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Abstract 

Masonry is commonly used in construction and has made the industry an integral part of both the 

Canadian and U.S. economies. The requirements related to materials, design, and construction 

methods for masonry that are currently used in Canada and the U.S., however, vary remarkably 

even though these requirements were fundamentally developed from the results of a small pool of 

supporting literature that has been published worldwide. The notable differences between the 

Canadian and the U.S. design requirements for masonry are affecting the Canadian and the U.S. 

masonry industry, potentially holding back synergies and cost savings that may otherwise be 

available.  

While some differences can be easily isolated and compared, others such as the reported masonry 

assemblage strengths form the basis of the Canadian and the U.S design codes, cause a comparison 

between the two codes difficult. An experimental investigation with the aim of evaluating and 

comparing the requirements related to prism geometry, construction, and testing in accordance 

with both the Canadian masonry prism requirements, as specified in Annex D of CSA S304-14: 

Design of Masonry Structures, and the U.S. masonry prism standard ASTM C1314-18: Standard 

Test Method for Compressive Strength of Masonry, was therefore performed at the University of 

Saskatchewan.  

A set of conversion factors was established to correlate the reported masonry assemblage strengths 

determined in accordance with ASTM C1314-18 to those determined in accordance with CSA 

S304-14. Results also showed that smaller prisms can be constructed and used to verify the 

assemblage strength of constituent materials on construction sites in Canada. Changes to the 

commentary in Annex D of CSA S304-14 as related to Canadian prism test requirements are also 

supported.  
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Chapter 1: Introduction 

1.1 Background 

Masonry is commonly used in construction and has made the industry an integral part of Canadian 

and U.S. economies. Currently, the Canadian and the U.S. design requirements for masonry are 

included in CSA S304-14 (CSA, 2014a) and TMS 402/602-16 (TMS, 2016), respectively.  CSA 

S304-14 (CSA, 2014a) and TMS 402/602-16 (TMS, 2016) are developed independently with the 

makeup of each committee comprising exclusively of domestic members. The requirements as 

included in each code, as well as the supporting standards, vary markedly even though both codes 

were fundamentally developed from a small pool of available literature that was published 

worldwide. While some differences between CSA S304-14 (CSA, 2014a) and TMS 402/602-16 

(TMS, 2016) can be easily isolated and compared, others such as the effect of differences in 

reported masonry assemblage strength are pervasive, and cause a comparison between design 

methods as included in the two codes difficult without first conducting a thorough analysis. 

Much like the specified compressive strength of concrete, masonry assemblage strength is 

determined based on compression tests of small-scale specimens known as masonry prisms. 

Masonry prisms comprise a combination of concrete masonry units that are mortared together and, 

when applicable, grouted. The strength of this assemblage serves as the basis of the provisions for 

the resistance of structural masonry members.  

Currently, Canadian and U.S. requirements related to prism geometry, construction, testing are 

prescribed in Annex D of CSA S304-14 (CSA, 2014a) and ASTM C1314-18 (ASTM, 2018), 

respectively. Prisms built in accordance with CSA S304-14 (CSA, 2014a) are constructed using 

running bond with face shell bedding, are at least three courses tall, and one full block-wide. In 

contrast, prisms built in accordance with ASTM C1314-18 (ASTM, 2018) are constructed using a 

stack pattern with full mortar bedding, and are as little as two courses tall and one-half block-wide. 

The difference in requirements related to the prism geometry and construction methods for the 

Canadian and U.S. prisms results in differences between the resulting masonry assemblage 

strengths. Design provisions that are developed based on masonry assemblage strengths and 

included in CSA S304-14 (CSA, 2014a) and TMS 402/602-16 (TMS, 2016) are therefore likely to 

be insufficiently rigorous in one case and overly conservative in other cases (Dutrisac and Banting, 

2021). That said, the disparity in requirements for masonry prism tests that are being used in 
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Canada and the U.S. is raising questions over the accuracy and degree of conservatism of design 

provisions included in CSA S304-14 (CSA, 2014a) and TMS 402/602-16 (TMS, 2016) and 

potentially holding back synergies such as a developing a collaborative Canadian-American 

research program.  

Despite the considerable impact of the resulting masonry assemblage strengths on the 

reconciliation of Canadian and U.S. masonry design codes, research efforts to date have not 

focused on correlating the resulting masonry assemblage strengths determined in accordance with 

CSA S304-14 (CSA, 2014a) and ASTM C1314-18 (ASTM, 2018). An experimental investigation 

was therefore conducted at the University of Saskatchewan to evaluate differences in resulting 

masonry assemblage strengths based upon the prisms constructed and tested in accordance with 

the requirements specified in Annex. D of CSA S304-14 (CSA, 2014) and ASTM C1314-18 

(ASTM, 2018) for better long-term cross-border harmonization between the two standards.  

1.2 Research Objectives 

The principal objective of this research program is to reconcile requirements for prism geometry 

and construction as specified in CSA S304-14 (CSA, 2014a) and ASTM C1314-18 (ASTM, 2018) 

for better harmonization between Canadian and U.S. standards.  

The following are the specific objectives of this investigation: 

1. To evaluate the influence of geometry and configuration on the assemblage strength of 

masonry prisms.  

2. To evaluate the differences between the masonry assemblage strengths determined in 

accordance with CSA S304-14 (CSA, 2014a) and ASTM C1314-18 (ASTM, 2018).  

3. To establish a conversion method between masonry assemblage strengths determined in 

accordance with CSA S304-14 (CSA, 2014a) and ASTM C1314-18 (ASTM, 2018) for 

reconciliation of the differences in the resulting masonry assemblage strengths.  

4. To provide recommendations for the commentary in Annex D of CSA S304-14 (CSA, 

2014) for an improvement of Canadian prism test requirements related to the prism 

geometry and construction methods.   
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1.3 Methodology and Scope 

A large-scale experimental program that included the construction and testings of 196 masonry 

prisms was required to address the objectives as presented previously. Masonry prisms were 

constructed and tested over two phases due to the space limitations in the Structures Laboratory. 

All specimens were constructed using 200 mm concrete masonry units with a nominal strength of 

15 MPa. Companion specimens, including concrete masonry units, mortar cubes, absorbent grout 

prisms, and non-absorbent grout cylinders were tested to establish the material properties of these 

constituent materials. 

Fourteen prism configurations were included in the experimental design to reflect the requirements 

of prism geometry and construction as specified in CSA S304-14 (CSA, 2014a) and ASTM C1314-

18 (ASTM, 2018). The parametric investigation included three prism heights (i.e. two, three, and 

five courses tall), two prism lengths (i.e. half or full block-wide), two types of mortar bedding (i.e. 

face shell or full mortar bedding), and bond pattern (i.e. stack pattern or running bond). Seven 

replicates of each configuration were constructed to provide an indication of variability and 

identify statistically significant differences between the mean values of the test series at a 

minimum 95% confidence level. 

Masonry prisms were tested under concentric compression loading using computer-controlled 

hydraulic actuators with the load recorded by a load cell. A statistical analysis of the average 

masonry assemblage strength of the various prism configurations was performed to identify the 

influence of the investigated parameters on masonry assemblage strength. Recommendations for 

the requirements of prism geometry and construction were provided based on the statistical results. 

As-tested values of masonry prism strengths were compared to those prescribed in accordance 

with CSA S304-14 (CSA, 2014a) and ASTM C1314-18 (ASTM, 2018) to identify the differences 

between resulting masonry assemblage strengths. A numerical relationship between the resulting 

masonry assemblage strengths to those determined in accordance with CSA S304-14 (CSA, 2014a) 

and ASTM C1314-18 (ASTM, 2018) was established.  

1.4 Thesis Outline 

This thesis consists of five chapters as described below: 

o Chapter 1 provides a general introduction to this investigation, followed by the objectives 

and the scope of the study. 
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o Chapter 2 provides a review of the relevant literature related to masonry prism testing and 

outlines the parameters that were reported to influence masonry assemblage strength as 

obtained from previous experimental and analytical investigations. The effect of these 

parameters on the assemblage strength of masonry prisms are examined in turn based on 

the context of the available literature. A comparison between the requirements for the 

geometry, construction, and testing of masonry prisms specified in CSA S304-14 (CSA, 

2014a) and ASTM C1314-18 (ASTM, 2018) is also made.   

 

o Chapter 3 describes the experimental program in detail, including the geometry, 

construction, instrumentation, and testing of the masonry prisms and companion 

specimens.   

 

o Chapter 4 presents and discusses the results and analysis of the specimens constructed and 

tested in this study. The influence of investigated parameters on masonry assemblage 

strength is evaluated. Recommendations for the requirements of prism geometry and 

construction are then proposed. Differences between the resulting masonry assemblage 

strengths as calculated in accordance with CSA S304-14 (CSA, 2014a) and ASTM C1314-

18 (ASTM, 2018) are evaluated. Conversions between the resulting masonry assemblage 

strengths as calculated in accordance with CSA S304-14 (CSA, 2014a) and ASTM C1314-

18 (ASTM, 2018) are established. Recommendations for changes to the commentary in 

Annex D of CSA S304-14 (CSA, 2014a) are proposed.  

 

o Chapter 5 presents the conclusions related to the stated objectives and provides 

recommendations for future research.  
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Chapter 2: Literature Review  

2.1 Introduction 

Requirements for the geometry, construction, and testing of masonry prisms differ based on 

whether the U.S. or Canadian prism test standards are followed. Currently, the Canadian prism test 

standard is prescribed in CSA S304-14 (CSA, 2014a) whereas the test requirements for prisms in 

the U.S. are included in ASTM C1314-18 (ASTM, 2018). These standards specify the test 

requirements differently due to the adoption of various testing techniques that were established in 

the nineteenth century (Boult, 1979). The differences between these standards result in a disparity 

in the resulting masonry assemblage strength even if the same masonry materials are used for 

prism construction (Liu, 2012). The masonry assemblage strength differs, making the 

reconciliation between design provisions included in the U.S. and Canadian masonry design codes 

difficult. 

This chapter provides: a critical examination of the parameters that influence the masonry 

assemblage strength based on the available literature, a review of the historical test results that 

formed the basis for the test requirements included in the current standards, and a comparison of 

the requirements prescribed in CSA S304-14 (CSA, 2014a) and ASTM C1314-18 (TMS, 2018).  

2.2 Parameters influencing the Assemblage Strength of Masonry Prisms 

A thorough review of all past research work related to prism testing is provided to outline and 

examine the parameters that were typically reported to influence the masonry assemblage strength. 

These include: the height-to-thickness (h/t) ratio, length-to-thickness (l/t) ratio, mortar bedding 

type, and bond pattern. The effects of these parameters on the masonry assemblage strength of 

prisms are discussed in turn in the context of the available literature.  

2.2.1 Height-To-Thickness Ratio 

Figure 2.1 shows the height, length, and thickness of a masonry prism. The h/t ratio, as defined in 

Figure 2.1, is a means of quantifying the aspect ratio of a masonry prism. Researchers often studied 

the h/t ratio due to its considerable influence on the masonry assemblage strength.  
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Figure 2.1: Prism Geometry 

Table 2.1 summarizes the results reported in past studies which investigated the effect of h/t ratio 

on the assemblage strength of masonry prisms that were constructed using 190 mm concrete 

masonry units. Boult (1979) constructed and tested 92 grouted prisms to investigate the effect of 

prism height on compressive strength. The objective of that study was to determine the minimum 

size of grouted prism for testing that yielded an accurate representation of the masonry assemblage 

strength as would be measured in a full-scale structure. Test results showed that the masonry 

assemblage strength of grouted prisms decreased with increasing prism height. The end-platens in 

the test setup restrain the lateral expansion of prisms during load application (Boult, 1979). The 

effect of the end-platens on the resulting masonry assemblage strength reached a plateau level for 

three or more course tall prisms (Boult, 1979). Three courses tall prisms were, therefore, 

considered as the baseline specimen size for the prism test (Boult, 1979).  

Maurenbrecher (1980) tested 36 hollow prisms that were constructed using 190 mm concrete 

masonry units to investigate the effect of h/t ratio on the masonry assemblage strength of hollow 

prisms. Similar to Boult (1979), test results showed that the masonry assemblage strength of 

hollow prisms decreased with increasing prism height. However, the reduction in strength was not 

deemed to be statistically significant (Maurenbrecher, 1980). 

 

Prism Height, h 

Prism Thickness, t 

A                         A 

Prism Length, l 

Section A-A 
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Table 2.1: Effect of h/t Ratio on Masonry Assemblage Strength of Prisms 

 

Wong and Drysdale (1985) tested 34 masonry prisms that were constructed using 190 mm concrete 

masonry units with a nominal strength of 15 MPa to establish the stress versus strain relationship 

for hollow and grouted masonry prisms under concentric axial compression load. Test results 

showed that the masonry assemblage strengths of three, four, and five course-tall prisms were 

similar (Wong and Drysdale, 1985). Wong and Drysdale (1985) stated that the influence of end 

platens on the assemblage strength of prisms with a h/t ratio of 4 was not statistically significant 

compared to the assemblage strength of prisms with a h/t ratio of 3, and that prisms with a h/t ratio 

of 4 were desirable for testing.  

Khalaf (1996) constructed and tested 60 full block-wide and 30 half block-wide prisms to assess 

the effect of h/t ratio on the masonry assemblage strength of prisms. Prisms were constructed using 

190 mm concrete masonry units with a nominal strength of 20 MPa. Khalaf (1996) reported that 

the masonry assemblage strength of hollow and grouted prisms decreased by 30% and 10%, 

respectively, as the h/t ratio increased from 2 to 5. The stiffness of the end-platens was considerably 

greater than the stiffness of the concrete masonry units and assembled prisms. Prisms were 

therefore subjected to an artificial confinement stress (Khalaf, 1996). Khalaf (1996) stated that the 

masonry assemblage strength of three course-tall prisms was not heavily influenced by the platens 

based on a comparison between the masonry assemblage strength of three and six course-tall 

prisms. The use of the three course-tall prisms as a standard specimen size for testing was therefore 

recommended. 
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Liu (2012) tested 78 masonry prisms to investigate the effect of h/t ratio on the resulting masonry 

assemblage strength. Prisms were constructed using 190 mm concrete masonry units with a 

nominal strength of 20 MPa. The masonry assemblage strength of five course-tall hollow and 

grouted prisms were 37 % and 27% lower than those that were two courses tall, respectively (Liu, 

2012). The use of the masonry assemblage strength for five course-tall prisms was, therefore, 

recommended as a baseline specimen size for testing.  

All have found that the masonry assemblage strength of prisms was inversely proportional to h/t 

ratio (Boult, 1979; Maurenbrecher, 1980; Khalaf, 1996; Wong and Drysdale, 1985; and Liu, 2012). 

However, consensus on the reasonable prism height for testing has not yet been achieved by 

researchers who examined the influence of h/t ratio on assemblage strength of masonry prisms. 

An evaluation of reasonable prism height based on experimental testing is therefore needed. The 

following section will examine the effect of another geometric aspect of prisms, prism length, that 

potentially influences the resulting masonry assemblage strength.  

2.2.2 Length-To-Thickness Ratio 

The l/t ratio, as defined in Figure 2.1, is also a means of quantifying the aspect ratio of a masonry 

prism. A number of researchers (Drysdale and Hamid, 1979; Khalaf, 1996; Hanssanli et. al., 2015; 

Abasi et. al., 2020) investigated the effect of l/t ratio on the assemblage strength of prisms due to 

its impact cost implication.  

Table 2.2 summarizes results reported in past studies which investigated the effect of l/t ratio on 

masonry assemblage strength of prisms. Drysdale and Hamid (1979) tested 20 full block-wide and 

53 half block-wide prisms in an attempt to determine whether the half block-wide prisms exhibited 

a similar failure mode to that of full block-wide prisms. The full block-wide prisms were 

constructed using 150 mm thick flat-ended concrete masonry units and the half block-wide prisms 

were constructed using units that were cut from 150 mm flat-ended concrete masonry units. Results 

showed that the masonry assemblage strength of full block-wide prisms was slightly lower than 

that of the half block-wide prisms (Drysdale and Hamid, 1979).  Drysdale and Hamid (1979) 

therefore concluded that prism length did not influence masonry assemblage strength and half 

block-wide prisms could serve as the standard prism geometry. 
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Table 2.2: Reported Strengths of Half and Full Block-Wide Prisms 

 

Khalaf’s (1996) study as presented in Section 2.2.1 included an evaluation of the effect of l/t ratio 

on masonry assemblage strength of prisms. Khalaf (1996) reported that the masonry assemblage 

strength of half block-wide prisms was 29% and 16% greater than those that were a full block-

wide for hollow and grouted prisms, respectively. This was likely because the effective mortar 

area of the hollow half block-wide prisms was 23% less than that of hollow full block-wide prisms 

and the effective mortar area of the grouted half block-wide prisms was 14% less than that of 

grouted full block-wide prisms (Khalaf, 1996). Results of the half block-wide prisms 

overestimated the masonry assemblage strength by 23% on average as compared that of full block-

wide prisms and so their use for prism testing was not recommended (Khalaf, 1996). 

Hanssanli et. al. (2015) investigated the effect of h/t ratio and l/t ratio on masonry assemblage 

strength of prisms using finite element modeling. Prism models were established using 190 mm 

by 390 mm concrete masonry units with a strength of 26.5 MPa. Results reported in Table 2.2 

show that the masonry assemblage strength of prisms increased with increasing l/t ratio. The 

friction developed due to end platens as included in the test setup increased with prism length. The 

lateral confinement of the full block-wide prisms was, therefore, considerably greater than that of 

the half-block prisms (Hassanli et al. 2015). The correction factors as prescribed ASTM C1314-

18 (ASTM, 2018) did not reflect the effect of l/t ratio on masonry assemblage strength of prisms 

(Hassanli et al. 2015). Hassanli et al. (2015) suggested that future editions of masonry design codes 

should consider the combined effects of l/t and h/t ratio to accurately establish the masonry 

assemblage strength. 
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Abasi et. al. (2020) developed finite element models to examine the accuracy of the correction 

factors as prescribed in ASTM C1314-18 (ASTM, 2018) and CSA S304-14 (CSA, 2014). Thirty 

prism models were formed using 190 mm concrete masonry units with a strength of 36 MPa. Table 

2.2 shows that the average masonry assemblage strength of full block-wide prisms was 3.86% 

greater than that of half block-wide prisms. Abasi et. al. (2020) stated that friction developed due 

to end platens as included in the test setup increased with prism length and so full block-wide 

prisms were subjected to higher artificial confinement stress as compared to the half block-wide 

prism. Abasi et. al. (2020) concluded that the masonry assemblage strength of prisms was 

influenced by their l/t ratio of prisms and so a new set of correction factors, that accounts for both 

the effect of both h/t and l/t ratio on the assemblage strength of prisms, were recommended for 

future editions of masonry design codes (Abasi et al., 2020).  

Researchers have yet to reach a consensus regarding the effect of prism width on the resulting 

masonry assemblage strength. While smaller prisms are beneficial as a result of reductions in 

weight, construction time, cost, and required testing capacity, additional research is warranted to 

better understand its influence on the resulting masonry assemblage strength.  

