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Abstract

This study investigated the bond characteristics of masonry constructed with Cement—Lime—Sand mortar, focusing
on tensile and shear bond strengths. The performance of the proposed mortar was compared with that of
conventional cement-sand mortar typically used with burnt Clay Bricks. Experimental samples were prepared with
Cement—Lime—Sand ratios of 0.8:0.2:4 and 0.8:0.2:6, incorporating 20% lime as a partial replacement of Cement.
These were evaluated against conventional mortar ratios of 1:4 and 1:6. Tensile bond strength was determined
using cross-couplet brick specimens, while shear bond strength was evaluated through triplet brick specimens. A
total of 24 specimens were tested, comprising three replicates for each couplet and triplet configuration. The results
indicated that conventional mortars with mix ratios of 1:4 and 1:6 achieved tensile bond strengths of 0.388 MPa
and 0.202 MPa, respectively, and corresponding shear bond strengths of 0.55 MPa and 0.25 MPa. In comparison,
mortars incorporating a 20% lime replacement exhibited approximately 30% lower shear bond strength and 20%
lower tensile bond strength than the conventional mixes. These findings demonstrate that partial substitution of
lime in cement—sand mortar reduces bond strength, potentially influencing the structural performance of masonry
assemblies.
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1 Introduction

Brick masonry is popularly used both nationally and internationally. The popularity is due to its cost-effectiveness, good sound
and heat insulation properties, simplicity in use, and the local availability of materials (Keshmiry et al., 2024). Masonry is an
indispensable construction component either as load-bearing or infill material (Bhaskar et al., 2022) both in RCC or steel-
framed buildings. The performance of masonry is dependent on the properties of its components: masonry units and mortar,
both individually and in conjunction as a cohesive entity. The superiority of masonry structure is safeguarded by bond
performance when exposed to ground acceleration due to earthquakes, as well as resulting in-plane and out-of-plane actions.
Unreinforced masonry (URM) structures exhibit a high vulnerability to seismic damage (Bhaskar et al., 2022; Gawady et al.,
2006). Urban centers often use unreinforced masonry (URM) walls to cover the spaces between structural frame members for
low-rise and mid-rise buildings. (Dakhakhni et al., 2006). Even though they are not thought of as structural elements, infill
walls interact with the surrounding frame when seismic activity occurs and can cause many unfavorable failure modes for both
the infill wall and the surrounding frame. (Dakhakhni et al., 2006). This presents a major challenge for designers aiming to
address seismic performance issues. A strong earthquake exerts substantial forces on masonry walls, which can lead to
catastrophic collapses. Most existing research (Triantafillou, 1998; Dimas and Ehsani, 2000; Albert et al., 2001; Hamoush et
al. 2001; lii and Dolan, 2001; Kuzik et al., 2003; Tan and Patoary, 2004) has concentrated on the out-of-plane behavior of
unreinforced masonry (URM) walls. When there is inadequate out-of-plane restraint at the frame—infill interface, large sections
of walls or infill panels may become detached from the surrounding frame.

The masonry walls are composite; the capability of the mortar to adhere to the brick units is a significant factor in wall strength.
It is established that a physical-chemical process underlies the mechanism of brick—mortar adhesion. (Lange et al., 1996). The
previous discussion makes it abundantly evident that bond strength development is significantly influenced by the mortar
strength of masonry works. Thus, the primary goal of this experimental work is to ascertain how the shear and tensile bond
strength of locally accessible masonry units in Bangladesh is affected by the mortar quality used during construction. Previous
research by (Christy et al., 2012) examined the bond strength of brick masonry. To expand on this, an experimental program
was designed to investigate the bond strength of mortar-unit joints, using mortars both with and without pozzolans. The findings
revealed measurable differences in bond strengths resulting from various combinations of mortar and masonry units. (Dehghan
et al., 2019) demonstrated that both the water-cement ratio (W/C) and sand grading significantly influence the workability and
mechanical properties of masonry mortar, impacting its strength and flow characteristics. In a related study,(Bompa and
Elghazouli, 2020) investigated the shear behavior of lime mortar clay brick masonry triplets, analyzing their response under
both dry and wet conditions. Additionally, (Haach et al., 2011) found that the consistency of mortar improved with an increased
WI/C ratio and the incorporation of lime.
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Consequently, acquiring and sustaining precise data in the actual construction sector is quite challenging. In light of this context,
this study conducted an experimental investigation to evaluate the impact of lime as a partial cement replacement on
workability, in accordance with (BNBC, 2020) criteria. We also examined the effects on the tensile and shear bond strength
of clay brick masonry. Previous discussions indicate that the development of bond strength is significantly affected by the
workability of the mortar in masonry construction, a topic that has not been previously investigated in experimental studies.
The primary objective of this study is to ascertain the impact of mortar quality incorporating lime on the shear and tensile bond
strength of locally obtained masonry units in Bangladesh

2 Experimental programs

2.1 Materials used
The goal of the current study was to characterize the behavior of bond strength in the shear and tensile capacities
of masonry using the burnt clay masonry units that are available in Bangladesh.

