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Abstract: Solid brick masonry poses challenges in predicting compressive strength due to its non-
homogeneous and anisotropic nature, compounded by variations in the properties of the constituent
bricks and mortar. This research addresses this issue through secondary analysis and examining
the interplay between brick-and-mortar compressive strengths. Contrary to existing empirical
equations for predicting masonry compressive strength, regression analysis was conducted on test
specimens categorized into two groups based on the relative strength of the constitutive materials:
Group 1, masonry specimens with bricks stronger than mortar (f}, > f]-), and Group 2, specimens where
the mortar has higher compressive strength than the bricks (f; > f;). Additionally, the calculated
impact of factors like the slenderness ratio and mortar-to-brick joint thickness ratio on masonry
compressive strength highlights the need for more precise compressive strength predictions. The
results emphasize the importance of considering the individual contributions of bricks and mortar to
the overall compressive strength, shedding light on how these components affect structural behavior.

Keywords: brick masonry; Middle East; masonry characteristics; compressive strength; unit stronger/
weaker than mortar; regression analysis

1. Introduction

Masonry construction is widely utilized worldwide, employing various unit types,
including solid and hollow bricks, concrete blocks, and stone. These unit variations
significantly influence mechanical properties, mainly compressive strength, which is crucial
for structural integrity. Solid units offer higher compressive strength, while hollow units
provide lighter weight and thermal insulation benefits. Understanding the impact of the
unit type on mechanical properties is important for optimizing masonry construction,
ensuring both good structural performance and energy efficiency in structural designs.

Solid clay brick masonry, fixed with mortar joints, is a prevalent construction material
in Middle Eastern and other developing countries. It is valued for its local availability,
traditional manufacturing methods, durability, thermal insulation properties, and aesthetic
appeal. However, several factors, such as workmanship, environmental conditions, and the
combination of materials, can lead to non-homogeneous masonry. The non-homogeneous
and anisotropic characteristics of this type of masonry significantly affect its mechanical
properties, posing challenges in predicting its compressive strength, particularly due to the
variations in the compressive strength and elastic properties between bricks and mortar.

Construction and workmanship defects have a substantial impact on masonry com-
pressive strength. Gregori et al. [1] simulate defects in brick masonry panels subjected to
compressive loads, underscoring the significance of quality workmanship in maintaining
masonry strength. Furthermore, Smith and Jones [2] conducted a comprehensive study on
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the effects of workmanship on the compressive strength of masonry, highlighting the impor-
tance of proper construction techniques in ensuring structural integrity. Similarly, Reddy
et al. [3] investigated the influence of various construction defects on the compressive
strength of masonry walls, emphasizing the need for precise attention to detail during con-
struction. Additionally, through experimental analysis, Patel and Gupta et al. [4] explored
the relationship between workmanship quality and masonry strength, further supporting
workmanship’s critical role in preserving structural performance. These studies underscore
the significance of quality workmanship in mitigating construction defects and maintaining
masonry compressive strength, as the defects introduced during the construction phase
can generate up to a 30% reduction in the compressive strength.

The mechanical properties of brick units are influenced by factors such as the manu-
facturing method, physical properties of the materials, location, size, and shape. Previous
studies have documented the diverse compressive strength of brick units, ranging from
1 MPa [5] to 100 MPa [6]. Notably, in developing countries like Afghanistan, Pakistan,
India, Nepal, and Bangladesh, brick units typically exhibit compressive strengths below
40 MPa [7-20], while bricks from developed countries, such as the United States of Amer-
ica, the United Kingdom, and others, often exceed the 40 MPa threshold [6,21-23]. It is
important to emphasize that a brick’s compressive strength significantly influences the
compressive strength of the final masonry structure.

Beyond compressive strength, the elastic properties of brick and mortar are also pivotal
in understanding and predicting the behavior of masonry structures. These properties
elucidate how a material deforms under external forces and returns to its original shape
upon force removal. The key elastic properties encompass Poisson’s Ratio (v) and Young's
Modulus (E). Poisson’s Ratio determines the lateral strain to axial strain ratio, signifying
how material contracts laterally during axial stretching. For masonry materials, including
brick and mortar, the Poisson’s Ratio generally falls between 0.1 and 0.25 [10,12,17,24].
Young’s Modulus gauges a material’s stiffness or resistance to deformation under stress.
Young’s Modulus in bricks and mortar is typically lower than that of materials like steel or
concrete. An increase within these parameters indicates softer materials, while a decrease
signifies stiffer materials.

