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ABSTRACT

This thesis presents a comprehensive material model which is capable
of simulating the in-plane behaviour of masonry from elastic range to
final failure for any angle of bed joint orientation. The final element
model and computer code are developed for the analysis of masonry
infilled frame and shear walls to demonstrate the suitability and
accuracy of the material model. The proposed model accounts for most of

the observed sources of material non-linearity in biaxial stress state.

The proposed elasto-plastic model includes the general ised
anisotropic quadratic failure criterion in three dimensional stress
space to take into account the directional strength properties of brick
masonry at failure. The magnitude of interaction between stresses like
other failure theories is not constant. It is restrained in such a way

that the shape of the failure surface is ellipsoidal.

The accuracy of the failure criterion depends upon the interaction
strength parameter. To determine this parameter stability condition
must be checked. Sensitivity analysis is carried out to select the type
of test result to be used for the determination of the interaction
strength parameter, because a small inaccuracy in test results may
change the value to a large extent such that the failure surface may
become hyperboloid instead of ellipsoid. Associated flow rule is used

for modelling the elasto-plastic behaviour of brick masonry.

Smeared crack approach is employed to model the tensile behaviour of
masonry. Maximum stress criterion 1is wused for initiation and
propagation of cracks. Tensile strain softening rule is employed to
model the post cracking behaviour of masonry. Closing and reopening of

cracks are allowed following the secant path.

The material nonlinearity due to slip and/or cracking in the mortar

Joint at the interface between the frame and the infill and at the



interface between masonry wall is incorporated in the finite element

model.

The results of the finite element analysis of masonry frame and shear
walls are compared with the experimental results to validate the
accuracy and versatility of the proposed material model. A good

agreement between the analytical and experimental results is observed.

The model has also been used to analyse shear walls to study the
influence of horizontal to vertical load ratio, effect of vertical
stress level and the influence of strength properties of brick masonry

on the behaviour of shear walls.

It is revealed from studies that the computational model developed
and implemented in the computer code is able to reproduce accurately

the non-linear behaviour of masonry structures subjected to in-plane

loads.

A micro mechanical brick masonry model 1is proposed to determine
strength and elastic properties of brick masonry in terms of those of
its constituents. The formulae have been proposed for computing the
stress distribution in the bricks and mortar Jjoints for known stresses
in masonry. So the finite element analysis at micro-level 1is not
necessary to find out the stresses in the bricks and mortar joints in

the brick masonry.

Micromechanics investigations are carried out to achieve desired
strength and stiffness of brick masonry in terms of strength and
elastic properties of brick and mortar so that brick masonry can be
analysed based on macro level approach. Thus economy in cost and time

can be achieved for the analysis and design of masonry structures.
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CHAPTER 1

INTRODUCTION

1.1 Prelude

Brick masonry is the first man made composite material. It has been
widely used throughout the world as a traditional building material.
Design and analysis of masonry structures have not kept pace with the
development of material technology. Until nineteenth century, the "rule
of thumb" methods were used for the design of brick masonry. These rules
were based on stability criterion and load bearing capacity of the
masonry walls. As a result, walls were excessively thick which were
causing a wasteage of space and materials. One of the most important
examples of this method is the much quoted Monadnock building in Chicago
(1891). Its 6-ft(1829mm) thick masonry walls at the base of the building
provided the required stability against wind loads, but these walls
occupied one fifth of the total area of the building. Its very
massiveness prohibited further use of masonry walls in high rise
buildings. Around this period, steel or concrete framed multi-storey
buildings became the most common and economical form of construction.
For the next fifty years masonry was mainly used as an infill material
for multi-storey framed structures.The situation has changed in a number
of countries after the second world war with the introduction of the
structural brick masonry concept, wherein an important consideration in
the analysis and design of masonry structures is its ability to with
stand in-plane loads i.e., lateral loads induced by earthquake or wind
in addition to vertical loads. This requires the consideration of brick

masonry as a structural material.

To use brick masonry as a structural material a thorough knowledge of
its strength and deformation characteristics are essential.
Unfortunately, research into the basic properties of brick masonry has

not kept pace with these developments. Most of the research has been
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directed towards development of the design procedure and construction
standards. These have involved the study of ultimate strengths of walls,
piers and small specimens in order to correlate strength properties with
that of constituent materials. Tests on full size masonry structures
were also carried out to develop the design and construction Codes, even
though these tests are expensive and difficult to perform. In many
countries, present day design codes continue, in many respects, to be

based on this empirical procedure.

This empirical procedure provides the basis of design of masonry
structures, but it 1is not altogether satisfactory as it contains
inherent inconsistencies such as unrealistically low values of allowable
stresses and arbitrarily chosen limits of certain design parameters,
resulting poor material utilization. This procedure is also inadequate
to determine the ultimate strength. To achieve economy in the brick
masonry construction, without compromising on structural capability, the
principles of structural engineering are required for the development of
rational design procedures. This has prompted the resurgence in brick

masonry research.

From the early sixtles, comprehensive research work was undertaken in

a number of countries. The purpose of some of the investigations was

©

to predict the strength and deformation characteristics of brick
masonry in terms of those of 1its constituent materials and to

collate them with experimental results;

o to determine the effects of creep, shrinkage and workmanship on the

strength of masonry and to select the values of allowable stresses;

o to develop a material model which can trace the deformation

characteristics from elastic range to fallure load;

o to develop computational precedures for the analyses of in-plane

behaviour of masonry structures.
1.2 Properties of the Brick Masonry and its Constituents

It is observed that compressive strength of the bricks and mortar
determined >in accordance with the methods recommended by codes of
different countries are higher due to the restraining effects of platens
of the testing machine. Real strengths were determined either by using a
interface friction reducing system [Thomas and O'Leary(1970),

Page(1978), McNary and Abrams(1985) among others] or by increasing the
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aspect ratio of the specimens [Page(1978), Khoo and Hendry(1373), Baba
et al.(1985) among others]. Elastic properties were also determined from

the stress strain relation obtained from compression tests.

Attempts have been made to predict the strength of masonry in terms of
that of its constituents by Francis et al.(1970), Khoo and Hendry(1973),
Atkinson and Noland(1983) with partial success. Sahlin(1971) first
attempted to predict the strength and elastic properties of brick
masonry prism based on the composite material concept without complete
success. Andam and Pande(1986) also attempted to predict both the
uniaxial and biaxial strength of reinforced and unreinforced brick
masonry walls based on an "equivalent material" approach. The analytical
data were not compared with the experimental results. Liang et al.(1590)
developed an analytical method to predict the elastic properties of
brick masonry walls wusing an’'equivalent material’ approach. The
analytical predictions of strength and elastic properties are not in

good agreement with those of the experimental results.

In the present investigation, an attempt has been made to develop an
analytical method based on micromechanics for an accurate prediction of
strength and elastic properties of brick masonry, in terms of strength

and elastic properties of its constituents.

1.3 Computational Model

Masonry structures subjected to multi-axial state of stresses exhibit
anisotropic strength and deformation characteristics due to the
influence of mortar Joints. Thus, a realistic material model |is
necessary to define the total response of the structural system from
isotropic linear elastic to anisotropic nonlinear bahavior. Until the
seventies linear elastic analyses, based on a macro level approach, had
been carried out to analyze the in-plane behaviour of masonry structures
like composite wall beam due to a lack of detailed information on
fundamental properties of masonry and a sound computational téchnique.
These include finite difference method [Wood(1952), Rosenhaupt and
Sokal(1865)], variational method [Coull(1966)], shear lag method
[Yettram and Hirst(1871)]. The limitations of computational techniques
have been eliminated after the introduction of finite element
method(FEM), though elastic analyses were carried out using the FEM due
to the lack of a suitable material model. In the last two decades, a
number of material models suitable for FEM analyses based on both macro
and micro level approaches have been proposed to simulate the in-plane

behaviour of masonrvy.
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In micro level approach, these include the most simplified model, the
nonlinear deformation characteristics of joints with limited capacity in
shear and tension [Page(1978) among others] and more refined model,
allowing for the nonlinear deformations and the failure of the bricks
and the mortar Jjoints [All and Page(1988)]. As a large number of
elements are needed even for a small problem, this approach is not

applicable for field problems.