2.2.3 Mortar Bedding 

Figure 2.2 shows the two types of mortar bedding used for constructing masonry prisms: full 

bedding (Figure 2.2 (a)), and face shell bedding (Figure 2.2 (b)). Prisms constructed using full 

bedding are used to verify that the strength of materials meets project specifications. In contrast, 

prisms constructed using face shell bedding are intended to replicate the construction methods 

used in full-scale masonry structures and are used to determine the masonry assemblage strength 

for designs. The type of mortar bedding influences both the effective loaded areas and stress 

distribution of masonry prisms (Hamid and Chukwunenye 1986) and may affect the as-tested 

masonry assemblage strength.   

 

Figure 2.2: Mortar Bedding: (a) Full Bedding, and (b) Face Shell Bedding 

Hamid and Chukwunenye (1986) conducted an analytical investigation using three-dimensional 

finite element modeling to investigate the effect of mortar bedding, deformational characteristics 

(a)                                                      (b)                      
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of mortar, block size, h/t ratio, number of mortar joints, and stiffness of end platens on the behavior 

of hollow prisms. All prism models were established using 190 mm concrete masonry units. A 

block-to-mortar modular ratio of 2.8, Poisson's ratio of 0.2 for concrete masonry units, and 

Poisson's ratio of 0.2 for mortar were used to simulate the behavior of masonry prisms (Hamid and 

Chukwunenye, 1986). The lateral stress in the webs of prisms that were constructed using face 

shell bedding was not uniformly distributed. In contrast, the lateral stress in the webs of the fully 

bedded prisms was uniformly distributed. The webs of prisms that were constructed using face 

shell bedding, therefore, cracked at relatively low levels of applied stress as compared to those that 

were constructed using full bedding.  

Ganesan and Ramamurthy (1992) conducted an analytical investigation to investigate the effect of 

concrete masonry unit geometry, bond pattern, and mortar bedding on the behavior of masonry 

prisms. Prisms were modeled based on the same modulus of elasticity and Poisson’s ratio for 

concrete masonry units and mortar as reported by Hamid and Chukwunenye (1986). The results 

matched the findings reported by Hamid and Chukwunenye (1986) and showed that the lateral 

stress distribution in the webs of fully bedded prisms was uniform as compared to face shell 

bedding prisms (Ganesan and Ramamurthy, 1992). The maximum lateral tensile stresses 

developed in the webs of fully bedded prisms was 1 MPa whereas the maximum lateral tensile 

stresses developed in the webs of face shell bedded prisms was 4 MPa (Ganesan and Ramamurthy 

1992). The large lateral tensile stress developed in the webs of face shell bedded prisms indicated 

vertical splitting of webs would occur at a much lower applied stress than that was applied to the 

fully bedded prisms. The face shells then acted as two independent panels and so resulted in a 

sudden failure of the prisms.  

Ramamurthy et. al. (2000) constructed and tested 306 prisms to investigate the influence of the 

block-mortar strength ratio, geometry of concrete masonry units, mortar bedding, and mortar joint 

thickness on the masonry assemblage strength of prisms. These prisms were constructed using 190 

mm flat-ended concrete masonry units. Ramamurthy et. al. (2000) reported that the average 

masonry assemblage strength of prisms that were constructed using face shell bedding was 33% 

lower than those that were constructed using full bedding. Cracks occurred in the webs of prisms 

that were constructed using face shell bedding when the applied load was increased to 

approximately 68% of the maximum expected load. In contrast, cracks were not observed in the 
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webs of prisms that were constructed using full mortar bedding at 68% of the maximum expected 

load (Ramamurthy et. al., 2000). Ramamurthy et. al.  (2000) concluded that the absence of mortar 

on the webs resulted in very high lateral tensile stresses developed in the webs and caused cracks 

to occur in the webs of the face shell bedded prisms at a relatively low applied stress level as 

compared to the fully bedded prisms.  

Consensus has been achieved by the researchers who examined the effect of mortar bedding on 

assemblage strength of prisms (Hamid and Chukwunenye, 1985; Ganesan and Ramamurthy, 1992; 

and Ramamurthy et. al., 2000). All found that the stress distribution in the webs of prisms 

constructed using face shell bedding was highly non-uniform and so the resulting masonry 

assemblage strengths were lower than those that were constructed using full bedding.  

2.2.4 Bond Pattern 

Figure 2.3 shows the two most typical patterns used for the construction of masonry prisms as 

based on the arrangement of the concrete masonry units in subsequent courses. Prisms constructed 

in running bond (Figure 2.3(a)) are used to replicate construction methods used for walls, whereas 

prisms constructed in stack pattern (Figure 2.3(b)) are intended to provide a simple means to verify 

the strength of materials that meets project specifications.   

 

 

Figure 2.3: Bond Pattern: (a) Running Bond, and (b) Stack Pattern 

Hamid et. al. (1985) tested 49 quarter-scale prisms to investigate the effects of mortar strength, 

grout strength, h/t ratio, number of courses, and bond pattern on the masonry assemblage strength. 

The average masonry assemblage strength of prisms constructed in stack pattern was 17.9 MPa, 

whereas a value of 17.8 MPa was reported for prisms constructed in running bond (Hamid el. al., 

1985). The masonry assemblage strength as derived from tests of prisms therefore appeared to be 

insensitive to bond pattern.  

(a)                                                     (b)                      
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Ganesan and Ramamurthy (1992) investigated the influence of bond pattern on the behavior of the 

masonry prisms using finite element modeling as described in Section 2.2.3. The axial stress in the 

webs of the prisms constructed in running bond was 66% greater than those built using stack 

pattern. The masonry assemblage strength of prisms constructed in running bond was therefore 

34% lower than prisms built using stack pattern. The masonry assemblage strength of prisms built 

using stack pattern likely overestimated the strength as compared to those that were constructed in 

running bond. The use of stack pattern as a standard for prism testing to verify the assemblage 

strength of materials was therefore not recommended.  

Mohamad et. al (2011) investigated the effect of bond pattern on the masonry assemblage strength 

of prisms based on experimental testing of 18 prisms that were constructed using 140 mm frog-

ended concrete masonry units. The average masonry assemblage strength of hollow prisms that 

were constructed using a stack pattern was 14.8 MPa as compared to a value of 9.65 MPa that was 

reported for hollow prisms constructed using running bond. The difference was attributed to the 

cracks that occurred in the head joints of prisms constructed using running bond when prisms were 

subjected to 30% of the expected total load (Mohamad et. al., 2011). Prism strength was therefore 

reduced due to the presence of cracks that occurred in the head joints of prisms constructed using 

running bond.  

Researchers (Hamid et. al., 1985; Ganesan and Ramamurthy, 1992; and Mohamad et. al., 2011) 

have investigated the influence of bond pattern on the assemblage strength of prisms; however, 

the results of the studies were discordant. Further investigations on the influence of bond pattern 

are therefore required.  

2.3 Eccentricity as Occurred to the Test Setup 

Pure axial compression occurs when the resultant force is applied to the centroid of the specimen. 

Applying the axial load perfectly to the centroid of the specimen is, however, difficult in practice 

and so most test setups introduce eccentricity during load application. Eccentricity occurring to 

the test setup results in a combination of bending and axial loading. The masonry assemblage 

strength is therefore typically underestimated (Drysdale and Hamid, 1983). Several researchers 

(Drysdale and Hamid, 1983; and Hou and Liu, 2007) investigated the effect of eccentricity on the 

masonry assemblage strength of prisms in an attempt to specify the maximum assemblage strength 

of prisms that were subjected to combined loading.  
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Drysdale and Hamid (1983) constructed and tested 240 masonry prisms to investigate the effect of 

grout, percent solid, concrete masonry unit size, and unit strength on the masonry assemblage 

strength of prisms that were subjected to different eccentricities associated with load application. 

Table 2.3 summarizes the ratios between the ultimate load of prisms that were subjected to 

eccentric loading as compared to those that were tested under pure axial compression, where Pe 

refers to the prisms that were subjected to eccentric loading, and P0 refers to the prisms that were 

tested under pure axial compression. The masonry assemblage strength of prisms was found to 

decrease with increasing eccentricity as are reflected in the correction factors shown in Table 2.3.  

Hou and Liu (2007) constructed and tested 24 masonry prisms to investigate the effect of 

eccentricity on the assemblage strength of masonry prisms. The masonry assemblage strength of 

hollow and grouted prisms decreased by 22% and 47%, respectively, when an eccentricity 

increased from t/6 to t/3 (Hou and Liu, 2007). This was likely due to the effect of combined axial 

loading and out-of-plane bending (Hou and Liu, 2007).  

Table 2.3: Correction Factors Between the Masonry Assemblage Strength of Prisms that were 

Subjected to Eccentric Loading and Those Tested under Pure Axial Compression 

Masonry Prisms Eccentricity  

𝑃𝑒

𝑃0
 

Hollow 

0 1 

t/6 0.75 

t/3 0.63 

5t/12 0.48 

Grouted 

0 1 

t/6 0.71 

t/3 0.43 

5t/12 0.26 

 

Consensus has been achieved by researchers who examined the influence of load eccentricity on 

masonry assemblage strength (Drysdale and Hamid, 1983; Hou and Liu, 2007): Researchers found 

that assemblage strength is inversely proportional to eccentricity. The relationship between the 
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assemblage strength of prisms that were subjected to an eccentric loading to those that were tested 

under pure axial compression was established.  

2.4 Number of Replicate Prisms 

Replicates of masonry prisms are needed to determine the existence of a statistically significant 

difference between the two mean values. The determination of the number of replicates required 

an expected coefficient of variation and the expected difference between the means of the two 

populations. These statistical parameters were typically varied from study to study, however, 

Gayed and Korany (2011) established a database to summarize 1376 and 310 individual hollow 

and grouted masonry prism test results that were reported in research published between the 1970s 

– 2010s to provide the statistical parameters that were required to calculate the number of replicate 

prisms.  

Gayed and Korany (2011) reported that the average masonry assemblage strength of hollow prisms 

was 15.3 MPa with a coefficient of 6.02 % and the average masonry assemblage strength of 

grouted prisms was 12.3 MPa with a coefficient of 6.88 % (Gayed and Korany 2011). These 

statistical parameters can serve as input of a two-tailed equal variance independent t-test to 

determine the minimum number of replicates.  

2.5 Comparison Between the Requirements for Prism Geometry, Construction, Testing  

and Calculation of Masonry Assemblage Strength Specified in Accordance with ASTM 

C1314-18 and CSA S304-14 

Table 2.4 shows the testing requirements specified in ASTM C1314-18 (ASTM, 2018) and CSA 

S304-14 (CSA, 2014a). Requirements for prism geometry and construction differ between ASTM 

C1314-18 (ASTM, 2018) and CSA S304-14 (CSA, 2018) and are driven by the intended use of 

prisms in the U.S. and Canada, respectively. Prisms in the U.S. are mainly used on job sites for 

quality assurance whereas prisms constructed in Canada are used to establish the masonry 

assemblage strength of the as-constructed structure.  
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Table 2.4: Prism Geometry and Construction Method Requirements in CSA S304-14 (CSA, 

2014) and ASTM C1314-18 (ASTM, 2018) 

 CSA S304-14 (2014a) ASTM C1314-18 (2018) 

Minimum height: 3 courses-tall 2 courses-tall 

Minimum width: 1 concrete masonry block-wide ½ concrete masonry block-wide 

Default h/t ratio: 5 2 

Bond Pattern: Running Bond Stack Pattern 

Mortar bedding: Face shell bedded Fully bedded 

 

Prisms constructed in accordance with the requirements specified in ASTM C1314-18 (ASTM, 

2018) are at least two courses tall with a default h/t ratio of 2, are at least a half block-wide, and 

built using stack pattern with full bedding. In contrast, prisms constructed in accordance with CSA 

S304-14 (CSA, 2014a) must be a minimum of three courses tall with a default h/t ratio of 5, must 

be at least one block-wide, and constructed in running bond with face shell bedding. The U.S. 

prisms are smaller, and simpler to build, store, transport, and test as compared to the Canadian 

prisms.   

The default h/t ratio is a mean to quantify the standard aspect ratio of prisms for achieving a 

masonry assemblage strength that is not influenced by the confining effects of the upper and lower 

platens. Confinement caused by the upper and lower platens included in the test setup are 

eliminated when a masonry prism is five times as tall as it is thick, as discussed in Section 2.2.1. 

The default h/t of 5 is therefore the standard aspect ratio as specified in CSA S304-14 (CSA, 

2014a). In contrast, the default h/t ratio prescribed by ASTM C1314-18 (ASTM, 2018) is 

established based upon the geometry of concrete cylinders used in reinforced-concrete 

construction. ASTM C31-19 (ASTM, 2019) required a cylinder length that is twice its diameter. 

The default h/t ratio of 2 is, therefore, the standard aspect ratio of the U.S. prisms. Correction 

factors as shown in Table 2.5 are applied to convert the test results to an equivalent strength at the 

default h/t ratio when the actual h/t ratio of a prism does not meet the default value. A correction 

factor equal to one is used when a prism constructed to the default value. 
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Table 2.5: ASTM C1314-18 and CSA S304-14 h/t Ratio Correction Factors 

h/t ratio 1.3 1.5 2 2.5 3 4 5 

ASTM C1314-18 0.75 0.86 1.00 1.04 1.07 1.15 1.22 

CSA S304-14 - - 0.85 0.88 0.90 0.95 1.00 

 

The test setup requirements included in ASTM C1314-18 (ASTM, 2018) and CSA S304-14 (CSA, 

2014a) are similar. Figure 2.4 shows the key features of the test setup, including the upper and 

lower metal platens. The purpose of the upper platen, which includes a hemispherical head, is to 

ensure that the load is uniformly applied parallel to and concentric with the longitudinal axis of 

the prism. The minimum diameter of the hemispherical head required by ASTM C1314-18 

(ASTM, 2018) is 150 mm, whereas a minimum diameter of 125 mm is required in CSA S304-14 

(CSA, 2014a). An additional steel plate between the prism and the upper platen is required when 

the upper platen cannot cover the area of a prism with 6mm of overhang all around. The thickness 

of the additional plate must be greater than the distance from the edge of the hemispherical head 

to the prism corner.  

The loading requirements included in ASTM C1716-20 (ASTM, 2020c) and CSA S304-14 (CSA, 

2014a) are identical. Both standards require that the first half of the expected total load (from 0 to 

0.5Pmax) be applied at a convenient rate, with the remaining load (from 0.5Pmax to Pmax) applied 

within one to two minutes at a uniform rate, where Pmax represents the maximum expected load. A 

single test setup can therefore be designed to simultaneously meet both ASTM C1314-18 (ASTM, 

2018) and CSA S304-14 (CSA, 2014a) requirements. 

 

Figure 2.4: Masonry Prism Test Setup 
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2.6 Summary 

This chapter presented a review of existing literature related to prism testing and the parameters 

that were typically reported to influence the masonry assemblage strength. An examination of the 

available literature indicated that researchers reached a consensus regarding the effect of prism 

height on the resulting masonry assemblage strength; however, they had yet to reach a consensus 

on the reasonable prism height for a prism test.  Researchers also had yet to reach a consensus on 

the effect of prism length on the masonry assemblage strength of prisms. A re-evaluation of prism 

height and length on masonry assemblage strength is therefore needed. The available literature 

indicated that analytical studies were primarily used to investigate the effect of bond pattern and 

mortar bedding on the masonry assemblage strength. As such, an experimental investigation of the 

effect of the mortar bedding and bond patterns on the masonry assemblage strength is needed to 

verify the results reported by these analytical studies. The effect of eccentricity that may 

unintentionally occur when testing prisms was discussed and correction factors to the masonry 

assemblage strength of prisms were established.  

A comparison of prism testing requirements in the United States and Canada was presented. Prisms 

constructed according to ASTM C1314-18 (ASTM, 2018) are to be used for quality assurance 

purposes and to confirm that supplied materials meet project specifications. In contrast, prisms 

built according to CSA S304-14 (CSA, 2014a) are used to establish the masonry assemblage 

strength of the as-constructed structure. The intended use of prisms in the U.S. and Canada results 

in requirements for prism geometry and construction that differ between the two standards and 

result in different values of masonry assemblage strengths. Experimental testing of masonry prisms 

based on the prism testing requirements included in the United States and Canada is needed to 

resolve their differences. 

The following chapter provides the details of the experimental program, including the description 

of the specimens used in this investigation, the evaluated parameters, and the construction and 

testing methods for all specimens. 
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Chapter 3: Experimental Design 

3.1 Introduction 

The Canada Masonry Design Centre (CMDC) and the National Concrete Masonry Association 

(NMCA) in the U.S. have committed to harmonizing design requirements for masonry as are 

included in the CSA S304-14 (CSA, 2014a) and TMS 402/602-16 (TMS, 2016) design codes. 

While some differences between these two codes can be isolated at face value, masonry 

assemblage strength is pervasive and make the comparison between the two codes difficult. The 

resulting masonry assemblage strengths differ, and form the basis by which member resistance is 

established. An experimental investigation, with the aim of evaluating the resulting masonry 

assemblage strengths based upon prism geometry, construction, and testing in accordance with 

CSA S304-14 (CSA, 2014a) and ASTM C1314 (ASTM, 2018) requirements, was therefore 

performed.  

This chapter presents a description of the masonry prisms built and tested as part of the 

experimental design, followed by the description of materials used to construct the masonry 

specimens to establish material properties. The procedures for constructing and testing masonry 

specimens in the laboratory are discussed. 

3.2 Specimen Description - Masonry Prisms  

Table 3.1 shows a total of 28 masonry prisms test series that were included in this experimental 

investigation. The prism series identification takes the form A#Bccℋ, where A indicates that 

whether prisms were grouted (G) or hollow (H), # indicates the prism width with a “½” referring 

to one-half block-wide and “1” referring to one full block-wide, B indicates the bond pattern with 

“S” referring to stack pattern and “R” referring to running bond, cc indicates the mortar bedding 

with “FA” referring to face shell bedding and “FB” referring to full bedding, and ℋ indicates the 

prism height with “2” referring to two courses tall, “3” referring to three courses tall, and “5” 

referring to five courses tall. The masonry prism series as shown in Table 3.1 were designed to 

reflect the prism construction requirements as specified CSA S304-14 (CSA, 2014a) and ASTM 

C1314 (ASTM, 2018) and discussed in Section 2.4. 
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Table 3.1: Experimental Design 

 

The 28 prism series represent feasible prism configurations based on the combinations of the 

investigated parameters: 24 were constructed using stack pattern, and the remaining 4 were 

constructed using running bond. Figure 3.1 shows the representative prism configurations to 

illustrate the dimensions of prisms and the bond pattern used to construct the prisms. Two types 

of bond patterns were used to construct the prisms in this investigation: Figures 3.1(a) to 3.1(e) 

and 3.1(g) show prisms that were constructed in stack pattern, and Figures 3.1(f) and 3.1(h) show 

prisms that were constructed in running bond. Webs and face shells of prisms that were constructed 

in stack pattern were aligned because the concrete masonry units are placed in the same orientation 

in all layers. The two types of mortar bedding shown in Figure 3.2 were, therefore, used to 

construct prisms that were constructed in stack pattern. Figures 3.2(a) and 3.2(c) show the frog-

ended and flat-ended concrete masonry units were in fully bedded condition, and Figures 3.2(b) 

and 3.2(d) show the frog-ended and flat-ended concrete masonry units in face shell bedded 

condition. The feasible configurations of prisms that were constructed in stack pattern was then 

based on whether the prisms were grout or hollow, ½ or 1 full block-wide, face shell or full mortar 

bedding, and 2 or 3 or 5 courses tall.  

