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An attempt has been made in this study to correlate compressive
strength, shear strength, and wall stiffness for clay burnt bricks
with frog mark and machine-made bricks without frog mark. In
this experimental study, 8 prisms and 8 unreinforced masonry
(URM) walls (254 mm) with a size of 1524 mm X 914 mm were
constructed with two different types of bricks, i.e., clay burnt
brick with frog mark and machine-made brick without frog mark.
Two types of mortar thicknesses 13 mm and 19 mm were used in
the test specimens. The prism specimens were tested under axial
compression load normal to the bed joints and the wall specimens
were tested under horizontal incremental cyclic loading along
with the constant axial compressive load. Lateral loading was
applied using a loading control pattern. The specimens were
tested under cyclic loading conditions displacing them laterally,
along the axis of the walls and their load-deformation behavior
was measured by dial gauges. It is observed that with increasing
mortar thickness prism, ultimate strength increases 18.0% for clay
burnt brick and with increasing mortar thickness prism, ultimate
strength increases 1.3% for machine-made brick. On the other
hand, with increasing the mortar thickness, ultimate shear strength
decreases 9.6% for clay burnt brick with frog mark and with
increasing mortar thickness ultimate, shear strength decreases
8.0% for machine-made bricks without frog mark. In clay burnt
brick shear strength is 12.5% more than machine-made brick.
With increasing the mortar thickness, ductility decreases 22.0%
for clay burnt brick and 20.0% for machine-made bricks. Based
on the findings, it is stated that clay burnt brick is preferable to
machine manufactured brick. This study will aid in the
comprehension of the behavior of both types of bricks used in
masonry construction, given that masonry is a common building
material.
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1. Introduction

Masonry building has been widely used
around the globe since the dawn of civil
engineering. For at least 10,000 years, clay
bricks have been used. They were commonly
used in Babylon, Egypt, Spain, South
America, the United States, and other places,
and were manufactured from sun-dried bricks
[1]. The walls of older structures are usually
made of unreinforced masonry (URM) [2].
The URM components are made up of hand-
placed natural or manufactured elements,
such as clay-brick, that are layered on top of
each other and bonded by mortar [3]. The
type of clays, molding procedures and
burning affect the quality of bricks [4]. As
the properties of clay vary throughout the
world, it will be apparent that different kinds
of bricks predominate in different regions.
Most of the masonry buildings are designed
primarily to resist gravity loads only since
the provision for earthquake loading codes is
not established [5,6]. It was observed in
frequent earthquakes that older masonry
structures perform poorly and most of those
buildings would collapse in a major
earthquake. The clay brick material is
relatively heavy, brittle, of low tensile
strength, and shows low ductility when
subjected to seismic excitation [7,8].
Recently, Hasnat et al. (2022) conducted
research to improve the strength of URM
walls by retrofitting with ferrocement overlay
[9]. Several common failures of URM
buildings have been observed from around
the world. Bruneau (1994), regrouped the
failure performances as follows: lack of
anchorage, anchor failure, in-plane failures,
out-of-plane failure, combined in-plane, and
out-of-plane effects, and diaphragm-related
failures [3]. The in-plane failure is
characterized by a shear crack pattern, where

cracks are primarily along the mortar bed
joints; some inclined cracks may also be
developed [10]. This study aims to find out
the shear behavior of URM walls and the
variables that affect the shear capacity of
URM walls such as the thickness of the
masonry wall. Besides, it aimed to find out a
relationship between compressive strength
(which is measured by prism test) and shear
strength (which is measured by shear test) of
brick made of clay burnt brick with frog
mark and machine-made brick without frog
mark. To achieve the objectives, 8 prisms
and 8 URM walls were constructed and
tested. Eight prisms were constructed of two
different bricks. Out of 8 prisms four prisms
were made of clay burnt brick two with
mortar thicknesses of 13 mm and two others
with mortar thicknesses of 19 mm. Four
prisms were made of machine-made bricks,
two with mortar thicknesses of 13 mm and
two others with mortar thicknesses of 19
mm. Eight (254 mm) URM walls with a size
of 1524 mm x 914 mm were constructed for
shear test and wall stiffness test. Out of 8
URM walls four walls were made of clay
burnt brick and another four walls were made
of machine-made bricks with two mortar
thicknesses of 13 mm and 19 mm.

In prior experimental research investigations,
diverse sorts of experiments were conducted
on the strength assessment of clay-burnt
brick and machine-made brick [11-14].
Several researches have been conducted to
explore the properties of walls constructed
with different types of bricks [15-19].
However, very few studies have been
conducted on the comparison between these
two types of bricks with the variation of
mortar thickness.

The preparations of the wall consisted of two
steps, at first slab was made and then the
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brick wall was constructed on the slab.
Prisms' compressive strength was tested by
compressive loading and shear test were
tested on a 127 mm wall with constant
vertical loads. Walls were tested under
incremental horizontal cyclic loading along
with the constant vertical load. Tests were
conducted under load-controlled cyclic
loading. During testing, one dial gauge was
used to determine the horizontal deflections
of the wall. A dial gauge was installed at the
top of the wall to determine the horizontal
deflection of the wall. From these tests, the
displacement corresponding to each cyclic
load was recorded. With this recorded data
load-displacement response curves were
prepared to compare the results of test
specimens of different walls and a
relationship between prism strength and
shear strength. Finally, some conclusions are
drawn regarding the use of clay-burnt brick
with frog marks and machine-made brick
without frog marks considering the effects of
mortar thicknesses.

