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Abstract

:

Different loading conditions cause different tensile stress patterns in masonry structures. Several studies related to masonry behavior use indirect tensile tests to obtain that value, where the splitting test from ASTM-C-1006 is usually employed. In this paper, an experimental analysis of the tensile strength of hollow concrete blocks is reported. Different locations of the rod from the ASTM-C-1006 splitting test were analyzed. The tensile strength was evaluated in four different ways, placing the rod: (1) in the transversal direction over the gross area, (2) in the transversal direction over the net area, (3) in the longitudinal direction, and (4) 200 mm from the central region of the block in the longitudinal direction. The obtained results were compared with the tensile strength values measured from the direct tensile test in the longitudinal direction. In addition, an axial compressive test was performed to characterize the blocks, and a discussion about the tensile/compression ratio is shown. The experimental results from the splitting tests show that for each configuration setup, the tensile stress is different. The main result was that the splitting test over the net area with the rod positioned in the longitudinal direction can overestimate the tensile strength by more than 21% of the one over the gross area.
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1. Introduction


Masonry structures of hollow concrete blocks (HCB) have been widely built around the world due to their multiple advantages in the construction industry [1,2,3,4]. The physical and mechanical parameters of the HCB masonry have been studied for years, either as macro models of the different elements that constitute them, i.e., the mortar and the blocks, or by assemblages such as prisms, wallettes, and full-scale walls.



There are experimental results related to the axial compressive behavior in masonry prisms and wallettes [1,5,6,7], diagonal compression in wallettes, and confined masonry walls under cyclic lateral loads [8,9]. However, experimental results about the tensile strength of masonry units are limited, not only in the number of studies but also in the number of experimental samples. Mojsilović, N. [10] performed direct tensile tests in two series of hollow clay blocks (x- and y-directions) (Figure 1), while in previous research, the authors [11] also carried out direct tensile tests in the x- and y-directions but for HCBs. Haach, V.G et al. [12] developed an indirect test to determine the tensile strength, but their results were compared with another indirect tensile test. Almeida, J.C et al. [13,14] obtained the softening behavior of different clay blocks by applying an indirect tensile test. Santhakumar, A.R. and S. Ashok [15] suggested an experimental method to test tensile strength of brick masonry. McBurney, J.W [16] also, obtained the tensile strength of bricks. On the other hand, Barbosa, C.S. and J.B. Hanai [17] tested hollow concrete blocks and cylinders made with the block material in order to obtain the mechanical properties and structural behavior in compression and tension. In some studies [1,4,10,12,18], where various masonry elements such as prisms and walletes were tested, the tensile strength of masonry units could be a decisive parameter to describe its behavior under several loading conditions. The differential displacements induced by seismic loads are the main source of tensile stresses in masonry walls, particularly in walls of unreinforced concrete blocks, which are the most vulnerable under these seismic actions [19].



In previous research [11,20] state-of-the-art study was presented about the tensile strength determination in masonry units in accordance with the specialized literature. The splitting test results of HCBs with a compressive strength of 28.83 MPa were reported as evaluated over the net area. In the present investigation, the splitting test is carried out in two directions (x and y) (Figure 1). The block has a compressive strength of 11.62 MPa over the net area (see Table 1), and the geometrical properties of the sampled two-core HCB are shown in Figure 2. Experimental reports of the splitting tensile strength of HCB by other studies [17,21,22,23,24,25] are also discussed here.
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Figure 1. Splitting tests applied to the blocks (a) in the x-direction (longitudinal) over the gross area, (b) in the x-direction over the net area, (c) in the y-direction (transversal), and (d) 200 mm from the central region of the block in the y-direction. (e) Guidelines of ASTM C-1006-13 [26]. 
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ASTM C-1006-13 [26] proposes a splitting test as an indirect method to determine the tensile strength of the masonry units. In the standard test, two cylindrical steel rods are used to transfer a compressive load to the HCB on a small region, inducing tensile stresses that produce a vertical crack, splitting the HCB into two pieces. Experimental results of the tensile strength of masonry units have been reported in a few studies [10,11,12,13,14,15,16,17].