2.1.1 Masonry Unit

The impact of masonry bond strength is significantly influenced by the qualities of the bricks and mortar. The
Machine Molded (BCMM) masonry unit, with an average dimension of 240 x 117 x 66 mm3, was used in these
experiments. Several brick properties will be influenced by the water absorption, initial rate of absorption, bulk
density, and compressive strength capacity. Burnt clay bricks were used in this experiment, with their properties
listed in Table 1.

Table 1. Physical and mechanical properties of masonry units

Brick Types IRA WA Dry Density Compressive Strength
(kg/ m?/min) (%) (Kg/md) (MPa)
Auto Brick 2.69 [06.94] 13.06 [22.18] 1994.83 [2.75] 23.49 [09.95]

Values in [ ] parentheses indicate the coefficient of variation
2.1.2 Fine Aggregate

Sand is an essential aggregate in construction as well as the construction of masonry structures. Various types of
sand can be used in the construction sectors, including river sand, crushed stone sand (also known as manufactured
sand), and coarse sand. In this experiment, natural river sand was used. The grading of natural river sand F.M. 1.90
according to ASTM C136. (ASTM 2006)

2.1.3. Bonding Materials

In this study, Ordinary Portland Cement (OPC) was utilized as a binding material for mortar. Test specimens were
prepared using OPC to create masonry mortar, both with and without natural hydraulic lime. The types of mortar
introduced as cement-sand (C-S) and cement-lime-sand (C-L-S). The study involved the construction of both
couplets and triplets using various mortar ratios, specifically 0.8:0.2:4 and 0.8:0.2:6, incorporating 20% lime as a
partial replacement of Cement. Furthermore, these mixes were compared to traditional mortar ratios of 1:4 and 1:6
to assess their performance.

2.2. Specimen Preparation

This study focused on preparing masonry specimens using cement, sand, lime, and Burnt Clay Machine Molded
(BCMM) masonry units sourced from a local manufacturer in Bangladesh. Prior to assembly, the materials were
rigorously tested for quality. Stack-bonded masonry triplets were employed for shear bond testing, while cross-
shaped couplets were utilized for tensile bond testing. A total of 24 specimens were prepared, with three specimens
for each configuration. The units were bonded using mortar with a thickness of 10 mm and soaked in water for 24
hours to reduce saturation moisture content prior to assembly. The triplets (Fig. 3a) were constructed according to
the guidelines of BS EN 1052-3:2002 (British Standard, 2002) sealed in moisture-tight bags, and subjected to pre-
compression with a unit brick to enhance bond strength (Fig. 3a). Following an initial 48-hour curing period under
wet burlap, the bags were removed two days before testing, ensuring that no visible moisture remained on the
surface of the specimens.
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Figure 3: Construction processes of masonry Triplets and couplets

Similarly, Masonry couplets were constructed for the tensile bond strength test in accordance with ASTM C952
(ASTM, 2012). After construction, they were sealed with an airtight cover and maintained in this condition for
seven days (refer to Fig. 3b). Following this period, the covers were removed, and the couplets were stored in
laboratory air. Figure 7 depicts the test setup for shear and flexural bond testing.

2.3. Testing

2.3.3. Tensile bond test

To assess tensile bond strength, brick couplets were constructed in accordance with ASTM C952 (ASTM, 2012).
standards. Various mortars were used to create cross-brick couplets, maintaining a 10 mm mortar bed joint, as
depicted in Figure 4(a). A universal testing machine, operating at a loading rate of 2.7 kN/min, was utilized to
evaluate the bond strength, which was calculated based on the failure load and the bond area between the brick
and the mortar. Equation 1 was used to determine the tensile bond strength. Calculate the maximum tensile bond
strength as follows:

Tensile bond strength, T = A/B, (N /mm?) 1)
where:

A = Failure load (N), and
B = cross-sectional area in bond surface (mm?2).

: _(a) e [ P, o)
Figure 4: Experimental Setup of Test: (a) Tensile Bond, (b) Shear Bond

2.3.4. Direct shear test on masonry triplet

The shear response was examined using the triplet test in accordance with BS EN 1052-3:2002 (British Standard
2002). Each prism was comprised of three blocks and two mortar joints, as depicted in Fig. 4(b). The tests were
conducted without axial pre-compressive loads, applying the load in force control to increase shear stress at rates
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ranging from 0.1 N/(mm2-min) to 0.4 N/(mm2-min). The shear strength for each specimen was determined using
equation (Eq. (2)):

Shear bond strength = f,,,; = Fimax 2 Aiin N/mm?(MPa) 2)

Where,

fuoi is the shear bond strength, in N/mm? (MPa)

Fimaxis the failure shear load, in Newton (N)

Aj is the bond area of a specimen parallel to the load directions, in (mm?)