The main objective of this study is to
investigate the behavior and strength of
masonry prisms with a focus on the effect of
the loading direction. The findings are
incorporated in evaluating the in-plane
strength of masonry infills.

2. Masonry strength

2.1. Masonry compressive strength

Hegemier et al. (1978) investigated the
compressive strength of concrete masonry
prisms normal to the bed joint [20]. The
authors found that prism strength was
primarily a function of the number of bed
joints and not the aspect ratio. A bond pattern
was observed to influence strength. The
authors recommended that prisms be

constructed from four or five courses with
either three or four mortar bed joints. Boult
(1979) aimed to determine a relationship
between the compressive strength and the
height of concrete masonry prisms made of
different types of masonry blocks [21]. A
series of stack-bonded prisms with h/d
(height-to-least lateral dimensions) of 2 to 5
were constructed for each masonry unit type.
Test results showed that the compressive
strength decreased as the prism height
increased and the rate of decline was
dependent on the block type. Boult (1979)
suggested that careful consideration of the
material properties of the units and grout
should be considered when assembling the
prisms [21]. Hamid and Drysdale (1980)
studied the failure modes and strength of
both the concrete and brick masonry prisms
when subjected to the compression applied at
designated angles concerning the bed joint
[22]. It was observed that two major failures
were exhibited for both un-grouted and
grouted prisms: a shear mode failure along
the bed or head joint and a tensile failure of
the prism. The maximum prism strength was
reached when prisms were compressed at an
orientation perpendicular to the bed joint.
According to the authors, masonry design
strength must take stress orientation along
the bed joint into concern.

According to Brown and Whitlock (1982),
High strength grout and mortar, high tensile
strength brick, and low brick coring
percentage are parameters that enhance prism
strength [23]. Lee et al. (1984) evaluated 82
grouted and un-grouted concrete masonry
prisms in compression parallel and
perpendicular to bed joints [24]. The mortar
and grout strength, as well as the head mortar
joint detail, had an impact on the
compressive strength in the two distinct
loading orientations studied. The head joint
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had a considerable influence on the behavior
of prisms loaded parallel to the bed joint,
according to the researchers, and it was
advised that the head joints be filled. The
mortar strength was discovered to be an
essential factor in determining the strength of
prisms loaded parallel to the bed joint; using
a stronger mortar resulted in a 52%
improvement in prism strength. Prism
strength is shown to be unaffected by
considerable increases in grout strength.

Wong and Drysdale (1985) investigated
prisms consisting of hollow, solid, and
grouted concrete block units which were
subjected to compression both normal and
parallel to the bed joint [25]. Both hollow
and grouted concrete block units were tested
using prisms that were 2 to 5 courses high.
The prisms were constructed using two kinds
of blocks: a 190 mm two-cell stretcher unit
and a solid 190 mm block. All prisms were
built using Type S mortar and a medium-
strength grout. According to the authors, the
compression parallel to the bed joint is 25%
less than the compression normal to the bed
joint. Furthermore, they discovered that
grouted and solid prisms had 35 % lesser
strength than hollow prisms in both loading
directions. Wong and Drysdale suggested
that design guidelines should include prism
characteristics in all  directions  of
compression forces and address prisms
independently [25].

Khalaf (1997) studied the strength and
behavior of grouted and un-grouted prisms
and blocks when compressed in both normal
and parallel directions to the bed joint [26].
The finding revealed that increasing the
strength of the mortar enhanced the strength
of the prism in both directions of loading.
However, for prisms compressed parallel to
the bed joint, the impact of increasing mortar

strength on prism strength was not
significant. For prisms compressed normally
to the bed joint, an increase in grout strength
led to an increase in compressive strength,
however, prisms compressed parallel to the
bed joint showed a drop in strength for high-
strength grout.

Haach et al. (2010) studied the compressive
strength of concrete block masonry when
loaded uniaxially [27]. According to their
study, Due to the tensile stresses created
normally to the bed joint when the specimens
were loaded in compression parallel to the
bed joints, cracking along the mortar-block
interface was seen. The compressive strength
parallel to the bed joint is around 55% of the
compressive strength normal to the bed joint.

Soon (2011) investigated a concrete masonry
block prism that was loaded either parallel or
normally to the bed joint [28]. The prisms
were grouted, partly grouted, or completely
grouted with type S mortar. Hollow square
prisms have better compressive strength than
completely grouted square prisms when
loaded parallel to the bed joint. The prisms'
compressive strength was found to be
roughly 50% greater when loaded normally
to the bed joint than when loaded parallel to
the bed joint.

2.2. Masonry shear strength

Shear strength in masonry is critical,
according to Maheri (2011), since it is the
primary force resisting seismic forces [29].
Because the strength of the masonry bricks is
often higher than that of the mortar, failure
typically happens at the connection between
the bricks. Therefore, the shear bond strength
is very significant [29].