In contrast, Figure 3.3 shows the elevation and cross-sections of prisms constructed in running 

bond. Two one-half concrete masonry units with the cut-end facing outwards must be used in 

alternative layers to construct the prisms in running bond in accordance with CSA S304-14 (CSA, 

2014a). This resulted in discontinuity of mortar joints between the upper and lower units, and so 

the use of full bedding was impractical for constructing the running bond prisms.  A full unit was 
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used as the top and bottom courses for prisms constructed in running bond to prevent: (1) 

premature cracking in the head joints during prism transportation, and (2) a plane of weakness 

perpendicular to the upper and lower metal platen in the test setup. Prisms constructed in running 

bond must be therefore 3 or 5 courses tall and so the feasible configurations of prisms that were 

constructed in running bond were H1RFA3, H1RFA5, G1RFA3, and G1RFA5.  

 

Figure 3.1: Geometry of Masonry Prisms: (a) H½S2, (b) H½S3, (c) H½S5, (d) H1S2, (e) H1S3, 

(f) H1R3, (g) H1S5, and (h) H1R5 
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Figure 3.2: Mortar Bedding: (a) Full Bedding on Frog-Ended Unit, (b) Face Shell Bedding 

on Frog-Ended Unit, (c) Full Bedding on Flat-Ended Unit, and (d) Face Shell Bedding on 

Flat-Ended Unit 

 

 

 
 

Figure 3.3: Web Misalignment Occurring in Prisms Constructed Using Running Bond 

 

Masonry prisms constructed in this investigation were constructed using 200 mm concrete 

masonry units with a nominal strength of 15 MPa. This type of concrete masonry unit is the most 

common block size used in the U.S. and Canadian masonry industries (Sturgeon, 2013). The 200 

mm concrete masonry units provided by Expocrete Concrete Products Limited came in mixed 

pallets that contained both frog-ended units and flat-ended units. The two and three course-tall 

prisms were constructed using frog-ended units and five course-tall prisms were constructed using 

flat-ended units to make full use of all units and reduce the waste of materials. Boult (1979) showed 

that the use of frog-ended or flat-ended features units did not affect the resulting masonry prism 

strength (Boult, 1979).  
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The prisms were constructed in two phases due to space limitations in the laboratory: 126 prisms 

were constructed in the first construction phase, and the remaining 70 were constructed in the 

second construction phase. The first construction phase ran from September 16th, 2020 to October 

26th, 2020 with testing taking place between October 14th, 2020 and November 23rd, 2020. The 

second construction phase ran from February 8th, 2021 to February 12th, 2021 with testing taking 

place between March 9th, 2021 and March 12th, 2021.  

Seven replicates were constructed and tested for each masonry prism series to permit the 

identification of statistical outliers within the series and evaluate the statistical differences between 

the assemblage strength of prisms of different series at a 95% confidence level. The number of 

replicates was determined based on an expected average masonry assemblage strength and a 

coefficient of variation that were obtained from the database reported by Gayed and Korany (2011) 

as discussed in Section 2.4. The details of the calculation of the number of replicate masonry 

prisms is presented in Appendix 3A. 

3.3 Construction Materials 

All construction materials were supplied by local vendors and complied with the relevant 

standards. All materials were delivered to the Structures Laboratory a minimum of two weeks prior 

to construction for equilibrating with laboratory conditions (i.e. humidity and temperature). The 

following sections provide more details related to each of the construction materials. 

3.3.1 Concrete Masonry Units 

The 200 mm concrete masonry units were provided in mixed pallets and delivered to the Structures 

Laboratory by Expocrete Concrete Products Limited. Each pallet contained both frog-ended and 

flat-ended concrete masonry units. Figures 3.4 and 3.5 show the dimensions of frog-ended and 

flat-ended units that were provided by the manufacturer, respectively, used for constructing the 

masonry prisms. Half block units were saw-cut from full units using a diamond blade wet-saw in 

the Structures Laboratory to ensure that all blocks in all specimens had consistent material 

properties.  
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Figure 3.4: Dimensions of Full Block-Wide Frog-End Unit 

                                 

Figure 3.5: Dimensions of Full Block-Wide Flat-End Block Unit 

3.3.2 Mortar 

Mortar was proportioned in accordance with Table 4 in CSA A179-14 (CSA, 2014b) and was 

batched in the Structures Laboratory. Lafarge Type MCS masonry mortar cement was supplied in 

17 kg bags. The water-to-cement ratio of the mix design was 1:0.7, and the cement-to-sand ratio 

was 1:2.5 by weight. The consistency of each batch of mortar was approved by an experienced 

mason prior to block placement. Retempering of mortar to compensate for evaporative moisture 

loss was done to maintain the mortar’s workability during construction in accordance with CSA 

A179-14 (CSA, 2014b). 

3.3.3 Grout 

Grout was proportioned in accordance with the requirements in CSA A179-14 (CSA, 2014b) and 

was batched in the Structures Laboratory. Lafarge Type GU concrete cement was supplied in 20 kg 

bags. Locally available masonry gravel containing a mixture of fine and coarse aggregates with a 

maximum aggregate size of 10 mm was delivered to the Structures Laboratory and was stored in 
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a steel bin until required. The gravel was pre-mixed by the supplier to satisfy the gradation 

requirements in CSA A179-14 (CSA, 2014b). Manual gradation was therefore not required. The 

water-to-cement ratio of the mix design was 1:1, and the cement-to-aggregate ratio was 1:4 by 

weight. A 250 mm slump was targeted as was a nominal compressive strength of 12.5 MPa.  

3.4 Construction 

Masonry prisms were constructed by an experienced mason. Grout and mortar were prepared by 

graduate students in the Structures Laboratory. The details of grout and mortar preparation are 

presented in the following sections.  

3.4.1 Mortar Preparation 

Figure 3.6 shows the mixer that was used to prepare the mortar as prescribed in Section 3.3.2. The 

batching sequence consisted of first placing two-thirds of the sand and half of the required water 

into the mixer. Mortar cement was then slowly added to the mixer with the remaining half of the 

required water. The remaining one-third of the sand was then slowly added to the mixer. A small 

amount of additional water was added to the mortar mix under the supervision of the experienced 

mason to achieve the desired workability. All was mixed for at least five minutes to ensure uniform 

consistency and additional water was permitted as per the mason’s request followed by 

retempering. Mortar was used within 1.5 hours of mixing as prescribed in CSA A179-14 (CSA, 

2014b). 

 

Figure 3.6: Mortar Mixer 
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Six 50 mm mortar cubes were cast from each mortar batch according to CSA A179-14 (CSA, 

2014b). Figure 3.7 shows mortar as cast in the brass moulds. Freshly-mixed mortar was placed 

into the moulds in two 25 mm layers. Each mortar layer was tamped 32 times. Excess mortar was 

leveled by drawing the flat side of a trowel across the top of the moulds. The moulds were then 

covered with a plastic sheet and allowed to cure for 48 hours. Mortar cubes were de-moulded after 

48 hours and stored under the same conditions as the masonry prisms. 

 

Figure 3.7: Mortar Cubes Cast in Brass Moulds 

3.4.2 Grout Preparation 

Figure 3.8 shows the mixer that was used for grout preparation. Batching involved placing half of 

the required water into the rotating mixer followed by half of the blended aggregate. All of the 

required Type GU cement was then slowly added into the rotating mixer along with the remainder 

of the aggregate and water. All was then mixed for at least five minutes to ensure grout batches 

achieved a homogeneous consistency.  

Slump testing was then performed to ensure the workability of the grout prior to using it in prism 

construction. Figure 3.9 shows the slump cone used in the slump tests. Additional water was added 

to the grout mix when the slump of grout was less than 250 mm based on the requirements as 

prescribed in CSA A179-14 (CSA, 2014b). A second slump test was then performed for those that 

had additional water added to ensure that the mix satisfied the 250 mm slump requirements. The 

grout mix was then transferred using wheelbarrows for placement in the prisms. 

Grout samples were then prepared after the mix met the requirements of the slump test. Two types 

of grout samples were prepared during prism construction: absorptive grout prisms and non-

absorptive grout cylinders. Three absorptive grout prisms and three non-absorptive grout cylinders 
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were cast for each batch of grout in accordance with ASTM C1019-20 (ASTM, 2020a) and 

CSA A179-14 (CSA, 2014b), respectively.  

Figure 3.10 shows that four concrete masonry units were arranged side by side for constructing 

absorptive grout prisms. Figure 3.11 shows that a wooden base covered by a plastic sheet was used 

as a base to form moulds for casting the absorbent grout prisms. A 75 mm x 75 mm x 150 mm 

mould was then formed and lined with paper towels to provide a bond breaker between the plastic 

grout and the surrounding concrete masonry units. The absorptive grout prisms were cast in two 

75 mm layers with each layer rodded 15 times. Excess grout was leveled by drawing the flat side 

of a trowel across the top of the moulds. The top of the moulds was then covered with a plastic 

sheet and allowed to cure for 48 hours. Absorbent grout prisms were then de-moulded and stored 

under the same conditions as the masonry prisms. 

Figure 3.12 shows the 100 mm diameter by 200 mm tall plastic moulds for casting the non-

absorptive grout cylinders. Grout was placed into the cylinders in two 100 mm layers with each 

layer rodded 20 times according to CSA A179-14 (CSA, 2014b).  Excess grout was leveled by 

drawing the flat side of a trowel across the top of the moulds. The top of the cylinders was covered 

with a plastic sheet and allowed to cure for 48 hours. Non-absorptive grout cylinders were then 

de-moulded and stored under the same conditions as the masonry prisms.  

 

Figure 3.8: Grout Mixer 
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Figure 3.9: Slump Cone Figure 3.10: Arrangement of Concrete Masonry 

Units for Casting of Absorptive Grout Prisms 

 

 
 

Figure 3.11: Wooden Base in the 

Arrangement of Concrete Masonry Units for 

Casting of Absorptive Grout Prisms  

Figure 3.12: Non-Absorptive Grout Cylinders 

3.4.3 Masonry Prism Construction 

Table 3.2 shows the construction schedule for prisms. The prisms were constructed by an 

experienced mason in accordance with CSA S304-14 (CSA, 2014a). Applicable prisms were 

grouted one day after their construction, so the mortar already used in the prisms was allowed to 
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set and cure for a minimum of 24 hours. All masonry prisms were allowed to cure for a minimum 

of 28 days following grouting prior to testing.  

Table 3.2: Masonry Prism Construction Schedule 

Phase 
Specimen 

Series 

Construction 

Date 

Total Number 

of Prisms 

1 

G½SFB2 

Sep 16, 2020 21 G½SFA2 

H½SFB2 

H½SFA2 Sep 18, 2020 7 

G½SFB3 

Sep 21, 2020 28 
G½SFA3 

H½SFB3 

H½SFA3 

G1SFB2 

Sep 28, 2020 28 
G1SFA2 

H1SFB2 

H1SFA2 

G1SFB3 

Oct 5, 2020 28 
G1SFA3 

H1SFB3 

H1SFA3 

G1RFA3 
Nov 16, 2020 14 

H1RFA3 

2 

G½SFB5 

Feb 8, 2021 35 

G½SFA5 

G1SFB5 

H½SFB5 

H½SFA5 

G1SFA5 

Feb 10, 2021 21 G1RFA5 

H1SFB5 

H1SFA5 
Feb 12, 2021 14 

H1RFA5 

 

Figures 3.13 and 3.14 show the two and three course-tall prisms that were constructed in the first 

construction phase. Figure 3.15 shows the five course-tall prisms that were constructed in the 
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second construction phase. Both mortar and grout from a single batch were used for all replicates 

for any particular prism geometry. The cores of masonry prisms were filled with grout and 

compacted in three layers. Each grout layer was rodded at least 30 times to ensure proper 

consolidation in compliance with the requirements as specified in CSA S304-14 (CSA, 2014a). 

Figure 3.16 shows that a tamping rod was used to remove the excess grout and level the top surface 

of the prisms following the compaction of grout placement. Prisms were then covered with a plastic 

sheet for a minimum of 28 days in the laboratory conditions in accordance with CSA S304-14 

(CSA, 2014a) requirements. 

  

(a) (b) 

Figure 3.13: Two Course-Tall Prisms: (a) Full Block-Wide Prisms and (b) Half Block-Wide 

Prisms 
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(a) (b) 

Figure 3.14: Three Course-Tall Prisms: (a) Full Block-Wide Prisms and (b) Half Block-Wide 

Prisms 

 

 

Figure 3.15: Five Course-Tall Prisms 
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Figure 3.16: Removal of Excess Grout and Leveling Top Surface of Grouted Prisms 

3.5 Specimen Testing 

Masonry prisms were tested when they were at least 28 days old. A minimum of 7 and a maximum 

of 14 masonry prisms were tested in a single day. Mortar cubes, absorbent grout prisms, and non-

absorptive grout cylinders were tested on the same day as the corresponding masonry prisms. The 

following sections detail the testing procedures for all specimens.  

3.5.1 Test Setup for the Masonry Prisms 

Figure 3.17 shows the setup that complies with ASTM C1314-18 (ASTM, 2018) and CSA S304-

14 (CSA, 2014a) requirements for testing the masonry prisms as discussed in Section 2.4, and 

Table 3.3 shows the components of the setup. Figures 3.17(a) and (b) show the setup that was used 

to test two and three course-tall prisms in the first testing phase and Figure 3.17(c) shows the setup 

that was used to test five course-tall prisms in the second testing phase. The two computer-

controlled hydraulic actuators were connected by an I-Beam to produce a total loading capacity of 

2000 kN. An upper masonry platen met the ASTM C1314-18 (ASTM, 2018) and CSA S304-14 

(CSA, 2014a) requirements and was attached to the lower flange of the I-Beam using two 12.7 mm 

ASTM A325M bolts. A 100 mm thick metal plate was used as a lower platen and was located 

directly underneath the upper masonry platen to provide a rigid and smooth surface for masonry 

prisms. Both platens were fabricated from metal having a hardness not less than HRC55 (HB550), 

with the upper platen including a hemispherical head allowing for free rotation to ensure that the 

load was applied parallel to the longitudinal axis of the prism. 
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Figure 3.17 also shows that the test setup for testing two, three, and five course-tall prisms were 

different. The maximum extension of the piston in the actuators was approximately 300 mm. A 

620 mm deep I-Beam was then used in the test setup for two course-tall prisms to compensate for 

the limited extension of the piston and also to avoid bringing down the setup to a lower position 

in the test frame. A 310 mm deep I-Beam was used in the test setup for three course-tall prisms 

such that the position of the setup did not need to be adjusted for testing three course-tall prisms 

after testing two course-tall prisms. A 310 mm deep I-Beam was also used in the test setup for five 

course-tall prisms to make the least changes to the test setup for testing five course-tall prisms. 

Test setup for five course-tall prisms was raised 620 mm higher than its original position in the 

test frame to provide enough space for testing five course-tall prisms.  

 

 

Figure 3.17: Test Setup for Masonry Prism: (a) Two Courses Tall, (b) Three Courses Tall, and 

(c) Five Courses Tall 

Table 3.3: Test Setup for Masonry Prisms 
 

Component # Component Component # Component 

1 Hinge 8 Lower Platen 

2 Actuator 9 2 Course-Tall Prism 

3 Piston 10 310 mm Deep I-Beam 

4 Ball Joint 11 3 Course-Tall Prism 

5 620 mm Deep I-Beam 12 L 64 x 64 Equal Leg 

6 Hemispherical Head 13 5 Course-Tall Prism 

7 Upper Platen   

1 

2 
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5 6 
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8 9 
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Figures 3.17(a) and 3.17(b) show that the setups for testing two and three courses-tall prisms were 

able to rotate about the hinges. In hindsight, it was suspected that the rotation of actuators in the 

test setup would result in eccentricity during load application. The as-tested masonry assemblage 

strength of prisms was likely affected because the prisms may have been subjected to eccentric 

rather than pure concentric axial compression. This issue was not noticed until the data obtained 

from the first testing phase was analyzed. Figure 3.17(c) shows that two L 64 x 64 equal leg angles 

were used to restrain the rotation of actuators in the test setup for the second testing phase to 

resolve the rotation of actuators during load application. However, the angles were not able to 

restrain the rotation of the I-Beam about the ball joints. The as-tested masonry assemblage 

strengths of all prisms were therefore likely influenced by either the rotation of actuators or the 

rotation of I-Beam. The effect of the rotation of the actuators and the I-Beam on the masonry 

assemblage strength of prisms was evaluated in the context of the collected test data as presented 

in Section 4.2.   

A two-wheeled trolley as shown in Figure 3.18 was used to transport and position each masonry 

prism in the test setup. Masonry prisms were first placed on the trolly and then straps were used to 

secure the prisms. Figure 3.19 shows the wooden ramp that was used to assist in the transportation 

of the masonry prisms given that the testing base was raised somewhat above the lab floor. 

Figure 3.20 shows that each masonry prism was positioned between upper and lower metal platens 

and positioned in the center of the upper platen to ensure a concentric compressive load was 

applied. Figure 3.20 also shows that 10 mm thick fibreboards were placed on top and at the bottom 

of the specimens to distribute the load uniformly. The size of a fibreboard was determined based 

upon the effective mortared area of masonry prisms. A 390 mm x 190 mm fibreboard was used for 

grouted prisms, whereas 390 mm x 37 mm strips of fibreboard were used on the face shells for 

hollow prisms.  

The actuators were operated in load control to apply the first half of the expected maximum load, 

Pmax, (from 0 to 0.5Pmax) at a convenient rate, with the remaining load (from 0.5Pmax to Pmax) 

applied within one to two minutes at a uniform rate. The applied load was then recorded by a 

computer-controlled data acquisition system at a frequency of 1 Hz. The test process for each prism 

was also recorded using video and photographs to investigate failure mechanism. Figure 3.21 
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shows the locations of the two video cameras used to record the front and side faces during the 

prism test.  

  

Figure 3.18: Trolly for Prism 

Transportation 

Figure 3.19: Testing Platform 

 

 
Figure 3.20: Positioning The Masonry Prism in the Test Setup 
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Figure 3.21: Camera Locations for Capturing the Web and Face Shell Conditions During 

Testing 

3.5.2 Companion Specimen Testing 

Compressive strength tests of mortar cubes, absorptive grout prisms, and non-absorptive grout 

cylinders were performed to ensure the consistency of all material properties and their effect on 

the compressive strength of masonry prisms. The companion tests were performed in accordance 

with the relevant standards.  

Mortar Cube Testing 

Mortar cube tests were performed according to CSA A179-14 (CSA, 2014a)  using the Instron 600 

DX Universal Testing Machine (UTM). The stress was applied at a constant rate of 10 MPa per 

minute. Figure 3.22 shows that each mortar cube was placed in the UTM. The stress was uniformly 

distributed through the bearing platen to the mortar cube until failure occurred. The applied load 

and vertical deformation of the mortar cubes were recorded by the computer-controlled data 

acquisition system at a frequency of 10 Hz.  
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(a) (b) 

Figure 3.22: Mortar Cube Testing: (a) Instron 600 DX Universal Testing Machine, and (b) 

Positioning the Mortar Cube Between the Bearing Platens 

Non-Absorptive Grout Cylinder Testing 

Non-absorptive grout cylinders were tested according to CSA A179-14 (CSA, 2014b). The UTM 

as shown in Figure 3.22(a) was used for testing these specimens. Figure 3.23 shows that the ends 

of these specimens were capped with sulfur to ensure a uniform and smooth surface for distributing 

uniform stress during testing. The stress was applied at a constant rate of 12 MPa per minute until 

failure. The applied stress and vertical deformation of these specimens were recorded by the 

computer-controlled data acquisition system at a frequency of 10 Hz.  

