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ABSTRACT

Compressive strength, shear strength and Modulus of elasticity of masonry are significant
parameters when considering structural masonry design. For simulation of structural
behavior of masonry buildings, performance of embedded joint is important from the point
of view of seismic design. Masonry structures of Bangladesh are mostly designed for
vertical loads. The structural elements such as walls which were designed for vertical loads
only, have to carry lateral load as well during an earthquake. Important masonry
parameters are compressive strength, flexural strength, shear strength, modulus of elasticity
etc. 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, eight prisms and eight (10") URM wall specimens with a size of
5" x 3" 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 1/2"
and 3/4" were used in the test specimens.

The prism specimens were tested under axial compression normal to the bed joints and the
wall specimens were tested under horizontal incremental cyclic loading along with 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, 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 the increasing 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.
Increasing mortar thickness ductility decreases 22.0% for clay burnt brick and 20.0% for

machine made bricks.
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CHAPTER 1

INTRODUCTION

1.1  General

Masonry has been used as a common construction material worldwide for many centuries.
However, the vulnerability of unreinforced masonry systems was highlighted during past and
recent earthquakes (K.C Voon and J.M Ingham, 2013). Old masonry buildings are integral and
very important part of housing infrastructure in Bangladesh. Old masonry buildings are generally
exposed to a very high seismic risk due to high seismic vulnerability inherent in such buildings.
For simulation of structural behavior of such buildings, performance of embedded joint is
important from the point of view of seismic design. Masonry structures of Bangladesh are mostly
designed only for vertical loads. The structural elements such as walls which were designed for
vertical loads only, have to carry lateral load as well during an earthquake. Important masonry
parameters are compressive strength, flexural strength, shear strength, modulus of elasticity,
creep and thermal expansion etc.

Compressive strength test of masonry prism is to be conducted according to ASTM C1314.
Compressive strength of masonry is dependent on numerous factors such as mortar strength, unit
strength, relative value of units and mortar strength, aspect ratio of the units (ratio of height to
least horizontal dimension), and orientation of the units in relation to the direction of the applied
load. Those factors give indications of the complexity of making an accurate assessment of
masonry strength.

The masonry shear walls are the main seismic load resisting elements in unreinfored masonry
buildings. The in-plane shear resistance and the out-of-plane bending capacity of the walls are
their main lines of defense against earthquake loads. Shear strength of masonry mortar joint is to
be determined in accordance with ASTM C1531. The shear and bending capacities of brick walls
are dependent on the ability of the horizontal mortar joints (bed joints) and the vertical mortar
joints (head joints) to transfer the loads through the brick units; they also depend on the mode of
failure of the wall. A number of investigators have studied the behaviour of the mortar bed joints
and head joints and their effects on the global strength and response of the wall. The prevalent
view of the behaviour of the mortar joint, models the response on a - Columb shear failure
mechanism assigning bond strength and friction for bed joints. In an earlier study, Stafford-



Smith and Carter (1971) questioned this model and proposed that the failure of mortar bed joints
occurs in tension and therefore it may be predicted more rationally by comparing the actual
tensile stresses in the mortar layer with its tensile strength. El-Sakhawy, et-al (2002) also

investigated the behaviour of mortar joints in masonry walls under shear.

1.2 Background of the Study

Masonry construction was very common from the beginning of the civil construction technique
over the whole world. Clay bricks have been employed for at least 10,000 years. They were
made from sun-dried bricks and widely used in Babylon, Egypt, Spain, South American, United
States and elsewhere (Drysdale et al. 1994). Older buildings mostly consist of unreinforced
masonry (URM) walls. The URM elements are constructed from hand-placed units of natural or
manufactured material such as clay-brick etc. and one stacked atop another and jointed to each
other with mortar. The properties of bricks are influenced by the nature of the clays, methods of
molding and the firing. Pure clays are useless for brick making unless they are mixed with a non-
plastic material and this is different for every country or region. As the properties of clays 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 are not established. 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 show low ductility when subjected to seismic excitation. Some historical
performance of unreinforced masonry buildings throughout past earthquakes are shown on
Figure 1.1. A number of 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. Many older URM-buildings lack positive anchorage of the floors
and roof to the URM-walls, which contribute to sudden failure under seismic excitation. The in-
plane failure characterized by a shear crack pattern, where cracks are primarily along the mortar
bed joints; some inclined cracks may also be developed.



(a) Armenia earthquake December 7, 1988 (b) Northridge earthquake January 17, 1994

(c) Bengkulu earthquake —Indonesia (d) Nisqually earthquake February 28, 2001
June 4, 2000

Figure 1.1. Severe damages at URM buildings after an earthquake

The exact crack pattern will, of course, depend on the wall boundary conditions and the aspect
ratio of the URM elements. Seismic actions are bidirectional and the URM can perform in both
in-plane and out-of-plane direction. The in-plane failure characterized by a shear crack pattern,
where cracks are primarily along the mortar bed joints; some inclined cracks may also be

developed.



1.3 Objectives
The objectives of the study is
i.  To determine the compressive strength of masonry prism by prism test.

ii.  To determine the shear strength of masonry by shear test.

iii.  To find out the shear behavior of unreinforced masonry (URM) wall constructed with
clay burnt brick and machine made brick with variables mortar thickness. Mortar
thickness was varied 1/2" and 3/4".

iv.  To develop a relation between compressive strength measured by prism test and shear
strength measured by shear test of clay burnt brick with frog mark and machine made

brick without frog mark.

1.4  Scope of Work

To achieve the objectives mentioned above experimental studies were conducted. Experimental
program consisted of eight prisms for two different types of bricks. Out of eight prisms four
prisms were made of clay burnt brick with two mortar thicknesses 1/2" and 3/4" respectively.
Four prisms were made of machine made bricks with two mortar thicknesses 1/2" and another
two mortar thickness 3/4". Eight (10 inch) URM wall with a size of 5’ x 3" were constructed for
shear test and wall stiffness test. Out of eight URM wall four walls were made of clay burnt
brick and another four walls were made of machine made bricks with two mortar thickness 1/2"

and another two with mortar thickness 3/4". No bond wrench test was done.



15 Organization of the Thesis

This thesis is divided into five chapters. An introduction to the study is presented in Chapter 1. It
includes the research background, objectives and the scope of the study. Chapter 2 presents a
brief review on the literature related to masonry structure, prism test, shear test and stiffness of
masonry structure. Chapter 3 presented the experimental test program where includes material
properties, specimens preparation and experimental setup of masonry walls to be examined.
This chapter presents the step by step construction procedure of specimens and adopted
procedure for testing under cyclic loading in detail. It includes the details of the casting
procedures, test setups, and test instrumentation. Chapter 4 presents the results from the
experimental program of this research. The experimental results and observation for different
loading conditions were also included in this chapter. A summary of the methodology and
conclusions regarding the achievements of this research work were included in Chapter 5, along

with the recommendations for future research.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Masonry units form the main part of masonry structure. Units are produced from clay, concrete
and calcium silicate. All units have broadly similar uses although their properties differ
depending on the raw materials and the method of manufacture. The selection of a particular type
of unit for any given structure is also dependent on strength, durability, adhesion, fire resistance,
thermal properties, acoustic properties and aesthetics. Bricks and blocks are produced in many
formats: solid, perforated, and hollow. The specifications for the sizes of clay brick and machine
made brick are given in BNBC respectively. The standard work sizes for individual clay brick
units are 225 mm length x 105 mm width x 70 mm height and machine made bricks are 250 mm
length x 120 mm width x 75 mm height. Masonry can be regarded as an assemblage of structural
units which are bonded together in a particular pattern by mortar or grout. It is well known as
being strong in compression but weak in tension. Parameters which are most significant when
considering structural masonry design relate to strength and elastic properties; e.g. compressive
strength, flexural strength, shear strength, modulus elasticity, coefficient of friction, creep,
moisture moment and thermal expansion. Tensile strength is generally ignored in masonry.
Compressive strength of masonry is dependent on numerous factors such as mortar strength, unit
strength, relative value of units and mortar strength, aspect ratio of the units (ratio of height to
least horizontal dimension), and orientation of the units in relation to the direction of the applied
load. Those factors give indications of the complexity of making an accurate assessment of
masonry strength.

The main objective of this study is to investigate the behavior and strength of masonry prisms
with the focus on the effect of the loading direction. The findings are incorporated in evaluating
the in-plane strength of masonry infills. The following literature review attempts to summarize
the existing research on behavior and strength of masonry prisms and the in-plane strength of
masonry infills.

This chapter presents review of different studies incorporating the performances of unreinforced
masonry walls. Not much research on unreinforced masonry walls has been conducted in

Bangladesh. Studies have also been undertaken to analyze the response of URM walls due to



gravity loading and lateral loading. This section will briefly summarize previous research

relating to the material components of masonry and in-plane performance of URM walls.

This study also provides a brief review of literature regarding the unreinforced masonry shear

walls. Conventional and high bond strength masonry shear walls are reviewed with particular

focus on their modes of failure. Experimental investigations and numerical modelling strategies

reported in the literature are included. The gaps in the literature with particular reference to high

bond strength, thin layer mortared masonry are also identified and discussed.

2.2
>

Types of Masonry Wall

Cavity Wall: A wall comprising two limbs each built up as single or multi wythe units
and separated by a 50 - 115 mm wide cavity. The limbs are tied together by metal ties or
bonding units for structural integrity.

Curtain Wall: A non load bearing self supporting wall subject to transverse lateral loads,
and laterally supported by vertical or horizontal structural member where necessary.
Faced Wall: A wall in which facing and backing of two different materials are bonded
together to ensure common action under load.

Load Bearing Wall: A wall designed to carry an imposed vertical load in addition to its
own weight, together with any lateral load.

Partition Wall: An interior non load bearing wall, one story or part story in height.

Panel Wall: An exterior non load bearing wall in framed structure, supported at each
story but subject to lateral loads.

Shear Wall: A load bearing wall designed to carry horizontal forces acting in its own
plane with or without vertical imposed loads.

Veneered Wall: A wall in which the facing is attached to the backing but not so bonded

as to result in a common action under load.



2.3 Joints on Masonry Wall
> Bed joints: the mortar joint that is horizontal at the time the masonry units are placed.
» Collar joints: the vertical, longitudinal, mortar or grouted joints.

> Head joints: the mortar joint having a vertical transverse plane.

2.4  Bond of Brick Wall
> Stretcher Bond: The length of the brick its along with the face of the wall.

Figure 2.1 Stretcher Bond

> Header Bond: The width of the bricks are thus along the direction of the wall.

Figure 2.2 Header Bond



» English Bond: It is the most commonly used methods, this bond is considered to be the

strongest. This bond consists of alternate course of stretchers and headers.

Figure 2.3 English Bond

» Flemish Bond :In this type of course is comprised of alternative headers and stretchers

Figure 2.4 Flemish Bond



2.5  Mechanical Properties of Masonry Materials

Masonry is a nonhomogeneous material consisting of bricks and mortar in filled joints. Both
have certain strengths and deformation capabilities. Only a proper balance between the right type
of mortar and the right type of brick can give a good result for bearing walls. The strength value
of brick work is also strongly influenced by the workmanship. This section will discuss the
properties of the brick units, the mortar and their behaviour in masonry walls.

2.5.1 Masonry Units

Currently there are various types of masonry units produced from a variety of raw materials such
as clay, calcium silicate (sand lime brick), stone and concrete and by a variety of production
methods. Regarding its shape, however, clay brick is still produced in a rectangular shape for
easy handling. In this research programme only clay brick material will be investigated. Clay
brick as a building element is made of clay with or without a mixture of other substances, burned
at an adequately high temperature to prevent it from crumbling again when soaked in water.
Bricks can be classified as solid or hollow. Most building codes define a brick as solid if the net
cross-sectional area in every plane parallel to a bearing surface is 75% or more of its gross cross-
sectional are measured in the same plane. The hollow brick is defined if the cores, cells, or

hollow spaces within the total cross-sectional area exceed 25% of the cross section of the unit.

2.5.2 Mortars

Although mortars form only a small proportion of brickwork as a whole, their characteristics
have a big influence on the quality of the brickwork. Batching and mixing are also an essential
factor that has a great influence on both strength and workability of mortars. Mortar is used as a
means of sticking or bonding bricks together and to take up all irregularities in the bricks. To do
this the mortar must be well workable so that all joints are filling completely. There are two
things of importance for the workability, stiffness and plasticity. The stiffness is dependent upon
how much water there is added to the mortar. How much water to add depends on what one is to
use the mortar for, and does not say anything about the quality, but it is a characteristic of the
condition. The plasticity is a term for how easy the mortar can be formed. A binder rich mortar
has a better plasticity than a binder poor mortar. The grading of the aggregate also has a certain

influence on the plasticity, the closer the grading is to the ideal curve the better the plasticity.
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The water content is calculated after the water is added to the dry mortar. The moisture in the
aggregate is not considered in this calculation. The water content in the aggregate was about 20%

by weight.

According to BNBC (1993), Mortar shall consist of a mixture of cementitious material and
aggregates to which sufficient water and approved additives, if any, have been added to achieve
a workable, plastic consistency. Cementitious materials for mortar shall be one or more of the
following: lime, masonry cement, Portland cement and mortar cement. Mortar for masonry
construction other than the installation of ceramic tile shall conform to the requirements of
ASTM C270, Mortar for Unit Masonry.

Curing of mortar cubes : according to ASTM C-270, should be stored as follows : Mortars where
cement is the main binder, cubes must be cured in a relative humidity of 90 % or more and kept
in the moulds for from 48 — 52 hours, in such a manner that the upper surfaces shall be exposed
to the moist air. Different mortar strengths are obtained by changing the aggregate ratio. Mortars,
which only contain lime as a binder normally, have a strength of 0.5 to 1 MPa, cement-lime
mortars strength varies from 1 to 10 MPa and pure cement mortar strengths ranges from 10 to 20
MPa.

Various types of cement can be used for mortar, such as ordinary Portland cement or Masonry
cement. Ordinary Portland cement should conform to ASTM C-150 standard and Masonry
cement should conform to ASTM C-207 standard.

The sand for mortar should be clean, sharp and free from salt and organic contamination (Hendry
et al., 1997). Most natural sand contains a small quantity of silt or clay. A small quantity of silt
improves the workability. Specifications of sand should conform to ASTM C- 144 standard,
prescribe grading limits for the particle size distribution. Mixing water for mortar should be
clean and free from contaminants either dissolved or in suspension. Ordinary water will be

suitable.
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2.5.3 Masonry

Clay-brick material with a relatively heavy specific gravity is capable of resisting axial load
force but is weak in resisting tensile and shear load. In accordance with its character clay brick
becomes a structural element of low ductility. In the event of an earthquake an unreinforced
masonry building often experiences damage so that unreinforced masonry construction is no
longer recommended for buildings in seismic prone regions.

The tensile strength of masonry is very low, in the order of 1.5 to 2 % of its compressive
strength. Normally brickwork strength is strongly correlated to the strength of the mortar. It
mortar strength when the elasticity modulus of brick and mortar are approximately equal appears
that masonry strength may vary between the 1/3 power and the 2/3 power of the of the mortar
strength when the elasticity modulus of brick and mortar are approximately equal (Sahlin, 1971).
Because of specific characteristics of each constituent masonry materials, especially the masonry
unit, it is not easy to predict the mechanical characteristics of a specific masonry construction
type by knowing only the characteristics of its constituent materials, mortar and masonry units. It
is therefore of relevant importance that, for each type of masonry, experiments to correlate the
strength characteristics of constituent materials with the characteristics of masonry are carried

out.

2.6 Behavior of Masonry Prisms

A masonry prism is an assemblage of masonry units and mortar that is constructed to serve as a
test specimen for determining properties of masonry assemblages. In this research, prisms were
constructed by assembling of bricks, one on top of the other, using mortar as the bonding
material.

Masonry has been used primarily as the gravity load bearing material to resist compression. For
example, masonry walls and columns are designed to resist vertical loads. Therefore, the
compressive strength of masonry prisms is the most important property required in the design of
structural masonry. In this case, the compressive forces are applied normal to the bed joint and
thus the masonry compressive strength f,' is obtained by subjecting the masonry prisms in
compression normal to the bed joint in the experimentation. However, there are other masonry
members, such as beams and flexural walls spanning horizontally which rely on the compressive

strength of masonry parallel to bed joints.
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Masonry prism behavior and strength under vertical loading has been a fundamental research
topic for the past six decades and many influential parameters on the prism strength have been
researched in the form of experimentation and numerical modeling. A detailed literature review
is provided in Section 2.6.1. The following gives a basic understanding of the behavior of

masonry prisms. Figure 2.5 shows a schematic diagram of a prism test specimen.

%

AW

Figure 2.5 Schematic diagram of a prism test specimen.
It has been established that the compressive strength of the masonry assemblage differs from the
compressive strength of individual components of the prism. Typical compressive strength of
masonry units is relatively high but the compressive strength of mortar is low. The resulted prism

strength is found to be somewhere in between.

Two types of failure modes are commonly observed for masonry prisms in compression. One is
masonry crushing for weak units and the other is the vertical cracking through either the face-
shell or web of the prism. For the latter mode, the vertical compressive stresses applied are
transferred to the mortar, which results in the mortar expanding laterally. The masonry unit
resists the expansion of the mortar and thus creates lateral confined compressive stresses in the
mortar and lateral tensile stresses in the unit. Due to the low tensile strength of the masonry,
cracking through the flange or web of the units is formed which results in the final failure of the

prism.