Venkatarama Reddy and Vyas (2008)
investigated the relationship between the
shear bond strength and the compressive



M. R. Islam al./ Journal of Rehabilitation in Civil Engineering 11-4 (2023) 159-179 163

bond strength [30]. The results of the shear
tests indicated that there was an increase of
up to four times in shear strength compared
to the specimens with a smoother surface
texture to the ones with a rougher surface
texture, results ranged from 0.21 MPa to 0.83
MPa. Venkatarama Reddy and Vyas (2008)
also noticed that failure of the interface
generally occurred if the shear strength was
lower than 0.25 MPa, if the shear strength
was greater than 0.25 MPa then either the
brick or the mortar will fail in shear [30].

Waon-Ho et al. (2004) constructed and tested
seven unreinforced masonry wall specimens
to study the shear behavior and capacity [31].
The investigation of test results indicates that
most test walls show the primary influence of
rocking mode. Because of the load
concentration in the toe portion due to the
rotation of the wall body, the crushing
occurred at the toe portion. In the case of the
slender wall, sliding due to the bed-joint
crack occurs. The relationship between shear
stress and vertical axial stress is
proportionate in the square root pattern. The
relationship between shear stress and aspect
ratio shows a linear pattern. Shear stress and
cross-sectional areas are not proportional.

Churilov and Dumova-Jovanoska (2010)
carried out an experimental investigation of
the behavior of in-plane loaded unreinforced
masonry panels [32].

Ali et al. (2012) constructed and tested 108
mortar cubes, 96 masonry prisms for triplet
tests, 48 masonry prisms for compression
tests, and 48 masonry wallets for diagonal
tension tests [33]. The effect of various
mortar types (cement-sand CS, cement-khaka
CK, and cement-sand-khaka CSK) and mix
proportion on the mechanical properties are
investigated. From the study they found,

masonry  bond  strength, compression
strength, diagonal tension strength, and
elastic modulus decrease with increasing the
relative proportion of sand and khaka
constituent in mortar.

Voon and Ingham (2006) investigated the
effects of shear reinforcement, axial
compression load, type of grouting, and wall
aspect ratio on masonry shear strength [34].
Axial compression load had a significant
influence on the in-plane shear performance
of masonry shear walls, mainly because it
suppressed the tensile field in a material
inherently weak in tension. Consequently, as
the axial compression load increased, so did
the ability of the walls to provide shear
resistance.

Mabheri et al. (2011) carried out several tests
on half-scale brick wall panels, having
different material properties, with head joints
and without head joints are presented [29].
The walls were subjected to in-plane, as well
as out-of-plane pushover loads to failure and
their  load-displacement  curves  were
established. It was found that, depending on
the material properties and the modes of
failure of the wall, the head joints contribute
40% to 50% to the in-plane shear capacity of
the wall.

Mabheri et al. (2011) collected from field tests
on brick walls of over 400 unreinforced brick
buildings, situated in different parts of Iran,
are comparatively analyzed to derive
quantitative results regarding the main
factors affecting their shear strength [29].
The results showed the important effects of
the humidity level of the environment on the
shear strength of brick masonry walls. A
nearly two folds increase in strength can be
seen for walls constructed in wetter northern
parts of the country compared to the drier
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central parts. It is, therefore, recommended
that for assessing the vulnerability of
unreinforced brick buildings, regionalization
is considered and an appropriate ‘region
factor’ is adopted.

Maheri et al. (2012) conducted experiments
to determine the state of brick units’ moisture
content on the shear capacity of brick walls
[35]. They found that the in-plane shear
capacity of brick walls is more than doubled
if the bricks are used in a saturated, surface
dry condition, compared with naturally dried
(20% moisture) condition. Based on their
laboratory test results, they recommended
that for strength and seismic evaluation and
retrofitting studies of existing brick structures
in dry regions of the world, the shear
capacity of the walls constructed with dry
bricks should be considered as only half of
the capacity of the walls constructed with
pre-wetted brick units.

3. Experimental procedure

3.1. Material properties

3.1.1. Compressive strength of machine-
made bricks

The compressive strength of machine-made
bricks was evaluated, and the average
compressive strength of machine-made
bricks was found to be 27.63 MPa.

3.1.2. Compressive strength of clay burnt
bricks

The compressive strength of clay-burnt
bricks was evaluated, and the average

compressive strength of machine-made brick
was found to be 25.27 MPa.

3.1.3. Properties of sand

Local sand has been used for masonry wall
construction as well as to prepare slabs. Fig.
1 shows the gradation curve. Other properties
of the sand are shown in Table 1.
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Fig. 1. Grain size analysis of sand.

3.1.4 Properties of coarse aggregate

Brick aggregate was used as coarse aggregate
to prepare slabs. The gradation curve is
shown on Fig. 2. Other properties of coarse
aggregate are shown in Table 1.
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Fig. 1. Grain size analysis of coarse aggregate.

Table 1. Properties of coarse and fine aggregate.

