rates of  in the load capacity 	1,00	1,25	2,08	1,51	1,55	1,45
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	The maximum load (N)	84886,5	123377,7	161036,1	129054,8	127649,8	125806,1
	The rates of  in the load capacity 	1,00	1,45	1,90	1,52	1,50	1,48
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	The maximum load (N)	100417,5	170565,2	215145	162849,5	144047,6	139507,5
	The rates of  in the load capacity 	1,00	1,70	2,14	1,62	1,43	1,39
	



Table 3: The shear strengths of the walls.
	

	Angles	
								Values 	
								The wall samples with reinforced plaster mortar 
	N	P2	P3	S2	S5	P2S3
	

	30°	The shear strength 	0,780	1,090	1,666	1,301	1,448	1,269
	The rates of  shear strength	1,00	1,40	2,14	1,67	1,86	1,63
	45°	The shear strength 	1,137	1,427	2,368	1,727	1,761	1,654
	The rates of  shear strength	1,00	1,25	2,08	1,52	1,55	1,45
	60°	The shear strength 	1,061	1,542	2,013	1,613	1,596	1,573
	The rates of  shear strength	1,00	1,45	1,90	1,52	1,50	1,48
	



Table 4: The stiffness values of the wall samples.
	

	Angles	Values 	
								The wall samples with reinforced plaster mortar 
	N	P2	P3	S2	S5	P2S3
	

	30°	The stiffness 	141	86	100	114	157	100
	The stiffness ratio	1,00	0,61	0,71	0,81	1,11	0,71
	45°	The stiffness 	133	87	167	115	139	145
	The stiffness ratio	1,00	0,65	1,26	0,86	1,05	1,09
	60°	The stiffness 	147	178	166	149	188	145
	The stiffness ratio	1,00	1,21	1,13	1,01	1,28	0,99
	90°	The stiffness 	149	223	238	231	347	153
	The stiffness ratio	1,00	1,50	1,60	1,55	2,33	1,03
	



Table 5: The deformation ability values of the samples.
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	30°	N	2,589	2,863	3,301	1,106	1,275
	P2	5,925	6,826	7,426	1,152	1,253
	P3	8,008	9,963	11,629	1,244	1,452
	S2	5,606	6,182	8,259	1,103	1,473
	S5	4,504	5,270	5,625	1,170	1,249
	P2S3	5,874	6,873	7,872	1,170	1,340
	

	45°	N	5,477	6,329	7,591	1,156	1,386
	P2	9,466	10,300	10,919	1,088	1,153
	P3	8,566	10,177	15,698	1,188	1,833
	S2	8,799	10,447	10,992	1,187	1,249
	S5	7,536	8,511	9,426	1,129	1,251
	P2S3	6,783	8,149	9,987	1,201	1,472
	

	60°	N	5,956	6,348	7,095	1,066	1,191
	     P2	7,175	8,713	11,875	1,214	1,655
	P3	10,055	13,275	20,153	1,320	2,004
	S2	8,688	10,612	11,789	1,221	1,357
	S5	7,273	8,082	9,387	1,111	1,291
	P2S3	9,019	11,034	13,538	1,223	1,501
	

	90°	N	7,116	8,501	11,050	1,195	1,553
	P2	8,443	9,473	11,439	1,122	1,355
	P3	10,300	12,379	19,084	1,202	1,853
	S2	7,367	8,427	12,809	1,144	1,739
	S5	4,320	6,090	9,630	1,410	2,229
	P2S3	9,369	10,668	13,756	1,139	1,468
	



Table 6: The amounts of energy consumed by the samples. 
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	30°	N	57741	67999	1,00	1,00
	P2	195638	214641	3,39	3,16
	P3	478218	564022	8,28	8,29
	S2	187478	271421	3,25	3,99
	S5	211753	229225	3,67	3,37
	P2S3	230374	271187	3,99	3,99
	

	45°	N	249752	303996	1,00	1,00
	P2	454189	488575	1,82	1,61
	P3	788918	1297555	3,16	4,27
	S2	707924	746789	2,83	2,46
	S5	542823	604196	2,17	1,99
	P2S3	466250	577813	1,87	1,90
	

	60°	N	293217	338390	1,00	1,00
	P2	666364	944942	2,27	2,79
	P3	1330731	2108299	4,54	6,23
	S2	860024	958548	2,93	2,83
	S5	612403	722778	2,09	2,14
	P2S3	863767	1078276	2,95	3,19
	

	90°	N	498121	669666	1,00	1,00
	P2	862267	1072263	1,73	1,60
	P3	1513594	2578503	3,04	3,85
	S2	827070	1336736	1,66	2,00
	S5	562622	901649	1,13	1,35
	P2S3	976993	1259821	1,96	1,88
	



Table 7: The shear stress obtained according to the wall types.
	