In macro level approach, linear elastic fracture models have been used
by many investigators. Ignoring the influence of normal stress parallel
to the bed Jjoints, Mohr-Coulomb type failure criterion with material
nonlinearity due to cracking has been used for the analysis of shear
walls and infill frames. This model has been further, improved by using
a bilaxial failure criterion, derived from tests on masonry panels
[Samarasinghe et al.(1982)]. Nonlinear deformation and failure due to
biaxial compression state of stresses and failure of mortar joints were
not considered in this model. A material model incorporating the
nonlinear deformation in compression region and tensile cracking has
been proposed by Dhanasekar(1985) and was developed from biaxial tests
on masonry panels. In this model, yield stresses in both the direction,
normal and parallel to the bed joint were chosen in lieu of employing
the yield criterion and nonlinear deformation was assumed in a limited
biaxial compression region. Plastic strain components parallel and
normal to the bed Jjoint are assumed to be independent and a function of
the corresponding stress in that direction. The normality condition has
not been checked as the yield surface has not been considered. The
failure surface consisting of three truncated elliptical cones derived

from the biaxial tests is not comprehensive.

The present investigation is an attempt to remove these deficiencies
by developing a realistic computational model using a comprehensive
yield(or failure) surface suitable for finite element analysis of

in-plane behaviour of brick masonry for the complete loading range.
1.4 Objective and the Scope of the Study
The objectives of the investigation are:

o] to critically review the literature on the in-plane macro and micro
behaviour of the brick masonry, its constituent materials,

experimental studies, and the analytical models used for it.
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° to determine experimentally the strength and elastic properties of

commonly used clay bricks, mortar, brick masonry prisms and walls.

° to predict analytically the strength and elastic properties of brick
masonry in terms of those of its constituent materials and to

collate them with the experimental results.

® to propose a fallure surface which can be employed to determine
ultimate strength of brick masonry for multi-axial state of stresses

and different bed joint angles.

° to develop material model wusing the proposed failure surface
simulating nonlinear phenomena like material nonlinearity due to
deformation and cracking, tension stiffening and the possibility of
crack opening and closing, suitable for finite element analysis of

in-plane behaviour of brick masonry.

° to develop a computer program which embodies the above formulations
and is capable of tracing the complete structural behaviour from

elastic regime to failure load.

° to study the in-plane behaviour of masonry shear walls and infill
frames and to check the accuracy of the material model by comparing

the analytical data with the experimental results.

1.5 Layout of the Thesis

The thesis is divided into 8 chapters. Chapter 2 presents the review
of literature pertaining to strength and deformation characteristics of

brick masonry and its constituents. Further, Codal methods have also

been critically reviewed.

Chapter 3 contains detailed information of laboratory investigations
for the determination of strength and elastic properties of brick
masonry and its constituent materials based on the methods employed to

obtain the actual values and the Codal methods.

Chapter 4 presents the prediction of the strength and the elastic
properties of the brick masonry based on a micromechanics approach.
Thus, the most economical form of brick masonry for a particular
application can be designed with the required elastic properties. It
also highlights the importance of an accurate evaluation of the strength

parameters and the modulus of elasticity of the bricks and the mortar.
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In Chapter 5, first the state of the art of the material models 1is
critically reviewed, then, the material model developed for the
modelling of nonlinear behaviour of masonry is presented. The material
model accounts for most of the observed sources of material nonlinearity

under compressive, tensile or a combined state of compressive and

tensile stresses.

In Chapter 6, two dimensional finite element model is presented for
the analysis of masonry structures subjected to in-plane loading.
Isoparametric finite elements suitable for the analysis of masonry

structures are described. The nonlinear solution technique employed in

the study is presented.

In Chapter 7, the analysis of masonry infilled frame and shear walls
are carried out. The analytical data are compared with the experimental
results reported in the literature to check the validity and accuracy of
the material model presented in Chapter 5. The influence of varying
vertical to horizontal load ratio and masonry properties on the
behaviour of masonry shear wall are investigated. The state of the art

of masonry infilled frame and shear walls is reviewed.

Chapter 8 epitomizes the results of the study. Some important
conclusions drawn from the studies carried out together with suggestions

for further research in this field are given.
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CHAPTER 2

LITERATURE REVIEW ON

THE PROPERTIES OF BRICK MASONRY AND ITS CONSTITUENTS

2.1 Introduction

Brick masonry is a widely used building material possessing excellent
properties in terms of its aesthetic appeal, durability and cost in
comparison with alternatives. To use brick masonry as a structural
material a through knowledge of the mechanical properties of the brick
masonry and its constituent materials are essential. The strength and
stiffness properties of the brick masonry primarily depend on the
strength and deformation characteristics of the brick and the mortar.
Other factors such as geometry of the brick, thickness and orientation
of the Joint, brickwork bonding, workmanship, curing, environment and
age also affect the properties of brick masonry. All factors are not of

equal significance.

The available literature covering mechanical properties of the brick
masonry, its constituent materials and other factors directly affecting
the strength and deformation characteristics are critically reviewed so
that the problem later investigated can be placed in proper perspective.
The accuracy of the numerical modelling for nonlinear analysis of
masonry mainly depends on the consideration of failure theory. So the
emphasis is placed on the literature pertaining to the behaviour of the

brick masonry under biaxial stresses.

This investigation also involves the study of the behaviour of the
masonry shear walls and the infilled frames. The literature pertaining
to these topic are reviewed in Chapters 6. An extensive review of brick
masonry structure subjected to in-plane load has been carried out by

Guha et al. (1990).



2.2 Material Behaviour

The behaviour of the brick masonry depends upon the properties of the
constituent materials, 1i.e., the bricks, mortar and the Iinteraction
between them. The properties of the brick, mortar and their composite

action are reviewed in the following sections.

2.2.1 Brick

Fired clay bricks must be free from deep and extensive cracks, damage
to edges, corners, and also from expansive particle of lime. The bricks
are normally classified based on the compressive strength laid down in
the relevant national standards, for example in India, IS:1077. Physical
properties such as effloresence, frost resistance, thermal movement,
moisture movement, sulphate attack, fire resistance, permeability,
dimensional variations, etc., have a significant influence on the
durability and satisfactory performance of brick masonry structures.
Initial rate of absorption(I.R.A.) or brick suction significantly
affects the bond strength of the brick masonry. So it should also
conform to the specification of physical properties as per relevant
national Codes. In many countries the bricks are classified according to
physical properties. In United Kingdom the bricks are also classified
according to their resistance to frost and the maximum soluble salt
content. The clay brick typically exhibit elastic brittle behaviour. The
bricks are not neéessarily isotropic material, hand molded bricks are
isotropic while extruded bricks are orthotropic material. Bricks of
various strengths are available to suit a wide range of architectural
and engineering requirements. For low-rise masonry buildings bricks of
5.2 N/mm2 is sufficient. For reinforced and pre-stressed brick masonry,

it is highly unlikely that the brick strength lower than 20 N/mm2 will

be used.