Bearing Platens 
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                      (a)                       (b) 

Figure 3.23: Non-Absorptive Grout Cylinder Testing: (a) Capping Procedures, and (b)  Test 

Setup 

 

Absorptive Grout Prism Testing 

Absorptive grout prisms were also tested in accordance with ASTM C1019-20 (ASTM, 2020a). 

Figure 3.24 shows that the 10 mm thick fibreboard was placed above and below each specimen to 

ensure uniform loading. These specimens were then tested at a rate of 12 MPa per minute until 

failure. The applied stress and vertical deformation of these specimens were recorded by the 

computer-controlled data acquisition system at a frequency of 10 Hz.  

 

Figure 3.24: Absorptive Grout Prism Testing 
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Concrete Masonry Unit Testing 

Compressive strength tests of the concrete masonry units were conducted in accordance with 

ASTM C140-20 (ASTM, 2020b). Six 200 mm concrete block units were randomly selected from 

different pallets for testing. The Amsler beam bender, with a 200-tonne capacity, was used to test 

the concrete masonry units. Figure 3.25 shows that a steel I-Beam and a 25 mm thick steel platen 

were placed on top of the concrete block units to ensure uniform load distribution. Fibreboard was 

also placed above and below the CMUs to ensure a smooth and flat loading surface. A 1500 kN 

load cell was used to measure and record the ultimate load that was applied to the block units. The 

applied load and vertical deformation of these specimens were recorded by the computer-

controlled data acquisition system with a frequency of 10 Hz.  

 

Figure 3.25: Compressive Strength Testing of Concrete Masonry Units 

3.6 Summary 

This chapter provided a detailed description of the experimental program designed to evaluate the 

requirements for the prism geometry as specified in ASTM C1314-18 (ASTM, 2018) and 
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CSA S304-14 (CSA, 2014a). The rationale behind the experimental design was summarized, and 

the construction and testing procedures for these specimens were also presented.  

The following chapter presents the test results and subsequent analyses. This includes the 

compressive strength of the companion specimens and the masonry assemblage strength. The 

statistical analysis results illustrating the mathematical relationship between the masonry 

assemblage strengths are also presented and discussed.  
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Chapter 4: Experimental Results and Analysis 

Presented in this chapter are the test results and analysis of the specimens included in the 

experimental program. The material properties determined from tests of concrete masonry units, 

mortar cubes, non-absorptive grout cylinders, and absorptive grout prisms are presented followed 

by the compressive strengths from the tests of the masonry prisms. The effect of the investigated 

parameters on the assemblage strength of prisms are then evaluated based on results of statistical 

analyses. Recommendations related to the size of prisms to be constructed on job sites in Canada 

are also provided. A comparison between the resulting masonry assemblage strengths as calculated 

in accordance with CSA S304-14 (CSA, 2014a) and ASTM C1314-18 (ASTM, 2018) provisions 

is presented, and a conversion for the masonry assemblage strength as calculated in accordance 

with ASTM C1314-18 (ASTM, 2018) to an equivalent masonry assemblage strength that can be 

used for designs in Canada was established. Changes to current provisions as included in CSA 

S304-14 (CSA, 2014a) are then proposed. 

4.1 Companion Specimen Test Results 

Table 4.1 presents a summary of the average compressive strength of the concrete masonry units, 

mortar cubes, absorptive grout prisms, and non-absorptive grout cylinders that were tested along 

with masonry prisms for the two construction phases. The total numbers of tested companion 

specimens and their coefficients of variation are also included in Table 4.1. The preparation and 

testing procedures for these companion specimens were discussed in Sections 3.4.1, 3.4.2, and 

3.5.2.  

Table 4.1: Compressive Strength of the Companion Specimens Tested in Conjunction with 

Masonry Prisms 

Companion 

specimen type 

Construction 

Phase 

No. of 

specimens 

tested 

Average 

compressive 

strength (MPa) 

Standard 

deviation 

(MPa) 

COV 

(%) 

Concrete 

masonry units 

1 3 30.2 3.71 12.3 

2 3 30.4 1.21 3.98 

Mortar cubes 
1 75 14.4 3.03 21.0 

2 42 12.7 3.59 28.3 

Non-absorptive 

grout cylinders 

1 24 21.5 2.86 13.3 

2 24 23.3 2.25 9.67 

Absorptive 

grout prisms 

1 24 22.3 3.56 15.9 

2 24 22.1 3.06 13.8 
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4.1.1 Concrete Masonry Units 

Three concrete masonry units were selected from each construction phase and subjected to axial 

compression in accordance with ASTM C140-20 (ASTM, 2020b). The compressive strengths of 

the concrete masonry units were then calculated based on the maximum load as recorded by the 

Instron 600 DX Universal Testing Machine and the net cross-sectional area of masonry units as 

shown in the Expocrete Unit Catalog (Expocrete, 2017).  

Table 4.1 shows the average compressive strengths of the concrete masonry units constructed in 

the two construction phases including their corresponding coefficients of variation. These concrete 

masonry units achieved a minimum nominal compressive strength of 15 MPa and so met the 

minimum compressive strength requirements as specified in CSA A165-14 (CSA, 2014c). 

Physical outliers were not observed and statistical outliers were not identified at a 95% confidence 

level. The difference between the average compressive strengths of concrete masonry units that 

were selected for each phase was not statistically significant at a 95% confidence level, thus 

indicating that the concrete masonry units used in the construction of specimens in both 

construction phases were deemed to be adequately consistent. A breakdown of the compression 

test results and statistical analysis of concrete masonry units are shown in Table 4A-1.   

A total of six concrete masonry units were selected for absorption tests as performed in accordance 

with ASTM C140-18 (ASTM, 2018). The average absorption, standard deviation, and coefficients 

of variation of these units were 101 kg/m3, 13.8 kg/m3, and 13.6%, respectively. The results 

obtained from the absorption test met the maximum absorption of 175 kg/m3 as specified in 

CSA A165-14 (CSA, 2014c).  A breakdown of the absorption test results is shown in Table 4A-2.  

4.1.2 Mortar Cubes 

Six cubes per mortar batch, resulting in 120 mortar cubes in total, were constructed and tested 

under axial compression as described in Sections 3.4.1 and 3.5.2, respectively. The compressive 

strengths of these cubes were calculated based on the maximum load as recorded by the Instron 

600 DX Universal Testing Machine and their net cross-sectional area.  

Table 4.1 shows the average compressive strength of mortar cubes tested in the two construction 

phases and their corresponding coefficients of variation. These mortar cubes met the minimum 

required compressive strength of 12.5 MPa as specified in CSA A179-14 (CSA, 2014b). 

Statistically significant differences between the mean compressive strengths of mortar cubes 
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constructed in Phases 1 and 2 were identified at a 95% confidence level. The differences were the 

result of a variation in the water content between mortar batches. Different masons participated in 

the two construction phases and each mason added water to the mortar mix based upon their 

personal preferences for workability. The difference was, however, considered insignificant on 

overall masonry assemblage strength since Drysdale and Hamid (2005) showed that a 100% 

increase in the mortar strength increased the masonry assemblage strength by only 10%. Individual 

mortar cubes results and the corresponding statistical analysis are presented in Tables 4A-3 and 

4A-4.  

Three statistical outliers were identified in Phase 1 using the procedures outlined in ASTM E178-

21 (ASTM, 2021) at a 95% confidence level, whereas no physical or statistical outliers were 

identified in Phase 2. These outliers occurred within a single mortar batch, likely because the mixer 

was not lubricated with sufficient water prior to mixing. The water content in the mortar mix was 

therefore absorbed by the mixer. The cement-to-water ratio of that mix was increased and so 

increased the compressive strength of these mortar cubes.  

4.1.3 Non-Absorptive Grout Cylinders 

A total of 24 non-absorptive grout cylinders were constructed in each construction phase and were 

tested under axial compression as detailed in Section 3.5.2. The compressive strengths of these 

cylinders were calculated based on the maximum load as recorded by the Instron 600 DX Universal 

Testing Machine and their net cross-sectional area.  

A review of the data presented in Table 4.1 showed that the average compressive strengths of the 

non-absorptive grout cylinders tested in both construction phases met the minimum required 

compressive strength of 12.5 MPa as specified in CSA A179-14 (CSA, 2014b). No physical 

outliers were identified while three statistical outliers were identified in cylinders constructed 

within the first phase using the procedures outlined in ASTM E178-21 (ASTM, 2021) at a 95% 

confidence level. These cylinders belonged to the same grout batch and resulted from a lack of 

lubrication of the mixer prior to mixing. In other words, it is believed that some water in the grout 

mix was absorbed by the dry mixer. The cement-to-water ratio of that mix was increased and so 

increased the compressive strengths of these cylinders. Individual cylinder results and the 

statistical analysis of cylinders are presented in Table 4A-5.  
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The differences between the average compressive strengths of the non-absorptive grout cylinders 

constructed in the two construction phases were not statistically significant at a 95% confidence 

level. Variation of the grout proportioning and workmanship of the non-absorptive grout cylinders 

was therefore negligible.  

4.1.4 Absorptive Grout Prisms 

A total of 24 absorptive grout prisms were cast in each construction phase and were tested under 

axial compression as detailed in Section 3.5.2. The compressive strengths of absorptive grout 

prisms were calculated based on the maximum load as recorded by the Instron 600 DX Universal 

Testing Machine and their net cross-sectional area. 

The average compressive strengths of absorptive grout prisms constructed in the two construction 

phases as shown in Table 4.1 met the minimum required compressive strength of 12.5 MPa as 

specified in CSA A179-14 (CSA, 2014b). No physical outliers were identified and three statistical 

outliers were identified for prisms tested within the first construction phase using the procedures 

outlined in ASTM E178-21 (ASTM, 2021) at a 95% confidence level. These outliers belonged to 

the same batch of grout as outliers associated with the non-absorptive grout cylinders as identified 

in Section 4.1.3. It was therefore very likely that the water content of this grout batch was reduced 

because the mixer was not lubricated with sufficient water prior to mixing. Individual prism results 

and the statistical analysis of prisms are presented in Table 4A-6.  

The difference between the average compressive strengths of absorptive grout prisms tested in the 

two phases was not statistically significant at a 95% confidence level. Material variations and 

construction workmanship of the absorptive grout prisms were therefore deemed to be adequately 

consistent.  

4.2 As-Tested and Corrected Masonry Prism Test Results 

Table 4.2 shows the average as-tested compressive strength of masonry prisms, fav_m, for each 

prism series. These values were calculated based on the maximum load as recorded by the load 

cells used to instrument the actuators and the effective mortared area of masonry prisms. These 

results were first organized based on whether the masonry prisms were grouted or not and then 

organized based upon prism height.  
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Table 4.2: Average As-Tested Compressive Strength of Masonry Prisms 

Prism Series 𝑓𝑎𝑣_𝑚 

(MPa) 

COV (%) Prism Series 𝑓𝑎𝑣_𝑚 

(MPa) 

COV (%) 

H½SFA2 20.5 7.52 G½SFA2 17.2 7.16 

H½SFB2 20.9 8.81 G½SFB2 18.7 10.1 

H1SFA2 21.2 17.8 G1SFA2 18.0 7.70 

H1SFB2 22.6 8.02 G1SFB2 17.1 6.82 

H½SFA3 21.2 11.5 G½SFA3 15.8 15.4 

H½SFB3 21.5 9.53 G½SFB3 18.5 6.98 

H1SFA3 20.8 7.67 G1SFA3 19.6 7.68 

H1RFA3 23.1 13.0 G1RFA3 17.2 15.1 

H1SFB3 23.1 10.52 G1SFB3 18.5 7.50 

H½SFA5 23.0 13.8 G½SFA5 17.7 7.94 

H½SFB5 23.3 6.66 G½SFB5 19.0 8.17 

H1SFA5 24.4 8.75 G1SFA5 19.7 7.70 

H1RFA5 23.3 9.19 G1RFA5 19.9 9.72 

H1SFB5 27.3 5.05 G1SFB5 19.4 4.18 

 

Figures 4.1 and 4.2 show the average as-tested compressive strengths of the hollow and grouted 

masonry prism series, respectively, organized based upon prism height. The average as-tested 

compressive strength of masonry prisms increased with increasing prism height as observed based 

on the trendlines as shown in Figures 4.1 and 4.2. This phenomenon contradicts all reported 

conclusions (Drysdale and Hamid, 1979; Maurenbrecher, 1980; Hamid et. al., 1985; Wong and 

Drysdale, 1985; Hamid and Chukwunenye, 1986; and Fahmya and Ghoneim, 1995; Liu, 2012) as 

discussed in Section 2.2.1. The as-tested compressive strength of masonry prisms therefore 

appeared to be influenced by an effect that was not originally intended to be included in this study. 

It is therefore believed that the influence of the lateral movement of the actuators as discussed in 

Section 3.3.3 affected the as-tested compressive strength of the prisms. Prisms were possibly 

subjected to different eccentricities based on their height during load application due to the 

adjustments that were made to the setup in the first and second testing phases as discussed in 

Section 3.3.3. The eccentricity then influenced the as-measured compressive strength of the 

prisms.  
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Figure 4.1: Relationship Between the Prism Height and the As-Tested Compressive Strength of 

Hollow Prisms 

 

Figure 4.2: Relationship Between the Prism Height and the As-Tested Compressive Strength of 

Grouted Prisms 

Masonry prisms are not supposed to be subjected to eccentric loading in a prism test in accordance 

with the requirements specified in either ASTM C1314-18 (ASTM, 2018) or CSA S304-14 (CSA, 

2014a). The effect of eccentric loading had a considerable impact on the as-tested compressive 

strength of the prisms and so required an evaluation prior to conducting any subsequent analyses. 

The following sections present a discussion of the determination of the eccentricities and the 

correction that was made to the as-tested compressive strength results.  

0

6

12

18

24

30

0 1 2 3 4 5 6

C
o
m

p
re

ss
iv

e 
S

tr
en

g
th

 o
f 

H
o
ll

o
w

 

P
ri

sm
 S

er
ie

s 
(M

P
a)

Prism Height (Number of Courses Tall)

H1/2SFA

H1/2SFB

H1SFA

H1SFB

H1RFA

0

5

10

15

20

25

0 1 2 3 4 5 6

C
o
m

p
re

ss
iv

e 
S

tr
en

g
th

 o
f 

G
ro

u
te

d
 P

ri
sm

 S
er

ie
s 

(M
P

a)

Prism Height (Number of Courses Tall)

G1/2SFA

G1/2SFB

G1SFA

G1SFB

G1RFA



 

47 

 

4.2.1 Determination of Eccentricity as Occurred due to the Test Setup 

The two, three, and five course-tall prisms were subjected to different eccentricities during load 

application due to their differing test setups as discussed in Section 3.4.3. The eccentricities were 

determined based on the geometry of the test setup and standard trigonometric relationships.  

Figure 4.3 shows that the deflection of the actuators caused an eccentricity during the load 

application. The actuators and the I-beam were able to rotate about the hinge given that they were 

not laterally braced. Any rotation of the actuators and the I-beam about the hinge caused an 

eccentricity during load application. Equation 4-1 shows that the resulting eccentricities, e, were 

determined based on the length of actuators, the depth of the I-beam, and the deflection angle as 

occurred in the setup during the testing of the two, three, and five course-tall prims;  

𝑒 =  (𝐿𝑎 +  𝐷) 𝑠𝑖𝑛 𝜃                                          Equation 4-1 

where La is the length of actuators, D is the depth of the I-beam, and 𝜃 is the deflection angle 

  

Figure 4.3: Eccentricity as Applied to the Masonry Prism During Load Application 

 

Table 4.3 summarizes the eccentricities calculated using Equation 4-1. A range of angles was used 

to calculate the eccentricities as shown in Table 4.3 because the deflection of the test setup was 
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not specifically measured during testing. However, it was believed that the angle of rotation of the 

actuators was within 1 to 5 degrees because the deflection was not visible during load application. 

A rotation of 0 degree was excluded from the determination of the eccentricities as occurred in the 

setup because the as-tested compressive strength of masonry prisms was likely influenced by the 

lateral movement of the actuators or the I-beam as previously described. The resulting 

eccentricities were therefore calculated based on rotations of 1 to 5 degrees and the corresponding 

moment arms. 

Table 4.3: Moment Arm Induced by Test Setup due to the Presence of Hinges and Ball Joints 

Prism Height 

(Course-tall) 

Rotation 

(Degrees) 

Depth of I-

beam (mm) 

Length of 

Actuators (mm) 

Moment Arm 

(mm) 

Eccentricity 

(mm) 

2 

1   

2120 

37.0 

2   74.0 

3 620 1500 111 

4   148 

5   185 

3 

1   

1910 

33.3 

2   66.7 

3 310 1600 100 

4   133 

5   166 

5 

1   

310 

5.41 

2   10.8 

3 310 1450* 16.2 

4   21.6 

5   27.0 

* The length of the actuators was not included in the calculation of the eccentricity because the 

actuators were laterally braced to the test frame as discussed in Section 3. 

The moment arm as shown in Table 4.3 was determined based on whether or not the actuators 

were laterally braced to the test frame, the length of actuators, and the depth of the I-beam. The 

actuators in the setup used for testing the two and three course-tall prisms were not laterally braced 

and so the actuators could rotate about the hinges. The moment arm of the setup for testing the two 

course-tall prisms was then equal to the sum of the depth of the two stacked I-beams equal to 

620 mm, the actual length of actuators of 1450 mm, and the piston extension of 50 mm that was 

needed for the upper platen to contact the top of the prisms at the beginning of the testing. In 

contrast, the pistons needed to be extended 150 mm for the upper platen to come into contact with 

the top of three course-tall prisms at the beginning of the testing. The moment arm for testing of 
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three course-tall prisms was therefore equal to the sum of the depth of I-beam of 310 mm, the 

actual length of actuators of 1450 mm, and the piston extension of 150 mm.  

The actuators were laterally braced to the frame for the testing of five course-tall prisms as 

discussed in Section 3.5.1 and so the actual length of actuators of 1450 mm did not contribute to 

the calculation of the eccentricity. The I-beam could, however, rotate about the ball joints even 

though the actuators were laterally restrained. The moment arm of actuators for the testing of five 

course-tall prisms was therefore equal to the 310 mm depth of I-beam.  

The piston length slightly increased during the testing due to the vertical deformation of the prisms, 

however, the vertical deformation of the prism prior to its sudden and brittle failure was very small 

as compared to the overall length of actuators. The change in the length of the piston during the 

testing was therefore neglected. The moment arm of the setup for testing two course-tall prisms 

was, therefore, the longest followed by the moment arm of the setup for testing three and five 

course-tall prisms, respectively. The following section discusses the procedures used for the 

corrections made to the as-tested compressive strengths of masonry prisms.  

4.2.2 Correction to the Masonry Prism Test Results to Account for Eccentricity 

Corrections to the as-tested compressive strength of masonry prisms were made to reflect the 

applied load that would be obtained from a compression test subject to concentric loading. 

Corrections were performed based on results reported by Drysdale et. al (1983) regarding the 

correlation between the compressive strength of masonry prisms that were subjected to eccentric 

loading and those tested under concentric axial compression.  