The ASTM C-1006-13 establishes a symmetric system to apply the load to the specimen (Figure 1e) [26]. It is reasonable to think that the splitting load must be applied in the net section of the block when it coincides with its symmetry plane. When the block has two cores with a central web (Figure 1b), the positioning of the load to evaluate the splitting strength in the x-direction (Figure 1a,b) becomes dubious. Applying the load over the gross area in this type of block (Figure 1a) complies with the intention of the standard, avoiding an additional bending effect due to the inclined plane generated by the boundary condition between the block and the steel plate (Figure 1b) [17]. Hence, the tensile strength has been determined over the gross area (Figure 1a) in the following investigations [21,22,23] and over the net area (Figure 1b) in the references [17,27]. In other studies, the load is applied over the gross area, and then the tensile strength is computed over the gross and net areas [24,25], obtaining two values for the splitting strength for the same loading position.



It is known that the tensile strength of the HCB controls the behavior of a masonry wall before the first diagonal cracking occurs under lateral loads. The vertical cracking failure mode of prisms and wallettes under axial compression is the principal failure mode of the HCB masonry (Figure 2a). The vertical cracking, in general, is controlled by the tensile strength of the units (HCB). Due to the different stress–strain properties of the HCB and the mortar, an interaction between both materials is exhibited when they are subjected to the same stress. This interaction causes the less deformable material, typically the HCB, to restrict the transversal strain of the most deformable material (mortar), inducing compression stresses in the mortar and tension stresses in the HCB (Figure 2b). Thus, obtaining a reliable tensile strength of the HCB becomes a major issue. Therefore, the main aim of this research is to evaluate the influence of the rod position in the estimation of tensile strength through experimentation by applying the splitting test from the ASTM C-1006-13 standard on HCBs. Figure 2c,d show the principal dimensions of blocks used in the current research, and the mean values of the dimensions illustrated in Figure 2d are indicated in Table 2.




2. Materials and Methods


This research was realized with HCBs manufactured in Nuevo León, Mexico. The blocks have two cores and are made of cement and aggregate up to a size less than 10 mm and are tapered in the web. The HCBs were randomly chosen from the same batch, and 30 blocks were tested in each of the 4 variants of the splitting test (Figure 1a–d), and 30 blocks were used in the axial compressive test (Figure 3) for a total of 150 blocks tested. Their nominal dimensions are 395 mm × 194 mm × 144 mm (length × height × thickness) (Figure 2b). The ratio of net to gross area is 0.57. According to data provided by the manufacturer, the HCBs were made with medium sand #4 (59.55%), gross sand 3/8″ (25.91%), cement (OPC-40) (10.02%), and water for each unit (4.52%). All the blocks were kept in the laboratory within a temperature range of 24 °C ± 8 °C, and with relative humidity less than 80%. The mean density of blocks was 2008 kgf/m3 (19.692 kN/m3).



2.1. Axial Compressive Test


The compressive tests of the HCB were displacement-controlled with a   0.005    mm  / s = 5    μ m  / s   rate using a servo-hydraulic machine. Besides the linear variable differential transformer (LVDT) of the testing machine, for each HCB the following measurement transducers were used: two strain-gauges (SG) to measure the longitudinal and transversal strains in the material elastic stage (Figure 3a) and two LVDTs to measure the load-displacement and stress–strain curve (Figure 3b) and to validate the non-existence of rotation in the upper plate of the testing machine (Figure 3c). The absolute difference measured between both LVDTs was between 10 and 50    μ m    (Figure 3c). Therefore, the hypothesis of the non-existence of rotation of the upper plate is acceptable, and it can be considered that the load was uniformly applied on the upper surface of the HCBs.



The compressive strengths were calculated accordingly to the standards [28,29] over the net and gross areas. The compressive strength and the modulus of elasticity were obtained by the standards from the reference [30,31,32,33,34] (Table 1).