Brick masonry structures find application as structural and non-structural wall com-
ponents, often erected as infilled or confined masonry walls comprising brick units and
mortar. Traditionally, the compressive strength of masonry structures has been assessed
based on the combined compressive strength of bricks and mortar [25-28]. Importantly, the
Foytong et al. [20] study demonstrated that masonry specimens with brick units of higher
compressive strength exhibit greater overall compressive strength.

However, a recent study by Thaickavil et al. [29], analyzing 232 data sets of masonry
compressive strength tests, highlighted the roles of various factors in determining com-
pressive strength. These factors include the individual contributions of the compressive
strength of both masonry units and mortar, as well as the size effect of masonry specimens,
units, and mortar using parameters such as the specimen’s slenderness ratio (h/t), the
volume fraction of the brick (Vﬂ; = Vu/ V), which shows the total brick units to masonry
volume ratio, and the volume ratio of the bed joint to mortar (Vruy = Vi / Vi + Vinv),
which shows the volume ratio of the bed joint to the total mortar volume in the vertical
and horizontal joints. V; and V), represent the total volume of the brick unit and the
total volume of the masonry structure, and V,,y and V,,,y denote the mortar volume in
the horizontal and vertical joints, respectively. Their findings, as shown in Equation (1),
revealed that while increases in the brick unit (f,) and mortar (f;) compressive strength are
associated with heightened masonry compressive strength (f;;), the influence of the brick
unit strength is more pronounced. Vip and Vg,,y were also identified as direct influencers
on prism compressive strength. In contrast, i/t exhibited an inverse effect on overall
masonry strength.

054(f, 0 PO VES VD)

fm - h/t0'28 (1)
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Notably, Thaickavil et al. tested 64 masonry specimens made of concrete block and
cement mortar where the compressive strength of the units was lower than that of mortar.
However, when formulating Equation (1), this relationship was not considered in the 168
other datasets drawn from previous studies. Therefore, this analysis included various
masonry specimens encompassing a range of unit types, including hollow concrete blocks
and solid /hollow clay bricks, where the compressive strength of the brick units exceeds
that of the mortar.

In another recent study, Khan et al. [14] examined the compressive strength of masonry
walls (f,;) constructed using Pakistani bricks by considering brick unit and mortar strength,
as well as geometric factors like the slenderness ratio (12/t) and width-to-thickness ratio
(L/t), where h, t, and L represent height, thickness, and length, respectively. As formulated
in Equation (2), the findings indicated that both the slenderness and width-to-thickness
ratios indirectly impact masonry compressive strength, and that brick unit strength has a
more pronounced effect than mortar strength. It is worth noting that the tested specimens
consisted of masonry units with higher compressive strength and stiffness than the mortar,
while factors such as joint or mortar and brick thickness were excluded despite their known
influence on brick masonry compressive strength from prior studies.

4401f;
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Lastly, a study conducted by Gumaste et al. [30] demonstrated that the compressive
strength and elastic properties of brick units and mortar directly impact both the compres-
sive strength and the failure mechanism of brick masonry. This relationship is schematically
shown in Figure 1, which illustrates the stress distribution in a brick-and-mortar masonry
specimen under uniaxial compression. Gumaste et al. reported that when bricks, character-
ized by relatively softer and weaker compressive strength than mortar (f, < f;), undergo
compressive forces, the brick experiences more significant lateral expansion than the mor-
tar. This expansion, however, is constrained by the brick-mortar interface, giving rise to
substantial internal stress, characterized by triaxial compression in the brick and bilateral
tension combined with axial compression in the mortar (Figure 1a). Consequently, this
stress distribution culminates in the formation of vertical splitting cracks in the mortar,
gradually resulting in masonry failure.

a) fo<fi

Brick is in triaxial
compression and
mortar is in axial
compression and
bilateral tension

b) fo>f;

¢ Brickisin axial
compression and
bilateral tension

¢ Mortar is in triaxial
compression

Figure 1. Schematic figure showing the stress condition of brick and mortar under uniaxial compres-
sion (adapted from Kaushik [19]).

Alterations in the strength and stiffness characteristics of both bricks and mortar
reverse the stress distribution effects, leading to triaxial compression in the mortar and
bilateral tension with axial compression in the bricks (Figure 1b). Inevitably, these altered
stress conditions lead to the emergence of vertical splitting cracks in the brick and gradual
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masonry failure. This scenario occurs when the brick-mortar joints remain stable until the
final stages of failure. Notably, when the ratio of brick strength to mortar strength (f, /f;)
approximates unity, both types of failure (joint splitting and brick splitting) can occur [31].