Table 2.3, presented in Section 2.3, shows the correlations between the eccentricities and the ratio 

of Pe/P0, where Pe is the ultimate load of prisms that were subjected to eccentric loading, and P0 

is the ultimate load of prisms that were tested under concentric axial compression. The correlations 

shown in Table 2.3 were used to correct the as-tested compressive strength of prisms to reflect 

values that would be expected from a concentric axial compression test. The procedure for this 

correction included dividing the as-tested compressive strength of prisms by the ratio of Pe/P0 

based on their corresponding eccentricities as identified in Section 4.2.1.  
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A range of rotations was used to determine the eccentricities and the corresponding Pe/P0  as shown 

in Table 2.3. The range of rotations was determined based on the expected effect of the h/t ratio 

on the assemblage strength of prisms as discussed in Section 2.2.1 and was limited by the 

maximum as-tested strength of the constituent materials while ensuring that the resulting 

assemblage strength decreased with increasing prism height. A 0.5 degree of incremental change 

was used for the range of rotations to keep a reasonable number of intervals for subsequent 

analyses. 

The corrected masonry assemblage strength still increased with increasing prism height when the 

as-tested masonry assemblage strengths were corrected based on the ratio of Pe/P0 corresponding 

to a rotation of 0.5 degree. That said, these corrected masonry assemblage strengths contradicted 

the reported conclusions as discussed in Section 2.2.1 given that they are expected to decrease with 

increasing prism height. Any rotations that were less than or equal to 0.5 degree were therefore 

excluded from the subsequent analyses.  

Table 4B-4 shows that the corrected masonry assemblage strengths decreased with increasing 

prism height when the as-tested masonry assemblage strengths were corrected based on the ratio 

of Pe/P0 corresponding to a rotation of 1 degree. The influence of the h/t ratio on these corrected 

masonry assemblage strengths was therefore consistent with findings reported in the literature as 

discussed in Section 2.2.1 and this set of corrected masonry assemblage strengths could be used to 

evaluate the effect of parameters. The range of rotations that was used in the subsequent analyses, 

therefore, started from 1 degree.  

Tables 4B-5 and 4B-6 show that the corrected masonry assemblage strengths continued to decrease 

with increasing prism height when the as-tested masonry assemblage strengths were corrected 

based on the ratio of Pe/P0 corresponding to a rotation of 1.5 and 2 degrees, respectively. Tables 

4B-5 and 4B-6 also show that a 51 % and 65 % of these masonry assemblage strengths exceeded 

the maximum as-tested strength of the concrete masonry units shown in Table 4A-1. The masonry 

assemblage strengths must be less than or equal to the strength of the individual components due 

to the stress-strain incompatibility between the constituent materials (Boult, 1979; Drysdale & 

Hamid, 1979). Any the corrected masonry assemblage strengths that exceeded the maximum 

reported compressive strength of concrete masonry units were, therefore, eliminated from these 

tables. The elimination resulted in some of the prism series having less than or equal to one 
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replicate with strength that was lower than the maximum as-tested strength of the concrete 

masonry units. A normal distribution and a standard deviation of masonry assemblage strengths 

could not be therefore established for those prism series. The assemblage strength of prisms 

assuming that rotation of either 1.5 or 2 degrees occurred to the test setup were not applicable for 

the subsequent statistical analyses that were used to evaluate the influence of the investigated 

parameters.  

The influence of each parameter was assumed to be consistent across the sets of the as-tested 

masonry assemblage strengths that were corrected based on the ratio of Pe/P0 corresponding to a 

rotation of 1, 1.5, and 2 degrees because the effect of the h/t ratio on these sets of corrected 

assemblage strengths was the same as mentioned previously. The influence of each parameter was 

then evaluated based on correction corresponding to a rotation of 1 degree.  

Table 4.4 summarizes the corrected masonry assemblage strengths based on the assumed 

eccentricities due to a rotation of one degree and the corresponding ratio of Pe/P0. The assemblage 

strengths of prisms shown in Table 4.4 reflect the corrected test results (i.e. Those as would be 

expected from a pure axial compression test). These test results were also be used to evaluate the 

resulting masonry assemblage strength in accordance with ASTM C1314-18 (ASTM. 2018) and 

CSA S304-14 (CSA, 2014a).  
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Table 4.4: Average Corrected Assemblage Strength of Masonry Prisms Assuming a Rotation of 

one Degree in the Test Setup 

Prism 

Series 

𝑓𝑎𝑣_𝑚𝑐 

(MPa) 

COV 

(%) 

Pe/P0 Prism Series 𝑓𝑎𝑣_𝑚𝑐 

(MPa) 

COV 

(%) 

Pe/P0 

H½SFA2 28.1 7.52 0.730 G½SFA2 26.0 7.16 0.663 

H½SFB2 28.6 8.81 0.730 G½SFB2 28.3 10.1 0.663 

H1SFA2 29.1 17.8 0.730 G1SFA2 27.2 7.70 0.663 

H1SFB2 31.0 8.02 0.730 G1SFB2 25.9 6.82 0.663 

H½SFA3 28.2 11.5 0.751 G½SFA3 22.2 15.4 0.711 

H½SFB3 28.6 9.53 0.751 G½SFB3 26.1 6.98 0.711 

H1SFA3 27.8 7.67 0.751 G1SFA3 27.6 7.68 0.711 

H1RFA3 30.8 13.0 0.751 G1RFA3 24.2 15.1 0.711 

H1SFB3 30.7 8.52 0.751 G1SFB3 26.0 7.50 0.711 

H½SFA5 24.1 13.8 0.957 G½SFA5 18.6 7.94 0.950 

H½SFB5 24.4 6.66 0.957 G½SFB5 20.0 8.17 0.950 

H1SFA5 25.4 8.75 0.957 G1SFA5 20.7 7.70 0.950 

H1RFA5 24.3 9.19 0.957 G1RFA5 20.9 9.72 0.950 

H1SFB5 28.6 5.05 0.957 G1SFB5 20.4 4.18 0.950 

 

4.3 Effect of the Investigated Parameters 

This section introduces the statistical analyses that were used to evaluate the effect of investigated 

parameters on masonry assemblage strength and will present the characteristics of these analyses. 

Statistical analyses are then used to determine whether the effect of the investigated parameters on 

the assemblage strength of the prisms was significant.   

4.3.1 Statistical Analysis of Masonry Assemblage Strength 

A statistical analysis was conducted to determine whether the effects of grouted versus hollow 

prisms, h/t ratio, length-to-thickness ratio (l/t), mortar bedding, and bond pattern on the resulting 

prism strength were statistically significant. A standard prism size was then proposed based on 

these effects.  

The typical statistical methods for identifying significant differences between the mean values are 

the independent t-test and ANOVA analysis. The independent t-test is limited to identifying the 

statistical differences between the mean values of masonry prism strength for two populations and 

was therefore used to evaluate the effect of grouted versus hollow prisms, l/t ratio, mortar bedding, 
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and bond pattern. In contrast, an ANOVA analysis can be used to identify the statistical differences 

between multiple mean values and so was used to evaluate whether the influence of prism height 

was statistically significant given that three heights were included in this investigation.  

Both the independent t-test and ANOVA analyses required a hypothesis definition and the 

definition of the confidence level at which significance between means was evaluated. A 

confidence level of 95% was set to determine whether the null hypothesis was accepted or rejected. 

The results of an independent t-test and ANOVA analysis are commonly referred to as the t-value 

and F-value, respectively. The t-value is a ratio of the differences between the two mean values of 

masonry assemblage strength and the variation that exists within these masonry assemblage 

strengths for a given parameter that is under investigation. In contrast, the F-value is a ratio of the 

between-population variability of masonry assemblage strength to the within-population 

variability of masonry assemblage strength.  

The following sections discuss the effect of each investigated parameter on the assemblage 

strength of prisms based on the results of the statistical analysis.  

Summary Statistics for the Assemblage Strength of Masonry Prisms  

Table 4.5 summarizes the average corrected compressive strength, fav_mc, coefficient of variation, 

the number of specimens, n, and the number of statistical outliers for masonry prism series that 

were constructed using different geometries and construction methods. Physical outliers were not 

identified in any prism series and the outliers as shown in Table 4.5 were identified statistically at 

a 95% confidence level using the procedures detailed in ASTM E178-21(ASTM, 2021). These 

outliers were excluded from further analyses. The effect of the investigated parameters are then 

discussed in turn to evaluate their influence on the average compressive strength of prisms.  
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Table 4.5: Summary Statistics for the Assemblage Strength of Masonry Prisms 

Prism Series n Outlier  𝑓𝑎𝑣_𝑚𝑐 

(MPa) 

COV 

(%) 

 Prism Series n Outlier  𝑓𝑎𝑣_𝑚𝑐 

(MPa) 

COV 

(%) 

H½SFA2 7 0 28.1 7.52 G½SFA2 7 0 26.0 7.16 

H½SFB2 7 0 28.6 8.81 G½SFB2 7 0 28.3 10.1 

H1SFA2 7 0 29.1 17.8 G1SFA2 5 2 27.2 7.70 

H1SFB2 7 0 31.0 8.02 G1SFB2 7 0 25.8 6.82 

H½SFA3 7 0 28.2 11.5 G½SFA3 7 0 22.2 15.4 

H½SFB3 5 2 28.6 9.53 G½SFB3 7 0 26.1 6.98 

H1SFA3 7 0 27.8 7.67 G1SFA3 7 0 27.5 7.68 

H1RFA3 7 0 30.8 13.0 G1RFA3 7 0 24.1 15.1 

H1SFB3 5 2 30.7 8.52 G1SFB3 7 0 26.0 7.50 

H½SFA5 6 1 24.0 13.8 G½SFA5 7 0 18.6 7.94 

H½SFB5 7 0 24.4 6.66 G½SFB5 7 0 20.0 8.17 

H1SFA5 7 0 25.4 8.75 G1SFA5 7 0 20.7 7.70 

H1RFA5 7 0 24.3 9.19 G1RFA5 7 0 20.9 9.72 

H1SFB5 7 0 28.6 5.05 G1SFB5 7 0 20.4 4.18 

 

4.3.2 Grouted Versus Hollow Prisms 

Figure 4.4 shows the average assemblage strength of prisms versus the investigated parameters, 

where the black symbols refer to the assemblage strengths of hollow prisms and the red symbols 

refer to the assemblage strengths of grouted prisms. The assemblage strength of hollow prisms 

(27.8 MPa on average) was greater than the assemblage strength of grouted prisms (23.8 MPa on 

average) regardless of prism geometry or construction methods. The coefficients of variation for 

the assemblage strength of hollow prisms ranged from 5.05 to 17.8% with a mean value of 9.7%. 

The coefficients of variation for the assemblage strength of grouted prisms ranged from 4.18 to 

15.4% with a mean value of 8.72%, and so was greater than hollow prisms. The presence of grout 

increased the variability of the materials used for the construction of the prisms in addition to the 

variabilities of concrete masonry units and mortar. The coefficients of variation for grouted prisms 

was therefore greater than hollow prisms. 



 

55 

 

The average assemblage strength of grouted prisms was less than the strength of hollow prisms 

because the stress versus strain properties and Poisson’s ratios of the grout and concrete masonry 

units were not compatible, thus increasing the likelihood that splitting failure occurred in the webs 

of the concrete masonry units regardless of prism geometries or construction methods (Drsysdale 

and Hamid, 2005). Moreover, the assemblage strength of prisms was inversely proportional to its 

loaded area. The presence of grout substantially increases the effective loading area of the prisms 

and so reduced the resulting assemblage strengths of grouted prisms as compared to hollow prisms 

even though their overall load-carrying capacity was greater (Hatzinikolas and Korany, 2005).  

 

Figure 4.4: Assemblage Strength of Grouted and Hollow Masonry Prisms 

An independent t-test was performed to evaluate whether the average assemblage strength of each 

prism series was influenced by the presence of grout. The resulting t-value of 0 shows that the 

average masonry assemblage strength of hollow prisms was significantly greater than the average 

masonry assemblage strength of the grouted prisms at a 95% confidence level. The independent t-

test showed that grout is an influential parameter on the average assemblage strength of masonry 

prisms. Grouted and hollow masonry assemblage strength will therefore be evaluated separately 

in the analyses to follow.  

4.3.3 Height-To-Thickness Ratio 

Figure 4.5 shows the assemblage strength of the masonry prisms versus h/t ratio, where the black 

symbols are used to represent the assemblage strengths of hollow prisms and the red symbols 

represent the grouted prisms. Table 4.6 shows that the average assemblage strength of two, three, 

and five course-tall prisms were 29.2 MPa, 29.2 MPa, and 25.4 MPa for hollow prisms, 

Grouted 

Prisms 

Hollow 

Prisms 
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respectively; and 26.8 MPa, 25.2 MPa, 20.1 MPa for grouted prisms, respectively.  Figure 4.5 

shows that the assemblage strength decreased with increasing h/t ratio. The coefficients of 

variation of the hollow prisms ranged from 10.6 to 11.4% with a mean value of 10.9%. The 

coefficients of variation of the grouted prisms ranged from 8.30 to 12.5% with a mean value of 

9.91%. The effect of h/t ratio on the assemblage strength of prisms was generally consistent for 

five course-tall prisms and so were the lowest regardless of the presence of grout. 

 

Figure 4.5: Assemblage Strength of Masonry Prisms versus h/t Ratio 

Table 4.6: Average Assemblage Strength of Hollow Two, Three, Five Course-tall Prisms 

Prism 
Prism Height 

(Course-tall) 
Average Assemblage Strength (MPa) COV (%) 

Hollow 

2 29.2 11.4 

3 29.2 10.8 

5 25.4 10.6 

 2 26.8 8.61 

Grouted 3 25.2 12.5 

 5 20.1 8.30 

 

The effect of h/t ratio on the assemblage strength of prisms based upon data obtained in the current 

investigation is consistent with findings as reported in the literature as discussed in Section 2.2.1. 

The assemblage strength of prisms was expected to decrease with increasing in h/t ratio due to the 

influence of the end platens (Drysdale and Hamid, 1979; Maurenbrecher, 1980; Hamid et. al., 

1985; Wong and Drysdale, 1985; Hamid and Chukwunenye, 1986; and Fahmya and Ghoneim, 

1995; Liu, 2012). Prisms with a low h/t ratio were laterally confined by the end platens, thereby 

increasing the corrected resulting masonry assemblage strength (Liu, 2012).  
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An ANOVA analysis was performed to evaluate whether the assemblage strength of prisms was 

influenced by the h/t ratio. Results showed a P-value of 0 for both hollow and grouted prisms, and 

so implies that the differences between the assemblage strength of two, three, and five course-tall 

prisms were statistically significant at a 95% confidence level. The h/t ratio was therefore 

identified as an influential parameter on masonry assemblage strength.  

4.3.4 Length-To-Thickness Ratio  

Figure 4.6 shows the assemblage strength of prisms with different l/t ratios. The average corrected 

masonry assemblage strength of hollow half block-wide and full block-wide prisms were 

27.0 MPa and 28.4 MPa, respectively. The average corrected masonry assemblage strength of 

grouted half block-wide and full block-wide prisms were 23.5 MPa and 24.0 MPa, respectively. 

The hollow half block-wide prisms had a coefficient of variation of 11.7%, while a value of 13.0% 

resulted for hollow full block-wide prisms.  The grouted half block-wide prisms had a coefficient 

of variation of 17.5% and a value of 14.5% resulted for grouted full block-wide prisms.  

 

Figure 4.6: Assemblage Strength of Masonry Prisms versus l/t Ratio 

The average masonry assemblage strength of full block-wide prisms was greater than that of half 

block-wide prisms and likely resulted because severe cracks occurred to the webs and face shells 

of the half block-wide prisms during load application. These cracks reduced the structural integrity 

of the prisms and so they failed at a relatively low value of the applied load. Figure 4.7 shows a 

comparison between the webs and face shells of the representative half block-wide prisms (Figure 
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4.7(a)) and those that were a full block-wide (Figure 4.7(b)) at failure. Figure 4.7(a) shows that 

severe cracks occurred in the webs and face shells of the half block-wide prisms prior to failure, 

whereas Figure 4.7(b) shows that minor cracks occurred in the face shell of full block-wide prisms, 

and that the failure of the prism was due to the splitting of the webs. The crack resistance of face 

shells decreased with reducing prism length.  

Figure 4.8 shows the half-block (Figure 4.8(a)) and full-block wide (Figure 4.8(b)) masonry prisms 

as positioned in the test setup. Prisms tended to expand in the direction perpendicular to the 

direction of compression. Friction was, therefore, induced in a longitudinal direction between the 

prisms and the platens during load application. The friction along the face shells increased with 

prism length, and so the lateral confinement of the full block-wide prisms was greater than the 

half-block prisms (Hassanli e al. 2015). Greater longitudinal confining stresses increased the 

resistance to crack initiation and propagation during load application. The assemblage strength of 

full block-wide prisms was, therefore, greater than the assemblage strengths of half block-wide 

prisms.  

  

(a) (b) 

Figure 4.7: Damage to Webs and Face Shells of Prisms at Failure: (a) Half Block-Wide Prisms, 

and (b) Full Block-Wide Prisms 
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Figure 4.8: Friction Induced Between Prism and Metal Platen 

Corrected masonry assemblage strengths obtained in this experiment increased with increasing l/t 

ratio and this finding is consistent with the conclusions reported by Hassnali et al. (2015) and 

Abasi et al. (2020). In contrast, Khalaf (1996) reported that assemblage strengths of half block-

wide prisms exceeded those that were full block-wide because the effective mortar area of the half 

block-wide prisms was considerably less than those of full block-wide prisms. The data reported 

by Khalaf (1996) was; however, not representative because the variance of the masonry 

assemblage strength of half block-wide prisms was 200% higher than those that were full block-

wide.  

An independent t-test was performed to evaluate whether the assemblage strength of prisms was 

influenced by the l/t ratio. An analysis of the test results shows a t-value of 0.0527 for hollow 

prisms and a t-value of 0.589 for grouted prisms. The difference between the assemblage strength 

of half and full block-wide prism was, therefore, not statistically significant at a 95% confidence 

level. The l/t ratio is not an influential parameter on the assemblage strength of masonry prisms 

and thus the half block-wide prisms can be constructed on construction sites for verifying material 

strengths. 

4.3.5 Mortar Bedding 

Table 4.7 summarizes the average compressive strength and coefficients of variation for prisms 

that were constructed using face shell bedding and those that were constructed using full mortar 

Longitudinal 

friction induced 

between prism 

and metal platen  

 

     (a)                                                                     (b) 

Hemispherical 

metal head 
Upper metal 

platen 

Lower metal 

platen 

Masonry prism      A             A      B                       B  

  Section A-A                                           Section B-B 



 

60 

 

bedding. The assemblage strength of prisms constructed using face shell bedding was typically 

lower than those that were constructed using full bedding, and is consistent with results reported 

in the literature as discussed in Section 2.2 (Hamid and Chukwunenye, 1985; Ganesan and 

Ramamurthy, 1992; and Ramamurthy et. al., 2000). 