The modulus of elasticity was determined as the secant modulus between 5% and 35% of the compressive strength found from the stress–strain curve (Figure 3b).



The axial compression failure in the HCBs (Figure 3a) is characterized by a diagonal shear crack that is produced by a combination of stresses due to the low slenderness ratio of the block, the lateral confinement, and the friction load due to the contact of the HCB and the plates [17,20,35,36]. The failure patterns were not symmetric and exhibited diagonal cracking patterns that generally began in the exterior part of the HCBs, with the compressive failure occurring in the face-shells (Figure 3a).




2.2. Splitting Tests


Splitting tests were performed following the standard ASTM C-1006-13 [26] with a load rate of   4000    N  / mm  . The compressive load    P    applied to the unit, imposed by means of bearing rods, resulted in a tensile stress distributed over the height     H    of the unit times the split length     L   . The splitting tensile strength       f  t i       of the specimens was computed with Equation (1) [26]. This test method can be conducted with the rod oriented either in the longitudinal direction or in the transverse direction to the bed face. The diameter of the bearing bars was 1 in, according to ASTM C-1006-13.


   f  t i   =   2 P   π L H      



(1)




where:



   f  t i   :   Splitting tensile strength     MPa    ;



  P :   Maximum applied load indicated by the testing machine    N   ;



  L :   Split length, gross length minus the length of any voids along the failure plane of the bearing rods,     mm     (see Figure 4);



  H :   Distance between rods,     mm    .
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Figure 4. Arrangement for splitting tests: (a) x-direction over the gross area, (b) x-direction over the net area, (c) y-direction, and (d) 200 mm from the central region of the block in the y-direction (modified method). 
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In [11,20], splitting tests in the x-direction were carried out, and it was claimed that the significant differences obtained in that direction could be associated with the load application mode in that direction. The load in those investigations was applied over the gross area (Figure 1a). Considering those results, the splitting test in this study was made over the gross and net areas in the x-direction (Figure 1a,b), and the variations analyzed in the x-direction were the following.




	
Apply the load and calculate the splitting strength over the gross area (Figure 4a)     f  t   S x        [21,22,23].



	
Apply the load over the gross area (Figure 4a), but use the net area to obtain the splitting strength     f  t   S    g − n   x         as in reference [24,25].



	
Apply the load and obtain the splitting strength over the net area (Figure 4b)     f  t   S  x n         [17,27].








It is known that the splitting test setup, the load application, and the arrangement of the test affect the results [37]. For that reason, and to investigate the influence of the rod flexure in the measured tensile strength of the block, a modified test was introduced for the y-direction (see Figure 4d).



In this case study, five different ways to evaluate the splitting strength in HCB are presented: (1) splitting tensile strength in the x-direction over the net area (  f  t   S  n x      ), (2) splitting tensile strength in the x-direction over the gross area (  f  t   S  g x      ), (3) splitting tensile strength in the x-direction over the gross area but using the net area to compute the splitting strength (  f  t   S    g − n   x      ), (4) splitting tensile strength in the y-direction (  f  t   S y     ), and (5) splitting tensile strength in the y-direction, 200 mm from the central region of the block (  f  t   S  y − CR      ), assessing the effect of the rod flexibility.




2.3. Direct Tensile Tests in X-Direction


The direct tensile test is not an aim of this research; however, it is an important result through which the results obtained from the splitting tests are evaluated and compared. The procedure to carry out the direct tensile test was described in [20]. The main results from the direct test with the blocks used in this research are described in the supplementary file.



From this test, 30 blocks were tested, the data fitted to the normal distribution, and the mean tensile strength     f  t   D  n x           in the x-direction was 0.90MPa.



Results in the x-direction were selected as the reference value for the tensile strength because in this setup the interaction between the steel plates and the specimen has a smaller effect on the real tensile strength of the material [20].