	Samples	The shear stress equation
	

	N	τ = 0,546 + 0,520 σ
	P2	τ = 0,825 + 0,422 σ
	P3	τ = 1,186 + 0,499 σ
	S2	τ = 0,975 + 0,434 σ
	S5	τ = 1,166 + 0,338 σ
	P2S3	τ = 0,963 + 0,418 σ
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(d)
Figure 10: The relationships between loads and displacements.


At the end of the experiments, it was observed that the reinforced plaster applications were very effective on the load carrying capacity of the walls. The maximum load values which can be seen in the curves in Figure 10 are shown in Table 2. In Table 2, the rates of increase in the load capacity of the walls plastered with reinforced plaster mortars and the walls with normal plaster mortar which were used as reference samples are compared. When normal plastered brick walls are taken as reference samples, the greatest increase in load carrying capacity was 2,14 times, in the P3 sample for experiments carried out under 30°, 2,08 times in the P3 sample under 45°, 1,9 times in the P3 sample under 60°, and 2,14 times in the P3 sample under 90°. 






The shear strength values of the samples were obtained with the help of (1), using the maximum load values obtained from the experiments as follows: 
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Here, 
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 is defined as  forces  parallel to the horizontal  mortar, 
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 as width of the wall, and 
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 as thickness of wall. The shear strength values obtained using (1) and the shear strength ratios obtained according to the reference sample are shown in Table 3. According to the results of the experiment, it was seen that the reinforced plasters had a significant effect on the shear strengths of the wall. In Table 3, the shear strength and shear strength rate of the walls plastered with reinforced plaster mortars and the walls with normal plaster mortar which were used as reference samples are compared. When normal plastered brick walls are taken as reference samples, the greatest increase in shear strength was 2,14 times, in the P3 sample for experiments carried out under 30°, 2,08 times in the P3 sample under 45°, and 1,9 times in the P3 sample under 60°.  The shear strength value in (1) is proportional to the load carrying capacity values. Therefore, the shear strength rates are similar to the load carrying capacity increase rate. 
The stiffness values of the wall samples were calculated as the slope of the region where the load-displacement curve was linear. The results obtained are shown in Table 4. 
When the stiffness values of the samples with reinforced, plaster mortars were compared with the values of the reference samples, and a significant difference between the stiffness values was observed. Therefore, it can be said that the reinforced plaster is effective on the stiffness of the samples. It is thought that creating a good adherence surface between the wall and the reinforced plaster has a positive effect on the initial stiffness values of the samples in reinforced plaster applications. The deformation ability of the wall samples were calculated using (2) as follows: 
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In the equations, 
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 represent the vertical displacement values corresponding to the 0,85 and 0,50 levels of the maximum load on the decreasing arm in the load-displacement curve of the relevant sample, respectively. In Figure 11 and Table 5, values related to the deformation ability of the samples are given.


	
		
			
		
			
		
	


	
		
			
		
			
		
	









	
		
			
			
			
			
		
		
			
		
		
			
			
			
		
	


	
		
			
		
		
			
			
			
		
	


	
		
			
			
			
		
		
			
		
		
			
			
			
		
	


	
		
			
		
		
			
			
			
			
		
		
			
		
		
			
			
			
		
		
			
		
	


	
		
			
		
		
			
			
			
			
			
		
		
			
		
		
			
			
			
		
		
			
		
	


	
		
			
		
		
			
			
		
		
			
			
			
		
		
			
		
	















Figure 11: The deformation ability of the samples.


