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Abstract: Clay brick masonry constructions are preferred in most of the undeveloped countries for low rise buildings. Also in our
country clay brick masonry has been used in many historical monuments like Qutub Minar at New Delhi, Rajendra Chola
Madhil at Gangaikonda Cholapuram, The Great Stupa at Sanchi, Santhome Church at Chennai etc. The weakest section of
brick masonry is bonding between brick and masonry mortar. The cracks are formed due to the failure of mortar joint under the
compressive, tensile, shear or fatigue loading. It is noticed that masonry buildings are exposed to the possibility of being
damaged by earthquake forces. Hence various researchers performed several tests on brick masonry and studied the modes of
failures. This paper contains a review of different tests conducted by several peoples on clay brick masonry and the factors
affecting the strength of masonry are discussed.
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L. INTRODUCTION

The basic requirements for human survival are food, cloth and shelter and housing is one of those basic requirements. Brick
masonry walls are used for the construction of all types of building in many parts of India and elsewhere because of the lower price,
locally available raw materials, good strength, easy construction with less supervision, good sound, and thermal insulation
properties, availability of skilled labor etc. Brick masonry is a composite material in which brick units are systematically arranged
with the help of mortar joints. In India, various types of bricks or blocks are used as a masonry unit. They are clay brick, fly ash
brick, solid concrete block, hollow concrete block, F-LAG Brick (Fly ash, lime, and Gypsum brick), CLC Block (Cellular Light
Weight Concrete Block), AAC Block (Autoclaved Aerated Concrete Block) etc as shown in Figure-1. Now a days clay bricks and
fly ash bricks are using in building the structure as a general practice. Also, several mortars are used in joints of two building blocks.
They are strong in compression but weak in tension. Hence the cracks are easily propagated on the surface of the masonry structure
due to having low ductility. Before using them as a building material, they must be satisfied the minimum strength. The different
types of strength of clay brick masonry analyzed by various researchers are discussed here.

Clay Brick Fly Ash Brick Hollow Concrete Block
Kaushik et al. (2007) [Basha&Kaushik (2015)] [Bengi etal. (2015)]

l

CLC Block AAC Block
Abdur&Suriya (2016) [Radoslaw& Lukasz (2016)]

Figure-1: Different Types of Building Blocks
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1. STRENGTH OF BRICK MASONRY
Masonry is a composite material of clay, rubble or concrete block units joined together by mortar. The important factor of the
durability of masonry unit is an effective bond which causes cracking when subjected to lateral loading. The moisture will enter the
crack which will accelerate the freeze-thaw damage and corrosion of metal connectors. Hence determination of appropriate ultimate
strength of the masonry material is important for masonry designing. The different types of strength analyzed by various researchers
are a compressive strength, flexural bond strength, shear bond strength and fatigue strength are discussed below.

A. Compressive Strength
The various uses of masonry walls are as load-bearing walls, external claddings, partition wall etc. Generally, several researchers
determined the compressive strength of brick masonry by prism test. In prism test, five bricks are assemblage with mortar joints as
shown in Figure-2. The strength of brick masonry depends upon the strength of brick and strength of mortar. Prism is the
combination of two different materials i.e. brick and mortar distributed at regular intervals of the prism. The strength and stiffness of
brick are more than mortar. Hence bond between mortar and bricks are a week. So the masonry can resist strongly the compressive
stress than shear and flexure. Again the strength of brick through the country is not same. From Figure-3 it is seen that the strength
and stiffness of southern part of India are very low. Moreover, these bricks are very soft which causes different state of stresses to
develop in masonry unlike in the masonry with stiffer and stronger bricks.

o,

Figure-2: Brick Prism Specimen [Rath, Deo and Ramtekkar (2016)]
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Figure-3: Variation in Compressive Strength of Brick of Different States across the India