{(a) Compressive Strength: The bricks are generally classified on the
basis of minimum average compressive strength evaluated by uniaxial
tests on a random sample in their normal orientation in the wall. The
strength of the clay bricks depends on the percentage of clay, method of
forming and the firing history of the bricks. The clay or concrete
bricks are brittle material. Brittle material fails in compression by
separation of cross-sections perpendicular to the axis of the specimen.
But this type of fallure does not occur in compression tests due to
complex state of stress which is far from the assumed uniform state of
stress. The actual stress distribution is much more complicated, even if

the surfaces are in perfect contact and the load is uniformly applied.
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Owing to the friction on the surfaces of contact between the specimen

and the platens, the lateral expansion is prevented at these surfaces.
As a result high stress concentration develops near the edges of the
surface. The magnitude of the stress concentration depends on the shape
of the edges. The material at the edges of the surfaces under
compression 1is crushed while inner material of the surface remains
unaffected. So the compressive strength determined is higher than the
real value. The specimen fails by subdividing into plates parallel to
one of the lateral sides provided the platen resistance is relieved
either by using proper capping material or increasing aspect ratio. The
full 1implications of these with reference to method of testing and
specification laid down in various Codes and recommendations of many

researchers are discussed in detail in the following sections.
(i) Test Methods and Specifications in Accordance with Codes

Test methods for determining compressive strength in various Codes and
specifications are listed in Table 2.1. In the case of clay units, the
whole shape is recommended by Indian, British and Australian standards
brick Codes. In this test, the bricks are compressed in their normal
orientation in the walls between the platens. Plywood capping is used on
the top and bottom faces between the platen and the bricks. The brick
exhibits shear failure due to lateral strain and the strength estimated
is larger than the real value under actual conditions. Despite these
deficiencies of this standard test, the nominal compressive strength
provides a good form of quality control. On the other hand, the true
strength of the bricks is essential for structural design of masonry

structures.
(ii) Test Methods and Specifications Suggested by Investigators

The effects of the testing machine platens can be overcome either by
the use of larger height to width ratio or by using capping material on
the specimen. The stiffness of capping material markedly influence the
strength of the specimen. The apparent strength may increase or decrease
depending on the relative stiffness of the capping material and the
specimen. For example, a highly flexible capping material will tend to
expand laterally to a greater extent than the specimen and induce
lateral tensile stress may result in premature vertical splitting while
a stiff capping material induces lateral compressive stresses which
delay the failure. The stiffness of the capping material depends upon
its thickness and the deformation properties under normal and shear

stresses.



Table 2-1-Test methods for determining the

Compressive Strength of Masonry Units

Code 15:3495 (1976) BS 3921(1974) [ASIM C 67(1981) (I0S/TC/179/SC3/N19A | JIS R 1250 (1981)
(Part 1) Clay Bricks Sampling and Standard Clay
Standard Clay and Blocks Testing Clay Bricks
Brick Masonary Units
[}
[}
Shcpe & . \ ,f/\\j
: Pl | &%
} |
Full Size Full Size Half Size Full Size Half Size
(quarter)
Condition |oWet (24 hrs) o Wet (more Absolute Dry Grounding of
of Specimen|, £illing Frog and | than 24hrs) [(105 C-115 C loading Surface
e All Voids in Bed [|°oSaturated and Cool 24+8C) | if Capping not used
face stored under | under Vacuum [(30-70° RH)
Dampjute for o Saturated by —_
24 hrs & then for | Boiling
3days
Capping o Plywood (3mm) |o Mortar e Gypsum e Gypsum o No Capping
eGypsum (3mm) |oPlywood Sheet|oSulphur oNo Capping o Paper
oMor tar o Rubber

It
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To minimize the effect of platen restraint, the unevenness of the
loaded surfaces and to maintain the wuniform stress distribution,
flexible steel brush platen was used by Page(1978). The compressive
strength with brush platen was found to be almost half of that with

solid platens.

For compression tests of bricks, Bhandari(1982) suggested small size
specimens by using brick core of 44.5 mm diameter and height as can be
extracted from a full brick thickness. Tests were performed after
grinding the loaded surfaces. The test results were corrected for the
deslired height to diameter ratio effect, adopting the recommendation for
correction for height to diameter ratio of concrete cylinders in
accordance with 1.S:516(1953). The observed compressive 'strength was
almost half of that of the whole shape tests aé per I1.S:3485(partl)

although there is large variation in test results.

Baba et al.(1985) «critically examined the test methods for
determination of compressive strength for various types of concrete
bricks according to Codes of different countries. They recommended small
specimens cut from concrete masonry units such as coupon shape(3x3x6 cm)

with gypsum capping at the two faces under compression.

To use the small capacity compressive testing machine, many
researchers prefer small size specimens. For high strength bricks, such
as concrete and extruded clay bricks, small size specimens are suitable.
But high capacity compressive testing machine is not required for hand
moulded clay bricks because the compressive strength is very low as
compared to that of concrete bricks. Hand molded bricks are also not
uniformly pressed and flaws of varying sizes and their random
distributions are observed due to the manufacturing process and can not
be avoided. As a result large variations in strength is observed if
small specimen size is used. The results of compressive tests of bricks
carried out by Page (1978) also support the abéve observation. So
standard size clay bricks should be used as test specimens with proper
capping materials. The mechanical properties of four capping materials
used in compression testing: ply-wood, hard board(masonite), fiber
board(caneite), and particle board were tested by Kleeman and Page
(1990). They recommended hard board as a capping material for

compression testing.

The brick compressive strength has been correlated with brick masonry
strength for different types of mortar in various codes for designing

the masonry structures. Although this correlationship is a very useful
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guide for designers, its limitations should be realized. It makes no
allowance for variations in thickness of joints, workmanship and does
not really represent the behaviour of brick itself in the wall. In the
standard compression test, the brick exhibits a shear failure due to
restraining effects of the platens. In real situation in a wall, the

brick usually fails in a vertical tension split.

(b) Tensile Strength: The tensile strength of masonry unit is also
an important characteristics. The masonry wall under compression load
fails due to the formation and propagation of vertical cracks by tensile
splitting of bricks. In shear or diagonal tensile mode of failure of
masonry shear wall, tensile splitting of bricks may also occur. If the
bond strength of the mortar 1is sufficiently high, diagonal cracks
indiscriminately cross bricks and mortar Jjoints. So it is necessary to

predict the tensile strength with reasonable accuracy.

There are experimental difficulties in evaluating the actual tensile
strength of bricks. Direct tension test was carried out by Thomas and
O'Leary(1870). The results were extremely variable and no definite
trends were noted. Because of the difficulties of holding the specimens
and stress concentration induced by the gripping devices, direct tensile
test method 1is rarely used in determining the tensile Strength. of

bricks.

The tensile strength may be measured by transverse sirength tests. The
strength obtained by this method is more than the actual strength
because the bending tensile stress 1is not wuniform through out the

section.

Indirect tensile splitting tests have been widely used to determine
the tensile strength of brittle material, concrete in particular. In
this test, cyfindrical specimens are placed horizontally with packing
strip on top and bottom through which compression is applied uniformly

along two opposite generators. The tensile strength, f? is given by

where P is the applied compressive load at failure, D and L are the

diameter and length of the cylinder respectively.

Many investigators have suggested the use of cubes and similar prisms

as a more practical alternative to cylinders for measuring indirect
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tensile strength. Francis et al.(1970) carried out the indirect tensile
test using full size bricks instead of cylinders made from brick and
evaluated the tensile Strength by aforementioned expression while Thomas
and O’ Leary(1970) estimated the tensile strength from the relationship
derived by Rosenhaupt et al(1957) using photo elastic method given by

b _ 0.648P

ft DL (2.2)

where P is the applied compressive load at failure, D and L are the
equivalent diameter of the cross section and length of bricks
respectively. Split tests on brick cores, 1.7"(43.18 mm) dia., cut from
the bricks were also carried out to compare the tensile strength with

that obtained on whole bricks.

Attempts have been made to derive a suitable relationship between the
brick tensile strength and masonry wall strength. But a reliable
relation could not be developed due to the wide scatter in results of

clay bricks.

(c) Strength under Combined Stresses: Bricks in masonry assemblages
under in plane loads are normally subjected to triaxial stresses,
vertical compression and biaxial tension. Most of the experimental
programmes were limited to biaxial compression;tension tests. The
strength of brick determined by tests for biaxial stress state [Khoo and

Hendry(1973), McNary and Abrams(1985) ] was given by
b b
o oy
= |+ < | =1 (2.3)
f f
c t

where f: and f? are the uniaxial compressive and tensile strength. G:

and cf are the compressive and tensile stresses in the brick and n is a
constant. The value of n determined by Khoo and Hendry(1973) was 0.54586,
while that determined by McNary and Abrams(1985) is 0.58.