Type of Aggregate Specific gravity ~ Absorption (%)  Unit weight (SSD) kg/m’  Absorption
Fine Aggregate Local sand 2.24 1.23% 1295
Coarse Aggregate  Brick Chips 1.89 13.68% 1275 33.4%
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3.1.5 Cement

For the control and retrofitted specimens,
CEM-I (Ordinary Portland Cement) was
used. In CEM-I cement, 95 to 100% is
clinker and additional constituents are 0 to
5%. Used CEM-I Conform 52.5 N Grade of
BDS EN 197-1:2003 [36].

3.1.6. Properties of mortar

The average mortar compressive strength
shall be determined by the cube test of
mortar. A mortar mix of 1:3 (cement: sand)
was used throughout this investigation.
Ordinary Portland cement with finely graded
sand was used for specimen preparation. The
7-, 14-, and 28-days compressive strength of
mortar were found to be 13.01 MPa, 15.99
MPa, and 17.05 MPa respectively.

3.2. Test specimen preparation

Eight specimens of different bricks and
mortar thicknesses were prepared for this
study (Table 2). First, eight wood formworks
were prepared for the construction of a
masonry wall on the slab. The reinforcement
12 mm @ bars were used as the main
reinforcement of the slab. 8 mm ® bars @
102 mm C/C were used as perpendicular to
the main reinforcement.

Table 2. Specimen details

. Mortar Thickness
Sample ID Brick type (mm)
C-1/2
Cl-1/2 Clay burnt 13
brick with frog
C'3/4 mark 19
Cl1-3/4
M-1/2 A
Machine-made
Mi-172 brick without
M-3/4 frog mark 19
M1-3/4

After the proper placement of reinforcement
over the formwork, fresh concrete was
poured over it. In the slab, 19 mm downgrade
brick chips were used as coarse aggregate
and Sylhet sand, 1:3 in proportion was used
in the concrete mix. The mixing ratio of
concrete was kept at 1:2:3 (by weight) having
a water-cement ratio of 0.46 to obtain more
concrete strength. Curing was done for 28
days.

3.2.1. Construction of test specimen
(Masonry Wall)

There are eight masonry wall specimens that
are constructed for the test. Four Masonry
walls are constructed of clay burnt brick with
two mortar thicknesses of 13 mm and another
two-mortar thickness of 19 mm. And another
four masonry walls are constructed of
machine-made bricks with two mortar
thicknesses of 13 mm and 19 mm.

3.2.2. Construction of test specimen
(Masonry Prism)

There are eight masonry prisms that are
constructed for the test. Four masonry prisms
are constructed by clay burnt brick two with
mortar thickness of 13 mm and two with
mortar thickness of 19 mm. Another four
masonry prisms are constructed by machine-
made bricks, two with mortar thickness of 13
mm and another two with mortar thickness of
19 mm.

3.2.3. Construction of test specimen
(Masonry Prism)

There were eight masonry prisms constructed
for the test. Four masonry prisms are
constructed by clay burnt brick two with
mortar thickness of 13 mm and two with
mortar thickness of 19 mm. Another four
masonry prisms are constructed by machine-
made bricks, two with mortar thickness of 13
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mm and another two with mortar thickness of
19 mm.

3.2.4. Prism test setup

After 28 days of casting prism, the
compressive strength of the prisms was
determined by compressive loading. The test
setup of masonry prisms is done.

3.2.5. Experimental shear test setup

There are four types of eight masonry walls
constructed for the shear test. The shear test
was done with a 127 mm wall. Shear test on
two walls C-1/2 and C1-1/2, i.e., Clay burnt
brick wall with mortar thickness 13 mm was
performed with three (3) ton vertical loads.
Another six (6) walls were performed with 6-
ton vertical loads. Out of 6 walls, two were
made of clay-burnt bricks with mortar
thickness of 19 mm, and the other four were
made of machine-made bricks with mortar
thickness of 13 mm and 19 mm. A hand
grinding machine, hammer and chisel were
used for cutting the wall and setting up the
shear test arrangement.

Uniform Load Distribution

By Steel Plate
yelic Loading

Fig. 3. Schematic diagram of loading condition
during the test.

3.2.6. Experimental setup of wall stiffness,
testing procedure, data acquisition

The models were placed on a steel base and
laterally fixed by anchoring the wall. The
base plate was fixed on a steel beam which
was fixed with the concrete floor as shown in

Fig. 3. There are two hydraulic jacks
manually operated to provide an axial load
on the top of the wall, and another two
hydraulic jacks leftward and rightward
direction to provide a lateral load on the wall.

The wall specimens were tested under
horizontal incremental cyclic loading along
with the constant axial load. Lateral loading
was applied using a loading control pattern.
The specimens were tested under cyclic
loading conditions displacing them laterally,
along the axis of the walls. Loading and
unloading were applied in 0.5-ton increments
in the positive (leftward) and negative
(rightward) direction for every cycle.
Whereas 2-ton, 3-ton, 4-ton, 5-ton, 7-ton, 9-
ton and 10-ton loading increments were
maintained for 1st, 2nd, 3rd, 4th, 5th, and 6th
cycle. A constant loading rate per cycle was
maintained until the specimens experienced a
significant loss of capacity.