2.6.1 Previous Research - Masonry Compressive Strength

Hegemier et al. (1978) investigated the compressive strength of concrete masonry prisms normal
to the bed joint. The authors found that prism strength was primarily a function of the number of
bed joints and not the h/t ratio. Bond pattern was observed to have an effect on 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. A series of stack bonded
prisms with h/d (height-to-least lateral dimension) 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. Results also showed that the
decrease in strength as height increased appeared to be insignificant between the 5- course high
prisms and the 12- course high columns. Boult suggested that careful consideration of the
material properties of the units and grout should be taken into account when assembling the

prisms.

Drysdale and Hamid (1980) studied the failure modes and strength of both the concrete and brick
masonry prisms when subjected to compression applied at designated angles in relation to the

bed joint. Axial compression both parallel and normal to the bed joint was considered as well as
6 of 15° 45° and 75° Regular flat ended concrete blocks, Type S mortar and a medium strength
grout was used for all prisms. Results showed that grout had a maximum contribution for 6 =
15° and no significant contribution for 6 = 75° It was observed that two major failures were
exhibited for both ungrouted and grouted prisms; a shear mode failure along the bed or head joint
and a tensile failure of the prism. For 6 =15°, large shear stresses and small normal stresses were
developed along the bed joint resulting into a shear-slip failure. For 6 =75 ©°, high shear stresses
and low normal stresses along the head joint resulted in a shear-tension failure. For 6 = 45° a
mixed shear-tension mode of failures was developed since shear and normal stresses were

balanced along the bed and head joints. The maximum prism strength was achieved when prisms

were compressed at an angle normal to the bed joint. The authors underlined the importance of
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considering the effects of the stress orientation along the bed joint when determining the strength

of masonry in design.

Brown and Whitlock (1982) showed that high strength grout and mortar, high tensile strength
brick and low brick coring percentage are several factors that increased prism strength. For most
prisms tested, it was found that the simple superposition of the strength of grouted core and the
hollow brick prisms overestimates the strength and the contribution from the grout.

Lee et al. (1984) tested 82 grouted and ungrouted concrete masonry prisms under compression
both parallel and perpendicular to the bed joints. The effects of several parameters on the
compressive strength in the two different loading orientations considered were the mortar and
grout strength, and head mortar joint detail. The authors noted that for prisms loaded parallel to
the bed joint, the head joint had a significant effect on the behavior of the prism and was
recommended that the head joints be completely filled. The mortar strength was found to be an
important parameter in affecting the strength of prisms loaded parallel to the bed joint; a
maximum increase in prism strength of 52% is noted with the use of a stronger mortar. A

significant increase in grout strength is found to have a small effect on prism strength.

Wong and Drysdale (1985) tested prisms made from hollow, solid and grouted concrete block
units subjected to compression both normal and parallel to the bed joint. Prisms of 2 to 5 courses
high were tested for both hollow and grouted concrete block units. Two types of blocks were
used to build the prisms, a 190 mm two-cell stretcher unit and a solid 190 mm block. Type S
mortar and a medium strength grout were used in all prisms. The authors found that the
compression parallel to the bed joint is 25% lower than the compression normal to the bed joint.
In addition, they confirmed that grouted and solid prisms exhibited 35% lower strength than
hollow prisms and this is valid for both loading directions. Wong and Drysdale recommended
that design standards should take into account the properties of the prisms for all directions of
compression forces and treat the prisms separately.

Using experimental and numerical modeling Guo (1991) assessed various parameters and their

influence on the mechanical properties of masonry units and assemblages under several loading
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conditions. Guo found that prism strength is higher for prisms subjected to compression normal
to the bed joint than parallel to the bed joint. Furthermore, the cracking load was also lower for
compression parallel to the bed joint. For compression normal to the bed joint, typical prisms
were laid in running bond with face shell mortar bedding using hollow concrete block units and
type S mortar. For compression parallel to the bed joint, the author does not state whether or not
the cross-sectional area was based on full or face shell mortar bedding, but indicates that ultimate
strength calculation was based on minimum cross-sectional area. Guo noted that for compression
parallel to the bed joint, the bed joint thickness is not a controlling factor affecting prism strength
but the head joint thickness is. It was found that unit strength has a larger effect on prism
strength when compression is parallel to the bed joint than normal to the bed joint. Increasing
block strength from normal to strong increases the prism strength by 22% and 35% for

compression normal and parallel to the bed joint, respectively.

Khalaf (1997) investigated the strength and behavior of grouted and ungrouted prisms and blocks
when subjected to compression both normal and parallel to the bed joint. The author found that
increasing mortar strength increased prism strength in both direction of loading. However, the
effect of increasing mortar strength on prism strength was not significant for prisms compressed
parallel to the bed joint. It was observed an increase in grout strength leads to an increase in
compressive strength for prisms compressed normal to the bed joint; whereas prisms compressed
parallel to the bed joint exhibited a decrease in strength for high strength grout. Khalaf (1997)
found that strength of grouted block work masonry compressed parallel to the bed joint was in

the range of 16-42% less than that when compressed normal to the bed face.

Bennett et al. (1997) conducted tests on 23 structural clay tile prisms subjected to axial
compression. The force was applied at an angle 6 of 0°, 22.5°,45°, 67.5 °and 90 ° with the bed
joint. Mortar strength was observed to have little effect on prism strength. Prisms strength when

loaded normal to the bed joint was estimated to be three-tenth the unit tile strength. Prisms
loaded at 6 = 0° normal to the bed joint, showed maximum prism strength, while prisms loaded
at 6 =67.5° showed minimum strength.

Haach et al. (2010) investigated the compressive strength of concrete block masonry when

subjected to uniaxial compression loads. When the specimens were loaded in compression
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parallel to the bed joints, cracking along the mortar-block interface was observed due to the
tensile stresses that are developed normal to the bed joint. The authors noted that the
compressive strength parallel to the bed joint is about 55% of the compressive strength normal to
the bed joint.

Drysdale and Hamid (1979) performed 146 axial compression tests on concrete block masonry
prisms and established that a 3-course block prism is preferred to 2-course high block to
represent the behavior close to a real wall. It was found that Type N mortar, which has lower
strength than Type S mortar, only resulted in a 10% decrease in prism strength and a large

increase in grout strength resulted in a relatively small increase in prism capacity.

Soon (2011) tested concrete masonry block prism subjected to loading either normal or parallel
to the bed joint. Type S mortar was used and prisms where either grouted, partially grouted or
fully grouted. When loaded parallel to the bed joint, hollow square prisms showed higher
compressive strength than fully grouted square prisms. The compressive strength of the prisms
when loaded normal to the bed joint was found to be approximately 50% higher than prisms

loaded parallel to the bed joint.

2.6.2 Code Guide Lines

In Canada, the design of masonry structures is governed by CSA S304.1-04 (2004) and the
masonry material testing methods and specifications are covered in various CSA standards. In
the United States, the Masonry Structures Joint Committee (MSJC) is responsible for design
provisions of masonry structures and the material testing methods and specifications are
specified in various ASTM standards. CSA S304.1 provides requirements and procedures for
determining the compressive strength of masonry prisms. These test methods are similar in many
respects to corresponding ASTM standards (ASTM C1314, C1072 2011). In addition, ASTM
E519 (2010) describes the test requirements to determine the tensile strength of masonry when
loaded in diagonal compression. BNBC (1993) describes the test requirements to determine the

prism compressive strength in article 4.3.3.1 and shear strength in article 4.3.5.
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Strength of mortar and grout for engineered masonry shall be determined in accordance with the
requirements of CSA A179 (2004). ASTM C270 and ASTM C476 provide similar requirements
and proportioning procedures for both mortar and grout respectively.

The prism compressive strength is calculated by dividing the failure load at the 28-day age by the
effective cross-sectional area, A.. Both CSA S304.1-04 and ASTM C1314 specify a correction
factor for specified f,' to account for the height-to-thickness ratios, h/t, of prisms. These factors
are considered to be conservative values for most prisms. The CSA S304.1-04 recommends the
use of prisms with height-to-thickness ratio close to 5. For other values of ratio, correction
factors which are less than unity are used. In ASTM C1314 (2011), the specified correction
factors are different from CSA values and they are for a general masonry prism without stating

type of masonry unit or the grouting condition.

The CSA S304.1-04 (2004) specifies a factor x to be used in combination with f,,' to account for
the effect of loading direction on the compressive stress. When the compressive forces are
applied parallel to the bed joint and the grout is not horizontally continuous in the zone of
compression, the factor y is to be 0.5. When the compressive forces are applied parallel to the
bed joint and the grout is horizontally continuous in the zone of compression, the factor y is
considered to be 0.7. The factor y is considered to be unity when the compressive forces are

applied normal to bed joint.
2.7  Masonry Shear Strength

The shear bond strength in masonry is the force in shear required to “separate the units from the
mortar and each other”. This is as shown in Figure 2.2 below
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Figure 2.6 Diagrammatical explanation of the shear bond strength in masonry

The shear bond strength in masonry is the bond strength between the brick mortar interface.

The “Shear strength at the interface comes from friction due the asperities between the surface of
mortar layer and the surface of the brick unit, and the chemical bond between mortar and brick
units. Normal compression perpendicular to the interface further increases its shear strength
because the asperities cannot easily slide over one another”. (Mosalam, 2009) “The bond
development in masonry is due to mechanical interlocking of hydrated cement-products into the
pores of the brick”. (Reddy, 2008).

According to (Mosalam, 2009) this phenomenon can be represented by the Mohr-Coulomb

Criterion as stated in equation below
Tu = To + l"l’ Gn

Where:
> 1, -is the average stress
> 1, - is the initial stress without any pre-compression applied
> w—is the friction coefficient between the interfaces
> op- is the applied pre-compression, i.e. the vertical load applied to the specimen before

testing

According to (Riddington, 1994) the linear relationship of shear stress to normal stress (pre-

compression) is valid up to approximately 2 N/mm2 of applied pre-compression, i.e. above 2
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N/mm2 the Mohr Coulomb Criterion is no longer valid. “The bond between brick and mortar is
derived from penetration of the mortar and hydration products, such as calcium silicate hydrates
CSH, into the brick surface voids and pores” (Lawrence, 1987)

2.7.1 Why the Shear Bond Strength is Important

According to (Maheri, 2011) the shear strength in masonry is very important as it is the principle
resisting force to seismic loads.

The shear bond strength is important as the strength of the masonry bricks is generally greater
than that of the mortar so failure generally occurs at the joint. (Maheri, 2011 & Mosalam, 2009).

2.7.2 Applied Loads that Cause Shear Bond Failure
Wind loads

Seismic loads

Normal loads

Settlement of the foundations

Impact loads

YV V. V V V V

Lateral earth pressures

An example of shear bond failure caused by foundation settlement is shown in the Figure 2.3

l \

below.

KON VAN

Figure 2.7 Shear bond failure caused by foundation settlement

An example of shear bond failure caused by wind or normal loading is shown in figure 2.4
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Figure 2.8 Shear bond failure caused by applied loads

2.7.3 Factors Affecting the Shear Bond Strength in Masonry
The shear bond strength in masonry is related to the bond strength in masonry. Greater the bond
strength the greater the initial shear strength (t0).The bond strength can be” affected by the
» Mortar Strength
Mortar Shrinkage
Brick Strength
Joint Thickness
Interface Morphology
and Chemical Bond (Zhu, 1997)

YV V V V V

2.8  Failure Modes of URM Walls

Masonry is a non-homogeneous and anisotropic composite structural material, consisting of
masonry units and mortar. The behavior of masonry is complex. The accurate prediction of
lateral load capacity of URM walls is difficult because of the complex brick block-mortar
interaction behavior. The masonry units can be stone, calcium silicate, clay or concrete. This
research program deals with clay units. The main in-plane failure mechanisms of URM walls

subjected to earthquake actions are summarized as following:
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» Sliding mode: In the case of low vertical loads or low friction coefficient, which may be
due to poor quality mortar, horizontal cracks in the bed joints will form. These cracks can

form a sliding plane extending along the wall length as shown in Figure 2.5(a).

» Shear failure: This takes place when the principal tensile stresses, developed in the wall
under the combination of the horizontal and vertical loads, exceed the tensile resistance
of masonry materials. Just before the attainment of maximum lateral load, diagonal
cracks are developed in the wall. These cracks as shown in Figure 2.5(b) are stair stepped
“strong bricks and 2 weak mortars”. They pass through the bricks in case of “weak bricks

and strong mortars”. For high axial load explosive failure may happen.
» Flexural (rocking) mode: In case of high moment/shear ratio or improved shear
resistance, crushing of the compressed zones at the edge of the wall may happen. Failure

is obtained by overturning of the wall as shown in Figure 2.5(c).

H/L<<1.0

(@) Sliding Shear Failure
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H/L<1.0 H/L>1.0

(b) Diagonal Shear Failure (c) Flexural / Rocking Failure

Figure 2.9 Modes of failure of unreinforced masonry shear walls

2.9 Factors Effecting Shear Wall Response
An unreinforced conventional masonry shear wall can initiate failure due to flexural uplift at heel
or principal tensile cracking along the diagonal or sliding along the bottom courses depending on
the aspect ratio (H/L), pre-compression (cpc ) and the ratio of the bond strength to compressive
strength of masonry. Crushing at toe or loaded corner defines ultimate stage of failure, but other
stability criterion might take precedence over the crushing failure. Conventional masonry shear
walls exhibiting low tensile and shear bond strengths typically fail through mortar joint or unit-
mortar interface. There are three main factors that can influence the failure modes.

a. Aspect Ratio (H/L), in which H and L are height and length of wall

b. Pre-compression (cpc)

c. Material properties — in particular relative strengths of interfacing bond and unit

compressive strengths; stiffness properties of joint and units also have some effect.

2.9.1 Influence of Aspect Ratio (H/L)

The ratio of wall height to its length is defined as the aspect ratio (H/L). Brunner and Shing
(1996) have reported that the in-plane shear capacity of masonry shear wall that fails due to
diagonal cracking is higher than those walls that fail due flexure (uplifting of heel followed by
toe crushing). Failure modes of masonry shear wall are affected by the aspect ratio (H/L) to a
large extent. For example a tall wall (H >> L) tends to fail in flexure whilst a short wall (H << L)
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tends to fail due to diagonal cracking (induced by the principal tension perpendicular to diagonal
strut).

Shear failure, whether base sliding Figure 2.5a or diagonal cracking Figure 2.5b, is common in
masonry walls where the aspect ratio (H/L) is less than one (height is less than the length of
wall). Tensile uplift at heel and crushing at toe is common when aspect ratio of wall is greater
than one, as shown in Figure 2.5¢ (Shing et al. 1989, Davidson and Brammer 1996, Haider 2007,
Dhanasekar and Haider 2008, Haach et al. 2011).

A numerical study performed on unreinforced masonry shear walls by Haach et al. (2011) has
shown that increase of aspect ratio from 0.64 to 2.33 (or, 3.6 fold) would cause nine fold
reduction of the in-plane shear capacity when the pre-compression pressure (opc ) IS kept
constant. This change in aspect ratio also changes the failure mode from diagonal to flexural.

For high bond strength masonry shear walls, in regards to aspect ratio, there are limited data
available.

2.9.2 Influence of Pre-compression (o)

Pre-compression (cpc ) is another important factor that influences the failure mode of masonry
shear wall and hence the in-plane shear capacity. It is reported that the precompression can
change the mode of failure from flexural to diagonal shear for a square wall and correspondingly
increase its shear capacity (Fattal 1993, Ghanem et al. 1993, Alcocer and Meli 1995, Haach et al.
2011). A change in pre-compression from 0.05 fn' to 0.1 fn' can cause an increase in in-plane
shear capacity by 80% (Ghanem et al. 1993). Voon and Ingham (2006) reported that an increase
in pre-compression from 0.02 f»' MPa to 0.05 fn' MPa on conventional masonry square walls can
increase shear capacity of the wall by 13% and 22%.

Haach et al. (2011) reported that an increase in pre-compression (cpc ) up to 0.40 fn' increases the
in-plane shear capacity of the wall and changes the failure mode from flexural rocking to
diagonal shear cracking for square walls. Further increase in precompression can reduce the in-

plane shear capacity causing compression failure.
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Pre-compression (Gpc)

In Plane Shear (Py)

Figure 2.10 Masonry shear walls

Da Porto (2005) has performed studies on high bond strength masonry shear walls under high
pre-compression (> 0.17 fn"). For high bond strength masonry shear walls of aspect ratio (H/L)
equal to one, the increase in pre-compression from 0.17 fn' to 0.33 fn' has shown to increase the
in-plane shear capacity by 1.45 times. Furthermore, the failure occurred through the blocks more
prominently than limited to the joints, therefore, high bond strength mortared masonry walls with
pre-compression almost could eliminate the delamination type joint failure. The effect of pre-
compression requires further investigate for high bond strength masonry shear walls in particular
pre-compression lower than 0.17 fn' for a reliable design information; this research focuses on

low pre-compression.

2.9.3 Influence of Material Properties

Material property is another important parameter which affects the in-plane shear strength of
masonry walls. The important material properties which affect the response of shear walls are the
properties of masonry units and the unit-mortar adhesion and friction. Riddington and Noam
(1994) have reported that tensile strength of masonry unit can increase the ultimate shear
capacity of the wall. Zhuge (1998) has reported that the tensile and shear bond strengths of
masonry have more influence when precompression is low. The strength properties of mortar has
limited effect on shear capacity of the wall but mortar workability and block surface roughness
can affect the tensile and the shear bond strengths, hence, the failure mode and the in-plane shear
capacity (Riddington and Naom 1994, Hansen et al. 1998, Thamboo 2014). Dhanasekar (1985)
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has reported that the increase in tensile and shear bond strength can increase in shear capacity of

masonry walls while the compressive strength has relatively low influence.