3. Results and Discussion


In this section, the experimental results and the description of the main failure modes are shown for the splitting tensile tests in the x- and y-directions. In addition, a section of statistical analysis is presented, where parametric and non-parametric hypotheses tests were carried out [38].



3.1. Experimental Results


The physical and mechanical properties for each direction in the splitting tests were obtained as shown in Figure 5 and Table 2. As in previous investigations [11,20], when the load was applied over the gross area in the x-direction, the failure was characterized by a non-uniform tearing of the material in the split plane, dividing the block into two parts (Figure 5a). Independently of the compressive strength, a protuberance can be seen in one part of the block and a hole with a sharp perimeter in the other part. The load was applied over the net area in the x-direction and the y-direction. The typical failure mode, characterized by a splitting plane, split the block into two non-uniform parts (Figure 5b–d).



Table 2 shows the average dimensions and results obtained from the splitting tests. The whole data of the splitting tests can be found in references [39,40]. In the next sections, the tensile strengths are studied using statistical analysis and compared with other experimental results.




3.2. Statistical Analysis


Firstly, a Kolmogorov–Smirnov statistical test was carried out to prove that the results of the tests fit a normal distribution. Figure 6 shows that the p-value of all the tested samples was greater than the assumed significance level     α = 0.05    , indicating that the random variables fit a normal distribution.



To increase the scope of the parametric tests, it is necessary to verify the homogeneity of the variance between the random variables [38]. Thus, the Levene test was employed to compare each pair of random variables (Table 3). According to the Levene test results, the appropriate parametric and non-parametric tests were carried out to determine the mean and median similarities between the compared samples. Table 3 shows these results. In addition, to measure the dispersion, the classical relative differences Equation (2) was applied. In engineering terms, only the mean values of each random variable need to be used. This is the most used criterion for the sub-domain comparison between random variables (Table 3).


  R D =     f  t D  − f  t S    f  t D      × 100 ;                                   A D =   f  t D  − f  t S    × 100    



(2)







RD: relative difference. AD: absolute difference



The first five rows in Table 3 show a comparative between the direct tensile tests with the four variant of splitting test carried out in this research. It can be seen that the less relative difference obtained was with the splitting test over the gross area.



The values of the tensile strength in the x-direction, applying the load over the gross area but computing the stress over the net area     f  t   S    g − n   x        , is not consistent with the standard (ASTM C-1006). From all the splitting variants, the highest obtained result was   f  t   S    g − n   x     = 2.33   MPa  , which can be an uncontrolled overestimation of the tensile strength. In addition, this variant presented the highest relative and absolute differences.



The rod position out of the symmetry plane (x-direction over the net area),   f  t   S  x n     = 1.10   MPa   (Figure 5b), may also cause an overestimation of the tensile strength since there is a 21% relative difference compared to the results when applying the load over the gross area   f  t   S x    = 0.87   MPa   (Table 3). On the other hand, the rod can bend when the load is applied, as illustrated in Figure 4b.



A similar behavior occurs when the rod is placed in the y-direction (Figure 4c). The rod bends, but an underestimation can be obtained when the splitting strength is computed,   f  t   S y    = 0.61   MPa  , since there is 30% of relative difference compared to the results when applying the load over the gross area   f  t   S  g x     = 0.87   MPa   (Table 3).



An overestimation of the tensile strength also occurred when the modified method of the same rod position (Figure 5d) was carried out,   f  t   S  y − C R     = 1.54   MPa  , 43% of the relative difference compared to the results when applying the load over the gross area   f  t   S  g x     = 0.87   MPa   (Table 3). In this case, the bending of the rod is like the one shown in Figure 4d. Otherwise, the   f  t   S  g x       test develops the minimum rod curvature, and the load is applied in the symmetry plane.



The experimental splitting results showed that for each different position that causes bending in the upper rod, due to the load or boundary condition of the block (Figure 5), the splitting strength obtained shall be different. In some cases, the reported strengths increase     f  t   S  x n     ,   f  t   S  y − C R     , f  t   S    g − n   x        , and in others they decrease     f  t   S y       .