3.3. Load selection

The specimen walls were tested under
incremental cyclic loading along with a
constant axial load of 6% of prism strength.
The wall specimen of clay burnt brick with a
mortar thickness of 13 mm was tested with 3-
ton axial loads. Two wall specimens of clay
burnt brick with mortar thickness of 19 mm
and another four specimen walls made of
machine-made bricks were tested with 6-ton
axial loads. The axial load was kept constant
throughout the experiment of each specimen.
The static cyclic loading had been provided
by two hydraulic jacks. The load had been
controlled by measuring the horizontal
displacement of the wall for cycle I, cycle II,
cycle 111, cycle 1V, cycle V, and cycle VI,
respectively.
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3.4. Testing procedure

Before testing all the specimens were
whitewashed to find out the crack and their
absolute location. Precautions were taken to
avoid any potential damage during the lifting
and transporting of the specimens. The
specimens had been lifted by a series of
pulleys and set on the base plate. One
hydraulic jack was set in the position at the
top of the column to apply constant axial
loading. Another two hydraulic jacks were
linked to the left side and right side of the
specimen wall along its length to apply
incremental cyclic loading. The dial gauges
were set in position. At first 6-ton axial load
was applied on the top of the wall and kept
constant throughout the test. After applying
the axial load, the initial dial gauge reading
was taken as reference points to measure the
deflections of the wall. Then the incremental
cyclic loadings were applied by the left and
right jacks simultaneously and progressive
readings were taken. The loading and
unloading of the hydraulic jacks were
controlled manually. Fig. 4 shows the
experimental setup before starting the wall
stiffness test.

Fig. 4. Experimental setup before starting the
test.

4. Results and Discussion

All eight samples of the wall were subjected
to constant axial load throughout the shear
test and incremental cyclic loading in the
stiffness test of the wall. Eight prism test
specimens were tested by compressive
loading. Sample Due to malfunction, the M1-
3/4 sample did not work perfectly. This
specimen is discarded from the conclusions
made in the later discussions. Dial gauges
were used to measure the deflection of the
wall.

4.1. Failure modes of wall specimen

4.1.1. Load - deformation response

Load-deformation responses of all seven
specimens were monitored by dial gauges
throughout each test specimen. Dial gauges
were placed at the top of the wall to record
the lateral displacement. Testing was
terminated when the specimen failed. Fig. 5
to Fig. 11 provides the load-deformation
responses of each specimen. From the
figures, it can be observed that specimens
made of clay burnt brick with mortar
thickness 19 mm (Type C-3/4 and C1-3/4)
gave almost the same highest loading which
is done by 6-ton vertical loads, and clay burnt
brick with mortar thickness 13 mm (type C-
1/2 and C1-1/2) was performed by 3 tons
vertical loads. This represents the more
ductile quality of clay-burnt brick walls.

60

Deflection (mum)

Fig. 5. Load deformation response of sample wall
C-1/2.
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—Cycle-1
—Cycle-2
Cycle-3

20 =——Cycle-4

Load (Ton)

)

=—Cycle-5

Deflection (mm)

Fig. 6. Load deformation response of wall C1-
1/2.

Nevertheless, type C-3/4 and C1-3/4
specimen undergo larger deformations
without rupture before failure than type C-
1/2 and C1-1/2 specimen. Also, type C-1/2
and C1-1/2 specimen undergo larger
deformations without rupture before failure
than type M-1/2 and M1-1/2 specimen. The
maximum load of (the type C-3/4 and C1-
3/4) samples was 9 to 10 tons, whereas for
(type C-1/2 and C1-1/2) samples it was 5 to 6
tons, for (type M-1/2 and M1-1/2) sample it
was 6 tons and type M-3/4 sample it was also
6 tons. The maximum displacement of type
C-1/2 and C1-1/2 samples under loading
were 1438 and 15.68mm respectively.
Whereas for type C-3/4 and C1-3/4 sample
maximum displacements were 13.11 mm and
15.80mm. For type M-1/2 and M1-1/2
samples, maximum displacements were 15.4
mm and 13.47mm. And for the type M-3/4
sample, maximum displacement was
20.89mm. The hysteresis loop of the type
M1-1/2 specimen has an abnormal result. So
that only the result of machine-made brick
with mortar thickness of 13 mm type M-1/2
was used and the result of type M1-1/2
specimen was rejected.

w—Cycle-1
w—Cycle-2

——Cycle-3

Load (Ton)

—Cycle-4
w—Cycle-§

~—Cycle-6

~10.0
Deflection (mm)

Fig. 7. Load deformation response of specimen
wall C-3/4.

1 ==——Cycle-1
=——Cycle-2

=—Cycle-3

Load (Ten)

 e—Cycle-d
m—Cycle-5
ap =—Cycle-6

TS

Deflection (mm)

Fig. 8. Load- deformation response of specimen
wall C1-3/4.

w—Cycle-1

w—Cycle-2

Load (Ton)

Cycle-3

20 ===Cycle-4

m—Cycle-5

Deflection (mm)

Fig. 9. Load- deformation response of specimen
wall M-1/2.

—Cyele-1

10 Cyele-3
——Cycle-4

—Cycle-s

=B
Deflection (mm)

Fig. 10. Load- deformation response of specimen
wall M1-1/2.
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=—Cycle-1
—Cyele-2

Cycle-3
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20 g =—Cycle-4

= Cycle-5

DefNection (mm)

Fig. 11. Load- deformation response of specimen
wall M-3/4.