2.10 Previous Research - Masonry Shear Strength

(Reddy, 2008), investigated the relationship between the shear bond strength and the
compressive bond strength. In order to make this comparison for a certain masonry block and
mortar mix without altering their respective compositions (Reddy, 2008) altered the texture of
their masonry block specimens to increase the shear bond strength. “Brick—mortar bond
development is generally attributed to the mechanical interlocking of cement hydration products
into the surface pores of the bricks”, (Reddy, 2008) Therefore a rougher surface texture will give
greater bond strength than a smooth surface due to the increase in size of surface pores. The
results of the shear tests indicated that there was an increase of up to four times in shear strength
comparing the specimens with a smoother surface texture to the ones with the rougher surface
texture the range of results which they had achieved ranged from 0.21 MPa to 0.83 MPa. (Reddy,
2008) 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.

Waon-Ho et al. (2004) constructed and tested seven unreinforced masonry wall specimens to
study the shear behavior and capacity. From the investigation of test results it shows that, most
test walls show the primary influence by rocking mode. Because of the load concentration in toe
portion due to the rotation of the wall body, the crushing occurred at the toe portion. In 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 square root pattern. The relationship between shear
stress and aspect ratio shows the linear pattern. Shear stress and cross sectional area are not
proportional. The proposed rocking strength/actual strength ratio of 1.03, and coefficient of
correlation R 0.9889 are proved to be more appropriately than FEMA 273 rocking strength

formulas.

Churilov and Dumova-Jovanoska (2010) carried out experimental investigation of the behaviour

of in-plane loaded unreinforced masonry panels. This study demonstrates the behaviour of
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unstrengthened URM walls under cyclic loads, shows damage propagation and failure
mechanisms, horizontal load-displacement hysteresis behaviour and diagrams, identification of
the characteristic limit states, stiffness degradation and energy dissipation. Furthermore, the
investigations will be enlarged with experimental testing of strengthened masonry panels with

RC jacketing to compare with the behaviour of plain masonry walls.

Dowling et al. (2007) constructed and tested triplet unit characteristics both horizontal stack and
running bond patterns. A modified soil mechanics shear box testing apparatus was used in the
experiment. The horizontal application of load to the triplet unit is considered to more accurately
represent the load distribution in actual wall units, and the slight increase in normal load is
considered to be insignificant. The load was applied with a horizontal hydraulic jack at a
constant rate of loading (1.2 mm/min) such that failure of the joint occurred between 45 seconds
and 3 minutes after initial loading.

The shear strength of the horizontal stack (HS) specimens was generally slightly higher than the
running bond (RB) specimens. This can be attributed to two main reasons firstly, the RB units
possessed an additional plane of weakness in the vertical joint (crushing was evident in most RB
specimens); and secondly, the RB specimen construction was more complex and difficult,
resulting in less uniformity in triplet units. Comprehensive testing of conventional masonry with
varying pre-compressive loads show monotonically increasing linear relationship between the
applied pre-compressive stress and the average shear stress at failure. The results for horizontal
stack (HS) units with 20 kPa pre-compression were unexpectedly higher than HS units with 30
kPa.

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.

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. Simplified relationships
are developed to relate the mortar strength, mortar types and mix proportion with the masonry
basic mechanical properties. The study provided tools essential within the context of assessment
and design verification of masonry walls subjected to lateral loads. The relationships mortar type

and mix proportion to masonry bond strength and friction coefficient are first of its kind and of a
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great importance for practical applications. From the study they found, masonry bond strength,
compression strength, diagonal tension strength and elastic modulus decreases with increasing
the relatively proportion of sand and khaka constituent in mortar.

Masonry friction coefficient increases with increasing the relatively proportion of sand and
khaka constituent in mortar for CS and CSK mortar type whereas it decreases with increasing the
relatively proportion of khaka constituent in mortar for CK mortar type.

The relationship between shear modulus and young modulus as specified by the Code appears to
provide an over-conservative estimate for shear modulus for the considered masonry type.

The research study revealed that mortars with khaka either alone as the fine aggregate or in
combination with sand, provide relatively high shear strength or stiffness as compared to mortars
with only sand as fine aggregate. The positive aspects of use of khaka as a masonry constituent
are the good mechanical characteristics besides being economical and more workable in

construction work

Voon and Ingham investigated the effects of shear reinforcement, axial compression load, type
of grouting, and wall aspect ratio on masonry shear strength. 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. However,
the post-cracking deformation capacities were observed to reduce with increasing axial load.
This was because of the increasing brittleness of this failure type as the axial compression stress
increased. It was observed that shear reinforcement not only provided additional shear resistance,
but also improved the postcracking performance of the masonry walls when shear reinforcement
was uniformly distributed up the height of the walls. The provision of closely spaced shear
reinforcement enabled the distribution of stresses throughout the wall diagonals after the
initiation of shear cracking. Accordingly, the initial diagonal cracks did not widen significantly
under increasing lateral displacements, but instead new sets of diagonal cracks formed and
gradually spread over the wall diagonals, accompanied by higher energy dissipation and more
ductile behavior. The test results also demonstrated that partial grouting significantly reduced
masonry shear strength. However, the effect of grouting became less significant when net shear

stress was calculated accounting for the cross-sectional area of both the masonry units and
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grouted cells. In addition, the test results indicated that masonry shear strength decreased

inversely in relation to the He /L ratio.

Maheri et al. (2008) carried out a number of tests on half-scale of brick wall panels, having
different material properties, with head joints and without head joints are presented. The walls
are subjected to in-plane, as well as out-of-plane pushover loads to failure and their load
displacement curves are established. It is 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. Omitting the head joints also substantially reduces the out-of-plane yield strength
and stiffness of the wall. Post the yield point, this omission has a reduced effect on the stiffness
and the ultimate strength. In walls without head joints, the bed joints dominate the response of
the wall to out-of-plane bending. Lack of mortar in head joints, causes a change in the
performance of a wall subjected to biaxial bending from a relatively brittle response, to a largely

ductile behaviour.

Maheri and Sherafati (1998) collected from field tests on brick walls of over 400 unreinforced
brick buildings, situated in different parts of Iran, are comparatively analyzed to derive at
quantitative results regarding the main factors affecting their shear strength. Some of the most
important factors investigated include; type of brick units, type of mortar, date of construction
and the environmental condition of the location of the building, including humidity and
temperature. The results show 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 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. The type of bricks
used in construction of the wall has a marked influence on the shear strength of that wall; the
walls constructed using the manufactured, perforated brick units exhibiting much larger strength
than the traditional solid brick units. This is not necessarily related to the strength weakness of
the latter, but to the higher chemical and mechanical brick mortar bond strength achievable using

the former type.
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Schlegel (2004) numerically evaluated the effects of the head joints on the failure pattern of
stone masonry. According to them, due to shrinkage of the head joints and the subsequent loss of
bond between the stone and mortar, their contribution to the shear transfer is far less than the bed

joints.

Maheri et al (2000) conducted experiments to determine the state of brick units’ moisture content
on the shear capacity of brick walls. They found that the in-plane shear capacity of brick walls
are 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. Dry bricks and low consistency of mortar paste invariably result in a weak bond between
the two and, as a result, a weak wall. In their study, Maheri et al also investigated the post-
construction effects of moisture on the strength properties of brickwork and shear strength of
brick walls. They cured the brickwork specimens and the brick wall test samples for a period of
28 days in a similar fashion to curing of concrete. Their test results showed that moisture curing
of brickwork can enhance bond strength, mortar strength and, consequently, the shear and
flexural strengths of masonry walls by around 50%. They recommended that such practice be
applied to new constructions and highlighted the fact that the benefits of this practice in dry
regions would naturally be higher than those in the wet regions. They also pointed out that; as in
dry regions the air humidity and the moisture content of dry bricks are naturally low, different
strength properties of brickwork are much lower than those of the brickwork in wet regions, and
therefore, the empirical strength and seismic property relations and constitutive laws developed
for brick masonry and enforced by codes of practice throughout the world may not be applicable
in dry regions as they are generally based on tests results carried out in wet regions.
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CHAPTER 3

EXPERIMENTAL PROGRAMME

3.1 General

The existence of a masonry structure depends not only on the form of the structure but ultimately
on the properties of individual units and jointing material. It is therefore, necessary to determine
the characteristics of the materials involved before considering the structural behaviour of the
material in a structural element. The properties of brick work are influenced by variables such as
type and physical properties of bricks, type of mortar, physical properties of the sand and lime
used for the mortar, state of the bricks before laying, curing, workmanship etc. In order to keep
the scope of this investigation within reasonable limits, the materials used were kept constant,
and the properties of the component masonry materials are documented in this chapter.

This chapter presents material properties and the experimental program of this research
consisting of sample preparation of one third scale models of masonry wall. The chapter
describes the method of the research work, design specification, casting, curing and coloring.
There is no general agreement on the shear behaviour, prism strength and wall stiffness of
masonry wall. Beside these, there are very few experimental investigations on masonry wall. In
this study shear test, prism compressive strength test and wall stiffness test have been carried out
to correlate this parameter that is necessary for masonry structure design.

3.2 Material Properties

3.2.1 Compressive Strength of Machine Made Bricks

The compressive strength of machine made bricks quoted in Table 3.1 was evaluated using the
standard code procedure. This involved loading the brick in compression with the brick located
between the testing machine platens in the same manner as in a wall. It is recommended that

average brick strengths will be used for design.
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Table 3.1 Compressive Strength of Machine Made Bricks

) ) Compressive Compressive
Brick Type Length (mm) Width (mm) ) )
Strength, Mpa (psi) | Strength, Mpa (psi)
22.88 (3318)
Machine
) 250 120 29.61 (4293) 27.63 (4006)
Made Bricks
30.40 (4408)

3.2.2 Compressive Strength of Clay Burnt Bricks

The compressive strength of machine made bricks quoted in Table 3.2 was evaluated using the
standard code procedure. This involved loading the brick in compression with the brick located
between the testing machine platens in the same manner as in a wall. It is recommended that

average brick strengths will be used for design.

Table 3.2 Compressive Strength of Clay Burnt Bricks

) ) Compressive Compressive
Brick Type Length (mm) Width (mm) ) )
Strength, Mpa (psi) | Strength, Mpa (psi)
24.11 (3496)
Clay Burnt
) 230 105 25.54 (3704) 25.27 (3664)
Bricks
26.15 (3792)

3.2.3 Properties of Sand

Sand is a naturally occurring granular material composed of finely divided rock and mineral
particles. It is defined by size, being finer than gravel and coarser than silt. Sand can also refer to
a textural class of soil or soil type; i.e. a soil containing more than 85% sand-sized particles (by
mass).Physical and chemical properties of the sand influence the strength and durability of
concrete. Local sand has been used for masonry wall constructions.. Figure 3.1 shows the

gradation curve,
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3.2.4 Properties of Coarse Aggregate

Construction aggregate, or simply "aggregate”, is a broad category of coarse particulate material
used in construction, including sand, gravel, crushed stone, slag, recycled concrete and
geosynthetic aggregates. Aggregates are the most mined materials in the world. Strength and

durability of concrete depend on the type, quality and size of the aggregates. The gradation curve

are shown in figure 3.2

Figure: 3.1 Grain Size Analysis of Sand
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Figure: 3.2 Grain Size Analysis of Coarse Aggregate
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3.2.5 Cement
Cement is a binder, a substance that sets and hardens and can bind other materials together. The
most important uses of cement are as a component in the production of mortar in masonry, and

of concrete, a combination of cement and an aggregate to form a strong building material.

3.2.6 Properties of Mortar

The average mortar compressive strength shall be determined by cube test of mortar. A mortar
mix of 1:3 (cement: sand) was used throughout this investigation.

Cement: Ordinary Portland cement

Sand: Finely graded sand suitable for scaled mortar joints.

The dimensions and compressive strength of the mortar in different days are given in Table 3.3

Table: 3.3 Compressive Strength of Mortar (7-days)

Block Area Average Load | Stress, (Mpa) | Stress, (Mpa)
Mortar Type ) Load (kN) ) )
(mm°) (kN) (psi) (psi)
7-days 32.23
Strength 2500 33.74 33.54 13.41(1945)
(Set-1) 34.64
13.01(1887)
7-days 31.62
Strength 2500 29.41 31.54 12.62(1829)
(Set-2) 33.59

Table: 3.4 Compressive Strength of Mortar (14-days)

Block Area Average Load | Stress, (Mpa) | Stress, (Mpa)
Mortar Type ) Load (kN) ) )
(mm°) (kN) (psi) (psi)
14-days 42.74
Strength 2500 41.00 41.17 16.41 (2388)
(Set-1) 39.77
15.99 (2318)
14-days 38.94
Strength 2500 39.32 38.78 15.51(2249)
(Set-2) 38.06
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Table: 3.5 Compressive Strength of Mortar (28-days)

Block Area Average Load | Stress, (Mpa) | Stress, (Mpa)
Mortar Type ) Load (kN) ) )
(mm°) (kN) (psi) (psi)
28-days 42.48
Strength 2500 42.13 42.99 17.20 (2493)
(Set-1) 44.36
17.05(2472)
28-days 43.57
Strength 2500 42.43 42.27 16.91 (2452)
(Set-2) 40.82

3.3 Specimen preparation

Eight specimens of different bricks and mortar thickness were prepared for research purposes.

3.3.1 Scaffolding Preparation

Timber as well as plywood was used to make this formwork. Formwork is used to support and

control the shape of fresh concrete. The formwork must be capable of handling all of the loads

imposed on it through the weight and pressure of the concrete as well as any other loads imposed

by personnel, materials, equipment, or environmental loads. It must also support the concrete

structure until the concrete has gained enough strength to support itself and all imposed loads.

Good formwork should satisfy the following requirements:

a. It should be strong enough to withstand all types of dead and live loads.

b. It should be rigidly constructed and efficiently propped and braced both horizontally and

vertically, so as to retain its shape.

c. The joints in the formwork should be water-tight against leakage of cement grout.

d. The material of the formwork should be cheap, easily available and should be suitable for

reuse.

e. The formwork should be set accurately to the desired line and levels. It should have plane

surface.

f. Erection of formwork should permit removal of various parts in desired sequences

without damage to the concrete.

g. Itshould be as light as possible.
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h. The material of the formwork should not warp or get distorted when exposed to the
elements.
I. It should rest on firm base.
Eight wood formworks were prepared for construction of masonry wall on slab. Four formworks
were prepared for clay burnt brick wall and four formworks were prepared for machine made

brick wall.

3.3.2 Reinforcement Placement on Formwork

Reinforcement is the most vital factor in this research purposes, so great importance and
carefulness was given for preparation of reinforcement. The reinforcement 12 mm ® bars were
used as main reinforcement of slab. 8 mm ® bars @ 4” C/C were used as perpendicular to the

main reinforcement.

Figure 3.3 Reinforcement Placement on formwork

36



3.3.3 Casting

After proper placement of reinforcement over the formwork fresh concrete was poured over it. In
the slab 19 mm down grade brick chips were used as coarse aggregate and sylhet sand, 1:3 in
proportion were used in concrete mix. The mixing ratio of concrete was kept 1:2:3 (by weight)
having the water-cement ratio of 0.46 in order to obtain more concrete strength. A limited
quantity of fresh concrete placed over the formwork and a vibrator machine was used to vibrate
so that no air void existed at the concrete. A number of small mortar blocks were used on the
inner base and on two sides of the formwork to maintain the clear cover and tamping rod was
used for proper compaction. Compacted form of hardened concrete was gained for this effort.
Figure 3.4 and 3.5 represent proper vibration of concrete and fresh concrete at formwork
respectively.

Figure 3.4: Compaction of Fresh Concrete Figure 3.5 Casted Specimens with Formwork

into Formwork using Vibrator

3.3.4 Curing

Curing supplies required hydration and has significant influence to complete the reaction of
cement. Thus, water curing method was applied after final setting of cement. Formwork
attachment remained for 28 days curing period as it prevents the evaporation of the existing
moisture of concrete. After casting several techniques such as pouring, spraying water, thick jute
cloths and rice straw were adopted for the curing purpose. Figure 3.6 represent curing of sample.
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Figure 3.6 Curing of Sample

3.3.5 Construction of Test Specimen (Masonry Wall)

There are eight masonry walls specimens are constructed for test. Four Masonry walls are
constructed by clay burnt brick with two mortar thickness 1/2" and another two mortar thickness
3/4". And also another four masonry walls are constructed by machine made brick with two
mortar thicknesses 1/2" and 3/4".

a. Construction of machine made brick b. Construction of machine made brick

wall with 1/2" mortar thickness wall with 3/4" mortar thickness

38



C. Construction of clay burnt brick wall d. Construction of clay burnt brick wall
with 1/2" mortar thickness with 3/4" mortar thickness

Figure: 3.7 Construction of Brick wall Specimens

3.3.6 Construction of Test Specimen (Masonry Prism)

There are eight masonry prisms are constructed for test. Four masonry prisms are constructed by
clay burnt brick two with mortar thickness 1/2" and two with mortar thickness 3/4". Another four
masonry prisms are constructed by machine made brick two with mortar thickness 1/2" and
another two with mortar thickness 3/4".

a. Construction of machine made prism with b. Construction of machine made prism
mortar thickness 1/2". with mortar thickness 3/4".
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c. Construction of clay burnt brick prism with d. Construction of clay burnt brick
mortar thickness 1/2". with mortar thickness 3/4".