Table 4.7: Summary Statistics for Prisms Constructed Using Face Shell Bedding and Those 

Constructed Using Full Mortar Bedding 

  Face shell bedded Full mortar bedded 

Hollow 𝑓𝑎𝑣_𝑚𝑐 (MPa) 27.3 28.5 

COV (%) 13.7 10.8 

Grouted 𝑓𝑎𝑣_𝑚𝑐 (MPa) 23.3 24.4 

COV (%) 16.4 14.8 

 

The webs of face shell bedded prisms failed at lower values of applied load compared to those of 

fully bedded prisms based upon the applied load as recorded by the load cell of the actuators and 

the corresponding observations as captured by the video camera. Figure 4.9 shows crack patterns 

of representative prisms that were constructed using face shell bedding at different levels of the 

applied load. Cracks were not observed in the webs or the face shells of the prisms that were 

constructed using face shell bedding at an applied load of approximately 0.8 Pmax, where Pmax 

refers to the maximum applied load. When the applied load was increased to approximately 

0.9 Pmax, cracks occurred at mid-height of the webs of the face shell bedded prisms. These cracks 

then propagated to the webs in the top and bottom block courses when the applied load was 

increased to approximately 0.95 Pmax. The webs of the face shell bedded prisms failed due to the 

severe cracking that caused the face shells to bend outward, leading to prism failure.  

In contrast, Figure 4.10 shows that the cracks that occurred in the webs of fully bedded prisms 

were not observed until prism failure. Figure 4.11 shows a representative fully bedded prism after 

failure: severe cracks had occurred in both exterior and interior webs with face shells remaining 

essentially undamaged. Cracks were similar to those that were observed in the webs of face shell 

bedded prisms. This suggests that the failure of the face shell and the fully bedded prisms were 

similar, save for the fact that cracks at lower values of 0.8 Pmax were observed for prisms where 

face shell bedding was employed.  



 

61 

 

 

   

(a) (b) (c) 

Figure 4.9: Webs and Face Shells of Masonry Prism Constructed using Face Shell Bedding at 

Different Levels of Applied Stress: (a) 0.8 Pmax, (b) 0.9 Pmax, and (c) 0.95 Pmax 

   

(a) (b) (c) 

Figure 4.10: Webs and Face Shells of Masonry Prism Constructed using Full Mortar Bedding at 

Different Levels of Applied Stress: (a) 0.8 Pmax, (b) 0.9 Pmax, and (c) 0.95 Pmax 

 

Figure 4.11: Representative Fully Bedded Prism after the Failure 
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Failure of the webs in advance of the face shells reduced structural integrity during load application 

and, as a result, reduced the masonry assemblage strength.  The absence of mortar on the webs of 

prisms caused cracking occurred in the webs at 0.8 Pmax. The face shells of prisms that were face 

shell bedded then lost the lateral support as provided by the webs and bent outward.  

An independent t-test was performed to evaluate whether the differences between the assemblage 

strength of prisms that were constructed using face shell bedding and those that were constructed 

using full bedding were statistically significant. An analysis of the test results showed a t-value of 

0.0801 for hollow prisms and a t-value of 0.129 for grouted prisms. These t-values implied that 

the effect of mortar bedding on the assemblage strength of prisms was not statistically significant 

at a 95% confidence level. The effect of mortar bedding is not an influential parameter on the 

assemblage strength of prisms.  

4.3.6 Bond Pattern 

Table 4.8 summarizes the average compressive strength and coefficients of variation for prisms 

that were constructed in stack pattern and those that were constructed using running bond. The 

masonry assemblage strength of prisms constructed using running bond was similar to those that 

were constructed in a stack pattern.   

Table 4.8: Summary Statistics for Stack Pattern and Running Bond Prisms 

  Stack Pattern Running Bond 

Hollow 𝑓𝑎𝑣_𝑚𝑐 (MPa) 26.6 27.5 

 COV (%) 9.09 16.6 

Grouted 𝑓𝑎𝑣_𝑚𝑐 (MPa) 24.1 22.5 

 COV (%) 16.5 14.6 

 

Figure 4.12 shows crack patterns of representative prisms that were constructed using running 

bond at different levels of the applied load. Cracks were not observed in the webs or the face shells 

at an applied load of approximately 0.8 Pmax. Cracks occurred in the webs when the applied load 

was increased to approximately 0.9 Pmax. These cracks widened and propagated to the webs in the 

top and bottom block courses when the applied load was increased to approximately 0.95 Pmax. 

Cracks were not observed in the face shell of the prisms throughout the testing. The typical crack 
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pattern for prisms constructed using running bond was similar to those observed for prisms 

constructed in stack pattern (Figure 4.9). That said, the failure mechanism of the prisms 

constructed using running bond was similar to those that were constructed in a stack pattern.   

The similarities in crack pattern and failure mechanism of prisms constructed using running bond 

and using stack pattern were likely because face shell bedding was employed in both of these 

prisms, as discussed in Section 3.2. The mortar bedding heavily influenced the crack pattern and 

failure mechanism, as well as masonry assemblage strength of prisms, while the bond pattern did 

not have as strong an influence. The resulting masonry assemblage strength of prisms constructed 

using stack pattern was therefore similar to that of those that were constructed using running bond.  

   

(a) (b) (c) 

Figure 4.12: Prisms Constructed using Running Bond at Different Levels of Applied Stress: (a) 

0.8 Pmax, (b) 0.9 Pmax, and (c) 0.95 Pmax 

Scriverer and Baker (1988) and Ganesan and Ramamurthy (1992) reported that the masonry 

assemblage strength of prisms constructed in running bond were typically lower than those that 

were constructed in stack pattern as discussed in Section 2.2. However, results obtained in this 

investigation aligned with the conclusions reported by others (Drysdale and Hamid, 1979, and 

Hamid et al., 1985) that the trend of the effect of bond pattern on masonry assemblage strength 

was not evident.  

An independent t-test was performed to evaluate whether the differences between the assemblage 

strength of prisms that were constructed using stack pattern and those that were constructed using 

running bond were statistically significant. The results of the independent tests show a t-value of 

0.507 for hollow prisms and a t-value of 0.259 resulted for grouted prisms. These t-values show 

that the effect of bond pattern was not statistically significant at a 95% confidence level.  
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4.3.7 Summary of Investigated Parameters 

Results reported in the previous sub-sections show that masonry assemblage strength was 

influenced by the presence of grout and h/t ratio. In contrast, the effect of l/t ratio, mortar bedding, 

and bond pattern were not statistically significant. The following section compares the resulting 

masonry assemblage strength as calculated based on Clause 11 of ASTM C1314-18 (ASTM, 2018) 

and those that were determined based on Annex C.2.2 of CSA S304-14 (CSA, 2014a). Both are 

based on the corrected values of the as-tested masonry assemblage strengths.  

4.4 Comparison and Conversion between Masonry Assemblage Strengths Calculated in 

Accordance with ASTM C1314-18 and CSA S304-14 

The calculations of masonry assemblage strength as specified in Clause 11 of ASTM C1314-18 

(ASTM, 2018) are different from the procedures as prescribed in Annex C.2.2 of CSA S304-14 

(CSA, 2014a). Equation 4-2 shows that a corresponding correction factor, h/tcor_ASTM, as provided 

in Table 1 of ASTM C1314-18 (ASTM, 2018) was applied to the average assemblage strength of 

prisms, fav_mc, to determine the masonry assemblage strength in accordance with Clause 11 of 

ASTM C1314-18, f’m_ASTM, (ASTM, 2018). Equation 4-3 shows that the masonry assemblage 

strengths calculated based on the procedures as prescribed in Annex C.2.2. of CSA S304-14 (CSA, 

2014a), f’m_CSA, included the influence of coefficients of variation on the average assemblage 

strength of prisms, fav_mc, in addition to the multiplication of the corresponding correction factor, 

h/tcor_CSA, as provided in Table D.1 of CSA S304-14 (CSA, 2014a). Differences between 

ASTM C1314-18 and CSA S304-14 masonry assemblage strengths therefore result. A comparison 

between ASTM C1314-18 (ASTM, 2018) and CSA S304-14 (CSA, 2014a) masonry assemblage 

strengths was conducted to establish the numerical correlations between the two.  

                                                   𝑓𝑚_𝐴𝑆𝑇𝑀 
′ =  𝑓𝑎𝑣_𝑚𝑐 ×   

ℎ

𝑡 𝑐𝑜𝑟_𝐴𝑆𝑇𝑀
                                    Equation 4-2 

                                          𝑓𝑚_𝐶𝑆𝐴 
′ =  𝑓𝑎𝑣_𝑚𝑐  ×  

ℎ

𝑡 𝑐𝑜𝑟_𝐶𝑆𝐴
× (1 − 1.64 ×  COV)           Equation 4-3 

Tables 4.9 and 4.10 summarize the average masonry assemblage strength of prisms, coefficients 

of variation, the corresponding h/t ratio as specified in ASTM C1314-18 (ASTM, 2018) and 

CSA S304-14 (CSA, 2014a), and the resulting hollow and grouted masonry assemblage strengths 

calculated in accordance with ASTM C1314-18 (ASTM, 2018) and CSA S304-14 (CSA, 2014a), 

respectively. Ratios of ASTM C1314-18-to-CSA S304-14 masonry assemblage strength show that 
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the resulting masonry assemblage strengths calculated in accordance with Clause 11 of ASTM 

C1314-18 (ASTM, 2018) were greater than those that were determined in accordance with Annex 

C.2.2. of CSA S304-14 (CSA, 2014a) for all prism series and occur because the h/t ratio correction 

factors as prescribed in ASTM C1314-18 (ASTM, 2018) were typically greater than 1. In contrast, 

the h/t ratio correction factors as prescribed in CSA S304-14 (CSA, 2014a) were typically lower 

than 1 and the inclusion of coefficients of variation further reduced the resulting masonry 

assemblage strengths.  

Table 4.9: Resulting Hollow Masonry Assemblage Strength in Accordance with 

ASTM C1314-18 and CSA S304-14 

Prism 

Series 

𝑓𝑎𝑣_𝑚𝑐 

(MPa) 

COV 

(%) 

ℎ

𝑡 𝑐𝑜𝑟_𝐴𝑆𝑇𝑀
 

ℎ

𝑡 𝑐𝑜𝑟_𝐶𝑆𝐴
 𝑓𝑚𝐻_𝐴𝑆𝑇𝑀

′  𝑓𝑚𝐻_𝐶𝑆𝐴 
′  

𝑓𝑚𝐻_𝐴𝑆𝑇𝑀
′

𝑓𝑚𝐻_𝐶𝑆𝐴 
′  

𝑐𝐻_𝐴𝑆𝑇𝑀 𝐶𝑆𝐴⁄  

H½SFA2 28.1 7.52 

1 0.85 

28.1 20.9 1.34 

1.62 

 

H½SFB2 28.6 8.81 28.6 20.8 1.38 

H1SFA2 29.1 17.8 29.1 17.5 1.66 

H1SFB2 31.0 8.02 31.0 22.9 1.35 

H½SFA3 28.2 11.5 

1.07 0.9 

30.2 20.6 1.46 

1.50 

H½SFB3 28.6 9.53 30.6 21.7 1.41 

H1SFA3 27.8 7.67 29.7 21.9 1.36 

H1RFA3 30.8 13.0 32.9 21.8 1.51 

H1SFB3 30.7 8.52 32.9 23.8 1.38 

H½SFA5 24.0 13.8 

1.22 1 

29.3 18.6 1.58 

1.55 

H½SFB5 24.4 6.66 29.7 21.7 1.37 

H1SFA5 25.4 8.75 31.0 21.8 1.42 

H1RFA5 24.3 9.19 29.6 20.6 1.44 

H1SFB5 28.6 5.05 34.8 26.2 1.33 

 

A conversion of the masonry assemblage strengths calculated in accordance with ASTM C1314-18 

(ASTM, 2018) to an equivalent CSA S304-14 masonry assemblage strength for designs in Canada 

was established to contribute to the reconciliation of the current provisions as included in ASTM 

C1314-18 (ASTM, 2018) and CSA S304-14 (CSA, 2014a). The conversion factors were 
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established based on the influential parameters on assemblage strength of prisms as identified in 

Section 4.3.7 and the ratios of ASTM C1314-18-to-CSA S304-14 masonry assemblage strength 

as shown in Tables 4.9 and 4.10. A 95 percentile approach was applied to the ratios to ensure a 

margin of safety for the resulting masonry assemblage strengths.  

Table 4.10: Resulting Grouted Masonry Assemblage Strength in Accordance with 

ASTM C1314-18 and CSA S304-14 

Prism 

Series 

𝑓𝑎𝑣_𝑚𝑐 

(MPa) 

COV 

(%) 

ℎ

𝑡 𝑐𝑜𝑟_𝐴𝑆𝑇𝑀
 

ℎ

𝑡 𝑐𝑜𝑟_𝐶𝑆𝐴
 𝑓𝑚𝐺_𝐴𝑆𝑇𝑀

′  𝑓𝑚𝐺_𝐶𝑆𝐴 
′  

𝑓𝑚𝐺_𝐴𝑆𝑇𝑀
′

𝑓𝑚𝐺_𝐶𝑆𝐴 
′  

𝑐𝐺_𝐴𝑆𝑇𝑀 𝐶𝑆𝐴⁄  

G½SFA2 26.0 7.16 

1 0.85 

26.0 19.5 1.33 

1.40 

 

G½SFB2 28.3 10.1 28.3 20.1 1.41 

G1SFA2 27.2 7.70 27.2 20.2 1.35 

G1SFB2 25.8 6.82 25.8 19.5 1.32 

G½SFA3 22.2 15.4 

1.07 0.9 

23.8 15.0 1.59 

1.59 

G½SFB3 26.1 6.98 27.9 20.8 1.34 

G1SFA3 27.5 7.68 29.5 21.7 1.36 

G1RFA3 24.1 15.1 25.8 16.4 1.58 

G1SFB3 26.0 7.50 27.9 20.6 1.36 

G½SFA5 18.6 7.94 

1.22 1 

22.7 16.2 1.40 

1.44 

G½SFB5 20.0 8.17 24.4 17.4 1.41 

G1SFA5 20.7 7.70 25.2 18.1 1.40 

G1RFA5 20.9 9.72 25.5 17.6 1.45 

G1SFB5 20.4 4.18 24.8 19.0 1.31 

 

The as-tested masonry assemblage strengths that were corrected based on the ratio of Pe/P0 

corresponding to a rotation of 1, 1.5, and 2 degrees were carried through to establish the upper and 

lower bounds of the conversion factors. Table 4.11 shows the conversion factors that were 

calculated based on the corrected assemblage strengths. The conversion factors that were 

established based on the corrected assemblage strengths of 1 degree were the largest followed by 

those that were established based on the corrected assemblage strengths of 1.5 and 2 degrees 

respectively. The upper and lower bound of the conversion factors were therefore those that were 
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established based on the corrected assemblage strengths of 1 and 2 degrees, respectively. The 

overall results and recommendations were then more conservative when the conversion between 

ASTM C1314-18 (ASTM, 2018) masonry assemblage strengths to an equivalent CSA S304-14 

was conducted based on the conversion factors that were established based on the average 

corrected assemblage strengths due to a rotation of 1 degree.  

Table 4.11: Upper and Lower Bound of Conversion Factors  

  Degree of Rotation 

 Prism Height 1 1.5 2 

𝑐𝐻_𝐴𝑆𝑇𝑀 𝐶𝑆𝐴⁄  

Two Course-tall 1.62 1.19 N/A* 

Three Course-tall 1.5 1.33 1.19 

Five Course-tall 1.55 1.51 1.26 

𝑐𝐺_𝐴𝑆𝑇𝑀 𝐶𝑆𝐴⁄  

Two Course-tall 1.4  N/A*  N/A* 

Three Course-tall 1.59 1.49 1.19 

Five Course-tall 1.44 1.44 1.44 

* N/A regarding the fact that a coefficient of variation was not able to be established 

because less than or equal to one prism strength remained for all replicates included 

in a given prism series  

Equations 4-4 and 4-5 show that the conversion factors, cH_ASTM/CSA for hollow prisms and 

cG_ASTM/CSA for grouted prisms, as shown in Tables 4.9 and 4.10 were applied to the masonry 

assemblage strength calculated in accordance with ASTM C1314-18 (ASTM, 2018) to determine 

equivalent hollow and grouted masonry assemblage strengths, f’mH_equ_CSA and f’mG_equ_CSA 

respectively, that can be used for verifying the assemblage strength of materials.  

𝑓𝑚𝐻_𝑒𝑞𝑢_𝐶𝑆𝐴 
′ =  

𝑓𝑚𝐻_𝐴𝑆𝑇𝑀
′  

𝑐𝐻_𝐴𝑆𝑇𝑀 𝐶𝑆𝐴⁄
                                         Equation 4-4 

𝑓𝑚𝐺_𝑒𝑞𝑢_𝐶𝑆𝐴 
′ =  

𝑓𝑚𝐺_𝐴𝑆𝑇𝑀
′  

𝑐𝐺_𝐴𝑆𝑇𝑀 𝐶𝑆𝐴⁄
                                    Equation 4-5 

Figure 4.13 shows the comparison between the hollow masonry assemblage strengths that were 

calculated in accordance with ASTM C1314-18 (ASTM, 2018), those that were determined based 

on CSA S304-14 (CSA, 2014a), and those that were calculated using conversion factors as shown 

in Table 4.9. The resulting masonry assemblage strengths calculated in accordance with Clause 11 
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of ASTM C1314-18 (ASTM, 2018) were greater than those that were determined in accordance 

with Annex C.2.2. of CSA S304-14 (CSA, 2014a) for all prism series as discussed previously. The 

equivalent hollow masonry assemblage strengths, f’mH_equ_CSA, that were intended to be used for 

verifying the assemblage strength of materials on job sites in Canada were typically lower than 

those that were determined based on CSA S304-14 (CSA, 2014a) except for prisms series of 

H1SFA2, H1RFA3, and H½SFA5 which were 3 %, 1 %, and 2 % greater than those that were 

determined calculated using provisions included in CSA S304-14 (CSA, 2014a). This was likely 

because high coefficients of variation of  12 %, 21 %, and 11 % occurred for the mortar used in 

these prism series and resulted in the high coefficients of variation of 17.8 %, 13.0 %, and 13.8 

occurred for these prism strengths.  

The use of the equivalent hollow masonry assemblage strengths for verifying the assemblage 

strength of materials on job sites in Canada is unlikely to affect the safety of Canadian masonry 

structures because the masonry assemblage strengths as determined in accordance with Annex 

C.2.2. of CSA S304-14 (CSA, 2014a) exceed the specified strength 95% of the time (CSA, 2014a). 

That said, the equivalent hollow masonry assemblage strengths were within the 5 % margin of 

safety. 

 

Figure 4.13: Comparison Between Masonry Assemblage Strengths of Hollow Prisms as 

Determined in Accordance with ASTM C1314-18 and CSA S304-14 

0

10

20

30

40

H
½

S
F

A
2

H
½

S
F

B
2

H
1
S

F
A

2

H
1
S

F
B

2

H
½

S
F

A
3

H
½

S
F

B
3

H
1
S

F
A

3

H
1
R

F
A

3

H
1
S

F
B

3

H
½

S
F

A
5

H
½

S
F

B
5

H
1
S

F
A

5

H
1
R

F
A

5

H
1
S

F
B

5R
es

u
lt

in
g
 M

as
o
n
ry

 s
tr

en
g
th

 o
f 

p
ri

sm
s 

(M
P

a)

Prism Series



 

69 

 

Figure 4.14 shows the comparison between the grouted masonry assemblage strengths that were 

calculated in accordance with ASTM C1314-18 (ASTM, 2018), those that were determined based 

on CSA S304-14 provisions (CAS, 2014), and those that were calculated using Equation 4-5. The 

equivalent grouted masonry assemblage strength that was intended to be used for verifying the 

assemblage strength of materials on job sites in Canada, f’mG_equ_CSA, was lower than those 

determined based on that calculated in accordance with CSA S304-14 (CAS, 2014) except for 

prisms series G½SFB2 and G1RFA5. The equivalent masonry assemblage strengths for the prisms 

series of G½SFB2 and G1RFA5 were only 0.1 % greater than those that were determined based 

on CSA S304-14 (CAS, 2014), and thus within a 5 % margin of safety.  