3.3. Comparison with Other Studies


In previous investigations [11,20], tensile strength results were obtained from the direct and splitting tests, in x- and y-directions for 28.83 MPa of net compressive strength HCBs. In those works, statistical differences from the hypothesis tests were also obtained. The relative and absolute differences were (RD = 30%, AD = 60%) in the x-direction. In the y-direction, a significant difference between both procedures (direct and splitting) [11,20] did not exist. The differences in the x-direction were attributed to the load application in the gross area in the splitting test.



In the current study, the mean net compressive strength of the HCBs was 11.62 MPa, and the significant differences (P-value, RD, and AD) in the tensile strength in the x- and y-directions were attributed to the bending of the rod when the load is applied over the net area. The bending of the rod is a phenomenon that will be studied in the following research, including a micro-numerical modeling with finite element analysis. Another parameter that can have an influence on the tensile strength of the HCB is the compressive strength.



On the other hand, a few studies [11,12,17,20] have reported the ratio of tensile to compressive strengths in HCBs (Table 4). In some cases, this ratio is far from 10%, which is an usual estimate in some types of concrete [10,41,42].



The 2nd and 6th columns from Table 4 show the experimental results of the     f  t   D  n x       f     ′     C n        ratio for two different compressive strength blocks. The relative difference between both columns is 2.6%; i.e., the     f  t   D  n x       f     ′     C n        ratio was similar for both compressive strengths of the HCBs.



However, when the comparison is made between the third and seventh columns from Table 4, the same method was used but with different compressive strengths. In that case, the splitting tests in the x-direction over the gross area had a variation with a relative difference of 29%. These results reaffirm what was discussed in the past section considering the influence of the rod flexibility and the compressive strengths of the HCBs.



Results of columns 4 and 11 from Table 4 for the block BB-1 [17] were obtained from the splitting test in the x-direction over the net area. The used blocks had similar geometries and strengths compared with the current research. The relative difference between both results was less than 5%. On the other hand, if the 6th and 11th columns from Table 4 for BB-3 are compared [17], since the compressive strength was similar, the relative difference is 60%. These results reaffirm those discussed in the splitting section about the overestimation of the splitting strength in the x-direction over the net area      f  t   S  n x        .



The 14th column from Table 4 shows the results obtained by other studies [12]. The direct tensile strength was achieved in samples cut from blocks. As it can be seen in this column, the ratios of tensile/compressive strength were higher than 15%. Thus, this strategy is not recommended.



Those results are important since this correlation is the most used ratio in the FEM analysis of masonry structures, and most of the time it uses 10% of the compressive strength. In those analyses, we can estimate that the ratio of tensile/compressive strength is under 10%.



Figure 7 displays a summary of the experimental results reported by the literature, related to the splitting tensile strength of HCBs [11,12,17,20,43]. The observed pattern is that while the compressive strength of the HCB increases, the relative difference between the splitting tensile strength over the gross and net area is greater.



Additionally, it is observed in Figure 7 that the splitting test over the gross area gave better results than over the net area (see Figure 4), i.e., the values obtained with the rod placed over the gross area are closer to the values obtained with the direct tensile test than those obtained with the rod placed over the net area. Considering that only one compressive strength is included in this study, this observation is thus limited to HCBs with two holes and a compressive strength of 11.62 MPa on the net area. Moreover, Equation (1) does not consider the influence of the rod position, and it may be necessary to apply a variable correction function. That function will be proposed in future studies, based on the previous research from reference [44]. The interaction between the rod and the HCB is influenced by the boundary conditions, geometrical properties, and the rod’s material.



With the aim to keep using simple mathematical functions for the indirect tensile strength, such as Equation (1), the following recommendations for the splitting test [26] are suggested:




	
Do not apply the test over the y-direction     f  t   S y       , (Figure 4c);



	
Apply the test over the gross area (Figure 4a)      f  t   S  g x         in the x-direction, independently of the compressive strength (see Figure 7);



	
Apply a variable correction function.