Figure 3.8 Construction of Masonry Prisms

3.4 Prism Test Setup
After 28 days of casting of prism, the compressive strength of prisms was determined by

compressive loading.

a. Clay burnt brick prism (C) with mortar b. Clay burnt brick prism (C1) with
mortar thickness 1/2" thickness 1/2"
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c. Clay burnt brick prism (C) with mortar d. Clay burnt brick prism (C1) with mortar
thickness 3/4" thickness 3/4"

e. Machine made brick prism (M) with mortar ~ f. Machine made brick prism (M1) with mortar
thickness 1/2" thickness 1/2"
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g. Machine made brick prism (M) with mortar ~ h. Machine made brick prism (M1) with
thickness 3/4" mortar thickness 3/4"

Figure: 3.9 Test setup of Masonry Prisms

3.5 Experimental Shear Test Setup

There are four types, eight masonry walls constructed for shear test. Shear test was done with 5"
wall. Shear test in two walls C-1/2 and C1-1/2, i.e Clay burnt brick wall with mortar thickness
1/2" was performed with three (3) ton vertical loads. Another six (6) walls was performed with 6
ton vertical loads. Out of 6 walls, two made of clay burnt bricks with mortar thickness 3/4"and
other four made of machine made brick with mortar thickness 1/2" and 3/4". Hand grinding

machine, hammer and chisel was used for cutting the wall and setup shear test arrangement.

Figure 3.10 Hand grinding machine Figure 3.11 Hammer and Chisel
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a. Shear test setup of clay burnt brick wall b. Shear test setup of clay burnt brick wall

(C-1/2) with mortar thickness 1/2" (C-1/2) with mortar thickness 1/2"
c. Shear test setup of clay burnt brick wall d. Shear test setup of clay burnt brick wall
(C-3/4) with mortar thickness 3/4" (C1-3/4) with mortar thickness 3/4"
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e. Shear test setup of machine made brick f. Shear test setup of machine made brick wall

wall (M-1/2) with mortar thickness 1/2" (M1-1/2) with mortar thickness 1/2"
g. Shear test setup of machine made brick h. Shear test setup of machine made brick wall
wall (M-3/4) with mortar thickness 3/4" (M1-3/4) with mortar thickness 3/4"

Figure 3.12 Experimental Setup of Shear Test
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3.6 Experimental Setup of wall Stiffness, Testing procedure, Data Acquisition:

The experiments were carried out in concrete laboratory of BUET. 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 Figure 3.13. There are two hydraulic jacks
manually operated to provide axial load on the top of the wall. And also another two hydraulic
jacks leftward and rightward direction to provide lateral load on the wall.

The wall specimens were tested under horizontal incremental cyclic loading along with 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 was applied in 0.5 ton increments in the positive (leftward) and negative
(rightward) direction for every cycle. Whereas 2 ton, 3ton, 4ton, 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 significant loss of capacity. The
loading history applied to the specimens is shown in Table 3.6.

Table 3.6 Applied Loading Histories

Leftward Rightward
Wall Types Cycle Name Loading Unloading Loading Unloading
Condition Condition Condition Condition
(Ton) (Ton) (Ton) (Ton)
C-1/2 Cycle-1 0to2 2t00 0to -2 -2t00
Cycle-lI 0to 3 3t00 0to -3 -3t0 0
Cycle-111 Oto4 4100 Oto-4 -4t00
Cycle-1vV 0to5 5t00 0to-5 -5t00
C1-1/2 Cycle-I Oto2 2t0 0 Oto-2 -2t0 0
Cycle-lI 0to 3 3t00 0to -3 -3t0 0
Cycle-111 Oto4 4100 Oto-4 -4t00
Cycle-1vV 0to5 5t00 0to-5 -5t00
Cycle-V 0to6 6to0 O0to -6 -6t0 0

45




Leftward Rightward
Wall Types Cycle Name Loading Unloading Loading Unloading
Condition Condition Condition Condition
(Ton) (Ton) (Ton) (Ton)
C-3/4 Cycle-1 Oto2 2to0 O0to-2 -2t00
Cycle-Il Oto3 3t00 0to-3 -3t0o0
Cycle-111 Oto4 4t00 Oto-4 -4t00
Cycle-1VvV 0to5 5t00 0to-5 -5t00
Cycle-V Oto7 7t00 O0to-7 -7t00
Cycle-VI 0to9 9t00 0to-9 -9to 0
C1-3/4 Cycle-1 Oto2 2t00 O0to-2 -2t00
Cycle-Il Oto3 3t00 0to-3 -3to0
Cycle-111 Oto4 4t00 Oto-4 -4t00
Cycle-1VvV 0to5 5t00 0to-5 -5t00
Cycle-V Oto7 7t00 O0to-7 -7t00
Cycle-VI 0to 10 10to 0 0to-10 -10t0 0
M-1/2 Cycle-1 Oto2 2t00 O0to-2 -2t00
Cycle-Il Oto3 3t00 0to-3 -3to0
Cycle-111 Oto4 4t00 Oto-4 -4t00
Cycle-1VvV 0to5 5t00 0to-5 -5t00
Cycle-V Oto6 6t00 0to-6 -6t00
M1-1/2 Cycle-1 Oto2 2t00 O0to-2 -2t00
Cycle-Il Oto3 3t00 0to-3 -3to0
Cycle-111 Oto4 4t00 Oto-4 -4t00
Cycle-1VvV 0to5 5t00 0to-5 -5t00
Cycle-V Oto6 6t00 0to-6 -6t00
M-3/4 Cycle-1 Oto2 2to0 O0to-2 -2t00
Cycle-Il Oto3 3t00 0to-3 -3to0
Cycle-111 Oto4 4t00 Oto-4 -4t00
Cycle-1VvV 0to5 5t00 0to-5 -5t00
Cycle-V Oto6 6t00 0to-6 -6t00
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Figure 3.13 Schematic Diagram of Loading Condition During Test

3.6.1 Load Selection

The specimen walls were tested under incremental cyclic loading along with constant axial load
of 6% of prism strength. The wall specimen of clay burnt brick with mortar thickness 1/2" was
tested with 3 ton axial loads. Two wall specimen of clay burnt brick with mortar thickness 3/4"
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 horizontal displacement of the wall for the cycle I, cycle I, cycle 1lI, cycle IV, cycle-
V and cycle VI respectively. The planned load cycle are shown in Table 3.6
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3.6.2 Testing Procedure

Before testing all the specimens were all through white washed to find out the crack and their
absolute location. Precautions were taken to avoid any potential damages during lifting and
transporting of the specimens. The specimens had been lifted by 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 was 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 gauges 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
the unloading of the hydraulic jacks were controlled manually. Figure 3.14 shows the
experimental setup before starting wall stiffness test.

Figure 3.14 Experimental Setup before Starting Test
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CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

4.1 General

This chapter summarizes the qualitative and quantitative experimental results from test
specimens. All eight samples of wall were subjected to constant axial load throughout shear test
and incremental cyclic loading in stiffness test of the wall. Eight prism test specimen were tested
by compressive loading. Dial gauges were used to measure the deflection of the wall. The
qualitative results include photographs of each specimen through the course of testing and
displaying the crack patterns. Load corresponding to displacements and different crack history
were recorded for producing the quantitative results.

4.2 Failure Modes of Prism Test Specimen

4.2.1 Clay Burnt Brick Prism with Mortar Thickness 1/2"

The cracks were marked by permanent black pen and the corresponding loadings were noted.
The first crack initiated in the specimen C-1/2 when the applied load was 84 kN (Stress 3.56
Mpa) and in the specimen C1-1/2 when the applied load was 93 kN (Stress 3.68 Mpa). Then with
the progress of loading the first crack was propagated. The ultimate load capacity of the prism
specimen C-1/2 was 114.9 kN (Stress 4.86 Mpa) and in the prism specimen C1-1/2 was 135.5
kN (Stress 5.36 Mpa). The initial crack pattern and ultimate crack pattern of specimen C-1/2 and
C1-1/2 have shown in Figure 4.1(a & b) and 4.2(a & b)

a. Appearance of first crack of prism C-1/2 b. Ultimate crack of prism C-1/2
Figure 4.1 Failure Pattern of Prism Test Specimen C-1/2
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a. Appearance of first crack of prism C1-1/2 b. Ultimate crack of prism C1-1/2

Figure 4.2 Failure Pattern of Prism Test Specimen C1-1/2

4.2.2 Clay Burnt Brick Prism Test Specimen with Mortar Thickness 3/4"

The cracks were marked by permanent black pen and the corresponding loadings were note. The
first crack initiated in the specimen C-3/4 when the applied load was 77 kN (Stress 3.15 Mpa)
and in the specimen C1-3/4 when the applied load was 74 kN (Stress 3.06 Mpa). Then with the
progress of loading the first crack was propagated. The ultimate load capacity of the prism
specimen C-3/4 was 176.7 KN (Stress 7.24 Mpa) and in the prism specimen C1-3/4 was 180.7
kN (Stress 7.48 Mpa). The initial crack pattern and ultimate crack pattern of specimen C-3/4 and
C1-3/4 have shown in Figure 4.3 (a & b) and 4.4 (a & b). It is observed that, with the increasing
mortar thickness in clay burnt brick with frog mark prism cracking strength and ultimate strength

increases.
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a. Appearance of first crack of prism C-3/4 b. Ultimate crack of prism C-3/4

Figure 4.3 Failure Pattern of Prism Test Specimen C-3/4

a. Appearance of first crack of prism C1-3/4 b. Ultimate crack of prism C1-3/4

Figure 4.4 Failure Pattern of Prism Test Specimen C1-3/4

4.2.3 Machine Made Brick Prism Test Specimen with Mortar Thickness 1/2"

The cracks were marked by permanent black pen and the corresponding loadings were note. The
first crack initiated in the specimen M-1/2 when the applied load was 64 kN (Stress 2.13 Mpa)
and in the specimen M1-1/2 when the applied load was 67 kN (Stress 2.23 Mpa). Then with the
progress of loading the first crack was propagated. The ultimate load capacity of the prism
specimen M-1/2 was 255.3 kN (Stress 8.51 Mpa) and in the prism specimen M1-1/2 was 241.9
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kN (Stress 8.06 Mpa). The initial crack pattern and ultimate crack pattern of specimen M-1/2 and
M1-1/2 have shown in figure 4.5 (a & b) and 4.6 (a & b).

a. Appearance of first crack of prism M-1/2 b. Ultimate crack of prism M-1/2

Figure 4.5 Failure Pattern of Prism Test Specimen M-1/2

a. Appearance of first crack of prism M-1/2 b. Ultimate crack of prism M-1/2

Figure 4.6 Failure Pattern of Prism Test Specimen M1-1/2

4.2.4 Machine Made Brick Prism Test Specimen with Mortar Thickness 3/4"
The cracks were marked by permanent black pen and the corresponding loadings were note. The
first crack initiated the specimen M-3/4 when the applied load was 69 kN (Stress 2.33 Mpa) and
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in the specimen M1-3/4 when the applied load was 67 kN (Stress 2.28 Mpa). Then with the
progress of loading the first crack was propagated. The ultimate load capacity of the prism
specimen M-3/4 was 265.3 kN (Stress 8.95 Mpa) and in the prism specimen M1-3/4 was 249.9
kN (Stress 8.50 Mpa). The initial crack pattern and ultimate crack pattern of specimen M-3/4 and
M1-3/4 have shown in figure 4.7 (a & b) and 4.8 (a & b). It is observed that, with the increasing
mortar thickness in machine made brick without frog mark prism cracking strength and ultimate

strength increases.

a. Appearance of first crack of prism M-3/4 b. Ultimate crack of prism M-3/4

Figure 4.7 Failure Pattern of Prism Test Specimen M-3/4

a. Appearance of first crack of prism M1-3/4 b. Ultimate crack of prism M1-3/4

Figure 4.8 Failure Pattern of Prism Test Specimen M1-3/4
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4.3 Prism Strength

4.3.1 Properties of Machine made brick Prism

Table: 4.1 Compressive Strength of Machine made brick prism 1/2" Mortar thickness

) Cracking | Ultimate Cracking Ultimate
Length | Width | Area
Type ) Load Load Stress, (Mpa), Stress, Mpa
(mm) | (mm) | (mm°) . .
(kN) (kN) (psi) (psi)
Set-1
250 120 30000 64 255.3 2.13 (309) 8.51 (1234)
(M-1/2")
Set-2
250 120 30000 67 241.85 2.23 (324) 8.06 (1169)
(M1-1/2")
Table: 4.2 Compressive Strength of Machine made brick prism 3/4" Mortar thickness
) Cracking | Ultimate Cracking Ultimate
Length | Width | Area
Type ) Load Load Stress, (Mpa), | Stress, (Mpa)
(mm) | (mm) | (mm°) . )
(kN) (kN) (psi) (psi)
Set-1
247 120 29641 69 265.26 2.33 (338) 8.95 (1298)
(M-3/4")
Set-2
245 120 29400 67 249.90 2.28 (330) 8.50 (1233)
(M1-3/4™)
4.3.2 Properties of Clay Burnt Brick Prism
Table: 4.3 Compressive Strength of Clay burnt brick prism 1/2" Mortar thickness
) Cracking | Ultimate Cracking Ultimate
Length | Width | Area
Type ) Load Load Stress, (Mpa), | Stress, (Mpa)
(mm) | (mm) | (mm) . )
(kN) (kN) (psi) (psi)
Set-1
225 105 23625 88 114.91 3.72 (540) 4.86 (705)
(C-1/2")
Set-2
230 110 25300 93 135.50 3.68 533) 5.36 (777)
(C1-1/2™)
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Table: 4.4 Compressive Strength of Clay burnt brick prism 3/4" Mortar thickness

) Cracking | Ultimate Cracking Ultimate
Length | Width | Area
Type ) Load Load Stress, (Mpa), | Stress, (Mpa)
(mm) | (mm) | (mm°) . )
(kN) (kN) (psi) (psi)
Set-1
226 108 24408 77 176.70 3.15 (457) 7.24 (1050)
(C-3/4™)
Set-2
230 105 24150 74 180.70 3.06 (444) 7.48 (1085)
(C1-3/4™)

4.4 Failure Modes of Shear Test Specimen
4.4.1 Clay Burnt Brick with Mortar Thickness 1/2"
The cracks were marked by permanent black pen and the corresponding loadings were note. The

first crack initiated in the specimen C-1/2 when the applied load was 63.9 kN (Stress 2.23 Mpa)
and in the specimen C1-1/2 when the applied load was 61.1 kN (Stress 2.29 Mpa). Then with the

progress of loading the first crack was propagated. The ultimate capacity of the specimen C-1/2
and C1-1/2 are 78.9 kN (Stress 2.75 Mpa) and 74.8 kN (Stress 2.80 Mpa) resaectively. The crack

pattern of shear test specimen C-1/2 and C1-1/2 have shown in figure 4.9 and 4.10.

Figure 4.9 Failure Pattern of Shear Test

Specimen C-1/2

Figure 4.10 Failure Pattern of Shear Test
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4.4.2 Clay Burnt Brick with Mortar Thickness 3/4"

The cracks were marked by permanent black pen and the corresponding loadings were note. The
first crack initiated in the specimen C-3/4 when the applied load was 46.1 kN (Stress 1.73 Mpa)
and in the specimen C1-3/4 when the applied load was 47.5 kKN (Stress 1.77 Mpa). Then with the
progress of loading the first crack was propagated. The ultimate capacity of the specimen C-3/4
and C1-3/4 are 59.7 kN (Stress 2.24 Mpa) and 62.5 kN (Stress 2.33 Mpa) respectively. The crack
pattern of shear test specimen C-3/4 and C1-3/4 have shown in figure 4.11 and 4.12. It is
observed that, with the increasing mortar thickness in clay burnt brick with frog mark shear
cracking strength and ultimate strength decreases.

Figure 4.11 Failure pattern of shear test Figure 4.12 Failure pattern of shear test specimen
Specimen C-3/4 C1-3/4

4.4.3 Machine Made Brick with Mortar Thickness 1/2"

The cracks were marked by permanent black pen and the corresponding loadings were note. The
first crack initiated in the specimen M-1/2 when the applied load was 41.9 kN (Stress 1.55 Mpa)
and in the specimen M1-1/2 when the applied load was 44.7 kN (Stress 1.67 Mpa). Then with the
progress of loading the first crack was propagated. The ultimate capacity of the specimen M-1/2
and M1-1/2 are 59.7 kKN (Stress 2.21 Mpa) and 54.3 kN (Stress 2.03 Mpa) respectively. The
crack pattern of shear test specimen M-1/2 and M1-1/2 have shown in figure 4.13 and 4.14.
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Figure 4.13 Failure Pattern of Shear Test Figure 4.14 Failure Pattern of Shear Test
Specimen M-1/2 Specimen M1-1/2

4.4.4 Machine Made Brick with Mortar Thickness 3/4"

The cracks were marked by permanent black pen and the corresponding loadings were note. The
first crack initiated in the specimen M-3/4 when the applied load was 39.3 kN (Stress 1.46 Mpa)
and in the specimen M1-3/4 when the applied load was 36.5 kN (Stress 1.3 Mpa). Then with the
progress of loading the first crack was propagated. The ultimate capacity of the specimen M-3/4
and M1-3/4 are 51.5 kKN (Stress 1.92 Mpa) and 47.5 kN (Stress 1.69 Mpa) respectively. The
crack pattern of shear test specimen M-3/4 and M1-3/4 have shown in figure 4.15 and 4.16. It is
observed that, with the increasing mortar thickness in machine made brick without frog mark
shear cracking strength and ultimate strength decreases.