Sarangpani et al. (2005) conducted a series of tests on brick masonry prism with different grades of mortar. They found that the
compressive strength of prism increased as the grade of mortar increased. They found that as the prism compressive strength
increased gradually, flexural strength and shear strength improved accordingly. Kaushik et al. (2007) conducted compressive
strength of brick, mortar and brick masonry prism and plotted nonlinear stress-strain curve. Several factors such as water absorption,
the initial rate of absorption, and the addition of lime in the mortar on the strength and ductility of masonry are also studied. He
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prepared mortar using cement lime and sand of 1:0.5:4.5 ratios and found that failure strain was about 45% more than that the
mortar of 1:3. Using regression analysis they developed a simple analytical model has been proposed for obtaining the stress-strain
curves for masonry which can be used in the analysis and design procedures. Costigan and Pavia (2009) studied compressive,
flexure and bond strength of brick masonry wallet with hydraulic and non-hydraulic lime mortar. Two cases of failures are
observed. One is vertical splitting where mortar is stiffer than brick and bond failure when the brick is stiffer than mortar. They
reported that compressive strength of masonry wallet is not sensitive to bond strength when masonry unit is stiffer than mortar.
Palanisamy and Premalatha (2012) compared the compressive strength of clay brick and fly ash brick masonry prism by using three
types of mortar (i.e. 1:4, 1:5 and 1:6) and concluded that the compressive strength and elastic modulus of fly ash brick masonry is
more than the clay brick masonry. Ravi et al. (2014) tried to establish a stress-strain relationship between brick, mortar cube and
masonry triplets by taking four types of mortar (i.e. 1:2, 1:3, 1:4 and 1:5). Using these test results they studied the behavior of
masonry by performing finite element modeling in ANSYS. Vimala and Kumarasamy (2014) found the compressive strength of
brick masonry in both wet and dry state. They found that dry and wet strength of prism increased with increasing of mortar strength.
The dry compressive strength of prism was higher than the wet compressive strength.

B. Flexural strength

The brick masonry is a brittle material. The structural limitations of clay brick masonry like poor shear and tensile strength. Hence
flexural strength should be determined for lateral loading. Figure- 4(a) shows the arrangement of flexural strength test. A brick
prism of five bricks is generally kept on flexural strength machine. Two point load or four point load is applied to the brick masonry
prism.

— o

U U

Figure-4(a): Flexural Test Arrangement of Brick Masonry Figure-4 (b): Top View of Flexural Testing Arrangement

Sarangpani et al. (2005) defined three types of flexural failure of prisms. They are (i) failure at the brick-mortar interface indicating
bond failure (ii) failure of brick in flexure with the brick-mortar interface intact (iii) combination of above. They found that the
flexural strength mortar present in bed joint is higher than the flexural strength of brick and brick mortar interface. They suggested
that to increases the flexural bond strength of masonry one can use either high-grade mortar or providing cement slurry or epoxy
coatings. Yuen and Lissel (2007), investigated the influence of several factors such as types of brick, construction methods etc on
the flexural bond strength of brick masonry. But they failed to correlate between bond strength and the sorptivity property of brick
units. Zeljka et al. (2015) analyzed the mechanical properties of masonry walls. They found that the compressive strength of mortar
used in brick masonry plays compressive strength brick masonry. Mortar higher compressive strength increased the compressive
strength and flexural strength. The lime mortar used in brick masonry improves the ductility of the wall than cement mortar. Pavia
and Hanley (2010) conducted flexural strength of brick masonry using three grades of natural hydraulic mortar whose specific flows
were 165, 185 and 195 mm. They concluded that natural hydraulic mortar possesses high water retention and its flexural bond
strength is more as compared to cement mortar or cement-lime mortar. Also, the flexural bond strength of mortar depends upon the
binder’s hydraulic strength, but it increases proportionally to the mortar’s water retention.

C. Shear Strength

Shear failure in masonry building is a dominant mode of failure due to lateral loadings of wind, earthquakes, unsymmetrical vertical
loading and unequal settlements of support. This shear force generally acts due to compressive force with a combination of self-
weight and floor loads [Rahman and Ueda (2014)]. Since Indian Building Codes allows low values of shear resistance, hence most
of the Indian contractors and builders give less importance to concerning shear strength and shear load-displacement behavior of
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masonry as compared to behavior in compression. Recently some researchers introduced the terms softening and dilatancy and
developed an analytical model to describe the plane behavior of masonry wall. Figure-5 indicates several experimental approaches
have been adopted by those researchers to determine the shear behavior of joints of brick masonry on couplet, triplet, and prism.