(d) Elastic Properties: Early research was devoted to estimate

average properties of brick masonry based on experimental results of
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properties have rarely been reported. Hilsdorf(1965) observed linear
stress-strain relationship up to the fallure of the bricks. Polsson’'s
ratio was found to increase from 0.2 to 0.35 with the increase of load.
Sahlin(1971) suggested a relationship between compressive strength and

modulus of elasticity as shown below:

E- = 3OOf‘C (2.4)

where Eb and fb are the elastic modulus and the crushing strength of

bricks in kg/cm .

Page(1978) also observed linear stress-strain relation for clay
bricks. Bricks were marginally stiffer in normal direction to the bed
Joint which is the direction of pressing during manufacture. A constant
value of Poisson’s ratio, 0.20 was obtained for brick. Large variation
of elastic properties were noticed even when taken from the same batch.

(Coefficient of variation more than 20% ).

Baba et al.(1985) evaluated elastic properties of different types of
bricks as a part of material research programme, US-Japan earthquake
research on masonry structures. Young's modulus of the one third secant
was evaluated as a function of wultimate compressive strength, f: as

follows:

For concrete units,

Eb = 13100V f: (2.5)

For clay units,

Eb = 340 f: (2.6)

b
where E~ and fz are the Young's modulus and the crushing strength of
: . 2
bricks in kg/cm . Young’'s modulus and Poisson’s ratio were also

expressed in terms of uniaxial strain as follows:

2 = E® (1 -ae) (2.7)
o 1

b _ b b

WS, oo (2.8)
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Eb = Young’'s modulus
EE = Young’s modulus, at initial stress
€ = Uniaxial strain
b . , .
g = Poisson’s ratio

a, b, E:, “2’ € constants determined experimentally

Brick properties varies from region to region depending largely on the
quality of local clay. Sufficient data in India are not available for
elasticity and Poissons’ ratio. Ghosh et al.(1969) reported the modulus
of elasticity ranging from 400 to 900 MPa for clay bricks available in
different parts of India. No attempt has been made by them to determine

the Poisson’s ratio.

(e} 1Initial Rate of Absorption (IRA) or Water Absorption

Initial rate of absorption of water of the bricks significantly
influences the brick masonry strength. It plays an important role in the
achievement of bond between the brick and the mortar. Both very dry and
fully saturated bricks lead to low bond strength (Fig. 2.1). Hence
bricks should have an optimum value of IRA of about three quarter of

full saturation to maximize the bond strength of masonry.

0-6(— .
—~ 0.5} * :
o . . '
a ° .- o.
EE(L4'_ ' - -s"\.\\ .
= ~ ° \
o (P .

‘; 0'3'— / \
E‘ / L] o(
02} 7 .
-l %4 . \
@ . \

1.0 —-: : .
0 | | | | ] .Ij' J

0 2 4 6 8 10 12 14
Moisture content of bricks (9%)

Fig.2.1 Relationship Between Moisture Content of Bricks and Tensile

Bond Strength of Brick Masonry Couplets [Sinha(1967)]



17

Measurement of IRA or Water Absorption: Methods of determination of
IRA has been specified by relevant Code of the country. In India, water
absorption may be determined either by immersing a sample for 24 hours
and determining the amount of water absorbed or by immersing a sample
for 5 hours in boiling water and determining the amount of water
(IS:3495). In case of ASTM( 1967, part 12), the IRA is measured as the
amount of water absorbed by immersing a dry unit for one minute to a

depth of 3mm (1/8 inch).

Water absorption of the bricks in different region in India was
investigated by Ghosh et al.(1969). They observed the absorption, for 24
hours immersion in water, varies from 5.5 to 22.3 percent of dry weight.
It is also observed that water absorption after one hour immersion is

very close to that after 24 hours immersion due to the high porosity of

bricks.

(f) Other Properties: There are other properties such as frost
resistance, thermal movement, moisture movement, sulphate attack etc.
which have a significant influence on the durability and satisfactory
performance of brick masonry structures. Depending on the use, bricks
are classified in United Kingdom(BS:3921). Hendry et al.(1981)

summarised all these properties.

2.2.2. Mortar: The effects of different joint materials on the
strength of the brick masonry have been studied by many investigators
[Monk(1967), Morsy(1968), Astbury and West(1969), Francis et al.(1970)].
These have been reviewed in detail by Hendry(1881). It is observed that
there is an eight fold increase in the prism compressive strength with
the substitution of steel for rubber in the bed joints. In the case of
rubber, the brick fails in tension as a result of tensile stress induced
by the deformation of the rubber. On the other hand, steel in the bed
Joints induce biaxial compressive stress in bricks as a result bricks
fail by crushing. Mortar has properties intermediate between these
extremes, causing splitting rather than crushing failure of bricks. Low
strength mortar is normally used in brick masonry construction so that
in failure of masonry subjected to lateral load, diagonal cracks pass
through only mortar joints. Thus the complete collapse of masonry
assemblage can be avoided at the same time it is comparatively easy to
repair. In fact, the use of high strength mortafs with low strength
bricks results in negligible increase in strength of masonry. The choice

of different types of mortar depends on the strength required for
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different types of masonry structures. When the strength of masonry is
more or less immaterial, a weak mortar like lime-sand mortar may be
chosen. In load bearing walls, where the direct compressive stresses are
usually high, cement sand mortar may be chosen. In shear walls, where
shear stresses are high, cement lime sand mortar with bricks of low
suction may be useful. The choice of mortar also depends upon various
situation such as climatic exposure, frost and chemical attaék, e.g.,
soluble.sulphate, movement due to settlement,_temperature and moisture
changes, moisture content of the soil for foundation work, etc., from
the point of durability. Hendry et al.(1981) recommended the use of

different types of mortar for various situation.

(a) Physical Properties of Mortar: Mortar also plays an important
role to ensure good quality of masonry for satisfactory structural
performance. In order to ensure good quality of brick masonry, the

properties of mortar to be considered are as follows:

o the ability to spread easily for laying of bricks and sealing the
Joints,

o development of reasonable strength in order to prevent excessive
racking movements of newly laid bricks,

o proper development of bond with the bricks,

o resistance to cracking and rain penetration.

To perform these functions, mortar should possess various properties
in green and hardened state. In the green state, the properties required
are good workability, water retentivity, consistency, and early

stiffening.

‘ The workability of the freshly mixed mortar depends on the mortar and
brick properties, in particular the water retentivity of mortar and the
initial rate of water absorption of bricks. It is measured by flow test.
A flow of 110 to 120 percent is recommended by IS:2250(1981) for good
workability.

The good water retaintivity is needed to resist the brick suction, and
to prevent bleeding of water from mortar, so that sufficient water is
retained in the mortar joint for hydration of cement, resulting in
proper development of bond between brick and mortar. Water retentivity
is indirectly a measure of the workability of mortars. It is measured by
the flow of mortar when tested on a standard flow table before and after

application of partial vacuum equivalent to 50mm of mercury to the
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mortar sample. The detail procedure of measurement of water retentivity
is given in the code 1S:2250(1881). The minimum value allowed by the
1S:2250(1981) for water retention is 70%.

Mortar should be well consistent to prevent the segregation of
aggregates from the cementitious material. The consistency practically
judged by the masons during application. The consistent mortar should
have good workability and water retentivity. The quantity of water to
maintain required consistency also depends upon the joint thickness, for
example thinner joints will require greater fluidity. The consistency is
measured by penetration test, given in 1S:2250(1981). The depth of
penetration for laying walls with solid bricks 1is 90 to 130 mm as

specified in 1S:2250(1981).

The rate of hardening of mortar should be such that it causes no delay
in the progress of the work maintaining plastic properties for
sufficient interval of time till the initial shrinkage of the mortar is
complete. This will minimize the possibility of formation of cracks.
Extra time shall be allowed when the atmospheric temperature during
construction is very low. The rate of hardening of lime morlars is
slower than that of cement mortars but is satisfactory for most of the

building works. The rate of hardening of lime mortar can be increased by

using cemert or pozzolana without appreciably reducing workability.

(b) Mortar Constituents: Mortar contains some or all of the

constituents discussed below.