Figure 4.15 Failure Pattern of Shear Test Specimen M-3/4
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Figure 4.16 Failure Pattern of Shear Test Specimen M1-3/4

4.5 Shear Strength

The value of shear strength are shown in Table 4.5

Table: 4.5 Shear Strength Value

Cracking | Cracking | Ultimate | Ultimate Cracking Ultimate
Type Pressure | Load, KN | Pressure | Load, KN | Stress, Mpa, | Stress, Mpa
(kg/cm2) (Ton) (kg/cm2) (Ton) (psi) (psi)

63.87 78.91

C-1/2 470 580 2.23 (323) 2.75 (399)
(6.51) (8.04)
61.13 74.81

C1-1/2 450 550 2.29 (332) 2.80 (406)
(6.23) (7.63)
46.09 59.76

C-3/4 340 440 1.73 (251) 2.24 (325)
(4.70) (6.09)
43.35 62.50

C1-3/4 320 460 1.62 (235) 2.33(338)
(4.42) (6.37)
41.98 59.76

M-1/2 310 440 1.55 (225) 2.21 (320)
(4.28) (6.09)
44,72 54.29

M1-1/2 330 400 1.67 (242) 2.03 (294)
(4.56) (5.53)
39.25 51.55

M-3/4 290 380 1.46 (212) 1.92 (278)
(4.00) (5.26)
36.52 47.46

M1-3/4 270 350 1.30 (188) 1.69 (245)
(3.72) (4.84)

58




4.6 Failure Modes of wall Stiffness

4.6.1 Crack Patterns of Specimen wall C-1/2

The black marked cracks, represented the cracking that appeared during the loading and
unloading from leftward and rightward, as shown in figure 4.17 to figure 4.19. The flexural
cracking seemed to be more widespread. The test of specimen C-1/2 was associated with its first
crack at slab wall joint at negative (Rightward) 1st cycle loading with 2.0 ton load and
corresponded to a horizontal displacement of 0.54 mm. The second crack of wall at negative 2nd
cyclic loading with 3.0 ton load at right side to a corresponding horizontal displacement of 3.10
mm. The wall was failed at negative 4th cycle loading at right side with 5.0 ton load to a
corresponding horizontal displacement of 14.38 mm. The failure pattern of the clay burnt brick
wall (C-1/2) with mortar thickness 1/2" was flexure type.

Figure 4.17 Initial Crack (Flexure) Pattern of Figure 4.18 2™ Crack (Shear) Pattern of
Specimen C-1/2 Specimen C-1/2

Figure 4.19 Final Crack Pattern of Specimen Wall C-1/2
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4.6.2 Crack Patterns of Specimen wall C1-1/2

The black marked cracks, represented the cracking that appeared during the loading and
unloading from leftward and rightward, as shown in figure 4.20 to figure 4.23. The shear
cracking seemed to be more widespread. The test of specimen C1-1/2 was associated with its
first crack at slab wall joint at negative (Rightward) 2nd cycle loading with 2.5 ton load and
corresponded to a horizontal displacement of 1.87 mm. The second crack of wall at positive 3rd
cyclic loading with 3.5 ton load at left side to a corresponding horizontal displacement of 1.66
mm. Third crack of the wall at positive 4™ cyclic loading with 5.0 ton load at left side to a
corresponding horizontal displacement of 2.53 mm. The wall was failed at positive 5th cycle
loading at left side with 6.0 ton load to a corresponding horizontal displacement of 15.68 mm.
The failure pattern of the clay burnt brick wall (C1-1/2) with mortar thickness 1/2" was shear

type.

Figure 4.20 Initial Crack (Flexure) Pattern of  Figure 4.21 2™ Crack (Shear) Pattern of

Specimen C1-1/2 Specimen C1-1/2
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Figure 4.22 3" Crack (Shear) Pattern of Figure 4.23 Final Crack Pattern of Specimen

Specimen C1-1/2 C1-1/2

4.6.3 Crack Patterns of Specimen wall C-3/4

The black marked cracks, represented the cracking that appeared during the loading and
unloading from leftward and rightward, as shown in figure 4.24 to figure 4.27. The flexural
cracking seemed to be more widespread. The test of specimen C-3/4 was associated with its first
crack at slab wall joint at negative (Rightward) 2nd cycle loading with 3.0 ton load and
corresponded to a horizontal displacement of 1.74 mm. The second crack of the wall at positive
3rd cyclic loading with 4.0 ton load at left side to a corresponding horizontal displacement of
1.02 mm. Third crack of the wall at negative 5™ cyclic loading with 6.0 ton load at right side to a
corresponding horizontal displacement of 5.49 mm. The wall was failed at negative 6th cycle
loading at right side with 9.0 ton load to a corresponding horizontal displacement of 13.11 mm.
The failure pattern of the clay burnt brick wall (C-3/4) with mortar thickness 3/4" was flexure

type.
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Figure 4.24 Initial Crack (Flexure) Patterns at Figure 4.25 2™ Cracks (Shear) Patterns of

Base of Specimen C-3/4 Specimen C-3/4
Figure 4.26 3" Cracks (Shear) Patterns of Figure 4.27 Final Crack Pattern of Specimen
Specimen C-3/4 C-3/4

4.6.4 Crack Patterns of Specimen wall C1-3/4

The black marked cracks, represented the cracking that appeared during the loading and
unloading from leftward and rightward, as shown in figure 4.28 to figure 4.30. The flexural
cracking seemed to be more widespread. The test of specimen C1-3/4 was associated with its
first crack at slab wall joint at negative (Rightward) 2nd cycle loading with 2.5 ton load and
corresponded to a horizontal displacement of 0.38 mm and second crack of wall at positive 4"

cyclic loading with 5.0 ton load at left side to a corresponding horizontal displacement of 0.73
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mm. The wall was failed at positive 6th cycle loading at left side with 10.0 ton load to a
corresponding horizontal displacement of 15.8 mm. The failure pattern of the clay burnt brick
wall (C1-3/4) with mortar thickness 3/4" was flexure type.

Figure 4.28 Initial Crack (Flexure) Patterns at Figure 4.29 2™ Cracks (Shear) Patterns of

Specimen C1-3/4 Specimen C1-3/4

Figure 4.30 Final Crack Pattern of Specimen C1-3/4

4.6.5 Crack Patterns of Specimen wall M-1/2

The black marked cracks, represented the cracking that appeared during the loading and
unloading from leftward and rightward, as shown in figure 4.31 to figure 4.33. The flexural
cracking seemed to be more widespread. The test of specimen M-1/2 was associated with its first
crack at slab wall joint at negative (Rightward) 2nd cycle loading with 2.5 ton load and
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corresponded to a horizontal displacement of 0.51 mm and second crack of wall at positive 3rd
cyclic loading with 4.0 ton load at left side to a corresponding horizontal displacement of 1.08
mm. Third crack of the wall at positive 4™ cyclic loading with 4.5 ton load at left side to a
corresponding horizontal displacement of 2.34 mm. The wall was failed at positive 5th cycle
loading at left side with 6.0 ton load to a corresponding horizontal displacement of 15.4 mm. The
failure pattern of the machine made brick wall (M-1/2) with mortar thickness 1/2" was flexure

type.

Figure 4.31 Initial Crack (Flexure) Patterns at  Figure 4.32 2"@and 3" Cracks Patterns of

Specimen M-1/2 Specimen M-1/2

Figure 4.33 Final Crack Pattern of Specimen M-1/2
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4.6.6 Crack Patterns of Specimen wall M1-1/2

The black marked cracks, represented the cracking that appeared during the loading and
unloading from leftward and rightward, as shown in figure 4.34 to figure 4.36. The flexural
cracking seemed to be more widespread. The test of specimen M1-1/2 was associated with its
first crack at slab wall joint at positive (Leftward) 2nd cycle loading with 2.5 ton load and
corresponded to a horizontal displacement of 1.35 mm and second crack of wall at positive 2™
cyclic loading with 3.0 ton load at left side to a corresponding horizontal displacement of 1.82
mm. Third crack of the wall at negative 3" cyclic loading with 4.0 ton load at right side to a
corresponding horizontal displacement of 3.37 mm. The wall was failed at positive 5th cycle
loading at right side with 6.0 ton load to a corresponding horizontal displacement of 13.47 mm.
The failure pattern of the machine made brick wall (M1-1/2) with mortar thickness 1/2" was

flexure type.

Figure 4.34 Initial Crack (Flexure) Patterns at Figure 4.35 2" and 3" Cracks Patterns of

Specimen M1-1/2 Specimen M1-1/2
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Figure 4.36 Final Crack Pattern of Specimen M1-1/2

4.6.7 Crack Patterns of Specimen wall M-3/4

The black marked cracks, represented the cracking that appeared during the loading and
unloading from leftward and rightward, as shown in figure 4.37 to figure 4.39. The flexural
cracking seemed to be more widespread. The test of specimen M-3/4 was associated with its first
crack at slab wall joint at negative (rightward) 1st cycle loading with 2.0 ton load and
corresponded to a horizontal displacement of 0.7 mm and second crack of wall at positive 2™
cyclic loading with 2.5 ton load at left side to a corresponding horizontal displacement of 1.07
mm. The wall was failed at positive 5th cycle loading at left side with 6.0 ton load to a
corresponding horizontal displacement of 20.89 mm. The failure pattern of the machine made
brick wall (M-3/4) with mortar thickness 3/4" was flexure type.
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Figure 4.37 Initial Crack (Flexure) Patterns at Figure 4.38 2" Cracks Patterns of

Specimen M-3/4 Specimen M-3/4

Figure 4.39 Final Crack Pattern of Specimen M-3/4
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4.7 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 was failed. Figures 4.40 to figure 4.46
provide the load-deformation responses of each specimen. [The responses from dial gauges are
available in the Appendices A].

With a view to the load-deformation curve it can be found that all gave almost smooth curve.
From figures it can be observed that, specimen made of clay burnt brick with mortar thickness
3/4" (Type C-3/4 and C1-3/4) gave almost same highest loading which is done by 6 ton vertical
loads and clay burnt brick with mortar thickness 1/2" ( type C-1/2 and C1-1/2) was performed by
3 tons vertical loads. Type M-1/2, M1-1/2 and M-3/4 specimens gave no same highest loading.
This represents the more ductile quality of clay burnt brick wall. Nevertheless, type C-3/4 and
C1-3/4 specimen undergoes 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 undergoes larger deformations
without rupture before failure than type M-1/2 and M1-1/2 specimen. The maximum load of
(type C-3/4 and C1-3/4) sample was 9 to 10 ton, where for (type C-1/2 and C1-1/2) sample it
was 5 to 6 ton, for (type M-1/2 and M1-1/2) sample it was 6 ton and type M-3/4 sample it was
also 6 ton. Maximum displacement of type C-1/2 and C1-1/2 sample under loading were 14.38
and 15.68mm respectively. Where for type C-3/4 and C1-3/4 sample maximum displacement
were 13.11 mm and 15.80mm. For type M-1/2 and M1-1/2 sample maximum displacement were
15.4 mm and 13.47mm. And for type M-3/4 sample maximum displacement was 20.89mm.
From the hysteresis loop of type M1-1/2 specimen it is shown abnormal result. So that we use
the result of machine made brick with mortar thickness 1/2" only type M-1/2 and reject the

results of type M1-1/2 specimen results.
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The hysteresis loop envelopes of seven samples are shown in Figure 4.47. At every point of the
hysteresis loop curves type C-3/4 and C1-3/4 specimen showed more loading value and less
displacement value than type C-1/2 and C1-1/2 specimen. Also at every point of the hysteresis
loop curves type C-1/2 and C1-1/2 specimen showed more loading value and less displacement
value than type M-1/2 and M1-1/2. And at every point of the hysteresis loop curves type M-1/2
and M1-1/2 specimen showed more loading value and less displacement value than M-3/4. This
is obviously the sign of comparative better performance. Hence Type C-3/4 and C1-3/4 specimen
is more ductile, stiffer and stronger than type C-1/2 and C1-1/2 specimen, where type C-1/2 and
C1-1/2 specimen is more ductile, stiffer and stronger than type M-1/2 specimen. And type M-1/2
specimen is more ductile, stiffer and stronger than type M-3/4 specimen.

4.8 Summary of Test Results of Seven Specimens
Table 4.6 Test Results of Seven Specimens

Name of the Specimen Maximum Load (Ton) | Maximum Displacement (mm)
C-1/2 5.0 13.77
C1-1/2 6.0 14.89
C-3/4 9.0 12.52
C1-3/4 10.0 15.06
M-1/2 6.0 14.98
M1-1/2 6.0 13.29
M-3/4 6.0 20.25

Table 4.7 Secant Stiffness (average of L/D) of Seven Specimens at Each Cycle

Cycle C-1/2 C1-1/2 C-3/4 C1-3/4 M-1/2 | M1-1/2 | M-3/4
1st 3.57 3.64 4.88 5.56 6.06 2.78 3.33
2nd 1.66 2.38 2.78 4.00 5.45 1.75 1.56
3rd 0.78 1.71 241 2.07 4.40 1.43 1.03
4th 0.45 1.32 1.89 1.79 0.72 1.17 0.54
5th 0.40 1.55 1.44 0.40 0.68 0.30
6th 0.93 0.66

\
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Table 4.8: Characteristics of First Crack of Seven Specimens

1st Crack ) 1st Crack Load 1st Crack
Type 1st Crack Side _
Cycle (ton) Displacement (mm)
C-1/2 1 Right 2.0 0.72
C1-1/2 2" Right 2.5 1.03
C-3/4 2" Right 3.0 1.65
C1-3/4 2" Right 2.5 0.91
M-1/2 2" Right 2.5 0.46
M1-1/2 ond Left 2.5 1.24
M-3/4 1 Right 2.0 0.67

4.9 Characteristics of First Crack Formation

For specimens C-1/2 and C1-1/2 first crack occurred at 2.0 ton and 2.5 ton 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 ton and 2.5 ton with displacements of 1.65mm and 0.91 mm respectively. For specimen M-
1/2 and M1-1/2 the first crack occurred at 2.5 ton and 2.5 ton with the displacement of 0.46 mm
and 1.24 mm respectively. For specimen M-3/4 the first crack load was 2.0 ton with the
displacement of 0.67 mm at 1% cycle. Load at first crack formation of all seven samples are

expressed in Figure 4.48.
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Figure 4.48 Load at First Crack Formation of Seven Specimens

4.10 Stiffness of Specimens

The average stiffness obtained for the two half cycles in a hysteretic loop therefore gave the
approximate stiffness for that particular cycle. In other words, the secant stiffness was
formulated with standard mathematical formula,

Secant Stiffness = Shear Force/ Displacement (k = F/A).

The values of the secant stiffness obtained for each cycle are plotted for all the specimens. The
degradation of the secant stiffness is plotted, the ultimate stiffness versus corresponding cycle
number for each specimen tested. Figure 4.49 shows secant stiffness of each cycle. Figure 4.50
shows degradation of stiffness of each cycle. It can be noted that as the number of cycles
increases, stiffness decreases. Here the value of stiffness of clay burnt brick with mortar
thickness 3/4" (C-3/4 and C1-3/4) is stiffer than clay burnt brick with mortar thickness 1/2" (type
C-1/2 and C1-1/2) because clay burnt brick wall with mortar thickness 1/2" was tested with 3 ton
vertical loads and clay burnt brick with mortar thickness 3/4" was tested with 6 ton vertical
loads. The value of stiffness of machine made brick with mortar thickness 1/2" (type M-1/2 and
M1-1/2) is stiffer than machine made brick with mortar thickness 3/4" (type M-3/4). The result
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of type M1-1/2 specimen was rejected because of abnormal result. Stiffness after first cycle and
final cycle are shown in Figure 4.51 and 4.52.

The increase in stiffness between different categories at first cycle and final cycle are shown in
Figure 4.50 and 4.52. For type C-1/2 and C1-1/2 stiffness varies from 3.57 to 0.45 and 3.64 to
0.40 where 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 where for type M-3/4 it varies from 3.33 to 0.30.
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Figure 4.49 Secant Stiffness of Each Cycle for Seven Samples
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Figure 4.50: Degradation of Stiffness of Each Cycle for Seven Specimens
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Figure 4.52: Stiffness after Final Cycle of Seven Samples
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411 Load Characteristics

Machine made brick wall with mortar thickness 1/2" is more strength than machine made brick
wall with mortar thickness 3/4". Figure 4.53 represents the load of the specimens at every cycle
Figure 4.54 express the maximum load of all seven specimens. This can be observed from Figure
4.53. Maximum load increased from 5 ton to 6 ton for specimen C-1/2 and C1-1/2. In case of
type C-3/4 and C1-3/4 it increased from 9 ton to 10 ton. For Type M-1/2, M1-1/2 and M-3/4

maximum load increased 6 ton.
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Figure 4.53 The Load of the Specimens at Every Cycle
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Figure 4.54 Maximum load of seven Specimens
412 Maximum Displacement
Table 4.9: Maximum Displacement of Each Specimen during Test
Specimens Maximum Displacements (mm)
C-1/2 13.77
C1-1/2 14.89
C-3/4 12.52
C1-3/4 15.06
M-1/2 13.58
M1-1/2 13.29
M-3/4 20.25

Table 4.9 summarized the maximum displacements of every specimens of different type during
loading and unloading. It was found that the maximum displacements were increases with the
increasing mortar thickness. Figure 4.55 represents the maximum displacement of all seven

specimens.
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Figure 4.55 Maximum Displacement of seven Specimens
4.13 Residual Displacement
Table 4.10: Residual Displacement of Each Specimen during Test
Specimens Residual Displacements (mm)

C-1/2 0.89

C1-1/2 0.99

C-3/4 1.07

C1-3/4 1.02

M-1/2 114

M1-1/2 121

M-3/4 1.33
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Table 4.10 summarized the residual displacements of every specimens of different type after
total removal of loading. It was found that the residual displacements were decreasing with the

increasing mortar thickness. Figure 5.56 represents the residual displacement of all seven

specimens.
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Figure 4.56 Residual Displacement of seven Specimens
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4.14  Ductility of the specimen wall
Drift is calculated as the ratio between the lateral displacements experienced at each loading
level divided by the effective height of the test unit. Displacement ductility p, is a commonly
used parameter to determine overall structural lateral response. It is obtained experimentally
from the idealized bilinear approximation to the monotonic spine or cyclic peak envelope of the
load-displacement curve shown in Fig. 4.40 to 4.46. Displacement ductility is defined as the ratio
of deformation at a given response level to the deformation at ideal yield (Priestley et al. 1996).
ua= A/Ay
Ductility is a measure of how much strain a given stress produces. Highly ductile metals can
exhibit significant strain before fracturing, whereas brittle materials frequently display very little
strain. An overly simplistic way of viewing ductility is the degree to which a material is
forgiving of local deformation without the occurrence of fracture. Ductility measures the amount
of plastic deformation that a material goes through by the time it breaks.