When the results obtained from Table 5 are examined, it was seen that the reinforced plaster application increased the samples’ ability of deformation. The reinforced plaster mortars increased the deformation ability of the samples and created a covering effect on the samples by not leaving the samples during the experiment. Thus, rupture of the samples was prevented and ductile behavior was obtained. This effect increases especially in the polypropylene fiber samples. In polypropylene additive samples, after the mortar and brick samples are ruptured in the inner structure, the polypropylene fiber plaster crust swells and takes damage in Figure 12. 
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Figure 12: The polypropylene fiber plaster sample failure.


The highest deformation ability is observed in polypropylene fibered and then the steel fibered walls. The normal plastered samples have shown a lesser deformation ability compared to the reinforced plasters. The amounts of energy consumed by the samples during the experiment were calculated using the area below the load-displacement curves of the samples. Area values for the wall samples used in the study are given in Table 6. In the area calculation, the areas under the parts reaching the 0,85 and 0,50 levels of the maximum load level on the decreasing arm of the load-displacement curve were taken into consideration. In Table 6, the values belonging to the reinforced samples are given by proportioning to the average of the values belonging to the reference samples. When normal plastered brick walls are taken as reference samples, the rate of increase in the area (A.R.) below the part until the 0,85 level of the maximum load level was 8,28 times for the P3 sample in the experiment carried out at 30° angle, 3,16 times for the P3 sample at 45° angle, 4,54 times for the P3 sample at 60° angle, and 3,04 times for the P3 sample at 90° angle. The rate of increase in the area below the part until the 0,50 level of the maximum load level was 8,29 times for the P3 sample in the experiment carried out at 30° angle, 4,27 times for the P3 sample at 45° angle, 6,23 times for the P3 sample at 60° angle, and 3,85 times for the P3 sample at 90° angle. The highest energy consumption was observed in polypropylene fibered walls, followed by steel fibered walls.
The envelope curves drawn using the 
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 values obtained from the maximum loads following the 30°, 45°, and 60° diagonal and 90° distributed force tests carried out on the 24 wall samples plastered with normal, polypropylene, and steel fiber reinforced mortars are shown in Figure 13. 






















	


	
	
	


	


	
	
	


	


	
	
	


	


	


	
	
	


	


	
	
	


	


	
	
	


	


	
	
	


	


	
	
	


	


	
	
	



	



	
	



	
	



	
	



	
	



	
	
	
	


	
		
	
	
		
		
		
		
		
	


	
		
	
	
		
		
		
		
		
	













Figure 13: 
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 values obtained from the maximum loads.


The load consumption in the wall samples occurs in the form of shear and pressure failure, according to the vertical and horizontal components of the load applied. In the case of shear failure, the strength equation is expressed as follows: 
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Here, 
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 is defined as the coefficient of friction between the brick and the mortar, 
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 as the tension during the shear failure, and 
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 as basic shear adherence tension. The shear stress obtained from Figure 13 according to the wall types is shown in Table 7. 
In the shear failure equations obtained from Table 7, the smallest friction force was 0,338 in S5 sample and the largest was 0,520 in N sample. The largest adherence was 1,186 in P3 sample and the smallest adherence was 0,546 in N sample. 
4. Conclusions
In this study, 24 wall samples 
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 mm sized were constructed using 1 : 2 scaled 
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 mm sized masonry bricks. The walls were plastered using normal, polypropylene, and steel fiber reinforced plaster mortars and were exposed to vertical loads at various angles. In the tests carried out, significant increases in the load carrying capacities of the samples produced using reinforced plasters were obtained. According to the test results, it was observed that the reinforced plaster application was very effective on the shear strengths of the walls. The reinforced plasters significantly increase the stiffness of the walls. It is thought that the increase observed in the initial rigidities in the reinforced plaster applications is due to a good adherence surface between the wall and the reinforced plaster. Through the reinforced plaster application, deformation ability of the samples increased. The reinforced plasters did not peel completely from the surface throughout the experiment and created a covering effect and increased the deformation ability of the walls. Thus, the rupturing of the samples was prevented and ductile behavior was obtained. The highest energy consumption was observed in the polypropylene fibered walls and then the steel fibered walls. In the envelope curves drawn following the experiment, using the 
	
		
			

				𝜎
			

		
	
 and 
	
		
			

				𝜏
			

		
	
 values obtained from the maximum loads, it was observed that the highest adherence was obtained from polypropylene reinforced plasters.
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