Aggregate: The aggregates used for the mortar arc sand, broken
bricks(surki), cinder, etc. Aggregates must conform to specification

laid down in the relevant national codes, for example in India,
1S:2116(1980) for sand, 1S5:3182(1975) for surki, and [S:2686(1977) for
cinder. The size and shape of the particles in the aggregates have a
direct influence on the workability, shrinkage and ultimate strength.
Workability and strength will increase with larger particles. As a
general rule the maximum particle size should not be more than % or % of
thickness of the joint. Most of the national codes have a fairly broad
specification for aggregate grading with the provision of minimum
particle size. The limits of the grading should be chosen to produce a
dense mass of the aggregate, requiring a minimum amount of cementitious

material for a given strength. At the same time, creep and shrinkage are

minimised, and the mortar is economical in use. Natural sand with small-
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adjustment are normally used in mortar. All the national codes have
specifiied the limits of the finer particles. The finer particles in
natural sand will usually be clay, which may increase the workability to
some extent. On the other hand it will reduce the strength and increase

shrinkage and setting times.

Cementitious Material: There are many cementitious materials used for
making mortars. The selection of the cementitious material depends upon
the structural performance and durability of masonry. Various types of
Portland cement are used in masonry mortar. Sulphate-resistant cement
should be used in situations where brickwork is expected to remain wet

for prolonged periods or where it is susceptible to sulphate attack.

Hydraulic lime is also used as a cementitious material. Lime surki,
lime sand and lime cinder mortar are useful for non-engineered building,
compound wall, etc. Lime mortar and weak cement mortar have the ability
to accommodate movement due to settlement, temperature and moisture
changes. Non-hydraulic or semi- hydraulic lime is added to cement mortar
to improve the workability, water retention. The water retentivity
property of lime is particularly important in situation where high water
absorption bricks or dry brick are used. Addition of lime increases bond

strength but reduces compressive strength.

Masonry cement which consists of approximately 75% ordinary Portland
cement, an inert mineral filler, and an air-entraining agent, is also
recommended for brickwork where the strength of the brickwork is not so
important, like non-engineered building partition wall, filler wall in
R.C. framed structures, because mortar made from masonry cement will
have lower strength compared to a Portland cement mortar of similar mix.
It is made to give a mortar that combines the desirable properties of

lime mortar and cement mortar.

Water: Potable water is generally used for making masonry mortar.
The limits of quantities of deleterious materials is also specified by
IS:456(1978). The quantity of water to be added to the mortar shall be

such that the required consistency is obtained.

Plasticiser and additives: To reduce the cement content and to
improve the workability, plasticiser, which entrains air, may be used.
At the same time plasticised mortar should not be used with highly

absorptive bricks as it reduces the bond strength due to poor water
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retention properties. Excessive use of plasticiser will have a
detrimental effect on strength, so manufacturer’s instructions and Codes

should be strictly followed.

Accelerating additives such as calcium chloride have sometimes been
used in mortar. It 1is normally not allowed for masonry, since it
attracts water and cause a dampness in a wall. There is a risk of steel
corrosion and staining in reinforced masonry. Retarding agents are
sometimes wused to delay the setting time of the mortar in

situations where the temperature is very high.

Pulverized brick bats known as pozzolana are abundant and cheap.
Hamid, et al.(1986) observed that the addition of pozzolana conforming
ASTM: C583(1969) to lime sand mortar would give good workability, water

retentivity, and reasonable strength.

(c) Mechanical Properties Of Mortar: When the mortar is 'in the
hardened state, the effects of mortar properties are of paramount
importance. The properties of mortar depend on various factors, mainly
proportion of ingredients, grading of fine aggregates, water cement
ratio, lime to cement ratio, additives, etc. As already discussed, the
accurate determination of strength and deformation properties are
necessary for the analysis of the brick masonry and for optimum use of
material capabilities to meet a particular structural requirement. The
available literature covering the strength and other properties are

discussed below.

Uni-axial Compressive Strength: The compressive strength of mortar
cubes is used as a means of classifying mortars. The size of the mortar
cube is specified by the relevant national code, for example in India,
5cm mortar cube is specified by 1S:2250(1981). It should be noted that
compression tests on mortar cubes overestimate the true compressive
strength due to platen restraint. It therefore, serves a useful purpose
in quality control. Water/cement ratio also affects the compressive
strength of the mortar(Fig.2.2). In practice, the water/cement ratio for
a given mix will be determined by workability. Hendry, et al.(1881)
suggested that the structural engineer should specify the water/cement
ratio to achieve the optimum wdrkability for mortar to be used for
structural brickwork. The practice of adding water to partly set mortar

to restore workability should be prevented.
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Fig.2.2 Effect of Water/Cement Ratio on Compressive Strength of Mortar
[Sinha, (1967)]

Hilsdorf (1965) performed compressive tests on cubes of mortar of
different kinds. Hoath et al.(1970) used mortar cube strength to compare
the effects of mortar strength on brick masonry strength. The highest
strength reported is about 40 times the lowest strength. Grimm (1975)
expressed the compressive strength of mortar as a function of shape,
curing, age, air content and initlal flow rate of mortar. Page (1978)
also used 7cm mortar cube strength, in accordance with Australian
brickwork code, AS:1640(1974), for quality control. To minimize the
effects of the platen restraint, Page(1978) carried out compression

tests on mortar cylinders of 10cm diameter and 20cm long.

In early research, the attempt has been made to correlate the strength
of brick and mortar with that of brickwork without considering the
contribution of other factors, in particular adhesion and the effect of
alr entraining agentt. But the experimental results of Hoath et
al.(1970) shows that although lime cement mortar may not have greatest

strength, but the ratio of brickwork strength to mortar strength is
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always higher for cement lime mortar than for pure cement mortar. This
is due to the difference in bond strength between lime and non-lime
mortars. It therefore, shows that the compressive strength of mortar is
not a reliable means for predicting the strength of brickwork.
Sahlin(1971) also suggested that the quality of mortar should not be
Judged only by its compressive strength due to the variation of other
properties with the ratio of lime to cement. It may also be mentioned
that the strength of masonry assemblages in shear and flexutre debends

on the bond strength of mortar.

Triaxial Compression Strength: Mortar in brick masonry assemblages,
is able to withstand higher compressive stress due to biaxial or
triaxial compressive stress indulfed in them. To reproduce the
deformation characteristics of mortar 1in brick masonry triaxial

compression tests should be carried out.

Khoo and Hendry (1873) carried out triaxial compression tests for type

M(1:1/74:3) and type N( 1:1:6) mortars on cylinders of 1% (38.1 mm)
diameter and 4"(101.6 mm) long. In triaxial compression tests, higher
ultimate strength and increased ultimate strain were observed due to
confining pressure on mortar specimen. The principal stress relationship

may be defined by the expression:

m m 50,805
0"1 0'3

f f

C C

where f: is the uniaxial compressive strength and UT and 02 are the

major and minor principal stresses.

McNary and Abrams(1885) carried out triaxial compressive tests using
four types of ASTM designated mortar subjected to different lateral
confining stresses. The result of the triaxial tests shows that the
behaviour of mortar is dependent on the confining pressure and type of
mortar. The axial stress and axial strain at failure increased with the
increase of confining pressure. The ultimate lateral strain normally
decreased with the Increased confining pressure. Both the weak and
strong mortars exhibited a brittle type behaviour under.low confining
pressures. At high confining pressures, type 0O(1:2:3) mortar exhibited
substantial ductility and failed at nearly three times the ultimate
strain of type M(1:1/4:3) mortar. The results of tests of M and O types

are shown in Fig.2.3.
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Fig.2.3 Stress-Strain Relationships of Mortar for Different
Confining Stresses [McNary and Abrams (1385)]

Elastic Properties: Elastic properties of mortar have rarely been
reported as few attempts have been made to correlate properties of
mortars with that of brick masonry. Hilsdorf(1965) investigated the
stress-strain relation for different types of mortars as shown in
Fig.2.4. The wide variation in deformation under loading is striking.
The highest modulus of elasticity, tangent modulus at initial stress,

reported is about 200 times the lowest.
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Fig.2.4 Stress-Strain Diagrams of Morlars of Different Kinds
[Hilsdorf (1965)].
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Page(1978) determined stress-strain relation of mortar loaded 1in
uniaxial compression. Tests were carried out on mortar cylinders of
100mm diameter and 200mm length. Nonlinear stress-strain relation was
observed. But Page(1978) modelled brick masonry using stress-strain
relation of mortar obtained after deducting stress of brick masonry from

that of bricks.