4. Conclusions


From the results achieved in the statistical and experimental research about the HCBs behavior under splitting tensile tests, the following conclusions were obtained:




	
The experimental results from the four different splitting tests showed that the corresponding setups had a significant effect on the computed tensile strength. For each different configuration, the tensile strength shall be different. In some cases, the strengths are greater        ft    S  xn     ,      ft     S  y − CR     ,   ft    S    g − n   x        , and they are smaller in others        ft    S y       , i.e., the interaction of the test setup components biases the measured strength.



	
In a splitting test, if the load is applied over the gross area, the tensile strength should not be computed over the net area,   f  t   S    g − n   x      . This procedure is not consistent with the standard (ASTM C-1006). Furthermore, amongst all the analyzed variations, those results were the least meaningful.



	
The splitting test on the net area in the x-direction     f  t   S  n x         overestimates the tensile strength.



	
The experimental results suggest that when the compressive strength of the HCBs increases, the relative difference between the tensile strength over the gross and net area in the splitting tests is greater.



	
This research is limited to HCBs with two holes and a compressive strength of 11.62 MPa on the net area.
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Nomenclature




	    ε u    
	Ultimate strain in compression



	    ε 0    
	Strain related to the maximum stress in compression



	   f     ′    C g     
	HCB uniaxial compressive strength over the gross area, MPa



	   f     ′    C n     
	HCB uniaxial compressive strength over the net area, MPa



	    E  C g     
	Elastic modulus over the gross area, in compression, MPa



	    E  C n     
	Elastic modulus over the net area, in compression, MPa



	   f  t   S  n x       
	Splitting tensile strength in the x-direction over the net area, MPa



	   f  t   S  g x       
	Splitting tensile strength in the x-direction over the gross area, MPa



	   f  t   S y      
	Splitting tensile strength in the y-direction, MPa



	   f  t   S  y − C R       
	Splitting tensile strength in the y-direction, 200 mm from the central region of the block, MPa



	   f  t   S    g − n   x       
	Splitting tensile strength in the x-direction over the gross area using the net area to compute the splitting strength
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Figure 2. (a) Failure patterns of HCB masonry in wallets under compressive stresses. (b) Stress state induced in the HCB and the mortar due to the different deformation characteristics of both materials. (c) Different types of net areas in the HCB (the dimensions are in mm). (d) Geometric parameters of the HCB (the mean values of these dimensions are in Table 2); the depth of the HCB is called Z. 






Figure 2. (a) Failure patterns of HCB masonry in wallets under compressive stresses. (b) Stress state induced in the HCB and the mortar due to the different deformation characteristics of both materials. (c) Different types of net areas in the HCB (the dimensions are in mm). (d) Geometric parameters of the HCB (the mean values of these dimensions are in Table 2); the depth of the HCB is called Z.



[image: Buildings 13 00096 g002]







[image: Buildings 13 00096 g003 550] 





Figure 3. Results from the compressive test: (a) failure mode, (b) stress–strain curves over the net area, (c) stress–strain curves over the gross area, (d) force–displacement curves from LVDTs. 






Figure 3. Results from the compressive test: (a) failure mode, (b) stress–strain curves over the net area, (c) stress–strain curves over the gross area, (d) force–displacement curves from LVDTs.



[image: Buildings 13 00096 g003]







[image: Buildings 13 00096 g005 550] 





Figure 5. Failure mode and tensile strength results from the splitting tests: (a) x-direction over the gross area, (b) x-direction over the net area, (c) y-direction, and (d) 200 mm from the central region of the block in the y-direction. 
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Figure 6. Normality tests for the experimental results. 
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Figure 7. Summary of the experimental results reported in the specialized literature. 
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Table 1. Averages values from the compressive tests.
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	Max. Load (kN)
	     f     ′    C g        (MPa)
	     f     ′    C n        (MPa)
	        E  C g        ( MPa )     
	        E  C n        ( MPa )     
	       ε 0      ( mm / mm )    
	        ε u       ( mm / mm )     
	µ