The interplay between the differing strengths of brick to mortar when f; > f; versus
when fj, < f; and changes in the masonry unit type, challenges the applicability of the existing
equations designed to calculate masonry compressive strength, proposed uniformly for
both scenarios. These existing empirical equations, mainly derived from regression analysis,
utilize mixed datasets containing both fj, > f; and f; < f; conditions. Therefore, it is crucial to
explore and develop alternative approaches for assessing masonry compressive strength
that precisely considers the distinct conditions of individual brick (f,) and mortar (f;)
compressive strengths. This exploration should also account for other influential geometric
factors, such as the slenderness ratio (i/t) and mortar-brick thickness ratio (f;/fp), aiming
to accurately predict the compressive strength of brick masonry under both conditions.

The primary investigator, herein referred to as the first author, conducted structural
analyses on masonry school buildings in Afghanistan [32]. During the investigation, it
was observed that a significant disparity exists among existing equations in predicting
the compressive strength of masonry. An extensive literature review determined that the
prevailing equations treated all types of masonry units—solid and hollow clay brick and
concrete—under identical conditions. However, as explained earlier, variations in stress
distribution and failure mechanisms occur, particularly when there are discrepancies in
compressive strength between masonry units and mortar [20,33-35]. Such discrepancies
can lead to inconsistencies in predicting masonry compressive strength.

Hence, this research focuses solely on solid clay brick masonry, which is prevalent as a
construction wall element in many developing countries, notably in the Middle East. The
specimens were selected to reflect the practical conditions of these regions, where materials
are traditionally procured locally with limited construction technology and quality control
measures. This research aims to address the gap in the current understanding of brick
masonry compressive strength by investigating the factors that influence it. The impact of
variation in brick-and-mortar compressive strengths on the overall compressive behavior
of the solid clay brick masonry prisms has been analyzed under two separate conditions:
when f), is greater than f; and when f; is lower than f;.

By conducting a comprehensive analysis of the existing available experimental data,
this paper proposes improved equations for predicting the compressive strength of solid
brick masonry, accounting for variation in fy, f;, h/t, and t;/t;, particularly relevant for the
Middle East and other developing countries, where solid clay brick units with a compressive
strength of between 1.0 and 40.0 MPa and mortar with a compressive strength between
1.0 and 30.0 MPa are utilized for masonry construction. The findings of this research
will contribute to the development of more design guidelines, enhancing the safety and
reliability of masonry structures.

2. Methodology

This study is conducted by following the workflow depicted in Figure 2. The solid clay
brick masonry compressive strength test specimens available in the literature were catego-
rized into two groups based on the relative compressive strength of constituent materials.
The Group 1 specimens consisted of masonry brick units with higher compressive strength
than the mortar (f, > f;). On the other hand, the Group 2 specimens were constructed using
mortar with higher compressive strength than the brick units (f; > f;). Carefully chosen test
samples from various researchers were subjected to multiple power regression analyses.
Consequently, two distinct equations were derived for the identified groups, and their
validity was assessed by comparing results with a range of existing equations.
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Figure 2. Graphical illustration of the study.
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3. Specimens’ Description and Material Properties

In assessing compressive strength for masonry materials, two primary specimen types

wallet.

are employed: prisms and wallets, as shown in Figure 3. In this representation, #, L, and
t correspond to the specimen’s height, length, and thickness, while t, and tj denote the
dimensions of the brick units and the mortar joint depth or thickness, respectively. Prism
specimens (Figure 3a), characterized by their elongated and slender form, are utilized to
evaluate the material’s ability to withstand axial loading. Wallet specimens consisting of
a panel or block-shaped types with increased thickness (Figure 3b,c) have been used to
assess the axial load concerning compressive strength.

Figure 3. Types of masonry specimens: (a) prism, (b) panel-shaped wallet, and (c) block-shaped

A study conducted by Thamboo, J. A., [36] shows that the compressive strength of

wallet specimens is lower than that of prism specimens. This study assessed the disparity
in the compressive strength between wallet and prism specimens using average masonry
strength efficiency (MSE), defined as the ratio of masonry to brick unit compressive strength
in Equation (3). The average values of MSE for the prism and wallet specimens of both
Group 1 and Group 2 are displayed in Table 1. Group 1 exhibits a relatively lower MSE
compared to Group 2 masonry. Additionally, the wallet specimens from both groups have
lower MSE values than the corresponding prism specimen. To standardize the strength of
wallet specimens as a prism, a coefficient of 1.3, derived from the ratio of the average MSE
values of the prism to wallet in each group, is uniformly applied to enhance the strength of
all wallet specimens, as shown in Table 1. The observed difference (30%) between the wallet
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and prism specimens’ compressive strength could be attributed to the workmanship’s
impact on masonry compressive strength.