From the triaxial tests results [Khoo and Hendry (1973), McNary and
Abrams(1985)], it was observed that Young's modulus and Poisson’s ratio
at low axial stress level are not significantly influenced by the
confining stresses but at higher axial stress level they are markedly

influenced by lateral confining stresses.

2.2.3 Brick Masonry

To determine properties of brick masonry as a composite material and
to correlate 1its strength properties with that of its constituents,
early investigations have been carried out on walls, piers and small
specimens. Thus the analysis and design of brick masonry has been based
on empirical rules. Present day design Codes continue, in many respects,
to be based on empirical approaches. They frequently contain inherent
inconsistency and often do not reflect the clear understanding of the
composite behaviour of brick masonry. In recent years attempts have
been made to develop fallure theories for brick masonry in direct
compression and under biaxial stress states. In this section basic
strength properties of brick masonry subjected to uniaxial and biaxial

state of stresses are reviewed.

(a) Compressive Strength: Until nineteenth century, "rule of thumb"
methods were used for the design and construction of brick masonry
structures. These rules were based on stability requirement and load
bearing capacity of the structures. From 1late nineteenth century,
investigations were carried out to study the ultimate strengths of walls
and piers, to develop sultable procedure for the design of masonry
structures based on strengths determined from simple uniaxial tests.
These formulae are mainly in terms of the primary variables, brick and
mortar strength. The well known formula derived by Thomas(1953) is shown
in Fig.2.5. A few investigators also included height and density of
bricks. Literature pertaining to these studies were critically reviewed

by many investigators [Monk(1967), Sahlin(1971), Hendry(1981)].
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Fig.2.5 Crushing Strength of Brick Masonry Walls and Piers
[Thomas (1953)]

From early fifties fresh research was undertaken to collate the
analytical data with the experimental results. Investigations have also
been performed to examine the variables affecting brick masonry
strength. The implications of this research with reference to the
methods of determination of brick masonry strength laid down in various

Codes are discussed in detail.

(i) Methods of Determination of Compressive Strength in Accordance with
Code: The compressive strength of brick masonry can be determined
either from the empirical relationship among brick strength, mortar type
and brick masonry strength or from tests on brick masonry specimens.

These methods are discussed in detail.

Empirical Relationship among Brick Strength, Mortar Type and Masonry
Strength: Most of the Codes including Indian Code have suggested a
relationship between the brick strength and brick masonry strength for
different types of mortar. These relationships have been derived from
extensive laboratory tests. For comparison, variation of masonry
strength against brick strength for 1:1/4:3 (cement:lime:sand) mortar
has been graphically shown in Fig.2.6. These graphs are similar to those
proposed by Thomas (1953). These empirical relations do not reflect the

effects of variations in aspect ratio (height:length) and thickness of
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mortar Jjoints. These relationships should also be interpreted carefully

because no allowance has been made for variations in workmanship.
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Fig.2.6 Allowable Stresses in Brick Masonry for Different Types of
Brick Strengths According to the Code of Practice of
Different Countries.

Experimental Method: The compressive strength may be determined
experimentally from tests on brick masonry specimens. Many countries

including Australia recommend masonry prism tests. Finally wall
strength is predicted once allowance is made due to the difference
between prism strength and wall strength. As for example, 1in the
Australian brickwork Code, AS:1640-1974 the ultimate compressive
strength of the wall, fc is'estimated from masonry prism tests using the

following relation:

£ = 0.75(tP- 0.36R) (2.10)
C C

where fs is the average prism compressive strength in MPa and R is the

range of prism compressive strength in MPa.

Indian Code recommends that the test specimen should be of the same
type as the wall actually used in the structure. But prism test is more
reliable, cost effective and easier to perform than the test of an

actual wall specimen and should be preferred.
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(ii) Factors Affecting the Compressive Strength: The effect of
parameters such as strength of the bricks and the mortars, geometry of
the bricks, deformation characteristics of the brick and the mortar,
Joint thickness, rate of absorption of the bricks, water retentivity of

the mortar, brickwork bonding, wall thickness, slenderness ratio,

workmanship, etc., have been investigated by many researchers and are
reviewed by many investigators [Sahlin(1971), Page(1978),
Hendry(13981)]. Some of these parameters such as strength and geometry of

bricks, are determined by the manufacturing process, while others such
as mortar properties, Jjoint thickness, etc., can be controlled during
construction of the brick masonry. Not all parameters are of equal
significance. Only some of the more relevant aspects of the research

will be cited here.

Strength of the Bricks and the Mortar: The primary variables
affecting the brick masonry strength are the strength of the brick and
the mortar. The weaker mortar is normally used in the brick masonry.
Thus, the mortar is restrained from expanding due to the bond and the
friction at the mortar-brick interface, and as a result, a triaxial
compressive stress develops in the mortar, while a biaxial lateral
tensile stress and vertical compressive stress in the brick. The lateral
tension produced will eventually cause failure in the bricks (Fig.2.7).
Most of the uniaxial strength theorles developed till date is based on
weaker mortar. The strength theories of the brick masonry in terms of
strength of the bricks and the mortar will be reviewed in the next

section.
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Fig.2.7 Stresses in the Brick and the Mortar due to Compressive Loading
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. Joint Thickhess: In order to study the effect of joint thickness on
masonry strength, most of the investigators [Monk(1967), Francis et
al.(1970), Khoo and Hendry(1973)] determined strength of masonry prism
with various combination of brick and mortar strengths for different
thicknesses (Fig.2.8). Houston and Grimm(1972) carried out tests on the

same material but with different brick height to joint thickness ratios.
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Fig.2.8 Effect of Mortar Joint/Brick Thickness Ratio on the Brick
Masonry Strength.

Monk(1967) suggested a linear reduction in compressive strength with
an increase in joint thickness. Sahlin (1971) suggested that the brick
masonry strength decreases by about 15% for every é"(3.175 mm) increase
in bed joint thickness and vice versa, the normal value being at a
normal Jjoint thickness of g”(Q.SSmm). Hendry (1981) has observed from
the results of different investigators that the excessively thick bed
Joints, say 16-19 mm, may be expected to reduce the strength of the

brick masonry by about 30%, as compared to normal 10mm thick joint.

Workmanship: In common with most engineering materials, the strength
of the brickwork is affected by site workmanship. Brick masonry being
labour intensive, is very sensitive to workmanship factors.
Unfortunately, brickwork is commonly done under very little engineering

inspection. Consequently, it is frequently regarded with some suspicion
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as a structural material and carries very large safety factors in design
.Codes without taking into account the effects of different factors
involved during masonry construction. It is therefore, needed to assess
the effects of workmanship factors. The most Iimportant defects in

workmanship are as follows:

o Variation in proportioning and water cement ratio,
0 Incorrect adjustment of absorption rate of bricks,
o Variation in Jjoint thickness,

o Imperfect laying and filling of mortar joints,

o Deviation from verticality and alignment,

o Improper curing of brick masonry and protection of

fresh masonry from weathering effects.