The hysteresis loop envelopes of seven
samples are shown on Fig. 12. In every case,
with the increase of mortar thickness,
displacement was reduced with loading for
both clay-burnt brick and machine-made
brick.
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Fig. 12. Hysteresis Loop Envelopes of seven wall
samples

4.2. Summary of test results of seven
specimens

4.2.1. Characteristics of first crack

formation

For specimens, C-1/2 and C1-1/2 first crack
occurred at 2.0 tons and 2.5 tons when
displacements were 0.72 mm and 1.03 mm
respectively. For specimens, C-3/4 and C1-
3/4 first crack occurred at 3.0 tons and 2.5
tons with displacements of 1.65mm and 0.91
mm respectively. For specimens M-1/2 and
M1-1/2, the first crack occurred at 2.5 tons

and 2.5 tons with displacement of 0.46 mm
and 1.24 mm respectively. For specimen M-
3/4 the first crack load was 2.0 tons with a
displacement of 0.67 mm at 1st cycle. The
load at the first crack formation of all seven
samples is visualized on Fig. 13. The First
crack was initiated at the wall slab
connection for all the specimens.
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Fig. 13. Load at First Crack Formation of Seven
Specimens.

4.2.2. Stiffness of specimens

The average stiffness obtained for the two
half cycles in a hysteretic loop, gave the
approximate stiffness for that cycle. The
values of the secant stiffness obtained for
each cycle are plotted for all the specimens.
The degradation of the secant stiffness was
plotted as the ultimate stiffness versus the
corresponding cycle number for each
specimen tested. Fig. 14 shows the secant
stiffness of each cycle. Fig. 15 shows a
degradation of stiffness of each cycle.
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Fig. 14. Secant stiffness of each cycle for seven
samples.
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Fig. 15. Degradation of stiffness of each cycle for
seven sSpecimens.

It can be noted that as the number of cycles
increases, stiffness decreases. Here the
stiffness of clay-burnt brick with mortar
thickness of 19 mm (C-3/4 and C1-3/4) is
stiffer than clay-burnt brick with mortar
thickness of 13 mm (type C-1/2 and C1-1/2)
because clay burnt brick wall with mortar
thickness 13 mm was tested with 3-ton
vertical loads and clay burnt brick with
mortar thickness 19 mm was tested with 6-
ton vertical loads. The value of stiffness of
machine-made brick with a mortar thickness
of 13 mm (type M-1/2 and M1-1/2) is stiffer
than machine-made brick with a mortar
thickness of 19 mm (type M-3/4). The result
of the type M1-1/2 specimen was rejected
because of an abnormal result. Stiffness after
the first cycle and final cycle is shown in Fig.
16 and Fig. 17.
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Fig. 16. Stiffness after 1st cycle of seven
samples.
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Fig. 17. Stiffness after the final cycle of seven
samples.

The increase in stiffness between different
categories at the first cycle and final cycle
are shown in Fig. 18 and Fig. 19. For type C-
1/2 and C1-1/2 stiffness varies from 3.57 to
0.45 and 3.64 to 0.40 whereas for type C-3/4
and C1-3/4 it varies from 4.88 to 0.93 and
5.56 to 0.66. Again, for type M-1/2 stiffness
varies from 6.06 to 0.40 whereas for type M-
3/4 it varies from 3.33 to 0.30.
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Fig. 18. The load of the specimens at every cycle.
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Fig. 19. Maximum load of seven specimens.
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4.2.3. Maximum displacement

Fig. 20 represents the  maximum
displacement of every specimen of different
types during loading and unloading. It was
found that the maximum displacements were
increased with the increasing mortar
thickness. Almost all the walls (except C1-
1/2, shear failure) showed flexure-type
failure at ultimate load.
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Fig. 20. Maximum displacement of seven
specimens.

4.2.4. Residual displacement

It was found that the residual displacements
were decreasing with the increasing mortar
thickness. Fig. 21 represents the residual
displacement of all seven specimens.
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Fig. 21. Residual displacement of seven
specimens.

4.2.5. Ductility of the specimen wall

Displacement  ductility is  obtained
experimentally from the idealized bilinear

approximation to the monotonic spine or
cyclic peak envelope of the load-
displacement curve shown in Fig. 20 to Fig.
24. Displacement ductility is defined as the
ratio of deformation at a given response level
to the deformation at ideal yield [37]. Here,
the ductility was measured using the
Amax/Ay,  where  Apax
maximum deformation of loop and A,
deformation while yielding. Fig. 22 shows
the ductility of all the specimens.
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Fig. 22. Ductility of specimens.

4.2.6. Stiffness degradation calculation

Stiffness degradation has been calculated by
measuring the slope of each cycle. The slope
is calculated by positive and negative pick
points of each loop. Sample stiffness
degradation calculations are shown on Fig.
23 and Fig. 24. Fig. 25 shows the stiffness
degradation of each specimen.
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Fig. 23. Stiffness degradation of specimen C-1/2.