Figure-5 Different Types of shear Test Specimens: (a) Nuss Shear Test, (b) Van der Pluijm Test, (c) Diagonal Tension Test, (d)
Triplet Test, () Meli Test, (f) Direct Shear Test [Rahman and Ueda (2014)]

Armaanidis (1998) conducted a direct shear test on solid clay couplet bricks with lime mortar. He stated that shear strength of lime
mortar provided between two bricks be a combined effect of internal friction angle and dilatancy angle and proposed the following
equation.

7, =C+o,tan(g + @)
Where 7, = Ultimate shear strength, o, = Normal pre compression, ¢ = Initial friction angle, ¢ = Dilatancy angle. Van der Pluijm

(1993) applied compressive force applied at three different levels as shown in Figure-5(b) namely 0.1, 0.5 and 1 MPa and measured
uplift or displacement normal to the shear joint i.e. dilatancy. Hansen (1999) performed a similar test on couplet clay bricks and
found maximum ultimate shear strength and angle of friction as 0.68 MPa and 23.9 degrees. Lourenco et al. (2004); Rahman and
Ueda (2014) conducted triplet test as shown in Figure-5(d) studied the shear load-displacement behavior of horizontal brick
masonry joints due to constant compressive load and verified the Mohr-Coulomb criteria with a cohesion value of the order of 1.4
MPa, and the initial friction coefficient (tan ¢) of 1.03. Also, they stated that the shear strength not only depends upon the grades of
mortar but also it varies with strong mortar with weak brick and weak mortar with a strong brick. Abdou et al. (2006) conducted a
shear test on both solid and hollow bricks as shown in Figure-5(f) and found that ultimate shear strength and angle of friction are not
depended upon the types of bricks. Also, he found that shear stiffness values of solid bricks are lesser than the hollow bricks. In
hollow bricks, mortar entered the holes and act as an abutment, which increased the shear strength value. Meli (1973), Hamid and
Drysdale (1980) investigated the bond and friction of joints as shown in Figure-5(e) and studied the shear response of both grouted
and un grouted concrete masonry. They found that as the confining (compressive) stress increases the coefficient friction decreases.
Some researchers like Gabor et al. (2006); Calvi et al. (1985); Yokel and Fattal (1975) conducted shear strength of clay brick
masonry by diagonal compression test as shown in Figure-5(c). The shear strength obtained from the test gives the average value of
progressive failure events. Sherafati and Schrabi (2017) explained that shear strength of clay brick masonry gradually decreased as
the time lapsed. They formulated a linear model for the evolution of strength degradation as

s=-—0.00547t + 0.5293 and S= 1
b+t°

Where, s=shear strength and t= time period and a, b, ¢ are constants and taken as 2.048, 2.955X10* and 2.295 respectively for yield
density. They predict the uncertain long-term shear resistivity of clay brick walls by keeping results obtained from the numerical
analysis of the above derived suitable resistance degradation functions. Christy et al. (2012) explained that there are two lateral
forces named in the plane and out plane force act on masonry wall during an earthquake. According to them, the shear bond strength
of masonry is the main source of resisting force for these lateral loads. They suggested that in earthquake-prone areas shear strength
of masonry should be well analyzed for designing of structure.
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D. Fatigue Strength