Figure 4.57 Bilinear approximation for displacement ductility parameter
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From the figure 4.40 and 4.41 it is observed that, the specimen made of clay burnt brick with
mortar thickness 1/2"(Specimens-C-1/2 and C1-1/2), the inelastic deformations are 13.77mm and
14.89mm and proportional deformations are 1.08mm and 1.40mm respectively.

For Specimen C-1/2, Ductility p = Amax/Ay = 13.77/0.88 = 15.68
For Specimen C1-1/2, Ductility p = Amax/Ay= 14.89/1.08 = 13.89

From the figure 4.42 and 4.43 it is observed that, the specimen made of clay burnt brick with
mortar thickness 3/4" (Specimens-C-3/4 and C1-3/4), the inelastic deformations are 12.52mm
and 15.06mm and proportional deformations are 1.29mm and 1.66mm respectively.

For Specimen C-3/4, Ductility p = Amax/Ay = 12.52/1.29 = 9.71
For Specimen C1-3/4, Ductility p = Amax/Ay= 15.06/1.66 = 9.07

From the figure 4.44 and 4.45 it is observed that, the specimen made of machine made brick with
mortar thickness 1/2" (Specimen- M-1/2), the inelastic deformation and proportional deformation
are 14.98mm and 1.01mm respectively. Due to abnormal result type M1-1/2 was rejected.

For Specimen M-1/2, Ductility p = Ama/Ay= 14.98/1.01 = 14.83

From the figure 4.46 it is observed that, the specimen made of machine made brick with mortar
thickness 3/4" (Specimen-M-3/4), the inelastic deformation and proportional deformation are
20.25mm and 2.06mm respectively.

For Specimen M-3/4, Ductility p = Ama/Ay = 20.25/2.06 = 9.83
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Figure 4.58 Ductility of the Specimens

4.15 Stiffness degradation Calculation

Stiffness degradation has been calculated by measuring slope of each cycle. Slope is calculated
by positive and negative pick points of each loop. Stiffness degradation calculations are as
follows:
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Figure 4.59 Stiffness degradation of Specimen C-1/2
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Figure 4.60 Stiffness degradation of Specimen C1-1/2

Bar chart shows the stiffness degradation of each specimen
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Figure 4.61: Stiffness Degradation of Different Types Of Walls

From figures 4.61a and 4.61b showing stiffness degradation it can be observed that, for specimen
made of clay burnt brick with mortar thickness 1/2"(specimens- C-1/2 and C1-1/2), the average
slope degradation of the 2" cycle is 56.3% of the 1% cycle and the average slope degradation of
the 3" cycle is 61.8% of the 2" cycle. Also the average slope degradation of the 4™ cycle is
73.6% of the 3 cycle and the average slope degradation of the 5™ cycle is 43.5% of the 4™ cycle
for C1-1/2 sample. The average slope degradation of clay burnt brick with mortar thickness 1/2"
is 20.0% per cycle.

From figures 4.61c and 4.61d showing stiffness degradation it can be observed that, for specimen
made of clay burnt brick with mortar thickness 3/4"(specimens- C-3/4 and C1-3/4), the average
slope degradation of the 2" cycle is 64.5% of the 1% cycle and the average slope degradation of
the 3" cycle is 66.4% of the 2" cycle. Also the average slope degradation of the 4™ cycle is
81.7% of the 3" cycle and the average slope degradation of the 5™ cycle is 81.5% of the 4™
cycle. The average slope degradation of the 6™ cycle is 56.6% of the 5™ cycle. The average slope
degradation of clay burnt brick with mortar thickness 3/4" is 13.93% per cycle.
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From figures 4.61e showing stiffness degradation it can be observed that, for specimen made of
machine made brick with mortar thickness 1/2"(specimens- M-1/2), the slope degradation of the
2" cycle is 90.7% of the 1% cycle and the slope degradation of the 3" cycle is 80.3% of the 2™
cycle. Also the slope degradation of the 4™ cycle is 16.3% of the 3™ cycle and the slope
degradation of the 5" cycle is 55.5% of the 4" cycle. The average slope degradation of machine

made brick with mortar thickness 1/2" is 18.68% per cycle.

From figures 4.61g showing stiffness degradation it can be observed that, for specimen made of
machine made brick with mortar thickness 3/4"(specimens- M-3/4), the slope degradation of the
2" cycle is 46.4% of the 1% cycle and the slope degradation of the 3" cycle is 66.0% of the 2™
cycle. Also the slope degradation of the 4™ cycle is 52.4% of the 3™ cycle and the slope
degradation of the 5™ cycle is 55.5% of the 4" cycle. The average slope degradation of machine

made brick with mortar thickness 3/4" is 18.21% per cycle.

4.16 Energy dissipation Calculation
Energy dissipation has been calculated by measuring energy i.e area of each cycle. Energy has
been calculated by AUTO CAD. Energy dissipation calculations are as follows:

Area of Cycle-1=
0.70 Ton.mm

Area of Cycle-2=
4.66 Ton.mm

Area of Cycle-3=
11.97 Ton.mm

Area of Cycle-4=
36.96 Ton.mm

Figure 4.62 Energy Dissipation Calculation Sample Specimen (C-1/2)
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Area of Cycle-1=
0.49 Ton.mm

Area of Cycle-2=
0.77 Ton.mm

Area of Cycle-3=
5.27 Ton.mm

Area of Cycle-4=
9.95 Ton.mm

Area of Cycle-5=
17.88 Ton.mm

Area of Cycle-6=
72.32 Ton.mm

Figure 4.63 Energy Dissipation Calculation Sample Specimen (C-3/4)
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Figure 4.64: Energy Dissipation of Different Types of Walls

From figures 4.64 showing energy dissipation, it can be observed that, the specimen made of
clay burnt bricks with mortar thickness 1/2" (specimens C-1/2 and C1-1/2), the absorbed total
average energy 58.48 ton.mm. The specimen made of clay burnt brick with mortar thickness 3/4"
(Specimens C-3/4 and C1-3/4), the absorbed total average energy 106.2 ton.mm. The energy
absorbed by clay burnt brick wall with mortar thickness 1/2" is 55.1% of allowable total energy
absorbed by clay burnt brick wall with mortar thickness 3/4". The specimen made of machine
made brick with mortar thickness 1/2" (Specimens M-1/2), the absorbed total energy
76.83ton.mm and the specimen made of machine made brick with mortar thickness 3/4"
(Specimens M-3/4), the absorbed total energy 104.35ton.mm. Hence energy absorbed by
machine made brick wall with mortar thickness 1/2" is 73.6% of total energy absorbed by
machine made brick wall with mortar thickness 3/4". It seems that, with the increasing mortar
thickness energy dissipation is increases.
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4.17 Hysteresis Damping

The quantitative parameter that can be evaluated at each performance level is the equivalent
viscous damping ratio, &g, Which describes the equivalent viscous hysteretic damping. It is based
on an equal area approach that represents the same amount of energy loss per cycle as seen in the
real experiment (Priestley et al. 1996). The calculation of &g for cases with symmetric hysteresis
loops is shown in Fig. 4.65. The area within the inelastic force-displacement response curve, Eq4
in the figure, is a measure of the hysteretic damping or energy-dissipating capacity of the
structure. The hatched region in Fig. 4.65 depicts the elastic strain energy stored in an equivalent
linear elastic system, Es. The equivalent viscous damping ratio, & is represented by Equation
(Hose and Seible, 1999).

Eeq =1/4n(E4/Es)

Figure 4.65 Equivalent viscous damping ratio for symmetric hysteresis loops

The equivalent viscous damping ratio for the full asymmetric cycle at a specific force level is
derived in following equation and further defined in Fig. 4.66. The energy input or damping
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energy loss for the push half cycle of the idealized force-displacement loop is represented by
area Eq; in Fig. 4.66. Similarly, the energy loss for the pull half cycle is depicted as area Eg,. The
hatched regions in Fig. 4.66 define Es; and Es,, which represent the elastic strain energy stored in

an equivalent linear elastic system for the push and pull half cycles respectively.

aeq = aeql+§eq2/2 = 1/4n (Eqw/Es1 + Eq/Es)

Figure 4.66 Equivalent viscous damping ratio for asymmetric hysteresis loops
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The hysteresis damping was plotted against lateral top displacement for wall shown in figure
4.67. The specimens made of clay burnt brick with mortar thickness 1/2" (Specimens-C-1/2 and
C1-1/2), the average hysteresis damping ranges from 9% to 13% and the specimens made of clay
burnt brick with mortar thickness 3/4" (Specimens-C-3/4 and C1-3/4), the average hysteresis
damping ranges from 9% to 16%. The specimen made of machine made brick with mortar
thickness 1/2" (Specimens-M-1/2), the average hysteresis damping ranges from 6% to 16% and
the specimen made of machine made brick with mortar thickness 3/4" (Specimens-M-3/4), the

average hysteresis damping ranges from 6% to 16%.
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4.18 Relationship between Prism Strength and Shear Strength

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.

From the figure 4.68 it is observed that, the specimen made of clay burnt brick with mortar
thickness 1/2" (specimens-C-1/2 and C1-1/2), the average cracking shear strength is 62.6% of
average cracking prism strength and average ultimate shear strength is 54.4% of average ultimate
prism strength.

From the figure 4.69 it is observed that, the specimen made of clay burnt brick with mortar
thickness 3/4" (specimens-C-3/4 and C1-3/4), the average cracking shear strength is 53.9% of
average cracking prism strength and average ultimate shear strength is 31.0% of average ultimate
prism strength.

From the figure 4.70 it is observed that, the specimen made of machine made brick with mortar
thickness 1/2" (specimens-M-1/2 and M1-1/2), the average cracking shear strength is 72.7% of
average cracking prism strength and average ultimate shear strength is 25.9% of average ultimate
prism strength.

From the figure 4.71 it is observed that, the specimen made of machine made brick with mortar
thickness 3/4" (specimens-M-3/4 and M1-3/4), the average cracking shear strength is 59.9% of
average cracking prism strength and average ultimate shear strength is 20.7% of average ultimate
prism strength.
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Figure 4.68: Relationship between Shear Strength & Prism Compressive Strength of Clay
Burnt Brick Wall With Mortar Thickness 1/2"
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4.19 Relationship between Lateral Load vs Shear Force

From the figure 4.72a and 4.72b it is observed that, the average cracking and ultimate shear
strength for (specimens-C-1/2 and C1-1/2) is 2.26 Mpa (327.7 psi) and 2.78Mpa (403.1 psi)
respectively. The length of wall is 53 inch and the width of wall is 10 inch. So that the average
cracking and ultimate shear force are 77.5 ton and 95.4 ton. The average cracking and ultimate
lateral load are 2.25 ton and 5.5 ton. The average cracking lateral load is 2.90% of average
cracking shear force and the average ultimate lateral load is 5.77% of average ultimate shear
force.

From the figure 4.73a and 4.73b it is observed that, the average cracking and ultimate shear
strength for (specimens-C-3/4 and C1-3/4) is 1.68 Mpa (243.6 psi) and 2.29Mpa (332.1 psi)
respectively. The length of wall is 53 inch and the width of wall is 10 inch. So that the average
cracking and ultimate shear force are 57.6 ton and 78.6 ton. The average cracking and ultimate
lateral load are 2.75 ton and 9.5 ton. The average cracking lateral load is 4.77% of average
cracking shear force and the average ultimate lateral load is 12.09% of average ultimate shear
force.

From the figure 4.74a and 4.74b it is observed that, the cracking and ultimate shear strength for
(specimens-M-1/2) is 1.61 Mpa (233.5 psi) and 2.12Mpa (307.4 psi) respectively. The length of
wall is 56 inch and the width of wall is 10 inch. So that the cracking and ultimate shear force are
58.4 ton and 76.9 ton. The cracking and ultimate lateral loads are 2.5 ton and 6.0 ton. The
cracking lateral load is 4.28% of cracking shear force and the ultimate lateral load is 7.81% of
ultimate shear force.

From the figure 4.75a and 4.75b it is observed that, the cracking and ultimate shear strength for
(specimens-M-3/4) is 1.46 Mpa (211.7psi) and 1.92Mpa (278.4 psi) respectively. The length of
wall is 56 inch and the width of wall is 10 inch. So that the cracking and ultimate shear force are
52.9 ton and 69.6 ton. The cracking and ultimate lateral loads are 2.0 ton and 6.0 ton. The
cracking lateral load is 3.78% of cracking shear force and the ultimate lateral load is 8.62% of
ultimate shear force.

100



90
80 76.5

70

60

m Cracking Leteral
Load (Ton)

50
40

m Cracking Shear

30 Force (Ton)

20

Lateral Load & Shear Force

10

2 2.5

Sample-C-1/2 Sample-C1-1/2

a. Cracking Force (Ton)

120
100 94.3
(]
e
2 80
S
D .
5 m Ultimate Lateral Load
g 60 (Ton)
e}
©
é’ 40 m Ultimate Shear Force
< (Ton)
(6]
kS
20
5 6
0 i
Sample-C-1/2 Sample-C1-1/2

b. Ultimate Force (Ton)

Figure 4.72: Relationship between Lateral Load Vs Shear Force of Clay Burnt Brick Wall with
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4.20 Relationship between Lateral Load vs Prism Strength

There is relationship developed between lateral capacities of the wall vs prism strength shown in
figure 4.76.

From the figure 4.76a and 4.76b it is observed that, the specimen made of clay burnt brick with
mortar thickness 1/2" (specimens-C-1/2 and C1-1/2), the average cracking horizontal load is
62% of average cracking prism strength and average ultimate prism strength is 93.3% of average
ultimate horizontal load. The lateral capacity of the specimen wall made of clay burnt brick with

mortar thickness 1/2" was performed by 3 ton vertical loads.

From the figure 4.76¢ and 4.76d it is observed that, the specimen made of clay burnt brick with
mortar thickness 3/4" (specimens-C-3/4 and C1-3/4), the average cracking horizontal load is
88.5% of average cracking prism strength and average ultimate prism strength is 77.6% of
average ultimate horizontal load. The lateral capacity of the specimen wall made of clay burnt
brick with mortar thickness 3/4" was performed by 6 ton vertical loads.

From the figure 4.76e and 4.76f it is observed that, the specimen made of machine made brick
with mortar thickness 1/2" (specimens-M-1/2 and M1-1/2), the cracking prism strength is 85.6%
of average cracking horizontal load and ultimate horizontal load is 70.5% of average ultimate
prism strength. The lateral capacity of the specimen wall made of machine made brick with
mortar thickness 1/2" was performed by 6 ton vertical loads. The result of type M1-1/2 was
rejected because of abnormal result. Machine made brick wall with mortar thickness 1/2" only
type M-1/2 result is accepted.

From the figure 4.76g and 4.76h it is observed that, the specimen made of machine made brick
with mortar thickness 3/4" (specimens-M-3/4), the cracking horizontal load is 85.8% of cracking
prism strength and ultimate horizontal load is 67.0% of ultimate prism strength. The lateral
capacity of the specimen wall made of machine made brick with mortar thickness 3/4" was

performed by 6 ton vertical loads.
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4.21 Relationship between Lateral Load vs Shear Strength
There is relationship developed between lateral capacities of the wall vs shear strength shown in
figure 4.77.

From the figure 4.77a and 4.77b it is observed that, the specimen made of clay burnt brick with
mortar thickness 1/2" (specimens C-1/2 and C1-1/2), the average cracking horizontal load is 99%
of average cracking shear strength and average ultimate shear strength is 50.8% of average
ultimate horizontal load. The lateral capacity of the specimen wall made of clay burnt brick with
mortar thickness 1/2" was performed by 3 ton vertical loads.

From the figure 4.77c and 4.77d it is observed that, the specimen made of clay burnt brick with
mortar thickness 3/4" (specimens C-3/4 and C1-3/4), the average cracking shear strength is
61.3% of average horizontal load and average ultimate shear strength is 24.1% of average
ultimate horizontal load. The lateral capacity of the specimen wall made of clay burnt brick with
mortar thickness 3/4" was performed by 6 ton vertical loads.