172 M. R. Islam al./ Journal of Rehabilitation in Civil Engineering 11-4 (2023) 159-179

mCyele-1
*Cycle-2
Cycle-3
® Cycle-d
Cycle-5

Load (Ton)

Slope (Cycle-1)= 3.60
2D Slope (Cycle-2)=2.38
Slope (Cycle-3)=1.71
Slope (Cycle-4)= 1.39
Slope (Cycle-5)= 0.40

-10

Deflection {mum)

Fig. 24. Stiffness degradation of specimen C1-
1/2.
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Fig. 25. Stiffness degradation of all specimens.

4.2.7. Energy dissipation calculation

Energy dissipation has been calculated by
measuring energy, i.e. area of each cycle
(Fig. 26 and Fig. 27). From Fig. 28, showing
energy dissipation, it can be observed that
energy absorbed by machine-made brick wall
with mortar thickness of 13 mm is 73.6% of
the total energy absorbed by machine made
brick wall with mortar thickness 19 mm. It
seems that with the increasing mortar
thickness energy dissipation increases.
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Fig. 26. Energy Dissipation calculation of
specimen C-1/2.
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Fig. 27. Energy dissipation calculation of
specimen (C-3/4).
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Fig. 28. Energy dissipation calculation all
specimens.

4.3. Hysteresis damping

A calculation of comparable viscous
damping is performed in this investigation
using the theory developed by Hose and
Seible (1999) [38]. Equation (1) yields the
equivalent viscous damping ratio, &, for the
complete asymmetric cycle at a given force
intensity. Fig. 29 clarifies it once further.
Here the damping energy loss or energy input
for the push-half cycle of the hypothetical
force-displacement loop is represented by
area Eg;. Similarly, Eg, depicts the energy
loss during the pull half cycle. The hatched
sections in Fig. 30 designate Es; and Ep.
Strain energy is stored in an equivalent linear
elastic system during the push and pull half
cycles, which is represented by the above
theorem.

_ 1 (Ea @)
e (1)
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Fig. 29. Hysteresis damping percentages for wall
assemblies.

The hysteresis damping was plotted against
lateral top displacement for the wall shown
on Fig. 29.
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Fig. 30. Equivalent viscous damping ratio (&eq)
for asymmetric hysteresis loops [20].

4.4. Relationship between prism strength,
shear strength, lateral load

Different relationships relating to different
parameters are drawn from Fig. 31 to 39. To
identify the relation between the latter load
and prism strength; lateral load and shear
strength, the result of type M1-1/2 was
rejected because of an abnormal result.
Machine-made brick wall with mortar
thickness 13 mm only type M-1/2 result was
accepted.

From the prism test of clay burnt brick and
machine-made brick, prism cracking strength
and ultimate strength increases with
increasing mortar thickness and prism
compressive strength is more than shear
strength in both types of bricks. On the other

hand, from the shear test of clay burnt brick
and machine-made brick, cracking shear
strength and ultimate shear strength
decreases with increasing mortar thickness
and shear strength is less than prism
compressive strength in both types of bricks.

It was observed that, with the increasing
mortar thickness for both clays burnt brick
with frog mark and machine-made brick
without frog mark, prism cracking strength
and ultimate strength increases. In another
hand, with the increasing mortar thickness
for clay burnt brick with frog mark and
machine-made brick without frog mark,
shear cracking strength and ultimate strength
decreases.
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Fig. 31. Relationship between cracking prism
strength and cracking shear strength.
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Fig. 32. Relationship between ultimate prism
strength and ultimate shear strength.
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Fig. 33. Relationship between cracking lateral
load and cracking shear force.
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Fig. 34. Relationship between ultimate lateral
load and ultimate shear force.
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Fig. 35. Relationship between cracking lateral
load and cracking shear strength.
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Fig. 36. Relationship between ultimate lateral
load and ultimate shear strength.
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Fig. 37. Relationship between cracking load and
prism cracking strength.
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Fig. 38. Relationship between ultimate load and
prism ultimate strength.
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Fig. 39. Relationship between ultimate practical
load and calculated lateral load.

5. Conclusions

The behavior of the walls under cyclic
loading, the prism, and the shear test
specimens experimented on the study were
investigated. Based on the results obtained
from the experiments of the specimens, the
following observations can be drawn:
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Increasing mortar thickness prism cracking
strength and ultimate strength increases in
both types of brick i.e., clay burnt brick with
frog mark and machine-made brick without
frog mark. Increasing mortar thickness,
cracking shear strength and ultimate shear
strength decreases in both types of brick i.e.,
clay burnt brick with frog mark and machine-
made brick without frog mark. In clay burnt,
brick cracking prism strength is more than
machine-made brick. In, machine-made
brick's ultimate prism strength is more than
clay-burnt brick. In clay-burnt brick shear
strength is more than machine-made brick.
The specimen is made of clay burnt brick
with a mortar thickness of 13 mm, the
average cracking shear strength is 62.6% of
average cracking prism strength and the
average ultimate shear strength is 54.4% of
average ultimate prism strength. The
specimen is made of clay burnt brick with a
mortar thickness of 19 mm, the average
cracking shear strength is 53.9% of average
cracking prism strength and the average
ultimate shear strength is 31.0% of average
ultimate prism strength. The specimen is
made of machine-made brick with a mortar
thickness of 13 mm, the average cracking
shear strength is 72.7% of the average
cracking prism strength and the average
ultimate shear strength is 25.9% of the
average ultimate prism strength.