	Mean
	377
	6.61
	11.62
	3032
	5326
	0.0027
	0.0044
	0.06



	SD
	26.23
	0.47
	0.81
	722
	1269
	0.0007
	0.0011
	0.02



	COV
	7%
	7%
	7%
	24%
	24%
	25%
	24%
	27%
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Table 2. Splitting results (see Figure 2c for the block dimensions).
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x-Direction over the Gross Area (Figure 1a)






	

	
    B      mm      

	
    H      mm      

	
    Z      mm      

	
       a 1   ¯       mm      

	
       b 1   ¯       mm      

	
       b 2   ¯       mm      

	
L

(mm)

	
    F  t   S x         kN      

	
    f  t   S x         MPa      

	
    f  t   S    g − n   x          MPa      




	
Mean

	
395

	
145

	
195

	
27

	
101

	
54

	
145

	
38.87

	
0.87

	
2.33




	
SD

	
0.68

	
0.76

	
0.78

	
0.49

	
0.97

	
0.66

	
0.76

	
5.64

	
0.13

	
0.33




	
COV

	
0.17%

	
0.53%

	
0.40%

	
1.79%

	
0.97%

	
1.23%

	
0.5%

	
14.51%

	
14.41%

	
14.18%




	

	
  f  t   S    g − n   x       MPa     refers to the first variation, where the strength is obtained using the net area but applying the load over the gross area [24].




	

	
x-direction over the net area (Figure 1b)




	

	
    B      mm      

	
    H      mm      

	
    Z    ( mm )    

	
       a 1   ¯       mm      

	
       b 1   ¯       mm      

	
       b 2   ¯       mm      

	
L

(mm)

	
    F  t   S  x n          kN      

	
    f  t   S  x n          MPa      




	
Mean

	
395

	
145

	
195

	
27

	
100

	
54

	
55

	
18.36

	
1.10




	
SD

	
0.56

	
0.21

	
0.82

	
0.51

	
0.71

	
0.70

	
1.01

	
4.88

	
0.29




	
COV

	
0.14%

	
0.14%

	
0.42%

	
1.85%

	
0.71%

	
1.29%

	
1.85%

	
26.57%

	
26.67%




	

	
y-direction (Figure 1c)




	

	
    B      mm      

	
    H      mm      

	
    Z      mm      

	
       a 1   ¯       mm      

	
       b 1   ¯       mm      

	
       b 2   ¯       mm      

	
L

(mm)

	
    F  t   S y         kN      

	
    f  t   S y         MPa      




	
Mean

	
395

	
145

	
195

	
27

	
101

	
53

	
81

	
15.09

	
0.61




	
SD

	
0.22

	
0.32

	
0.73

	
0.43

	
0.58

	
0.63

	
1.28

	
2.85

	
0.12




	
COV

	
0.06%

	
0.22%

	
0.38%

	
1.59%

	
0.57%

	
1.19%

	
1.6%

	
18.89%

	
19.0%




	

	
200 mm from the central region of the block in the y-direction (Figure 1d)




	

	
   Z     mm     

	
      a 1   ¯      mm     

	
L

(mm)

	
   F  t   S  y − C R       kN     

	
   f  t   S  y − C R       MPa     




	
Mean

	
195

	
30

	
30

	
13.9

	
1.54




	
SD

	
0.55

	
1.50

	
1.50

	
3.9

	
0.44




	
COV

	
0.3%

	
5.1%

	
5.1%

	
28%

	
29%
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Table 3. Results from the statistic tests.
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Variable

	
Levene Test

p-Value

	
Mean Comparison

	
Statistical Difference

	
Relative Difference (RD)

	
Absolute Difference

(AD)

	
Comparative






	
   f  t   D  n x       and   f  t   S  g x       

	
0.628

	
Student-t test

(p = 0.490)

	
Non-Difference

	
3%

	
3%
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   f  t   D  n x       and   f  t   S    g − n   x       