From the figure 4.77e and 4.77f it is observed that, the specimen made of machine made brick
with mortar thickness 1/2" (specimens M-1/2 and M1-1/2), the cracking shear strength is 66.8%
of average cracking horizontal load and ultimate shear strength is 33.8% of average ultimate
horizontal load. The lateral capacity of the specimen wall made of machine made brick with
mortar thickness 1/2" was performed by 6 ton vertical loads. The result of type M1-1/2 was
rejected because of abnormal result. Machine made brick wall with mortar thickness 1/2" only
type M-1/2 result is accepted.

From the figure 4.77g and 4.77h it is observed that, the specimen made of machine made brick
with mortar thickness 3/4" (specimens M-3/4), the cracking shear strength is 73.0% of cracking
horizontal load and ultimate shear strength is 32.0% of ultimate horizontal load. The lateral
capacity of the specimen wall made of machine made brick with mortar thickness 3/4" was
performed by 6 ton vertical loads.
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4.22 Relationship between Calculated Lateral Load vs Tested Lateral Load
There is relationship developed between calculated lateral load of the wall vs practical Shear
force capacity of the walls are shown in figure 4.78

From the figure 4.78a it is observed that, the specimen made of clay burnt brick with mortar
thickness 1/2" (specimens-C-1/2 and C1-1/2), the average theoretical shear force is 35.3% of
average tested lateral load. The lateral capacity of the specimen wall made of clay burnt brick

with mortar thickness 1/2" was performed by 3 ton vertical loads.

From the figure 4.78b it is observed that, the specimen made of clay burnt brick with mortar
thickness 3/4" (specimens-C-3/4 and C1-3/4), the average theoretical shear force is 24.5% of
average tested lateral load. The lateral capacity of the specimen wall made of clay burnt brick
with mortar thickness 3/4" was performed by 6 ton vertical loads.

From the figure 4.78c it is observed that, the specimen made of machine made brick with mortar
thickness 1/2" (specimens-M-1/2 and M1-1/2), the average theoretical shear force is 43.2% of
average tested lateral load. The lateral capacity of the specimen wall made of machine made
brick with mortar thickness 1/2" was performed by 6 ton vertical loads.

From the figure 4.78d it is observed that, the specimen made of machine made brick with mortar
thickness 3/4" (specimens-M-3/4 and M1-3/4), the average theoretical shear force is 44.5% of
average tested lateral load. The lateral capacity of the specimen wall made of machine made
brick with mortar thickness 3/4" was performed by 6 ton vertical loads.
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CHAPTER 5
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

51 Summary

The aim of this study was to find out the shear behavior of URM wall and the variables that
affect the shear capacity of URM wall such as the thickness of masonry wall. and a relation
between compressive strength measured by prism test and shear strength measured by shear test
of clay burnt brick with frog mark and machine made brick without frog mark. To achieve the
objectives, eight prisms and eight URM walls were constructed and tested. Eight (8) prisms were
constructed of two different bricks. Out of eight prisms four (4) prisms were made of Clay burnt
brick two with mortar thicknesses 1/2" and another two with mortar thickness 3/4". Four (4)
prisms were made of machine made bricks two with mortar thicknesses 1/2" and another two
with mortar thickness 3/4". Eight (10 inch) URM wall with a size of 5'x 3’ were constructed for
shear test and wall stiffness test. Out of eight URM walls four walls were made of clay burnt
brick and another four walls were made of machine made bricks with two mortar thicknesses
1/2" and 3/4".

Preparations of wall consist of two steps, at first slab were made and then brick wall constructed
on the slab. At every different step different wall and prisms were constructed following the
usual construction practices. Prisms compressive strength was tested by compressive loading and
shear test were tested on 5" wall with constant vertical loads. Walls were tested under
incremental horizontal cyclic loading along with constant vertical load. Tests were conducted
under load controlled cyclic loading.

During testing one dial gauges were used to determine the horizontal deflections of the wall. Dial
gauges 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 were drawn regarding the use of clay burnt brick with frog mark and

machine made brick without frog mark considering the effects of mortar thicknesses.
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5.2 Observations

Behavior of the walls under cyclic loading, the prism and shear test specimens experimented in

the study were investigated. Based on the results obtained from the experiments of the

specimens, the following observations can be drawn:

a.

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 ultimate prism strength is more than clay burnt brick.

In clay burnt brick shear strength is more than machine made brick.

The specimen made of clay burnt brick with mortar thickness 1/2", the average cracking
shear strength is 62.6% of average cracking prism strength and average ultimate shear

strength is 54.4% of average ultimate prism strength.

The specimen made of clay burnt brick with mortar thickness 3/4", the average cracking
shear strength is 53.9% of average cracking prism strength and average ultimate shear

strength is 31.0% of average ultimate prism strength.

. The specimen made of machine made brick with mortar thickness 1/2", the average

cracking shear strength is 72.7% of average cracking prism strength and average ultimate

shear strength is 25.9% of average ultimate prism strength.
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The specimen made of machine made brick with mortar thickness 3/4", the average
cracking shear strength is 59.9% of average cracking prism strength and 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 thickness 1/2" and
3/4"are 20.0% and 13.93% per cycle respectively. The average stiffness degradation of
machine made brick with mortar thickness 1/2" and 3/4" are 18.68% and 18.21% per cycle.

Energy absorbed by machine made brick wall with mortar thickness 3/4" is 58.1% of

energy absorbed by machine made brick wall with mortar thickness 1/2".

. The specimens made of clay burnt brick with mortar thickness 1/2" (Specimens- C-1/2 and
C1-1/2), the average cracking lateral load is 2.90% of average cracking shear force and the
average ultimate lateral load is 5.77% of average ultimate shear force. Also specimens
made of clay burnt brick with mortar thickness 3/4" (Specimens- C-3/4 and C1-3/4), the
average cracking lateral load is 4.77% of average cracking shear force and the average

ultimate lateral load is 12.09% of average ultimate shear force.

. The specimens made of machine brick with mortar thickness 1/2" (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 specimens made of machine made brick with mortar thickness
3/4" (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 average
cracking prism strength and average ultimate prism strength is 93.3% of average ultimate
horizontal load and For Specimens-C-3/4 and C1-3/4, the average cracking horizontal load
is 88.5% of average cracking prism strength and average ultimate prism strength is 77.6%

of average ultimate horizontal load.
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p.

For Specimens-M-1/2, the cracking prism strength is 85.6% of average cracking horizontal
load and ultimate horizontal load is 70.5% of average ultimate prism strength. For
Specimens-M-3/4, the cracking horizontal load is 85.8% of cracking prism strength and

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 average
cracking shear strength and average ultimate shear strength is 50.8% of average ultimate
horizontal load. For Specimens-C-3/4 and C1-3/4, the average cracking shear strength is
61.3% of average horizontal load and average ultimate shear strength is 24.1% of average
ultimate horizontal load.

For Specimens-M-1/2, the cracking shear strength is 66.8% of average cracking horizontal
load and ultimate shear strength is 33.8% of average ultimate horizontal load. For
Specimens-M-3/4, the cracking shear strength is 73.0% of cracking horizontal load and

ultimate shear strength is 32.0% of ultimate horizontal load.

5.3 Conclusions

Based on the results obtained from the experiments of the specimens, the following conclusions

can be drawn:

a.

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.

Increasing 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.

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 thickness 1/2" and

3/4"are 20.0% and 13.93% per cycle respectively. The average stiffness degradation of
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machine made brick with mortar thickness 1/2" and 3/4" are 18.68% and 18.21% per
cycle.

Energy absorbed by machine made brick wall with mortar thickness 3/4" is 58.1% of
energy absorbed by machine made brick wall with mortar thickness 1/2".

For specimen (C-1/2 & C1-1/2) and specimen (C-3/4 & C1-3/4), the average theoretical
shear forces are 35.0% and 25.0% of average tested lateral load. Also for 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 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 combination of sliding and rocking.

5.4 Recommendations

This research suggests following recommendations for further investigation.

a.

b.

The experimental results may be verified by finite element analysis.
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.
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APPENDIX-A
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The axial compressive stress and shear stress are calculated according to BNBC.

a) Compressive Stress, Axial
i) Unreinforced masonry walls,
Fa = fim/5[1-(h/42t) ]
Where, fm = specified compressive strength of masonry at the age of 28 days
h" = effective height of a wall
t = effective thickness of a wall

For clay burnt brick with mortar thickness 1/2"
f'm =5.11 Mpa
h' =3 ft=0.91m
t =10inch=0.25m
L =53inch=1.35m
A =1.35*0.25 = 0.3375 m* = 337500 mm2
So, F, = 5.11/5[1-(0.91/42*0.25)%]
=1.021 N/mm2
=1.021*337500 = 344588N = 35126kg = 35.12 ton

For clay burnt brick with mortar thickness 3/4"
f'm = 7.36 Mpa
h' =3ft=0.91m
t =10inch=0.25m
L =53inch=1.35m
A =1.35%0.25 = 0.3375 m? = 337500 mm2
So, F, = 7.36/5[1-(0.91/42*0.25)°]
=1.47 N/mm?2
= 1.47*337500 = 496125N = 50573kg = 50.57 ton

For machine made brick with mortar thickness 1/2"
f'm = 8.2 Mpa
h' =3.1ft=0.95m
t =10inch=0.25m
L =56inch=1.42m
A =1.42*0.25 = 0.355 m* = 355000 mm2
So, Fa = 8.2/5[1-(0.95/42*0.25)*]
=1.639 N/mm2
= 1.639*355000 = 581845N = 59311kg = 59.3 ton
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For machine made brick with mortar thickness 3/4"
f'm = 8.7 Mpa
h' =3.1ft=0.95m
t =10inch=0.25m
L =56inch=1.42m
A =1.42*0.25 = 0.355 m* = 355000 mm2
So, Fa = 8.7/5[1-(0.95/42*0.25)*]
=1.739 N/mm2
=1.739*355000 = 617345N = 62930kg = 62.9 ton

b) Shear Stress for Shear Walls,
Unreinforced masonry walls,
For clay units Fv = 0. 025Vfm < 0. 40 N/mm 2

For clay burnt brick with mortar thickness 1/2"

Fv =0.025Vfm
=0.025*V5.11 = 0.0565 N/mm2 = 0.0565*337500 = 19073.22N = 1944.3kg
=1.94 ton
For clay burnt brick with mortar thickness 3/4"
Fv =0.025Vfm
=0.025*V7.36 = 0.0678 N/mm2 = 0.0678*337500 = 22890.4N = 2333.4kg
=2.33 ton
For machine made brick with mortar thickness 1/2"
Fv =0.025Vfm
=0.025*V8.2 = 0.0716 N/mm2 = 0.0716*355000 = 25414.1N = 2590.6kg
=2.59 ton
For machine made brick with mortar thickness 3/4"
Fv =0.025Vfm
=0.025*V8.7 = 0.0737 N/mm2 = 0.0737*355000 = 26177.5N = 2668.4kg
=2.67 ton
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Table A.1: Load-Deflection Value for Specimen C-1/2

Load (Ton) Displacement (mm) Load (Ton) Displacement (mm)
Cycle-I Cycle-Il
0.0 0 0.0 -0.1
0.5 0.03 05 -0.03
1.0 0.11 1.0 0.08
15 0.22 15 0.19
2.0 04 2.0 0.34
15 0.37 25 0.47
1.0 0.31 3.0 0.68
0.5 0.25 25 0.67
0.0 0.12 2.0 0.6
-0.5 0.02 15 051
-1.0 -0.11 1.0 041
-15 -0.32 05 0.33
-2.0 -0.72 0.0 0.17
-15 -0.7 -0.5 0.07
-1.0 -0.51 -1.0 -0.08
-0.5 -0.22 -15 -0.21
0.0 -0.1 -2.0 -0.45
Cycle-lll -2.5 -0.81
0.0 -0.41 -3.0 -2.93
0.5 -0.24 -2.5 -2.62
1.0 -0.15 -2.0 -2.34
15 -0.03 -15 -1.77
2.0 0.14 -1.0 -1.23
2.5 0.32 -0.5 -0.84
3.0 0.56 0.0 -0.41
35 0.88 Cycle-IV
4.0 4.27 0.0 -0.66
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3.5 4.09 05 -0.6
3.0 3.39 1.0 -0.55
2.5 2.86 15 -0.25
2.0 2.39 20 0.01
15 1.79 25 0.16
1.0 1.47 3.0 0.36
0.5 0.67 35 0.84
0.0 0.31 40 4.25
-0.5 0.21 45 6.35
-1.0 -0.04 5.0 8.65
-1.5 -0.34 45 8.14
-2.0 -1.26 40 6.67
-2.5 -1.96 35 6.06
-3.0 -2.94 3.0 549
-3.5 -3.91 25 512
-4.0 -5.96 2.0 422
-3.5 -5.66 15 3.54
-3.0 -5.02 1.0 2.82
-2.5 -4.07 05 192
-2.0 -3.53 0.0 0.61
-1.5 -2.74 -0.5 0.49
-1.0 -2.05 -1.0 0.19
-0.5 -1.12 -1.5 -0.16
0.0 -0.66 -2.0 -1.21
-2.5 -1.87
-3.0 -3.36
-3.5 -4.28
-4.0 -7.3
-4.5 -10.97
-5.0 -13.77
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-4.5 -13.11
-4.0 -12.22
-3.5 -9.87
-3.0 -8.57
-2.5 -7.22
-2.0 -6.18
-15 -4.8
-1.0 -3.3
-0.5 -2.28
Table A.2: Load-Deflection Value for Specimen C1-1/2
Load (Ton) Displacement (mm) Load (Ton) Displacement (mm)
Cycle-I Cycle-Il
0.0 0 0.0 -0.06
0.5 0.11 05 0.06
1.0 0.26 1.0 0.33
15 0.38 15 053
2.0 0.54 2.0 0.66
15 05 25 0.84
1.0 0.42 3.0 1.08
0.5 0.29 25 1.06
0.0 0.21 2.0 1
-0.5 0.09 15 091
-1.0 -0.15 1.0 0.8
-1.5 -0.35 05 0.65
-2.0 -0.57 0.0 0.43
-15 -0.51 -0.5 0.31
-1.0 -0.41 -1.0 0.04
-0.5 -0.21 -15 -0.44
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0.0 -0.06 -2.0 -0.64
Cycle-1I -2.5 -1.03
0.0 -0.26 -3.0 -1.44
0.5 -0.16 -2.5 -1.39
1.0 0.32 -2.0 -1.24
15 0.53 -1.5 -1.06
2.0 0.68 -1.0 -0.84
25 0.95 -0.5 -0.64
3.0 1.16 Cycle-IV
35 1.4 0.0 -0.37
4.0 1.66 05 -0.2
35 1.64 1.0 0.26
3.0 157 15 04
2.5 1.46 2.0 0.58
2.0 1.31 25 0.82
15 1.09 3.0 1.07
1.0 1 35 1.28
0.5 0.81 4.0 1.46
0.0 0.6 45 1.74
-0.5 0.32 5.0 2.16
-1.0 -0.2 4.5 2.1
-1.5 -1 4.0 2.06
-2.0 -1.23 35 1.96
-2.5 -1.56 3.0 1.78
-3.0 -1.78 25 1.62
-3.5 -2.15 2.0 1.48
-4.0 -3.01 15 1.26
-3.5 -2.85 1.0 1.04
-3.0 -2.6 05 0.9
-2.5 -2.45 0.0 0.57
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2.0 -2.26 0.5 0.13

15 -2.02 -1.0 -0.5

-1.0 1.7 15 131

-0.5 -1.26 2.0 -1.73

0.0 -0.37 25 -2.03
Cycle-V -3.0 -2.26

0.0 -0.79 35 -2.61

05 -0.61 -4.0 -2.98

1.0 -0.26 4.5 -3.37

15 0.3 -5.0 -5.43

2.0 0.62 45 -5.03

25 0.99 -4.0 -4.63

3.0 1.38 35 -4.13

35 1.64 -3.0 -3.73

4.0 1.97 25 -3.13

45 2.74 2.0 -2.59

5.0 3.78 15 -2.29

55 9.64 -1.0 -2.02

6.0 14.89 0.5 -1.46

55 14.35 0.0 -0.79

5.0 13.99

45 13.31

4.0 12.44

35 12.02

3.0 11.05

25 8.96

2.0 7.21

15 4.49

1.0 3.33

05 2.23
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0.0

0.99

Table A.3: Load-Deflection Value for Specimen C-3/4

Load (Ton) Displacement (mm) Load (Ton) Displacement (mm)
Cycle-I Cycle-Il
0.0 0 0.0 -0.1
0.5 0.02 05 -0.07
1.0 0.07 1.0 0.05
15 0.17 15 0.12
2.0 0.3 2.0 0.23
15 0.28 25 0.36
1.0 0.22 3.0 051
0.5 0.14 25 0.5
0.0 0.07 2.0 0.46
-0.5 -0.05 15 0.37
-1.0 -0.14 1.0 0.27
-15 -0.28 05 0.16
-2.0 -0.52 0.0 0.09
-15 -0.51 -0.5 -0.01
-1.0 -0.45 -1.0 -0.06
-0.5 -0.37 -15 -0.36
0.0 -0.1 -2.0 -0.87
Cycle-Ill -2.5 -0.81
0.0 -0.38 -3.0 -1.65
0.5 -0.33 -2.5 -1.6
1.0 -0.22 -2.0 -14
15 -0.1 -15 -1.29
2.0 0.02 -1.0 -0.93
2.5 0.14 -0.5 -0.72
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3.0 0.3 0.0 -0.38
3.5 0.45 Cycle-IV
4.0 0.74 0.0 -0.55
35 0.73 05 -0.47
3.0 0.66 1.0 -0.34
2.5 0.57 15 -0.21
2.0 0.46 2.0 -0.03
15 0.38 25 0.12
1.0 0.31 3.0 0.26
0.5 0.25 35 0.42
0.0 0.19 4.0 0.61
-0.5 -0.08 45 0.79
-1.0 -0.22 5.0 1.31
-15 -0.43 45 1.29
-2.0 -0.93 4.0 1.22
-2.5 -1.33 35 1.12
-3.0 -1.74 3.0 0.98
-3.5 -2.05 25 0.82
-4.0 -2.57 2.0 0.62
-3.5 -2.41 15 0.47
-3.0 -2.18 1.0 0.37
-2.5 -1.83 05 0.29
-2.0 -1.57 0.0 0.22
-15 -14 -0.5 0.11
-1.0 -1.04 -1.0 -0.21
-0.5 -0.87 -15 -0.44
0.0 -0.55 -2.0 -1.02
Cycle-V -2.5 -1.47
0.0 -0.67 -3.0 -1.82
0.5 -0.55 -3.5 -2.65
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1.0 -0.42 -4.0 -3.18
15 -0.34 -4.5 -3.54
2.0 -0.14 -5.0 -3.98
2.5 0.03 -4.5 -3.94
3.0 0.19 -4.0 -3.83
35 0.36 -3.5 -3.57
4.0 05 -3.0 -3.22
4.5 0.67 -2.5 -2.83
5.0 0.88 -2.0 -2.36
55 11 -15 -1.83
6.0 1.37 -1.0 -1.35
6.5 1.65 -0.5 -1.16
7.0 2.92 0.0 -0.67
6.5 2.81 Cycle-VI