Table 1. Correlation between the compressive strength of wallet and prism specimens.

_fm
MSE = 2

©)

Specimen Name/Type Num.ber of MSE (Average) MSE-P/MSE-W Proposeq Correlation b.etween Wallet and
Specimens Prism Compressive Strength
W 32 0.3
Group 1 P 4 0.4 04/03=13 fop = 1.3 frw
W 9 0.4
Group 2 P 30 05 05/04=13 fm-p =13 fiw
MSE: masonry strength efficiency; P: prism; W: wallet; f,,.p,: prism compressive strength; f,,,.v,: wallet compressive
strength.
As indicated in Table 2, the Group 1 specimens comprise masonry brick units with
higher compressive strength than the mortar (f, > fj), totaling 66 specimens. The Group 2
specimens are constructed using mortar with higher compressive strength than the brick
units (f; > fp), amounting to 39 specimens. All specimens underwent testing as either prisms
(P) or wallets (W), ensuring a diverse set of samples with slenderness ratios (h/t) ranging
from 2 to 5. The joint-to-unit thickness ratio (p) was between 0.11 and 0.54, accounting for
unit and mortar joint thickness variations during compressive strength evaluation.
Table 2. Masonry specimen data.
No. Reference Country of Origin Masonry Specimen’s Type  f, (MPa)  f;, (MPa) P hit fmn (MPa)
Group 1 Masonry Specimens (f;, > f;)
1 P 38.1 29.2 015 34 19.5
2 [1e] Bangladesh P 38.1 48 0.15 34 133
3 [37] New Zealand P 13.1 2.9 013 22 6.4
4 P 15.6 12.5 022 38 14.2
5 P 17.7 3.1 013 38 4.0
6 P 16.1 3.1 013 38 29
7 P 28.9 3.1 013 38 5.1
8 P 20.8 3.1 013 38 43
9 [19] India P 28.9 20.6 013 3.8 8.5
10 P 20.8 20.6 013 38 7.5
11 P 17.7 15.2 013 38 6.5
12 P 16.1 15.2 013 38 5.9
13 P 28.9 15.2 013 38 72
14 P 20.8 15.2 013 38 6.6
15 P 10.4 1.1 014 31 5.6
16 [17] I P 10.4 3.0 014 31 6.4
17 ran P 104 15 014 31 6.8
18 P 10.4 52 014 31 8.3
19 P 27.6 17.1 024 4.0 8.7
20 P 27.6 17.1 016 38 8.3
21 [13] Bangladesh P 253 171 026 36 7.4
22 P 253 17.1 017 33 5.1
23 P 30.2 51 011 34 9.7
24 [38] Malaysia P 30.2 5.1 015 3.6 7.8
25 P 30.2 51 023 38 6.4




Buildings 2024, 14, 1138 7 of 15
Table 2. Cont.

No Reference  Country of Origin ~ Masonry Specimen’s Type  f, (MPa)  f;, (MPa) P hit fm (MPa)
26 P 14.1 6.3 017 3.7 10.0
27 , P 14.1 10.8 017 37 7.9
28 [39] China P 141 6.3 017 22 10.0
29 P 14.1 10.8 017 22 8.5
30 P 15.8 8.6 017 4.1 7.5
31 [40] India P 53 42 014 49 22
32 P 15.8 42 015 4.1 6.9
33 [18] India P 13.3 12.7 016 38 34
34 [7] Malaysia P 26.1 8.1 011 4.1 7.4
35 [17] Iran W 9.2 8.3 016 3.6 23
36 [9] Bangladesh W 17.0 11.0 011 36 8.1
37 W 14.7 8.2 027 44 41
38 W 16.9 8.2 021 42 4.4
39 , W 29.4 8.2 054 28 10.8
40 [(20] Thai W 20.9 8.2 025 48 5.6
41 W 13.1 8.2 020 46 42
42 w 8.9 8.2 013 48 4.0
43 [15] India W 265 14.8 014 24 7.6
44 . W 16.5 5.0 013 22 5.7
45 [14] Pakistan W 17.4 6.7 013 22 6.1
46 [10] Pakistan W 13.0 11.9 015 20 5.4
47 [12] Nepal W 5.1 14 017 3.1 1.7
48 W 30.2 5.1 011 34 5.0
49 [38] Malaysia W 30.2 5.1 015 36 4.7
50 W 30.2 5.1 023 38 46
51 W 15.8 8.6 017 4.1 6.7
52 [40] India w 53 42 014 33 1.6
53 W 15.8 42 015 4.1 6.3
54 [41] Sri Lanka W 17.3 6.6 017 26 6.8
55 W 6.0 5.9 013 5.0 1.5
56 W 8.2 5.9 013 5.0 1.9
57 W 11.7 5.9 013 5.0 22
58 W 6.0 3.0 013 5.0 15
59 W 8.2 3.0 013 5.0 1.8
60 W 10.3 3.0 013 5.0 1.9
61 [42] Uganda W 6.5 25 013 5.0 14
62 W 7.7 25 013 5.0 1.5
63 W 8.9 25 013 5.0 1.6
64 W 47 1.9 013 5.0 14
65 W 6.5 1.9 013 5.0 1.5
66 W 7.7 1.9 013 5.0 1.6