All these factors are reviewed in detail by Hendry(1981). The effect
of all the factors are investigated separately and in combination in
many countries [McDowell et al.(1966), James(1973) in Australia, Gross
et al., (1969) in USA]. The combined effect of outside curing, deep bed
furrowing, unfilled perpends, 16mm bed Jjoints and 12mm bow was to reduce
the wall strength by 61%. US National Bureau of Standards also found
reductions of the same order of magnitude. If the same level of
supervision is applied to brickwork as required for concrete, brickwork

will be quite as reliable as concrete.
(b} Failure Criterion of Brick Masonry Subjected to Uniaxial Load

From early fifties principles of structural engineering have been
adopted to design masonry structures. Investigators therefore, showed
their interest to study the behaviour of brick masonry. Failure theories
based on elastic analysis were proposed by a number of investigators.
The well known faillure theory proposed by Francis et al.(1970) is
derived by considering the brick masonry prism subjected to an axial
compressive stress, as shown in Fig.2.9a. Assuming a linear relationship
between the ultimate longitudinal compressive stress and lateral tensile
stress the failure criterion 1is derived by considering the force
equilibrium, i.e, the total lateral tensile force in the brick is equal

to the total compressive force in the mortar.

Shrive and Jessop(1980) also proposed failure theory based on elastic
analysis. The lateral tensile stress is obtained by considering the
strain compatibility and the force equilibrium in lateral direction.
Utilising a linear failure envelope for the brick in the

compression-tension quadrant and the predicted brick tensile stress at
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the failure stress, the compressive strength is derived. The predicted
strength was found to be much less than that of the experimental result.
They recognised the conditions of lateral compatibility and uniformity
of lateral‘stresses can not hold true at the mortar brick boundary but
they considered that the zone is limited in extent as observed in the

finite element study by Khoo and Hendry (1873).

An alternative approach, failure criterion based on the strength of
brick and mortar under multi-axial stress, was  suggested by
Hilsdorf(1969) based on the assumed linear relationship between lateral
biaxial tensile stress and compressive stress for the brick as well as
mortar. The average compressive strength of brick masonry is determined
by dividing the compressive strength by a coefficient of nonuniformity,
Uu which Hilsdorf established experimentally for various brick-mortar
combinations. Referring to Fig.2.9b, the line A is a blaxial tension
compression stress failure envelope of the brick. When the compression
load is applied to the brick masonry, the lateral tensile stresses
developed in the bricks follow some lines such as Bl' The local crack is
developed in the brick masonry when this line intersects the failure
envelope. Further local cracks will appear on subsequent increase of
compressive load. But the failure of masonry will take place when the
line defining the triaxial strength of the mortar, line C, intersects
the failure line for the brick. Hilsdorf assumed the triaxial strength
of the mortar which was originally obtained for concrete. In this
criterion the deformation characteristics are not considered. For the
failure of brick masonry the prior assumption of mortar failure imposes

a condition which is not proven to exist.

Hilsdorf’s theory was modified by Khoo and Hendry(1973) who derived a
biaxial tension compression stress failure criterion experimentally for
brick and a triaxial compression stress failure criterion for mortar.
The failure strength of the brick masonry for a given brick and mortar
can be obtained by superimposing the failure envelope of the mortar
derived from triaxial compressive stress tests on the biaxial failure
envelope of the bricks at a lateral tensile strain of 225 micron (Fig.

2.9¢c).

Atkinson and Noland(1883) proposed a nonlinear failure theory. This
theory is derived by considering the strain compatibility and
equilibrium of lateral forces in brick and mortar like that of Francis
et al.(1970). In this theory the nonlinea} characteristics of mortar is
considered by expressing the Young’s modulus and the Poisson’s ratio as

functions of the major principal stress, oy and the confining stress,
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oy In order to validate the analytical data with the experimental
results, McNary and Abrams(1985) performed the brick masonry prism
tests. It was observed that the calculated strength was in the range of

B0 to 70 percent of the experimentally observed strength.

All the strength criteria attempted only to predict the prism
strength. The predicted values are found to be much less than the
experimental results. Micro-mechanics approach has been employed to

predict the strengths of prisms. This is discussed in Chapter 4.

(c) Tensile Strength: The tensile strength of the brick masonry is
also important from the design point of view of masonry structures. Its
value is very low and hence becomes the controlling parameter when
tensile stresses are developed. Tensile stresses may occur due to either

in-plane or transverse loads. In-plane loads produce tensile stresses
such as uplift due to wind loads whereas transverse loads normal to the
surface of the masonry panel produce tensile stresses through the

thickness of wall. Regardless of loading direction, the tensile strength
is dependent on the brick-mortar characteristics, particularly bond
strength between them. Grandet(1973) observed that the mechanical bond
is developed between the brick and the mortar due to the formation of a
micro-layer of ettringite(BCaSO4, A1203, 3Ca0, 31H20). The mean diameter
of the pore size of the brick should be more than .05mm for the
formation of micro-crystal of ettringite. The brick should have
sufficient moisture content for the proper hydration of cement behind
the ettringite layer. The results of the experiment of Sinha(1967) also
confirmed that the moisture content of the bricks at the time of laying
has maedrk influence on the tensile bond strength(Fig.2.1). Although it
is difficult to define the relationship between moisture content and
tensile bond strength, it will be noted that tensile bond strength

reduces as the brick approaches its saturation moisture content.

Tensile Strength under In-plane Loading: Tensile stresses may occur
either normal or parallel to the bed joint depending on the direction of
the in-plane loads. Investigators employed different types of tests
(Fig.2.10) to determine the tensile strength of masonry. A simple brick
couplet test was used by Sinha(1967). Modulus of rupture tests on the
brick masonry prism was used by Grenley et al.(1969). Diametrical

splitting tests developed by Johnson and Thompson(1869) has been used by
many investigators to determine the direct tensile strength of masonry.
By rotating the orientation of the bed joint to the splitting force,
various tensile stress states can be induced in the masonry. The masonry

wall splitting tests were used by Ali and Page(1987).
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l (b) Modulus of Rupture Test
(a) Couplet Test

(c) Wall Splitting —
Test ’

(d) Diametrical Splitting Test
Fig.2.10 Tensile Test Arrangements

Tensile Strength under Transverse loading: Transverse loading
produces flexural tensile stress through the thickness of the wall. If
the precompression is large, the tensile stresses will be offset by the
compressive stresses and the strength of the wall will be guided by
compressive stress. When the precompression is small, the strength of
the panel will be restricted by flextural tensile St;ength of masonry.
The flextural tensile strength was determined by many
investigators[Satti and Hendry(1973), Sinha and Hendry(1975)]. The
flextural tensile strength parallel to the bed Jjoint is greater than
normal to the bed joint. Their ratio is in the range of 2 to 7. It is
revealed that this ratio decreases markedly with 1increase in the
flexural tensile stress normal to the bed Jjoint. Studies by Baker(1380)
and Lawrence(1875) showed that the strength ratio is a function of the
tensile bond strength of the Jjoints and the modulus of rupture of the

brick unit.
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(d) Elastic Properties

A knowledge of elastic properties are of fundamental importance as the
masonry, now a days, 1is used as a structural material. These properties
of the brick masonry are mainly affected by the elastic properties of
both the masonry constituenté: the brick and the mortar. Other factors
such as workmanship, aspect ratio of the bricks, thickness of the mortar
Joint, stress level, etc., also influence these properties. Sahl1in(1971)
critically reviewed the literature pertaining to elastic properties of
brick masonry and factors influencing them. He suggested a relationship

between compressive strength and modulus of elasticity as given below:

for clay brick masonry,

E = 700 fc (2.11)

and for concrete brick masonry,

E = 1000 fc (2.12)

where E and fc are Young's modulus and crushing strength of masonry.

These purely empirical relations are suitable for medium strength
masonry. At low stress level, these empirical relations can be used for
the determination of initial tangent modulus of the masonry. With the

increase in compressive stress the modulus normally decreases.

Turnsek and Cacovic(1970) derived experimentally stress-strain
relationship for the brick masonry. The compressive deformations were
measured up to 80% of the ultimate load. The complete stress-strain
relations including unloading portion have been determined by Powell and
Hodkinson(1976), using solid and perforated bricks. The nondimensional
stress-strain diagram(Fig.2.11) derived by Turnsek and Cacovic(1970) for
the brick masonry in compression is In good agreement with that obtained

by Powell and Hodkinson (1976).
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Fig.2.11 Stress-Strain Curve of Brick Masonry

Nonlinear stress strain relationships have been suggested by some
researchers{Warren and Lenczner(1981), Sinha and Pedreschi(1983)].
Pedreschi and Sinha(1982) carried out investigation on two types of
prisms built from four types of bricks. They suggested nondimensional
polynomial stress-strain relationship for brick masonry loaded parallel
to the bed joints. Hodkinson and Davis(1982) studied the stress-strain
relationship for stresses normal and parallel to the bed joint. The
values of the modulus of elasticity are typically lower in prisms loaded
parallel to the bed joint than that in prisms loaded normal to the bed
Joint. The reduction was approximately 20% for prisms with froged bricks
and 60% for prisms with perforated bricks.