	
0.000

	
Mann–Whitney U test

(p = 0.000)

	
Difference

	
159%

	
143%

	
   f  t   S    g − n   x       




	
   f  t   D  n x       and   f  t   S  n x       

	
0.002

	
Mann–Whitney U test

(p = 0.004)

	
Difference

	
22%

	
20%
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   f  t   D  n x       and   f  t   S y      

	
0.205

	
Student-t test

(p = 0.000)

	
Difference

	
32%

	
29%
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   f  t   D  n x       and   f  t   S  y − C R       

	
0.000

	
Mann–Whitney U test

(p = 0.000)

	
Difference

	
71%

	
64%
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   f  t   S  n x       a n d   f  t   S  g x       

	
0.001

	
Mann–Whitney U test

(p = 0.001)

	
Difference

	
21%

	
23%
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   f  t   S y      a n d   f  t   S  y − C R       

	
0.000

	
Mann–Whitney U test

(p = 0.000)

	
Difference

	
60%

	
93%

	
 [image: Buildings 13 00096 i008]

	
 [image: Buildings 13 00096 i009]




	
   f  t   S  g x       a n d   f  t   S y      

	
0.417

	
Student-t test

(p = 0.000)

	
Difference

	
30%

	
26%
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   f  t   S  g x       a n d   f  t   S  y − C R       

	
0.000

	
Mann–Whitney U test

(p = 0.000)

	
Difference

	
43%

	
26%
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   f  t   S  n x       a n d   f  t   S y      

	
0.000

	
Mann–Whitney U test

(p = 0.000)

	
Difference

	
44%

	
49%
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   f  t   S  n x       a n d   f  t   S  y − C R       

	
0.012

	
Mann–Whitney U test

(p = 0.000)

	
Difference

	
40%

	
44%

	
 [image: Buildings 13 00096 i016]

	
 [image: Buildings 13 00096 i017]




	
   f  t   S  g x       a n d   f  t   S    g − n   x       

	
0.000

	
Mann–Whitney U test

(p = 0.000)

	
Difference

	
168%

	
146%
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   f  t   S    g − n   x       




	
   f  t   S  n x       a n d   f  t   S    g − n   x       

	
0.339

	
Student-t test

(p = 0.000)

	
Difference

	
80%

	
123%
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   f  t   S    g − n   x       











[image: Table] 





Table 4. Results comparison with other studies.
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1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14






	
      f ′    C n         MPa      

	
     f  t   D  n x       f     ′     C n        

	
     f  t   S  g x         f     ′     C n        

	
     f  t   S  n x         f     ′     C n        

	
      f ′    C n         MPa      

	
     f  t   D  n x       f     ′     C n        

	
     f  t   S  g x         f     ′     C n        

	
Series

	
      f ′    C n         MPa      

	
   f  t   S  n x       

	
     f  t   S  n x         f     ′     C n        

	
     f ′    C n      

	
   f  t  m c     

	
     f  t  m c       f ′    C n        




	
11.62

	
0.077

	
0.075

	
0.094

	
28.83

	
0.075

	
0.053

	
BB-1

	
14.0

	
1.3

	
0.09

	
17.63

	
3.13

	
0.178




	
BB-2

	
17.7

	
1.9

	
0.11




	
BB-3

	
26.0

	
3.1

	
0.12




	
Current research

     N a     G a    = 0.57  

30 samples for each test

	
J. Álvarez et al.

[11,20]

     N a     G a    = 0.555  

30 samples for each test

	
C. S. Barbosa and J. B. Hanai [17]

     N a     G a    = 0.562  

6 samples for each test

	
V. G. Haach, G. Vasconcelos, and P. B. Lourenço [12]

     N a     G a    = 0.532  

6 samples for each test




	
  f  t  m c   :   Tensile strength of the cut samples from the HCBs [12]

     N a     G a     : net/gross area ratio

  f  t   D  n x      : Direct tensile test of HCBs
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