 

Figure 4.14: Comparison Between Masonry Assemblage Strengths of Grouted Prisms as 

Determined in Accordance with ASTM C1314-18 and CSA S304-14 
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the current provisions as included in CSA S304-14 (CSA, 2014a) to contribute to the reconciliation 

of the U.S. and Canadian codes.  

4.5 Proposed Changes to CSA S304-14 Provisions 

Recommendations for commentary in Annex. D of CSA S304-14 (CSA, 2014a) are provided 

herein based on the results discussed in Section 4.3. The current investigation recommended that 

the commentary in Annex D of CSA S304-14 (CSA, 2014a) allow the masonry assemblage 

strengths to be determined in accordance with ASTM C1314-18 (ASTM, 2018) providing that the 

resulting masonry assemblage strength be properly converted to an equivalent CSA S304-14 

masonry assemblage strength using conversion factors.  

The current investigation was limited in scope to prisms that were constructed using 200 mm 

concrete masonry units with a nominal strength of 15 MPa. The geometry and strength of concrete 

masonry units may have an impact on the masonry assemblage strength. Further work is, therefore, 

still needed to establish the conversion factors between the masonry assemblage strength 

calculated in accordance with ASTM C1314-18 (ASTM, 2018) and those that were determined 

based on the CSA S304-14 (CSA, 2014a) for different types, geometry, and strength of concrete 

masonry units.  

4.6 Summary 

This chapter described the test results and analysis of the companion specimens and masonry 

prisms that were constructed and tested in this investigation. The as-tested compressive strength 

of masonry prisms was likely influenced by the eccentricity that is believed to have occurred as a 

result of the test setup used for testing prisms, which may have been was caused by the lateral 

movement of the actuators. A correction to the as-tested compressive strength of masonry prisms 

was made to reflect the applied load that would be obtained from a pure axial compression test 

based upon published information reported by others.  

Results of statistical analyses showed that the presence of grout and h/t ratio influenced the 

assemblage strength of prisms. Prisms constructed in a stack pattern using full mortar bedding and 

as little as two courses tall can serve as a standard prism for testing in accordance with CSA S304 

(CSA, 2014a).  
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A comparison of the resulting masonry assemblage strengths as calculated based on the Clause 11 

of ASTM C1314-18 (ASTM, 2018) and those that were determined based on Annex C.2.2. of CSA 

S304-14 (CSA, 2014a) was performed. Ratios of ASTM C1314-18-to-CSA S304-14 masonry 

assemblage strength showed that strengths calculated based on Clause 11 of ASTM C1314-18 

(ASTM, 2018) were greater than those that were determined based on Annex C.2.2. of CSA S304-

14 (CSA, 2014a). Conversion factors were established to resolve the differences between the 

resulting masonry assemblage strengths. A recommendation to the Annex D commentary of CSA 

S304-14 (CSA, 2014a) was provided to allow the masonry assemblage strength to be determined 

in accordance with ASTM C1314-18 (ASTM, 2018). 
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Chapter 5: Conclusion and Recommendations 

5.1 Summary  

A total of 196 masonry prisms were constructed and tested to reconcile differences in requirements 

related to prism geometry, construction, and testing between ASTM C1314-18 (ASTM, 2018) and 

CSA S304-14 (CSA, 2014a) The corrected assemblage strength of masonry prisms that were built 

in accordance with ASTM C1314-18 (ASTM, 2018) and CSA S304-14 (CSA, 2014a) were used 

to evaluate the masonry assemblage strength. Companion specimens including concrete masonry 

units, mortar cubes, absorbent grout prisms, and non-absorbent grout cylinders were constructed 

and tested in accordance with the relevant standards to establish the properties of the constituent 

materials.  

The as-tested compressive strength of masonry prisms may have been affected by the lateral sway 

of the test setup during load application. Corrections to the as-tested compressive strength of 

masonry prisms were made in accordance with information published by others to account for the 

unintended eccentricities. The corrected data was used to evaluate the influence of each 

investigated parameter on the assemblage strength of masonry prisms. The calculations of the 

masonry assemblage strengths differ based upon whether ASTM C1314-18 (ASTM, 2018) or CSA 

S304-14 (CSA, 2014a) were followed.  A numerical relationship between the resulting masonry 

assemblage strengths was then established. Recommended changes to the current standards were 

proposed based on the findings and conclusions derived from this investigation.  

5.2 Conclusions 

The conclusions of this study address the specific sub-objectives for the investigation as presented 

in Section 1.2.  

5.2.1 Influence of the Investigated Parameters on Masonry Assemblage Strength  

A parametric investigation that included three prism heights (i.e. two, three, five courses tall), two 

prism lengths (i.e. half or full block-wide), two types of mortar bedding (i.e. face shell or full 

mortar bedding), and bond pattern (i.e. stack pattern or running bond) was performed and the 

influence of investigated parameters on masonry assemblage strength were evaluated in turn to 

determine the minimum prism geometry and simplest construction method for prisms 

recommended for inclusion specified in the next edition of CSA S304 (CSA).  
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• The average masonry assemblage strength of grouted prisms was less than that of hollow 

prisms regardless of prism geometry or construction methods. The stress versus strain 

properties and Poisson’s ratios of the grout and concrete masonry units were not 

compatible, thus increasing the likelihood that splitting failure occurred in the webs of the 

concrete masonry units of grouted prisms. Statistical results showed that the average 

masonry assemblage strength of hollow prisms was significantly greater than that of the 

grouted prisms at a 95% confidence level. The masonry assemblage strengths of grouted 

and hollow prisms were therefore evaluated separately in subsequent analyses. 

• The masonry assemblage strength of prisms decreased with increasing h/t ratio. Prisms 

with a low h/t ratio were influenced by the confinement of the end platens as compared to 

those with a high h/t ratio. Differences between the assemblage strength of two, three, and 

five course-tall prisms were statistically significant at a 95% confidence level. The h/t ratio 

was therefore identified as an influential parameter on masonry assemblage strength.  

• The average masonry assemblage strength of full block-wide prisms was greater than that 

of half block-wide prisms and likely resulted because severe cracks occurred to the webs 

and face shells of the half block-wide prisms during load application. These cracks reduced 

the structural integrity of the prisms and caused them to fail at a relatively low value of 

applied load. However, statistical results showed that the difference between the masonry 

assemblage strength of half and full block-wide prism was not statistically significant at a 

95% confidence level and so the l/t ratio was not identified as an influential parameter. 

Prisms constructed on-site can therefore be as little as half block-wide for verifying 

masonry assemblage strengths.  

• The average assemblage strength of prisms that were constructed using face shell bedding 

was less than those that were fully bedded. However, a statistical analysis results showed 

that the effect of mortar bedding on masonry assemblage strength of prisms was not 

statistically significant at a 95% confidence level. Prisms constructed on-site can be 

constructed using either face shell or full mortar bedding. 

• Differences between the masonry assemblage strength of prisms constructed using either 

stack pattern or running bond were not statistically significant. Prisms constructed on 

construction sites can, therefore, be constructed using either stack pattern or running bond.  
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Results showed that masonry assemblage strength was influenced by the presence of grout and h/t 

ratio. In contrast, the influence of l/t ratio, mortar bedding, and bond pattern was not statistically 

significant.  

5.2.2 Comparison Between Masonry Assemblage Strengths Calculated in Accordance with 

ASTM C1314-18 and CSA S304-14 

A comparison between the resulting masonry assemblage strengths as calculated based on the 

Clause 11 of ASTM C1314-18 (ASTM, 2018) and those that were determined based on Annex 

C.2.2. of CSA S304-14 (CSA, 2014a) was performed to determine whether differences were 

statistically significant.  

• The masonry assemblage strengths as calculated based on Clause 11 of ASTM C1314-18 

(ASTM, 2018) were greater than those that were determined based on Annex C.2.2 of CSA 

S304-14 (CSA, 2014a). The h/t ratio correction factors as prescribed in ASTM C1314-18 

(ASTM, 2018) were typically greater than 1, whereas h/t ratio correction factors as 

prescribed in CSA S304-14 (CSA, 2014a) were typically lower than 1 and the inclusion of 

coefficients of variation as related to masonry assemblage strengths further reduced 

masonry assemblage strengths as calculated in accordance with CSA S304-14 (CSA, 

2014a).  

5.2.3 Conversion Between Masonry Assemblage Strengths in Accordance with ASTM 

C1314-18 and CSA S304-14 

A conversion of the masonry assemblage strengths calculated in accordance with ASTM C1314 

(ASTM, 2018) to an equivalent CSA S304-14 (CSA, 2014a) masonry assemblage strength was 

established.  

• Ratios of ASTM C1314-18 -to- CSA S304-14 masonry assemblage strength were 

calculated and a 95 percentile approach was applied to those ratios to determine the 

conversion factors for equivalent CSA S304-14 (CSA, 2014a) masonry assemblage 

strengths. The equivalent CSA S304-14 (CSA, 2014a) masonry assemblage strengths 

determined based on conversion factors were, therefore, typically less than the masonry 

assemblage strength as determined based on Annex C.2.2 of CSA S304-14 (CSA, 2014a).   
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5.2.4 Recommendations to the Commentary in Annex D of CSA S304-14 

It is recommended that ASTM C1314-18 (ASTM, 2018) be cited in the commentary in Annex D 

of CSA S304-14 (CSA, 2014a) as an alternative prism test method to verify the assemblage 

strength of constituent materials. Numerical correlations between the resulting masonry 

assemblage strength calculated based on Clause 11 of ASTM C1314 (ASTM, 2018) and those that 

were determined based on Annex C.2.2. of CSA S304-14 (CSA, 2014a) have been established 

herein. This recommendation allows prisms to be constructed using stack pattern with full mortar 

bedding and to be as little as two courses tall and one half block-wide on construction sites in 

Canada.  

5.3 Recommendations for Future Research 

This study provided an evaluation of the masonry assemblage strength in accordance with ASTM 

C1314-18 (ASTM, 2018) and CSA S304-14 (CSA, 2014a) based on 200 mm concrete masonry 

units with a nominal strength of 15 MPa. The following recommendations are provided for further 

research work to explore the effect of the prism geometry and construction methods on masonry 

assemblage strength:  

• The conversion factors provided in this study were established based on the masonry 

assemblage strength of prisms that were constructed using the most common concrete 

masonry units (i.e. 200 mm concrete masonry units with 15 MPa) that are used for designs 

in Canada. That said, different types of concrete masonry units may result in a different set 

of conversion factors. A parametric study that includes different types of concrete masonry 

units, such as different prism sizes (i.e. 150 mm and 300 mm) and nominal strengths (i.e. 

20 MPa and 25 MPa), is required to further improve the level of safety of conversion factors 

and the correlation between masonry assemblage strength calculated in accordance with 

ASTM C1314-18 (ASTM, 2018) and CSA S304-14 (CSA, 2014a). 

• The conversion factors as provided in this study were established based on the corrected 

compressive strength of masonry prisms. Retesting the selected prism geometries in a test 

setup that does not sway laterally will improve the accuracy of the conversion factors 

provided in this study.  
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Appendix 3A: Number of Masonry Prism Replicates 

Calculations for determining the required number of replicate masonry prisms are described herein 

to identify a statistically significant difference between two populations at a minimum 95% 

confidence level. The average assemblage strength of historically tested grouted and hollow 

prisms, including their coefficients of variations, were obtained from a test database reported by 

Gayed and Korany (Gayed and Korany 2011) as discussed in Section 2.4, and were used for the 

calculation of the number of replicates. These data are summarized and presented in Table 3A-1.  

Table 3A-1: Statistical Parameters for Determining the Required Number of Replicates  

(Gayed and Korany 2011). 

 Three Course-Tall 

Hollow Prisms 

Three Course-Tall 

Grouted Prisms 

Number of Reported Prisms 402 327 

Average Compressive Strength (MPa) 15.3 14.2 

Coefficient of Variation (%) 6.02 6.88 

Standard Deviation (MPa) 0.923 0.974 

 

The statistical parameters as presented in Table 3A-1 and the number of replicates were used in 

Equation 3A-1 to calculate the t-value for the two-tailed statistical t-test, where f’mH refers to the 

average compressive strength of hollow masonry prisms, f’mG refers to the average compressive 

strength of grouted masonry prisms, sH refers to the standard deviation of average compressive 

strength of hollow masonry prisms, sG refers to the standard deviation of average compressive 

strength of grouted masonry prisms, nH refers to the number of hollow masonry prism replicates, 

and nG refers to the number of grouted masonry prism replicates.  

𝑡 =  
(𝑓′

𝑚𝐻
− 𝑓′

𝑚𝐺
)

√
𝑠𝐺

2 × (𝑛𝐺 − 1) + 𝑠𝐻
2 × (𝑛𝐻 − 1)

𝑛𝐺 + 𝑛𝐻 − 2 × (
1

𝑛𝐺
+

1
𝑛𝐻

)

               Equation 3A − 1 

 

Table 3A-2 shows that the confidence level of the two-tailed statistical t-test increased with an 

increasing number of replicates. The use of seven replicates in the two-tailed statistical t-test 

resulted in a t-value of 2.35 which translates to a confidence level of 96%. Seven replicates were 
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therefore determined to be sufficient to identify a statistically significant difference between two 

sample populations at a 95% confidence level.  

Table 3A-2: Results of the confidence level based on the number of replicates. 

𝑛𝐺  &  𝑛𝐻  t Confidence level (%) 

5 1.98 91.7 

6 2.17 94.5 

7 2.35 96.3 

8 2.51 97.5 

9 2.66 98.3 
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Appendix 4A: Companion Specimen Test Results 

This appendix includes the individual test results for the concrete masonry units, mortar, and grout. 

Table 4A-1 summarizes the compressive strength of concrete masonry units and the statistically 

significant differences between the compressive strength of concrete masonry units used in the 

first and second construction phases. Table 4A-2 shows the absorption test results of concrete 

masonry units. Table 4A-3 shows the compressive strength of mortar cubes constructed and tested 

in the first and second phases, respectively. Table 4A-4 shows the statistically significant 

differences between the compressive strength of mortar cubes constructed and tested in the first 

and second phases. Table 4A-5 summarizes the compressive strength of non-absorptive grout 

cylinders and shows the statistically significant differences between the compressive strength of 

non-absorptive grout cylinders constructed and tested in the first and second phases. Table 4A-6 

summarizes the compressive strength of absorptive grout prisms and shows the statistically 

significant differences between the compressive strength of absorptive grout prisms constructed 

and tested in the first and second phases. 
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Table 4A-1: Summary Statistics for Concrete Masonry Units Compression Test Results. 

 
Compressive Strength of Specimens 

(MPa) 

Mean 

(MPa) 

Variance 

(MPa2) 

COV 

(%) 

t-value 

Phase #1 #2 #3 

Phase 1 31.7 32.9 26 30.2 13.8 12.3 0.937 

Phase 2 31.7 29.3 30.2 30.4 1.46 4 

 

 

Table 4A-2: Absorption Tests of Concrete Masonry Units. 

 
Block 

ID 

Received 

Weight 

(kg) 

Saturated 

Weight 

(kg) 

Immersed 

Weight 

(kg) 

Oven Dry 

Weight 

(kg) 

Absorption 

(kg/m3) 

Absorption

(%) 
  

Phase 

1 

1 17.7 18.1 10.7 17.5 81.8 3.49 

2 16.7 17.3 9.95 16.5 111 4.95 

3 17.2 17.7 10.3 17.0 100 4.41 

Phase 

2 

4 16.7 17.2 9.88 16.5 89.9 3.98 

5 16.5 17.2 9.82 16.3 120 5.42 

6 16.7 17.3 9.97 16.6 102 4.52 

Mean  16.9 17.5 10.1 16.7 101 4.46 
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Table 4A-3: Mortar Cube Compression Test Results.  

 

* Identified as the statistical outlier.  
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Table 4A-4: Statistical Differences Between the Compressive Strengths of Mortar Cubes 

Constructed in Phases 1 and 2. 

  Phase 1 Phase 2 

Mean Compressive Strength (MPa) 14.4 12.7 

Variance (MPa) 9.17 12.90 

COV (%) 21.0 28.3 

Observations 75 42 

t-value 0.006   

 

 

Table 4A-5: Non-Absorptive Grout Cylinder Compression Test Results.  

 

* Identified as a statistical outlier. 

 

 



 

84 

 

Table 4A-6: Absorptive Grout Prism Compression Test Results. 

 

* Identified as a statistical outlier. 
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Appendix 4B: Test Results for the Masonry Prisms 

The individual compression test results for the masonry prisms are presented herein. The 

maximum load for each masonry prism as recorded by the material testing system (MTS) was 

divided by its corresponding effective mortared area to obtain the as-tested assemblage strength of 

prisms. Table 4B-1 shows the effective mortared area of prisms used for the calculation of their 

corresponding assemblage strength. The dimensions of the concrete masonry units as shown in the 

Expocrete Unit Catalog were plotted in AutoCAD for this purpose. Table 4B-2 shows the as-tested 

masonry assemblage strength of prisms. Table 4B-3 shows the correction factors reported by 

Drysdale et al. (1983) that were used to correct the as-tested values. Table 4B-4 shows the 

corrected assemblage strength of masonry prisms that were used for the analysis.  

Table 4B-1: Effective Mortared Area for Assemblage Strength of Masonry Prisms. 

 Hollow Grouted 

                         Mortar bedding  

 

Block type 

Face shell 

bedding 

(mm2) 

Full bedding 

(mm2) 

Face shell 

bedding 

(mm2) 

Full bedding 

(mm2) 

 

28860 39700 70535 70535 

 

16050 24232 39650 39650 

 

28860 43236 74100 74100 

 

16206 27678 41610 41610 
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Table 4B-2: As-Tested Masonry Assemblage Strength of Prisms. 