Group 2 Masonry Specimens (f; > f;)
1 P 10.1 209 015 38 44
2 P 10.1 16.2 015 38 35
3 P 10.1 12.7 015 38 26
4 18] g P 13.3 209 015 38 5.4
5 India P 133 16.2 015 38 43
6 P 8.2 20.9 015 38 3.6
7 P 8.2 16.2 015 38 23
8 P 8.2 12.7 015 38 2.1
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Table 2. Cont.

No.  Reference Country of Origin ~ Masonry Specimen’s Type  f, (MPa)  f;, (MPa) P hit fm (MPa)

9 [19] Indi P 17.7 20.6 0.15 3.6 3.6
10 ndia P 16.1 20.6 015 36 3.6
11 P 1.0 7.8 0.25 3.3 2.1
12 [5] Ind . P 3.2 7.8 0.25 3.3 2
13 ndonesia P 1.7 7.8 025 33 1.8
14 P 3.1 7.8 0.25 3.3 3.1
15 P 6.0 9.3 0.17 3.7 5.8
16 P 5.6 9.3 0.17 3.7 3.0
17 P 6.0 9.3 0.17 2.2 7.1
18 P 5.6 9.3 0.17 2.2 4.0
19 . P 14.1 19.0 0.17 3.7 99
20 [43] China P 6.0 19.0 017 37 42
21 P 5.6 19.0 0.17 3.7 3.6
22 P 14.1 19.0 0.17 2.2 9.2
23 P 6.0 19.0 0.17 2.2 5.0
24 P 5.6 19.0 0.17 2.2 4.2
25 P 53 8.6 0.14 3.3 2.4
26 [40] India P 3.8 8.6 015 49 16
27 P 3.8 4.2 0.15 49 1.2
28 P 3.8 6.5 0.15 4.4 14
29 P 3.8 4.0 0.15 4.4 1.4
30 P 5.3 6.5 0.11 3.3 2.3
31 [36] Sri Lanka W 3.8 6.5 015 4.9 1.3
32 W 3.8 4.0 0.15 49 1.2
33 \V 5.3 6.5 0.11 3.3 1.8
34 \V 4.1 6.6 0.15 3 1.2
35 W 53 8.6 0.14 3.3 1.8
36 [40] India W 38 8.6 015 49 13
37 W 3.8 4.2 0.15 49 1.3
38 . W 7.1 25.6 0.19 4.2 4.8
39 [31] China w 7.1 8.2 019 42 4.7
W: wallet, P: prism, f;, and f;: brick unit and mortar compressive strengths; p = t;/t;, where t;, and #,: mortar and
brick unit thickness, 11/t: slenderness ratio, i, and t: masonry specimen’s height, and thickness.
3.1. Brick Units
This research focuses on solid clay brick masonry. The tested masonry specimens
contained brick units sourced from or produced in various Asian countries, including
Iran, Pakistan, India, Bangladesh, Indonesia, Nepal, Sri Lanka, China, and Thailand (see
Table 3). Generally, the compressive strength of brick units in this context is below 40 MPa.
Table 3 provides detailed information on the selected solid brick specimens, including the
minimum, maximum, average sizes and compressive strength.
Table 3. Brick unit properties.
Brick Unit Size (mm) Brick Compressive Strength (MPa) Brick Unit
Parameters . .
Thickness (t3) Length (L)  Width (w)  Group1(f, > f)) Group 2 (fy, <f}) Configuration
Maximum 120 250 120 38.1 20.1
Minimum 28 109.5 46 4.7 1.0

Average 64.4 2111 97.3 17.2 6.9 L '
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3.2. Mortar

The mortar for the masonry specimens was produced using various combinations
of cement, sand, and lime, resulting in a range of mortar compressive strengths. Table 4
details the mortar combinations, listing the material mix proportions and their respective
compressive strengths. The compressive strength of all mortar types was evaluated using
the cube test. However, specimens 1 and 2 (Table 2) were assessed using cylinder test
specimens; as such, the reported compressive strength values were adjusted to cube test
values following ASTM standards.