6.0 2.67 0.0 -0.94
55 2.45 1.0 -0.67
5.0 2.1 2.0 -0.36
4.5 1.78 3.0 -0.06
4.0 157 4.0 0.31
3.5 1.44 50 0.67
3.0 1.04 6.0 1.55
2.5 0.86 7.0 3.03
2.0 0.56 8.0 532
15 0.47 9.0 6.91
1.0 0.39 8.0 6.81
0.5 0.31 7.0 6.32
0.0 0.16 6.0 5.68
-0.5 0.02 5.0 522
-1.0 -0.28 4.0 4.95
-1.5 -0.62 3.0 3.83
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-2.0 -0.81 2.0 2.83

-2.5 -1.22 1.0 1.56

-3.0 -2.21 0.0 0.59

-3.5 -2.67 -1.0 0.13

-4.0 -3.26 -2.0 -0.49
-4.5 -3.72 -3.0 -2.4

-5.0 -4.07 -4.0 -3.24
-5.5 -4.61 -5.0 -4.44
-6.0 -5.33 -6.0 -5.39
-6.5 -5.85 -7.0 -6.52
-7.0 -6.13 -8.0 -8.88
-6.5 -6.11 -9.0 -12.52
-6.0 -6.05 -8.0 -11.97
-5.5 -5.87 -7.0 -11.02
-5.0 -5.69 -6.0 -10.47
-4.5 -5.42 -5.0 -9.77
-4.0 -5.11 -4.0 -8.83
-3.5 -4.54 -3.0 -7.69
-3.0 -4.12 -2.0 -5.89
-2.5 -3.56 -1.0 -2.69
-2.0 -2.95 0.0 -1.07
-1.5 -2.31

-1.0 -1.79

-0.5 -1.52

0.0 -0.94
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Table A.4: Load-Deflection Value for Specimen C1-3/4

Load (Ton) Displacement (mm) Load (Ton) Displacement (mm)
Cycle-I Cycle-Il
0.0 0 0.0 -0.04
0.5 0.01 05 -0.02
1.0 0.06 1.0 0.05
15 0.13 15 0.08
2.0 0.33 2.0 0.15
15 0.24 25 0.21
1.0 0.2 3.0 0.38
0.5 0.15 25 0.33
0.0 0.11 2.0 0.26
-0.5 0.06 15 0.22
-1.0 0 1.0 0.16
-15 -0.13 05 0.11
-2.0 -0.38 0.0 0.06
-15 -0.3 -0.5 -0.03
-1.0 -0.17 -1.0 -0.11
-0.5 -0.11 -15 -0.18
0.0 -0.04 -2.0 -0.26
Cycle-lll -2.5 -0.81
0.0 -0.18 -3.0 -1.12
0.5 -0.15 -2.5 -1.1
1.0 -0.12 -2.0 -0.91
15 -0.06 -15 -0.78
2.0 0 -1.0 -0.63
25 0.06 -0.5 -0.46
3.0 0.15 0.0 -0.18
3.5 0.31 Cycle-IV
4.0 0.61 0.0 -0.24
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3.5 0.6 05 -0.21
3.0 0.59 1.0 -0.17
2.5 0.55 15 -0.09
2.0 05 2.0 0.01
15 0.44 25 0.06
1.0 0.37 3.0 0.12
0.5 0.32 35 0.21
0.0 0.27 4.0 0.28
-0.5 0.16 45 0.36
-1.0 0.06 5.0 0.63
-15 0.02 45 0.62
-2.0 -0.1 4.0 0.57
-2.5 -0.68 35 0.49
-3.0 -1.23 3.0 045
-3.5 -1.94 25 04
-4.0 -3.24 2.0 0.34
-3.5 -3.14 15 0.29
-3.0 -2.81 1.0 0.24
-2.5 -2.27 05 0.19
-2.0 -1.55 0.0 0.07
-15 -0.89 -0.5 -0.02
-1.0 -0.52 -1.0 -0.12
-0.5 -041 -15 -0.22
0.0 -0.24 -2.0 -0.39

Cycle-V -2.5 -1.47
0.0 -0.65 -3.0 -1.11
0.5 -0.61 -3.5 -1.21
1.0 -0.55 -4.0 -1.61
15 -0.48 -4.5 -3.81
2.0 -041 -5.0 -4.96
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2.5 -0.32 -4.5 -4.91
3.0 -0.24 -4.0 -4.63
35 -0.14 -3.5 -4.16
4.0 -0.09 -3.0 -3.71
4.5 0.01 -2.5 -3.06
5.0 0.07 -2.0 -2.16
5.5 0.36 -15 -1.73
6.0 0.51 -1.0 -1.21
6.5 1.66 -0.5 -0.96
7.0 2.88 0.0 -0.65
6.5 2.86 Cycle-VI

6.0 2.8 0.0 -0.74
55 2.67 05 -0.69
5.0 2.34 1.0 -0.64
4.5 2.06 15 -0.57
4.0 1.85 2.0 -0.5
35 1.73 25 -0.4
3.0 1.45 3.0 -0.32
2.5 1.32 35 -0.24
2.0 1.14 4.0 -0.15
15 1.02 45 -0.04
1.0 0.91 5.0 0.16
0.5 0.68 55 0.65
0.0 0.34 6.0 0.84
-0.5 0.22 6.5 1.45
-1.0 0.15 7.0 3.08
-1.5 0.06 75 4.18
-2.0 -0.07 8.0 451
-2.5 -0.68 85 523
-3.0 -1.28 9.0 5.98
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-3.5 -2.31 95 13.11
-4.0 -3.22 10.0 15.06
-4.5 -4.44 95 14.9
-5.0 -5 9.0 14.31
-5.5 -5.5 8.5 13.81
-6.0 -5.82 8.0 13.46
-6.5 -6.38 75 12.61
-7.0 -6.84 7.0 12.03
-6.5 -6.7 6.5 11.71
-6.0 -6.52 6.0 11.11
-5.5 -6.29 55 10.64
-5.0 -6.04 50 10.01
-4.5 -5.69 45 9.06
-4.0 -5.4 4.0 8.53
-3.5 -5.14 35 7.5

-3.0 -4.63 3.0 6.98
-2.5 -3.99 25 6.34
-2.0 -3.49 2.0 5.65
-15 -3.18 15 3.96
-1.0 -2.49 1.0 3.12
-0.5 -1.39 05 2.03
0.0 -0.74 0.0 0.89

Table A.5: Load-Deflection Value for Specimen M-1/2
Load (Ton) Displacement (mm) Load (Ton) Displacement (mm)
Cycle-I Cycle-Il

0.0 0 0.0 -0.05
0.5 0.07 05 0.04
1.0 0.11 1.0 0.09




15 0.2 15 0.19
2.0 0.36 2.0 0.31
15 0.35 25 0.4
1.0 0.3 3.0 0.53
05 0.21 25 0.46
0.0 0.13 2.0 0.42
-0.5 -0.03 15 0.34
-1.0 -0.1 1.0 0.26
-1.5 -0.21 05 0.18
-2.0 -0.3 0.0 0.05
-1.5 -0.28 -0.5 -0.09
-1.0 -0.22 -1.0 -0.18
-0.5 -0.14 -1.5 -0.29
0.0 -0.05 -2.0 -0.35
Cycle-1I -2.5 -0.46
0.0 -0.07 -3.0 -0.56
0.5 0.01 -2.5 -0.52
1.0 0.09 -2.0 -0.48
15 0.17 -15 -0.39
2.0 0.31 -1.0 -0.33
2.5 0.43 -0.5 -0.19
3.0 0.57 0.0 -0.07
3.5 0.73 Cycle-IV
4.0 1.01 0.0 -0.13
35 0.99 05 -0.03
3.0 0.91 1.0 0.08
2.5 0.83 15 0.18
2.0 0.69 2.0 0.29
15 0.55 25 0.46
1.0 0.44 3.0 0.62
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0.5 0.28 35 0.81
0.0 0.19 4.0 1.16
-0.5 0.11 45 2.21
-1.0 -0.04 50 8.52
-15 -0.17 45 7.92
-2.0 -0.26 4.0 7.44
-2.5 -0.38 35 6.97
-3.0 -0.47 3.0 6.76
-3.5 -0.59 25 6.06
-4.0 -0.8 2.0 5.15
-3.5 -0.77 15 3.7
-3.0 -0.71 1.0 2.74
-2.5 -0.6 05 1.94
-2.0 -0.48 0.0 0.82
-15 -04 -0.5 0.67
-1.0 -0.28 -1.0 0.57
-0.5 -0.2 -15 04
0.0 -0.13 -2.0 0.21
Cycle-V -2.5 0.0
0.0 -0.42 -3.0 -0.23
0.5 -0.25 -3.5 -0.47
1.0 0.04 -4.0 -1.57
15 0.1 -4.5 -3.19
2.0 0.68 -5.0 -5.44
2.5 1.34 -4.5 -5.34
3.0 2.33 -4.0 -5.06
35 2.96 -3.5 -4.67
4.0 3.44 -3.0 -4.29
4.5 4.55 -2.5 -3.7
5.0 8.79 -2.0 -2.81
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5.5 11.38 -15 -2.27
6.0 14.98 -1.0 -1.87
55 14.52 -0.5 -1.22
5.0 13.68 0.0 -0.42
4.5 13.21
4.0 12.74
3.5 12.17
3.0 11.64
2.5 10.04
2.0 8.24
15 6.44
10 494
0.5 3.44
0.0 1.14
Table A.6: Load-Deflection Value for Specimen M1-1/2
Load (Ton) Displacement (mm) Load (Ton) Displacement (mm)
Cycle-I Cycle-Il
0.0 0 0.0 -0.11
0.5 0.03 05 0.12
1.0 0.21 1.0 0.64
15 04 15 0.73
2.0 0.75 2.0 0.96
15 0.71 25 1.24
1.0 0.58 3.0 1.71
0.5 0.43 25 1.66
0.0 0.26 2.0 1.48
-0.5 -0.03 15 1.25
-1.0 -0.12 1.0 1.07
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-1.5 -0.42 05 0.72
-2.0 -0.7 0.0 051
-1.5 -0.68 -0.5 -0.06
-1.0 -0.6 -1.0 -0.45
-0.5 -0.39 -1.5 -0.77
0.0 -0.11 -2.0 -1.08
Cycle-lll -2.5 -1.37
0.0 -0.13 -3.0 -1.71
05 0.11 -2.5 -1.68
1.0 0.59 -2.0 -1.58
15 0.96 -1.5 -1.4
2.0 1.22 -1.0 -1.07
2.5 1.53 -0.5 -0.72
3.0 1.95 0.0 -0.13
3.5 2.29 Cycle-IV
4.0 2.81 0.0 -0.29
35 2.71 05 -0.18
3.0 2.51 1.0 042
2.5 2.13 15 0.9
2.0 1.8 2.0 1.22
15 151 25 1.59
1.0 1.23 3.0 2.02
0.5 1.05 35 251
0.0 0.6 4.0 3.1
-0.5 0.27 45 352
-1.0 -0.15 50 415
-15 -0.87 45 4.1
-2.0 -1.17 4.0 392
-2.5 -1.45 35 3.62
-3.0 -1.74 3.0 3
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-3.5 -2.07 25 242
-4.0 -2.77 2.0 1.96
-3.5 -2.67 15 1.64
-3.0 -2.6 1.0 1.32
-2.5 -2.48 05 0.76
-2.0 -2.27 0.0 0.5
-15 -1.96 -0.5 -0.2
-1.0 -1.55 -1.0 -0.68
-0.5 -1.15 -15 -1.08
0.0 -0.29 -2.0 -14
Cycle-V -2.5 0.0
0.0 -0.81 -3.0 -2
0.5 -0.21 -3.5 -2.08
1.0 0.08 -4.0 -2.39
15 0.38 -4.5 -3.9
2.0 0.58 -5.0 -4.38
2.5 1.37 -4.5 -4.31
3.0 1.58 -4.0 -4.12
35 1.89 -35 -3.89
4.0 2.28 -3.0 -3.6
4.5 291 -2.5 -3.32
5.0 3.57 -2.0 -3
55 3.97 -15 -2.58
6.0 4.39 -1.0 -2.1
55 4.23 -0.5 -1.43
5.0 4.07 0.0 -0.81
4.5 3.94
4.0 3.46
35 2.93
3.0 2.47
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25 2.06
2.0 1.67
15 1.38
1.0 1.03
05 0.65
0.0 0.18
-05 -0.57
-1.0 -0.97
15 -1.37
2.0 -1.62
25 -1.89
-3.0 221
-35 -2.83
-4.0 -3.21
45 -4.19
-5.0 -4.81
55 -8.11
-6.0 -13.29
55 -12.25
-5.0 -11.19
45 -10
-4.0 -8.8
-35 75
-3.0 7.21
25 -5.83
-2.0 -4.49
15 -3.31
-1.0 241
-05 17
0.0 121
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Table A.7: Load-Deflection Value for Specimen M-3/4

Load (Ton) Displacement (mm) Load (Ton) Displacement (mm)
Cycle-I Cycle-Il
0.0 0 0.0 -0.09
0.5 0.05 0.5 -0.02
1.0 0.24 1.0 0.19
15 0.38 15 0.36
2.0 0.74 2.0 0.7
15 0.7 25 0.98
1.0 0.62 3.0 2.06
0.5 0.46 25 1.84
0.0 0.25 2.0 157
-0.5 0.21 15 1.05
-1.0 0.04 1.0 0.59
-1.5 -0.07 0.5 0.38
-2.0 -0.45 0.0 0.24
-1.5 -0.39 -0.5 0.19
-1.0 -0.29 -1.0 0.01
-0.5 -0.18 -15 0.13
0.0 -0.09 -2.0 052
Cycle-I11 -2.5 -0.67
0.0 0.11 -3.0 -1.79
0.5 -0.02 -25 -1.64
1.0 0.18 2.0 -1.34
15 03 -1.5 -1.01
2.0 0.71 -1.0 0.61
25 11 -0.5 -0.31
3.0 218 0.0 0.11
3.5 271 Cycle-IV
4.0 4.9 0.0 0.19
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3.5 4.56 0.5 -0.07
3.0 4.09 1.0 0.13
25 331 15 0.24
2.0 2.56 2.0 0.65
15 1.8 2.5 1.36
1.0 151 3.0 2.67
0.5 0.61 3.5 3.76
0.0 04 4.0 51
-0.5 0.32 4.5 6.7
-1.0 0.2 5.0 11.6
15 -0.03 45 11.4
2.0 0.41 4.0 11.04
2.5 -0.59 3.5 10.58
-3.0 15 3.0 9.83
-3.5 -1.97 2.5 9.0
-4.0 -2.89 2.0 7.06
-3.5 2.8 15 5.46
-3.0 -2.66 1.0 3.38
25 -2.49 0.5 157
-2.0 -1.94 0.0 0.93
-1.5 1.4 -0.5 0.72
-1.0 -0.83 -1.0 0.49
-0.5 -0.44 -1.5 0.44
0.0 -0.19 -2.0 0.09

Cycle-V -2.5 -0.56

0.0 -0.64 -3.0 171

05 -0.51 -3.5 -2.05

1.0 03 -4.0 -2.66

15 -0.24 -4.5 3.12

2.0 0.22 -5.0 -7.01
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25 11 -45 6.61
3.0 1.98 -4.0 6.41
35 37 -3.5 -6.06
4.0 55 -3.0 5.81
45 6.45 -2.5 -5.51
5.0 11.25 -2.0 475
55 12.57 -15 4.01
6.0 20.25 -1.0 3.11
5.5 19.15 -0.5 -1.65
5.0 18.65 0.0 -0.64
45 17.65
4.0 16.45
35 14.55
3.0 13.35
25 11.85
2.0 9.55
15 6.65
1.0 4.78
05 24
0.0 1.33
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