Most of the arch bridges in our country are subjected far heavier repeatable service loading. But till now the fatigue load has not
been positively identified in masonry arch bridges. According to some researchers and maintenance engineers, the repeated
applications heavy loads may decrease the life span of those bridges. There is very limited availability of the fatigue behavior of
masonry under shear. Generally, fatigue test is done on five-course prisms, which is centrally loaded up to 5 million load cycles at 5
Hz frequency under laboratory dry, wet and submerged test conditions. Under quasi-static loading, 5 million cycle loads are
subsequently loaded up to failure. Roberts et al. (2006) conducted fatigue test on three types of test specimen named S, F1, and F2
as shown in Figure-6 aiming to investigate the serviceability requirements for brick masonry arch bridges. They applied seven
million cycles with frequency 5 Hz to the specimen. They concluded that quasi-static compressive strength of brick masonry is
directly proportional to the compressive strength of mortar and inversely proportional to the degree of saturation. They assumed that
no tension stress distributions increases with an increase in the load eccentricity. Joan R. Casas (2009) developed a model for
fatigue resistance of brick masonry using Weibull distribution. He has shown that fatigue resistance of brick masonry is not only
depending on the magnitude of the stress cycles, but also on the magnitude of the minimum stress level. According to Wang et al.
(2013), several factors affecting on fatigue strength of brick masonry. They are a degree of saturation, material properties, load
eccentricity ratio and rate of loading. The dry specimen can resist more than a double number of cycles of fatigue loading than the
submerged and saturated specimen. The specimen using mortar mix i.e. 1:1:10 cement: lime: sand ratio with smaller eccentricity
ratio of e/d=0.163 is much higher than large eccentricity ratio 0.256. There is no influence of loading rate on fatigue strength.
Table-I shows different strength parameters of clay brick masonry achieved by different researchers from laboratory testing.

Table-I: Strength of Clay Brick Masonry Achieved by Different Researchers

Author's Name Specimen Types tm feo fem(MP Fm Flexural T(MP c ¢
(mm) | (MPa) a) (MPa) | Strength (MPa) a) (MPa) | (Deg)
Kaushik et al. | Clay Brick Prism 10 28.9 20.6 8.5 NA NA NA NA
(2005) (1:3)
Sarangpani et al. | Clay Brick Prism 10 10.67 10.57 3.2 0.205 0.138 NA NA
(2005) (1:4)
Costigan&Pavia | Clay Brick Wallet 12 12 4.39 5.3 1.08 NA NA NA
(2009) (1:3)
Palanisamy&Pre | Clay Brick Prism 10 3.74 1.156 NA NA NA NA
malatha (2012) (1:4)
Van der Pluijm | Clay Bricks with 15 11 9 NA NA 1.69 0.87 42.9
(1993) couplet
Hansen (1999) Clay Bricks with 12 32 3.8 NA NA 0.89 0.68 23.9
couplet
Hansen (1999) Perforated clay 12 46 3.8 NA NA 1.15 0.68 45
bricks with couplet
Lourenco et al. | Hollow 25 31.8 30.3 NA NA 2.0 1.39 37.6
(2004) clay bricks with
triplet
Abdou et al. | Hollow 10 24 20 NA NA 2.31 15 23.9
(2006) clay bricks with
couplet
Chaimoon (2007) | Clay Bricks with 10 11.1 7.3 NA NA 1.02 0.43 30.4
couplet
Rahman and | Clay Brick with 10 17 10 NA NA 2.28 0.12 60.8
Ueda (2014) Triplet (1:4)
SuriyaPrakash et | Clay Brick with 10 4.15 25 2.2 NA 0.0026 | NA NA
al. (2016) Triplet and
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Prism(1:3)
Ronald et al. | Clay Brick with 10 27.3 14.7 6.65 NA 1.104 NA NA
(2014) Triplet and

Prism(1:3)
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tm: Thickness of Mortar, fo,: Compressive Strength of Brick, fom: Compressive strength of Mortar, f'n: Compressive Strength of
Prism, t,: Ultimate Shear Strength, c: Interface Cohesion, ¢=Friction Angle, NA: Not Available

1. CONCLUSION

Based on a brief review of literature it is noticed that the strength of brick masonry depends upon both strengths of brick and
strength of masonry mortar. As the strength of brick and mortar are increased the strength of brick masonry increased. The strength
of brick masonry mortar becomes more when the lime mortar is used instead of cement mortar. Both compressive strength of mortar
and thickness of joint plays important role in the shear bond strength of brick masonry. As the thickness of mortar joint increases,
shear strength value increases up to certain limit. The shear strength of higher thickness joint remains unchanged. Also, some
researchers found that fatigue strength also depends wet upon the condition of brick i.e. dry brick, saturated brick and submerged
brick. Further research should be required to confirm it. However, based on the experimental data the eccentricity ratio influences to
the fatigue strength of brick masonry. The fatigue strength corresponding to smaller eccentricity ratio is much higher than those with
larger eccentricity ratio.
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