Table 4. Compressive strength of mortar (MPa).

Type of Mortar Minimum Maximum Average
1:3 11.9 20.9 18.8
1stS 1:4 17.5 17.5 17.5
S(t} Set 15 127 14.2 133
’ 1:6 3.1 13.6 7.7
1:8 15 1.5 1.5
1:0.5:4 16.2 16.2 16.2
2nd Set 1:0.5:4.5 6.3 15.2 11.9
L:C:S 2:1:9 3.0 3.0 3.0
1:2:9 2.9 2.9 2.9
1:3 1.1 1.1 1.1
3rIc41.§et Gypsum 52 52 52
’ Mud 14 15 14

C: cement; S: sand; L: lime.

The first set of mortar compositions is based on cement-to-sand ratios. The volume
ratios examined were 1:3, 1:4, 1:5, 1:6, and 1:8, indicating the mixture’s proportion of
cement to sand. The compressive strength for each mix yielded average values of 18.8 MPa,
17.5 MPa, 13.3 MPa, 7.7 MPa, and 1.5 MPa, respectively.

The second set of mortar mixture is based on the lime: cement: sand ratio. The ratios
considered were 1:0.5:4, 1:0.5:4.5, 1:2:9, and 2:1:9, representing the mixture’s lime, cement,
and sand proportions. Each ratio yielded distinct compressive strengths, with average
values of 16.2 MPa, 11.9 MPa, 3.0 MPa, and 2.9 MPa, respectively.

Furthermore, the third set of mortars had a lime-to-sand ratio of 1:3 and the mortars
contained gypsum and mud. The compressive strengths recorded for these mortars were
1.1 MPa, 5.2 MPa, and 1.4 MPa, respectively. These mortars represented the weakest
masonry mortar compositions observed in the prism and wallet construction, as evidenced
by the data available in the literature.

4. Multiple Power Regression Analysis

Multiple power regression analysis (MPRA) in Microsoft Excel [44] involves fitting a
power function. In MPRA, there is a dataset containing multiple independent variables.
Equation (4) represents the multiple power regression as a general equation, where Y is the
dependent variable, and Xj, X5, X3, and X, are the independent variables.

Y = e xPxB xB xbr 4)

This study conducted MPRA on 66 datasets for Group 1 and 39 datasets for Group
2 masonry compressive strength test specimens. This approach was adopted to address
variations in predicting the compressive strength of masonry structures. The masonry com-
pressive strength (f,;;) serves as the dependent variable. In contrast, brick unit compressive
strength (f;), mortar compressive strength (f;), the masonry slenderness ratio (i/t), and the
mortar-to-brick unit joint ratio (p) are considered independent variables. For implement-
ing MPRA using Microsoft Excel, the power equation is transformed into a linear form.
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Consequently, Equation (4) is modified to Equation (5). The linear regression analysis is
conducted based on the dependent and independent variables shown in Equation (4).

In(fn) = Ina+ ffy + Bofy + By + Bap) 6)

Finally, the prediction model or equation is obtained by converting Equations (5)
and (6). The coefficients (x, 81, B2, B3, and B4) referred to as the power of influence
indicate the level of influence that each independent variable has on the dependent variable.
These powers are treated as coefficients in the linear regression, where (¢) is the natural
exponential, being a number that is approximately equal to 2.72.

NG
fu=efy ) o ©)

5. Results and Discussion

The present study investigated the uniaxial compressive strength of solid brick ma-
sonry, differentiating between two distinct groups, Group 1 and Group 2 masonry speci-
mens, and how the impact of the geometric factors, p and /1/t, may vary between masonry
groups. We assessed the disparity of both groups in the performance of f; and f; in predict-
ing the overall compressive strength of the masonry.

The summarized results of MPRA are presented in Table 5, outlining the coefficient
for each parameter. Using these coefficients, Equations (7) and (8) were derived for Group
1 and Group 2 masonry, respectively.

3.1f065. f011. 5026
Group 1 (f, > f;) fm = d (h)(]).87 @
t

11.1£057. £0.22.
Group 2 (f, < fj) fm = fl(]h)o.gp ®)
t

Table 5. Comparison of coefficients from MPRA analysis.