3 Results and discussion
3.1. Shear behavior of masonry

The values for shear bond strength of Burnt Clay brick masonry assemblages are illustrated in Figure 3, which
depicts various mortar mixing ratios. These values are also represented in a bar chart in Figure 5(a). The findings
reveal that the maximum shear bond strength was attained in triplets constructed with two types of mortar: a 1:4
ratio and a 1:6 ratio, with 20% lime used as a partial substitute for cement. According to the bar chart, the peak
shear bond strength was 0.548 MPa for the 1:4 mortar and 0.410 MPa for the 1:6 mortar. Notably, when lime
replaced some of the cement, the bond strength fell by 25% for the 1:4 ratio and by 30% for the 1:6 ratio.
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Figure 5: Comparisons of Bond Strength: (a) Shear Bond, (b) Tensile Bond

3.2 Tensile bond behavior of masonry.

Figure 3 illustrates the Burnt Clay brick masonry assemblages, which were constructed using different sets of
mortar to evaluate their tensile bond strength. The results are also presented in Figure 5(b) in the form of a bar
chart. The findings indicate the shear bond strength of couplets built with two types of mortar, specifically grades
1:4 and 1:6, comprised of 20% lime as a partial replacement for cement, as well as without lime. The bar chart
reveals that the maximum tensile bond strength for the masonry couplets was 0.388 MPa for the 1:4 mortar and
0.270 MPa for the 1:6 mortar. However, when cement was replaced with lime, the bond strength decreased by 30%
for the 1:4 ratio and by 20% for the 1:6 ratio.

Table 2: The summarized experimental results of shear and tensile bond strength

Mortar Ratio C-S C-L-M % of Strength Decreases
1:4 0.388 0.270 30
Tensile Strength (MPa) 16 0.202 0.161 20
1:4 0.548 0.410 25
Shear Strength (MPa) 1.6 0.254 0.178 30

3.3 Failure Patterns

3.3.1 Shear Bond Test

During the testing phase, various failure patterns of masonry triplets were documented. According to previous
studies (Pavia and Hanley 2010; British Standard 2002) failures can manifest in one of four ways: (a) within the
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bond areas of the brick and mortar; (b) within the mortar itself; (c) within the brick; or (d) through crushing and
splitting at the brick and mortar joint.

In this study, the predominant failure pattern observed in specimens with C-S mortars occurred type (a) within the
brick and mortar bond areas, primarily due to inadequate bonding. This issue was particularly prominent in
specimens utilizing C-S triplet brick units (Fig: 6a). Additionally, Fig. 6(b) depicts the type (b) failure mode
observed in C-L-S specimens, which was linked to insufficient mortar strength.

(a) C-S Mortar (b) C-L-S Mortar
Figure 6: Failure patterns of couplets

3.3.2 Tensile Bond Test

Two failure patterns were identified in the masonry couplet during the tensile bond test. The most prevalent failure
occurred within the brick and mortar bond area, primarily due to inadequate bonding, particularly in specimens
made with C-S mortar. Some couplets exhibited failures on one or both brick faces (type a), attributed to a
combination of strong bricks and weak bonds (refer to Fig. 7a). Additionally, Fig. 7b illustrates results from the
C-L-S specimens, which also experienced similar failures (Type b) due to insufficient mortar strength.

(@) C-S Mortar (b) C-L-S Mortar
Figure 7: Failure patterns of couplets

4 Conclusion

This study examined the effect of including lime in the cement-sand mortar in masonry construction on the shear
and tensile bond strengths of brick masonry, employing burnt clay bricks as test specimens.

The findings revealed that different types of mortar significantly influence masonry strength. The tensile bond
strengths for masonry couplets with mortar ratios of 1:4 and 1:6 were measured at 0.388 MPa and 0.202 MPa,
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respectively. In contrast, the shear bond strengths for masonry triplets with the same ratios were recorded at 0.548
MPa and 0.254 MPa.

Importantly, the use of a mortar mix containing 20% lime as a partial replacement for cement resulted in a 30%
reduction in shear bond strength and a 20% reduction in tensile bond strength compared to conventional mixes.
Overall, the cement-sand mortar demonstrated superior bond strength, although the addition of lime improved
workability as well as the interface bond between the brick and mortar, while ultimately reducing overall strength
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