The specimen is made of machine-made
brick with a mortar thickness of 19 mm, the
average cracking shear strength is 59.9% of
average cracking prism strength and the
average ultimate shear strength is 20.7% of
average ultimate prism strength. Increasing
mortar thickness of both types of specimen’s
wall ductility decreases. The average
stiffness degradation of clay burnt brick with
mortar thicknesses 13 mm and 19 mm are
20.0% and 13.93% per cycle respectively.

The average stiffness degradation of
machine-made brick with mortar thicknesses
13 mm and 19 mm is 18.68% and 18.21%
per cycle. Energy absorbed by machine-made
brick walls with a mortar thickness of 19 mm
is 58.1% of the energy absorbed by machine-
made brick walls with a mortar thickness of
13 mm. For the specimens made of clay
burnt brick with mortar thickness 13 mm
(Specimens- C-1/2 and C1-1/2), the average
cracking lateral load is 2.90% of the average
cracking shear force and the average ultimate
lateral load is 5.77% of the average ultimate
shear force. Also, for specimens made of clay
burnt brick with mortar thickness 19 mm
(Specimens- C-3/4, and C1-3/4), the average
cracking lateral load is 4.77% of the average
cracking shear force and the average ultimate
lateral load is 12.09% of the average ultimate
shear force. In the specimens made of
machine brick with mortar thickness 13 mm
(Specimens- M-1/2), the cracking lateral load
is 4.28% of cracking shear force and the
ultimate lateral load is 7.81% of ultimate
shear force. Also, for specimens made of
machine-made brick with mortar thickness of
19 mm (Specimens- M-3/4), the cracking
lateral load is 3.78% of cracking shear force
and the ultimate lateral load is 8.62% of
ultimate shear force.

For Specimens-C-1/2 and C1-1/2, the
average cracking horizontal load is 62% of
the average cracking prism strength and the
average ultimate prism strength is 93.3% of
the average ultimate horizontal load. For
Specimens-C-3/4 and C1-3/4, the average
cracking horizontal load is 88.5% of the
average cracking prism strength and the
average ultimate prism strength is 77.6% of
the average ultimate horizontal load. For
Specimens-M-1/2, the cracking prism
strength is 85.6% of the average cracking
horizontal load and the ultimate horizontal
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load is 70.5% of the average ultimate prism
strength. For Specimens-M-3/4, the cracking
horizontal load is 85.8% of cracking prism
strength and the ultimate horizontal load is
67.0% of ultimate prism strength. For
Specimens-C-1/2 and C1-1/2, the average
cracking horizontal load is 99% of the
average cracking shear strength and the
average ultimate shear strength is 50.8% of
the average ultimate horizontal load. For
Specimens-C-3/4 and C1-3/4, the average
cracking shear strength is 61.3% of the
average horizontal load and the average
ultimate shear strength is 24.1% of the
average ultimate horizontal load. For
Specimens-M-1/2, the cracking shear
strength is 66.8% of the average cracking
horizontal load and the ultimate shear
strength is 33.8% of the average ultimate
horizontal load. For Specimens-M-3/4, the
cracking shear strength is 73.0% of the
cracking horizontal load and the ultimate
shear strength is 32.0% of the ultimate
horizontal load.

Increasing mortar thickness prism ultimate
strength increases 18.0% for clay burnt brick
and with increasing mortar thickness prism
ultimate strength increases by 1.3% for
machine-made brick. Increasing mortar
thickness ultimate shear strength decreases
by 9.6% for clay burnt brick with frog mark
and with increasing mortar thickness ultimate
shear strength decreases by 8.0% for
machine-made bricks without frog mark. In
clay burnt brick shear strength is 12.5% more
than machine-made brick. Increasing mortar
thickness ductility decreases 22.0% for clay
burnt brick and 20.0% for machine-made
bricks. The average stiffness degradation of
clay burnt brick with mortar thicknesses 13
mm and 19 mm are 20.0% and 13.93% per
cycle respectively. The average stiffness
degradation of machine-made brick with

mortar thicknesses 13 mm and 19 mm is
18.68% and 18.21% per cycle. Energy
absorbed by machine-made brick walls with
a mortar thickness of 19 mm is 58.1% of the
energy absorbed by machine-made brick
walls with a mortar thickness of 13 mm. For
specimens (C-1/2 & C1-1/2) and specimens
(C-3/4 & C1-3/4), the average theoretical
shear forces are 35.0% and 25.0% of the
average tested lateral load. Also, for the
specimen (M-1/2 & M1-1/2) and specimen
(M-3/4 & M1-3/4), the average theoretical
shear forces are 43.0% and 45.0% of the
average tested lateral load. In terms of load
bearing, ductility, and stiffness clay burnt
brick performed better than machine-made
brick. No relation between prism strength,
shear strength, and wall stiffness was
obtained since the failure mode of the wall is
a combination of sliding and rocking. Full
scale specimens may be investigated to get
more accurate result. More parameters may
be considered to achieve more specified
result. Bond wrench test may be performed
to compare with shear test result. Based on
all the results, it is concluded that clay burnt
brick is better than machine made brick.
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