Parameter Constant fo fi hit P
Symbol of Exponent 14 B1 B2 B3 Ba
Group 1 Coefficient 1.1 0.65 0.11 —0.87 0.26
Group 2 Coefficient 24 0.57 0.22 —-0.73 1.00

The results of the MPRA analysis highlight notable distinctions in the coefficients be-
tween Group 1 and Group 2 masonry (Table 5). Specifically, the 1 coefficient, indicative of
the influence of f;, is greater in Group 1 (0.65) compared to Group 2 (0.57). This discrepancy
implies that, in calculating compressive strength for Group 1 masonry, the contribution of
f» is more pronounced than in Group 2 masonry. Conversely, in Group 2 masonry, f; exerts
a more substantial influence than in Group 1 masonry, given the 3, coefficient values of
0.11 and 0.22 for Group 1 and Group 2, respectively. This underscores the more significant
impact of mortar compressive strength within Group 2 masonry compared to Group 1.

Consistent with the observations made by Khan et al. [14] and Thaickavil et al. [29],
the negative values of the 3 coefficient (Table 5) show that the slenderness ratio (h/t) has
an inverse relationship with f,, in both groups of masonry specimens. However, the extent
of this influence differs between the groups.

The joint-to-unit thickness ratio (o) plays a significant role in influencing the com-
pressive strength of masonry. For Group 1, MPRA gave a 84 coefficient of 0.26, indicating
a less pronounced sensitivity to changes in p. Conversely, in Group 2, the B4 coefficient
was determined to be 1.00, indicating a linear and proportional response of f;;, to changes
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in p. Therefore, since f; > f, in Group 2 masonry specimens, changes in p result in more
significant variations in f;,, in contrast to the weaker and diminishing influence observed
in Group 1.

Validation of the Proposed Equations

The accuracy of proposed Equations (7) and (8) was tested compared to established
equations from the literature. This validation process entailed comparing the mean values
of the ratio of predicted to experimental compressive strengths, fypre) / fin(exp), for masonry
specimens (Table 6 and Figure 4). A mean value of this ratio equal or close to 1.0, coupled
with a minimal coefficient of variation (CoV) and standard deviation (S.D.), indicates a
strong correlation between the predicted and experimental results. Also, it allows for a
better visualization of data scattering.

Table 6. Predicted and experimental compressive strength ratio.

fm(pre)/fm(exp)
Narrll\e O/fCRS' Reference Equation (Means Value) S.D. CoV
searcher/t-ode G1 G2 G1 G2 G1 G2
D. Leo [26] fn = 0.61f,%6. f]9-27 1.30 1.45 0.48 0.41 36% 28%
Euro Code-6 [25] fn = 07 fj0-3 1.37 1.49 0.50 0.44 35% 29%
Kumavat [27] fn = 0~69fb0'6']30'35 1.45 1.79 0.55 0.49 37% 27%
Engesser [28] fun=1/3f,+2/3f; 2.09 3.51 0.81 0.89 38% 25%
Brocker [45] fn = 0.7£,03. fj0~33 1.09 1.51 0.44 0.38 40% 26%
Hilsdorf [46] Fu = Fettutsipy, ) 1.62 2.01 0.63 0.52 38% 26%
n Uu(fortfyes,,)
Thaickavil [29] = 054(fy - V- VRyfy) 0.80 0.81 036 029  45%  36%
m h/t0'28
Kandymov [47] fn = 0.24f,%%. f]Q-32 0.46 0.76 0.18 0.24 38% 31%
4+0.1 0 [
Khan [14] F = fo 1-TSI+5;{}¢ 0.71 0.80 0.24 0.29 34% 36%
. 3~7f0'63f0'14po'24 ~ . 00 .
This study Equation (7) fn = % 1.17 0.38 31%
{57 0.
Equation (8) _ LAY % . 1.04 ; 0.29 . 28%

m 073
(")

G1: Group 1, G2: Group 2.

Among these equations, which exclusively consider the compressive strengths of brick
units and mortar, it was observed that the D. Leo [26], Euro Code-6 [25], Kumavat [27],
and Engesser [28] equations tended to overestimate the compressive strength, with mean
values of fypre) /fin(exp) all greater than 1.00 for both Group 1 and Group 2. Conversely, the
Kandymove [47] equation underestimated fm. Alternatively, the Brocker [45] equation
demonstrated varying results between Groups 1 and 2, with the mean value closely approx-
imating unity (1.09) for Group 1 masonry specimens, while Group 2 masonry specimens
were overestimated by approximately 1.5 times. However, despite the good correlation
between the experimental and predicted results for Group 1 for the Brocker equation, the
calculated S.D. and CoV of 0.44 and 40%, respectively, are considered unsatisfactory.

On a divergent note, the Thaickavil [29] equation, which considered additional param-
eters (see Equation (1)), underestimated the compressive strength, with mean values of 0.80
and 0.81 for Group 1 and Group 2 specimens, respectively.