Prism Series 
 Assemblage Strength of Prism (MPa) Mean 

(MPa) 

COV 

(%) 
#1 #2 #3 #4 #5 #6 #7 

H½SFA2 18.8 20.7 19.9 23.7 20.2 20.7 19.6 20.4 7.52 

H½SFB2 20.2 21.0 18.3 19.8 21.7 24.3 20.8 20.9 8.81 

H1SFA2 17.1 24.4 26.5 24.4 17.3 19.5 19.5 21.2 17.8 

H1SFB2 22.8 21.5 22.3 25.7 21.6 24.2 20.3 22.6 8.02 

H½SFA3 19.3 22.4 24.3 19.1 18.3 20.7 23.9 21.2 11.5 

H½SFB3 20.7 25.1 27.0* 20.6 26.1* 20.6 20.3 21.5 9.53 

H1SFA3 22.8 21.3 22.0 21.4 17.9 19.7 20.9 20.8 7.67 

H1RFA3 20.9 26.0 19.4 26.5 20.1 25.6 23.1 23.1 13.0 

H1SFB3 24.7 25.5* 22.6 22.0 20.6 25.3 27.6* 23.1 8.52 

H½SFA5 27.4 30.3* 22.1 24.9 19.7 24.6 19.4 23.0 13.8 

H½SFB5 23.4 25.0 22.6 20.7 25.2 23.6 22.7 23.3 6.66 

H1SFA5 26.9 24.7 24.8 26.5 22.5 20.8 24.3 24.4 8.75 

H1RFA5 22.5 27.3 23.1 20.4 23.9 23.7 21.9 23.3 9.19 

H1SFB5 28.3 27.0 30.0 25.9 27.1 26.8 26.3 27.3 5.05 

G½SFA2 17.4 16.9 18.6 16.4 19.0 15.4 16.8 17.2 7.16 

G½SFB2 19.1 19.5 18.3 16.9 15.9 20.0 21.5 18.7 10.1 

G1SFA2 18.8 13.6* 18.1 13.8* 16.8 16.5 19.9 18.0 7.70 

G1SFB2 16.6 18.8 15.4 16.8 16.5 18.3 17.5 17.1 6.82 

G½SFA3 19.7 16.9 14.9 13.6 16.3 16.9 12.4 15.8 15.4 

G½SFB3 20.2 20.1 18.8 17.7 18.1 16.6 18.4 18.5 6.98 

G1SFA3 20.6 17.5 20.3 20.8 17.5 21.0 19.4 19.6 7.68 

G1RFA3 16.0 15.9 15.0 17.0 15.0 19.2 22.0 17.2 15.1 

G1SFB3 19.0 19.2 20.0 17.7 15.8 18.5 19.3 18.5 7.50 

G½SFA5 17.7 16.9 18.4 15.1 18.8 17.8 19.4 17.7 7.94 

G½SFB5 18.7 21.4 17.6 17.2 19.4 20.7 18.5 19.0 8.17 

G1SFA5 18.4 18.7 18.7 19.4 19.3 20.4 22.7 19.7 7.70 

G1RFA5 18.8 18.1 19.0 17.6 21.8 22.4 21.3 19.9 9.72 

G1SFB5 18.4 18.7 18.8 20.8 19.9 19.3 19.5 19.4 4.18 

* Identified as a statistical outlier.  
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Table 4B-3: Assemblage Strength Correction Factors for Masonry Prisms under Eccentric 

Loading. 

   Correction Factors (Drysdale and Hamid, 1983) 

Prism Height 

(Course Tall) 

Rotation 

(o) 

Eccentricity 

(mm) 
Hollow Prisms Grouted Prisms 

2 

0 0 1 1 

1 37.0 0.730 0.663 

2 74.0 0.529 0.316 

3 

0 0 1 1 

1 33.1 0.751 0.711 

2 66.7 0.63 0.431 

5 

0 0 1 1 

1 5.41 0.957 0.950 

2 10.8 0.915 0.900 
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Table 4B-4: Corrected Masonry Assemblage Strength of Prisms Based on 1 Degree of Rotation 

Prism Series 
Assemblage Strength of Prisms (MPa) 

Mean 

(MPa) 

COV 

(%) #1 #2 #3 #4 #5 #6 #7 

H½SFA2 25.8 28.3 27.3 32.4 27.7 28.3 26.8 28.1 7.52 

H½SFB2 27.6 28.8 25.1 27.2 29.7 33.3 28.5 28.6 8.81 

H1SFA2 23.5 33.4 36.3 33.4 23.6 26.8 26.8 29.1 17.8 

H1SFB2 31.3 29.4 30.6 35.2 29.6 33.1 27.8 31.0 8.02 

H½SFA3 25.7 29.9 32.4 25.4 24.4 27.6 31.9 28.2 11.5 

H½SFB3 27.6 33.5 36.0* 27.5 34.8* 27.4 27.1 28.6 9.53 

H1SFA3 30.4 28.3 29.3 28.5 23.9 26.2 27.8 27.8 7.67 

H1RFA3 27.9 34.6 25.9 35.4 26.8 34.2 30.8 30.8 13.0 

H1SFB3 33.0 34.0* 30.1 29.3 27.5 33.8 36.8* 30.7 8.52 

H½SFA5 28.7 31.7* 23.1 26.1 20.6 25.7 20.3 24.0 13.8 

H½SFB5 24.4 26.2 23.7 21.6 26.3 24.6 23.7 24.4 6.66 

H1SFA5 28.1 25.8 25.9 27.7 23.5 21.7 25.4 25.4 8.75 

H1RFA5 23.5 28.5 24.2 21.4 25.0 24.8 22.9 24.3 9.19 

H1SFB5 29.5 28.2 31.3 27.0 28.3 28.0 27.5 28.6 5.05 

G½SFA2 26.2 25.5 28.1 24.7 28.6 23.3 25.4 26.0 7.16 

G½SFB2 28.8 29.4 27.6 25.6 24.0 30.2 32.4 28.3 10.1 

G1SFA2 28.4 20.5* 27.4 20.7* 25.4 24.9 30.0 27.2 7.70 

G1SFB2 25.0 28.4 23.2 25.4 24.9 27.6 26.4 25.8 6.82 

G½SFA3 27.8 23.8 20.9 19.1 23.0 23.8 17.4 22.2 15.4 

G½SFB3 28.4 28.3 26.5 24.8 25.5 23.4 25.8 26.1 6.98 

G1SFA3 29.0 24.7 28.6 29.2 24.6 29.5 27.2 27.5 7.68 

G1RFA3 22.5 22.3 21.1 24.0 21.1 27.0 31.0 24.1 15.1 

G1SFB3 26.7 27.0 28.2 24.9 22.3 26.0 27.1 26.0 7.50 

G½SFA5 18.6 17.8 19.3 15.9 19.8 18.7 20.4 18.6 7.94 

G½SFB5 19.7 22.5 18.5 18.0 20.4 21.8 19.4 20.0 8.17 

G1SFA5 19.4 19.7 19.7 20.4 20.3 21.5 23.9 20.7 7.70 

G1RFA5 19.8 19.1 20.0 18.5 22.9 23.6 22.4 20.9 9.72 

G1SFB5 19.4 19.7 19.8 21.9 20.9 20.3 20.5 20.4 4.18 

* Identified as a statisical outlier. 
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Table 4B-5: Corrected Masonry Assemblage Strength of Prisms Based on 1.5 Degree of Rotation 

Prism Series 

Assemblage Strength of Prisms (MPa) 

Mean (MPa) COV (%) 
#1 #2 #3 #4 #5 #6 #7 

 
H½SFA2 29.9             29.9 N/A  

H½SFB2     29.2         29.2 N/A  

H1SFA2 27.2       27.4     27.3 0.57  

H1SFB2                N/A N/A  

H½SFA3 28.0     27.6 26.5 30.0   28.0 5.11  

H½SFB3 30.0     29.9   29.8 29.5 29.8 0.78  

H1SFA3         26.0 28.5   27.2 6.51  

H1RFA3     28.1   29.1     28.6 2.48  

H1SFB3         29.8     29.8 N/A  

H½SFA5 29.3   23.6 26.6 21.0 26.2   25.4 12.47  

H½SFB5 25.0 26.8 24.2 22.1 26.9 25.2 24.3 24.9 6.66  

H1SFA5 28.7 26.4 26.5 28.3 24.1 22.2 26.0 26.0 8.75  

H1RFA5 24.0 29.2 24.7 21.8 25.5 25.3 23.4 24.9 9.19  

H1SFB5   28.8   27.7 29.0 28.6 28.1 28.4 1.90  

G½SFA2               N/A N/A  

G½SFB2               N/A N/A  

G1SFA2             N/A N/A  

G1SFB2               N/A N/A  

G½SFA3   29.6 26.1 23.8 28.6 29.6 21.6 26.5 12.48  

G½SFB3           29.1   29.1 N/A  

G1SFA3               N/A N/A  

G1RFA3 28.1 27.8 26.3 29.8 26.2     27.6 5.37  

G1SFB3         27.7     27.7  N/A  

G½SFA5 19.1 18.3 19.8 16.4 20.3 19.2 21.0 19.1 7.93  

G½SFB5 20.2 23.1 19.0 18.5 20.9 22.4 19.9 20.6 8.18  

G1SFA5 19.9 20.2 20.2 20.9 20.8 22.1 24.6 21.2 7.69  

G1RFA5 20.3 19.6 20.6 19.0 23.5 24.2 23.0 21.5 9.72  

G1SFB5 19.9 20.2 20.3 22.5 21.5 20.9 21.1 20.9 4.17  

N/A Coefficient of variation was not able to be established because less than or equal to one 

prism strength remained in one of the prism series  
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Table 4B-6: Corrected Masonry Assemblage Strength of Prisms Based on 2 Degree of Rotation 

Prism Series 

Assemblage Strength of Prisms (MPa) 

Mean (MPa) COV (%) 
#1 #2 #3 #4 #5 #6 #7 

 
H½SFA2               N/A N/A  

H½SFB2               N/A N/A  

H1SFA2               N/A N/A  

H1SFB2               N/A N/A  

H½SFA3         29.0     29.0 N/A  

H½SFB3               N/A N/A  

H1SFA3         28.5     28.5 N/A  

H1RFA3               N/A N/A  

H1SFB3               N/A N/A  

H½SFA5     24.2 27.3 21.5 26.9   24.9 10.7  

H½SFB5 25.6 27.4 24.8 22.6 27.6 25.8 24.8 25.5 6.66  

H1SFA5 29.4 27.0 27.1 28.9 24.6 22.7 26.6 26.6 8.75  

H1RFA5 24.6 29.9 25.3 22.4 26.1 25.9 23.9 25.4 9.19  

H1SFB5   29.5   28.3 29.6 29.3 28.8 29.1 1.90  

G½SFA2               N/A N/A  

G½SFB2               N/A N/A  

G1SFA2             N/A N/A  

G1SFB2               N/A N/A  

G½SFA3             28.6 28.6 N/A  

G½SFB3               N/A N/A  

G1SFA3               N/A N/A  

G1RFA3               N/A N/A  

G1SFB3               N/A N/A  

G½SFA5 19.6 18.8 20.4 16.8 20.9 19.7 21.6 19.7 7.93  

G½SFB5 20.8 23.7 19.5 19.0 21.5 23.0 20.5 21.1 8.18  

G1SFA5 20.5 20.7 20.7 21.5 21.4 22.7 25.2 21.8 7.69  

G1RFA5 20.9 20.1 21.1 19.5 24.2 24.9 23.6 22.0 9.72  

G1SFB5 20.4 20.8 20.9 23.1 22.1 21.5 21.7 21.5 4.17  

N/A Coefficient of variation was not able to be established because less than or equal to one 

prism strength remained in one of the prism series  
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Table 4B-7: Statistical Results on the Effect of h/t ratio on the Assemblage Strength of Hollow 

Prisms under 1 Degree of Rotation  

Prism Height  

(Course-tall) 

Average Assemblage 

Strength  (MPa) 

Standard 

Deviation 

(MPa) 

No. of 

Specimens 
  

2 29.2 3.32 28   

3 29.2 3.14 31   

5 25.4 2.69 34   

 27.9     

      

Source Sum of Squares DOF Mean Square F P value 

Between Groups 313 2 156 16.9 5.67E-07 

Within Groups 831 90 9.23   

Total 1144 92    

 

Table 4B-8: Statistical Results on the Effect of h/t ratio on the Assemblage Strength of Grouted 

Prisms under 1 Degree of Rotation  

Prism Height  

(Course-tall) 

Average Assemblage 

Strength  (MPa) 

Standard 

Deviation 

(MPa) 

No. of 

Specimens 
  

2 26.8 2.31 26   

3 25.2 3.15 35   

5 20.1 1.68 35   

 24.1     

      

Source Sum of Squares DOF Mean Square F P value 

Between Groups 783 2 391 64.3 2.97E-18 

Within Groups 567 93 6.09   

Total 1350 95    
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Table 4B-9: Statistical Results on the Effect of Presence of Grout on the Assemblage Strength of 

Prisms under 1 Degree of Rotation  

 Hollow Prisms Grouted Prisms 

Average Assemblage Strength (MPa) 27.8 23.8 

Standard Deviation (MPa) 3.52 3.75 

COV (%) 12.7 15.8 

Observations 93 96 

t-value 0.0000   

 

Table 4B-10: Statistical Results on the Effect of l/t Ratio on the Assemblage Strength of Hollow 

Prisms under 1 Degree of Rotation  

 Half Block-Wide Full Block-Wide 

Average Assemblage Strength (MPa) 27.0 28.4 

Standard Deviation (MPa) 3.16 3.69 

COV (%) 11.7 13.0 

Observations 39 54 

t-value 0.0530   

 

Table 4B-11: Statistical Results on the Effect of l/t Ratio on the Assemblage Strength of Grouted 

Prisms under 1 Degree of Rotation  

 Half Block-Wide Full Block-Wide 

Average Assemblage Strength (MPa) 23.6 24.0 

Standard Deviation (MPa) 4.14 3.48 

COV (%) 17.5 14.5 

Observations 42 54 

t-value 0.589   
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Table 4B-12: Statistical Results on the Effect of Mortar Bedding on the Assemblage Strength of 

Hollow Prisms under 1 Degree of Rotation  

 Faceshell Bedding Full Bedding 

Average Assemblage Strength (MPa) 27.3 28.5 

Standard Deviation (MPa) 3.74 3.07 

COV (%) 13.7 10.8 

Observations 55 38 

t-value 0.0783   

 

Table 4B-13: Statistical Results on the Effect of Mortar Bedding on the Assemblage Strength of 

Grouted Prisms under 1 Degree of Rotation  

 Faceshell Bedding Full Bedding 

Average Assemblage Strength (MPa) 23.3 24.5 

Standard Deviation (MPa) 3.82 3.62 

COV (%) 16.42 14.8 

Observations 54 42 

t-value 0.129   

 

Table 4B-14: Statistical Results on the Effect of Bond Pattern on the Assemblage Strength of 

Hollow Prisms under 1 Degree of Rotation  

 Stack Pattern Running Bond 

Average Assemblage Strength (MPa) 26.6 27.5 

Standard Deviation (MPa) 2.42 4.57 

COV (%) 9.09 16.6 

Observations 14 14 

t-value 0.507   
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Table 4B-15: Statistical Results on the Effect of Bond Pattern on the Assemblage Strength of 

Grouted Prisms under 1 Degree of Rotation  

 Stack Pattern Running Bond 

Average Assemblage Strength (MPa) 24.1 22.5 

Standard Deviation (MPa) 3.99 3.30 

COV (%) 16.5 14.6 

Observations 14 14 

t-value 0.259   
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Table 4B-16: Ratio of the ASTM C1314 Masonry Assemblage Strength to CSA S304-14 

Masonry Assemblage Strength Based on 1 Degree of Rotation 

Prism Series 𝑓𝑎𝑣_𝑚𝑐 (MPa) COV (%) 
𝑓𝑚_𝐴𝑆𝑇𝑀

′

𝑓𝑚_𝐶𝑆𝐴 
′  𝑐𝐺_𝐴𝑆𝑇𝑀 𝐶𝑆𝐴⁄  

H½SFA2 28.1 7.52 1.34 

1.62 

  

H½SFB2 28.6 8.80 1.37 

H1SFA2 29.1 17.8 1.66 

H1SFB2 31.0 8.02 1.35 

H½SFA3 28.2 11.5 1.46 

1.50 

  

H½SFB3 28.6 9.51 1.41 

H1SFA3 27.8 7.67 1.36 

H1RFA3 30.8 13.0 1.51 

H1SFB3 30.7 8.52 1.38 

H½SFA5 24.1 13.8 1.58 

1.55 

H½SFB5 24.4 6.66 1.37 

H1SFA5 25.4 8.75 1.42 

H1RFA5 24.3 9.19 1.44 

H1SFB5 28.6 5.04 1.33 

G½SFA2 26.0 7.16 1.33 

1.40 
G½SFB2 28.3 10.1 1.41 

G1SFA2 27.2 7.70 1.35 

G1SFB2 25.8 6.82 1.32 

G½SFA3 22.2 15.4 1.59 

1.59 

G½SFB3 26.1 6.98 1.34 

G1SFA3 27.5 7.68 1.36 

G1RFA3 24.1 15.1 1.58 

G1SFB3 26.0 7.50 1.36 

G½SFA5 18.6 7.93 1.40 

1.44 

G½SFB5 20.0 8.18 1.41 

G1SFA5 20.7 7.69 1.40 

G1RFA5 20.9 9.72 1.45 

G1SFB5 20.4 4.17 1.31 
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Table 4B-17: Ratio of the ASTM C1314 Masonry Assemblage Strength to CSA S304-14 

Masonry Assemblage Strength Based on 1.5 Degree of Rotation 

Prism Series 𝑓𝑎𝑣_𝑚𝑐 (MPa) COV (%) 
𝑓𝑚_𝐴𝑆𝑇𝑀

′

𝑓𝑚_𝐶𝑆𝐴 
′  𝑐𝐺_𝐴𝑆𝑇𝑀 𝐶𝑆𝐴⁄  

H½SFA2 29.9    

1.19 

  

H½SFB2 29.2   

H1SFA2 27.3 0.57 1.19 

H1SFB2      

H½SFA3 28.0 5.11 1.30 

1.33 

  

H½SFB3 29.8 0.78 1.20 

H1SFA3 27.2 6.51 1.33 

H1RFA3 28.6 2.48 1.24 

H1SFB3 29.8    

H½SFA5 25.4 12.47 1.53 

1.51 

H½SFB5 24.9 6.66 1.37 

H1SFA5 26.0 8.75 1.42 

H1RFA5 24.9 9.19 1.44 

H1SFB5 28.4 1.90 1.26 

G½SFA2     

G½SFB2     

G1SFA2     

G1SFB2       

G½SFA3 26.5 12.48 1.49 

1.49 

G½SFB3 29.1   

G1SFA3    

G1RFA3 27.6 5.37 1.30 

G1SFB3 27.7    

G½SFA5 19.1 7.93 1.40 

1.44 

G½SFB5 20.6 8.18 1.41 

G1SFA5 21.2 7.69 1.40 

G1RFA5 21.5 9.72 1.45 

G1SFB5 20.9 4.17 1.31 
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Table 4B-18: Ratio of the ASTM C1314 Masonry Assemblage Strength to CSA S304-14 

Masonry Assemblage Strength Based on 2 Degree of Rotation 

Prism Series 𝑓𝑎𝑣_𝑚𝑐 (MPa) COV (%) 
𝑓𝑚_𝐴𝑆𝑇𝑀

′

𝑓𝑚_𝐶𝑆𝐴 
′  𝑐𝐺_𝐴𝑆𝑇𝑀 𝐶𝑆𝐴⁄  

H½SFA2    

 
H½SFB2    

H1SFA2    

H1SFB2      

H½SFA3 29.0   1.19 

1.19 

  

H½SFB3    

H1SFA3 28.5  1.19 

H1RFA3    

H1SFB3      

H½SFA5 24.9 10.69 1.48 

1.26 

H½SFB5 25.5 6.66 1.37 

H1SFA5 26.6 8.75 1.42 

H1RFA5 25.4 9.19 1.44 

H1SFB5 29.1 1.90 1.26 

G½SFA2     

G½SFB2     

G1SFA2     

G1SFB2       

G½SFA3 28.6   1.19 

1.19 

G½SFB3    

G1SFA3    

G1RFA3    

G1SFB3      

G½SFA5 19.7 7.93 1.40 

1.44 

G½SFB5 21.1 8.18 1.41 

G1SFA5 21.8 7.69 1.40 

G1RFA5 22.0 9.72 1.45 

G1SFB5 21.5 4.17 1.31 

 

 

 

 

 