In an expanded scope, Hilsdorf [46] incorporates not only the compressive strength of
brick units and mortar and the ratio of mortar joint thickness to brick unit thickness (p),
but also the tensile strength of the brick units (f;;). Regrettably, his equation also tends to
overestimate the predictive values of both groups.
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Figure 4. Predicted and experimental compressive strength ratio, mean values &+ S.D.

In a distinct approach, Khan [14], drawing from experimental insights collected from
Pakistani brickwork, introduced a novel equation (Equation (2)) that integrates the length-
to-thickness ratio (L/t), a parameter seldom explored in previous research. However, this
equation also underestimated the masonry compressive strength, yielding mean values of
0.71 and 0.80 for Group 1 and Group 2, respectively.

By comparison, Equations (7) and (8), proposed in this study, which incorporate
the slenderness ratio, the joint-to-unit thickness ratio, and brick-and-mortar compressive
strengths, both yield satisfactory outcomes regarding the predicted-to-experimental com-
pressive strength ratio. Specifically, they report mean values of 1.17 and 1.04, respectively,
together with satisfactory S.D. and CoV values. The p-values associated with each indepen-
dent variable in these equations suggest that all considered parameters exert a significant
influence on the predicted models of masonry compressive strength. Additionally, the R
values for both models, 0.76 and 0.71, respectively, indicate a satisfactory fit of the empirical
equations derived by MPRA (Table 7).

Table 7. Power regression analysis model validation.

p-Values
Parameter R?
Constant fo fi hit P
Group 1 0.76 0.003 0.000 0.025 0.000 0.096
Group 2 0.71 0.004 0.001 0.192 0.003 0.009

6. Conclusions

This research delved into the complicated interplay between brick-and-mortar strengths
in solid clay brick masonry and its implications for compressive strength and failure mech-
anisms. The investigation highlighted the vital role that individual brick unit strength
and mortar strength play in influencing masonry compressive strength, challenging the
conventional practice for predicting the compressive strength of masonry.

The empirical equations proposed by this research paper provide a comprehensive
framework for calculating masonry compressive strength, incorporating brick unit and
mortar compressive strength (f, and f;), the slenderness ratio (i/t), and the mortar-to-brick
joint thickness ratio (p).

This study has revealed notable distinctions between Group 1 and Group 2 masonry
regarding the differing degrees of influence of the factors contributing to masonry compres-
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sive strength. Specifically, f, shows a more pronounced influence on masonry compressive
strength for Group 1 specimens, whereas f; plays a more substantial role in Group 2. The
thickness ratio (p?) also exhibits a weak and diminishing impact on Group 1 specimens. At
the same time, p variations lead to significant and linear changes in compressive strength
for Group 2, a distinction attributed to the higher mortar compressive strength compared
to the brick units in Group 2 specimens. Notably, in the case of Group 1, mortar becomes
the weakest link, whereas stronger mortar (Group 2) can lead to bond strengthening and
brick splitting, influencing failure modes.

In contrast to existing equations from the literature and construction standards, this
study has derived two equations for the prediction of masonry compressive strength. By
categorizing the masonry compressive strength test specimens into two groups based on the
relative strengths of the constituent materials, models showing a high degree of accuracy,
based on the predicted to experimental compressive strengths ratio, could be achieved.

Additionally, based on average masonry strength efficiency (MSE) analysis, our study
finds a significant 30% difference in the compressive strength between wallet and prism
specimens, attributed to potential variations in workmanship.

In conclusion, this study emphasizes the importance of recognizing and accounting
for the individual strengths of brick units and mortar in assessing masonry compressive
strength. Such considerations help minimize the disparity between theoretical and actual
material properties, contributing to the safety of masonry structures, refining design guide-
lines, and deepening our understanding of the characteristics of solid clay brick masonry.
Ultimately, these efforts enhance the reliability of construction processes.

7. Recommendations

This research dataset exclusively investigates the effects of the slenderness (2.0-5.0) and
joint-to-brick thickness ratio (0.13-0.54) within limited variations. To obtain more precise
results for assessing the actual state of compressive strength of masonry wall structures,
it is recommended that a more extensive analysis be conducted encompassing a broader
range of varieties, including higher slenderness ratios of up to 10. Additionally, testing
local masonry materials is essential for a comprehensive evaluation of individual countries.
Once the compressive strength of masonry is clarified, it is also strongly recommended to
conduct structural analysis on masonry buildings located in the Middle East to evaluate
their seismic capacity. After that, based on this evaluation, we will be able to propose
a seismic retrofit method using the latest innovation methodology appropriated to the
available materials in these developing regions.
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