Attempts have been made by investigators to determine analytically
elastic properties of the masonry in terms of elastic properties of
brick and mortar. An "equivalent material approach" has been used for
computing the elastic properties of masonry by Liang et al.(lQSO). The
brick masonry with two sets of bed and head joints is represented by an
equivalent homogeneous orthorhombic elastic material. Elastic properties
of this equivalent material is derived in terms of the constituent
materials and their relative thicknesses. Elastic properties derived by

this approach have not been validated with experimental results.

It is experimentally established that the brick masonry behaves as an
isotropic material up to the development of the first crack provided

that the bricks used are isotropic.
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(e) Shear Strength

An important consideration in the analysis and design of masonry
structures is its ablility to withstand lateral loads induced by
earthquake or wind in addition to gravity loads. The resistance to such
loads 1is predominantly by in-plane shear resistance of masonry
structures. The shear strength of brick masonry is a function of the
bond strength of the masonry which in turn depends upon the degree of
saturation of the brick at the time of laying and water retentivity of

the mortar. Workmanship also affect the shear strength significantly.

In most cases, the in-plane failure of unreinforced masonry walls is
dominated by shear or diagonal tension. It is characterized by diagonal
cracks. At low compression, failure tends to develop step wise along the
brick mortar joint on an approximately 45 angle(Fig.2.12). As the

compression increases the diagonal crack Indiscriminately crosses

masonry units and mortar joints.

(a) Failure mode with tensile  (b) Failure mode with sliding
cracking of bricks failure of bricks
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Fig.2.12 Failure Behaviour of Shear Walls

Both the experimental and theoretical evaluation of in-plane shear
resistance has been the object of study for many years. The resulting
criterion for shear fallure is a function of average bond strength and
the frictional resistance of brick mortar interface. The criterion can

be formulated as

T, =T RO (2.13)



where T, = ultimate shear stress of the masonry evaluated by

' dividing the horizontal loads by the area of the bed
Jjoint.
T, = initial shear strength of the masonry
o = compression stress normal to bed joints evaluated by

dividing the vertical load by the area of the bed joint.
u = coefficient of friction

The above relationship is very simple and applicable uptoan = 2N/mm2.
Indian Code of practice has also gliven similar type of a relation to
calculate the in-plane shear strength of masonry. The shear strength of
brick masonry may be varied from 0.1N/mm2 in the absence of

precompression to a maximum of O.SN/mmz.

A study of test results reported by many investigators [Hendry and
Sinha(1971); Chinwah(1972), Pieper and Trautsch (1970), Yorulmaz and
Atan(1977)], reveals that the value of T, varied from 0.14 MPa to 0.70
MPa and p varied from 0.30 to 1.04 . The wide variation of test results
is influenced not only by the varlation of properties of materials, but
also varying test conditions which will produce different stress
distribution within the test specimen. Different types of tests used to
determine shear strength are shown in Fig.2.13. Pieper and
Trautsch(1970) observed that the shear strength decreases with increase
in the aspect ratio whereas it increases with increase in thickness. It

also depends on the suction rate of the bricks at the time of laying.

The use of Coulomb type failure criterion has been questioned by many
researchers on the basis that dliagonal tension fallure occurs generally
due to the attainment of critical value of principal tensile stress.
Borchelt(1970), Turnsek and Cacovic(1970) suggested that the mean shear

stress value causing the first crack may be calculated by the formula:

Gf =0, J1+ = (2.14)
t t
where T = ultimate shear strength of masonry
o= precompression normal to bed joint
o, = principal tensile stress at failure
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The value of the principal tensile stress at failure increases with the
increase in o and Chinwah(1972) and Schineider(1876) have derived a

relationship of the type:

o, = o + 0.05 o - (2.15)
o n

where Tio is the value of the principal tensile stress at failure when

the precompression, o is zero.

As the principal tensile stress at failure, Ty is equal to the
ultimate shear stress, Ty in pure shear condition, using Eqn.(2.14) and
(2.15), Hendry(1978) derived the following expression to calculate the

shear strength.

12 = Tz + 1.1t o+ 0.053 02 ) - (2.18)
0 o n n

Shear strength criteria discussed above are of semi-empirical nature.
The effect of normal stress, cp, parallel to the bed joints |is
completely ignored in this Coulomb type failure criterion. The effect of
Up on the failure criterion 1is significant specially wunder a
tension-compression stress state. To completely define masonry failure,

a biaxial failure criterion is required.
(f) Behaviour of Brick Masonry Subjected to Biaxial Stresses

Biaxial state of stress exists 1in masonry structures subjected to
in-plane loading, such as shear walls infilled frames. The behaviour of
brick masonry subjected to biaxial state of stress has been studied for
the last two decades. The failure modes under different biaxial state of

stresses are shown in Fig.2.14.

Samarasinghe et al.(1982) carried out biaxial tension-compression
tests on masonry panels by using one-sixth scale bricks(compressive
strength =30.5 MPa) with 1:0.25:3 (cement:lime:sand) mortar (25mm cube
strength = 9.6 MPA) with varying bed joint angle relative to the applied
load for different ratios of principal stresses. The effect of the
orientation of bed Jjoint to the applied load is quite marked. The

failure surface derived is shown in Fig.2.15a.
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Fig.2.14 Modes of Failure of Brick Masonry Subjected to various
State of Stress
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Page(1983) derived experimentally failure surfaces for the brick
masonry sub jected to biaxial tension-compression and
compression-compression state of stress with different bed Jjoint angle
relative to the applied loading. For biaxial tension-compression state
of stress, it is evident that the strenglh of the brick masonry 1is
significantly influenced by the orientation of the bed  joint
angle(Fig.2.15b), while the bed joint angle has little effect on the
strength of the masonry under biaxial compression-compression state of
stress(Fig.2.16). This is consistent with the observed failure modes.
Failures occurred by splitting in a plane parallel to the free surface
of the specimen at mid thickness, regardless of the bed joint angle.
Biaxial tension-tension tests have not been reported till date.
Page(1980), however, proposed a failure surface for brick masonry
subjected to biaxial tension-tension. The failure surface (Fig.2.17) 1is
derived by using a finite element model considering joint failure only.

A shear bond to tensile bond ratio of 0.83 was used.

Dhanasekar(1985) proposed a failure surface using the biaxial test
results of Page(1981,1983). The failure surface is defined in o Gp T
stress space where o ,¢ are the stresses in the direction of normal
and parallel to the bed joint and T is the shear stress. Three truncated

elliptic cone are used to define the failure surface(Fig.2.18a).

Ganz and Thurliman(1983) proposed a failure surface for hollow
brick masonry subjected to biaxial stresses. The failure surface in
Gn’ o , T space consists of four failure criteria. Two of the criteria,
namely a limit on the maximum principal compressive stress and a
no-tension limit, provide conical segments. The third criterion, a
Mohr-Coulomb sliding limit provides a plane segment parallel to the o
axis, whereas the fourth criterion associated with splitting of the webg

provides a cylindrical segment with generators parallel to the o axis.

The failure surface is shown in Fig.2.18b.

Hamid and Drysdale(1982) proposed a failure criterion taking into
account the anisotropic nature of brick masonry subjected to biaxial
compressive loads. The maximum stress theory, modified to account for
the strength variation normal and parallel Lo the bed Joints, was used
to express failure due to splitting. An experimental investigation on
the behaviour of concrete masonry subjected to blaxial Streéses was

carried by Hegemier et al.(1978).
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2.3 Conclusions

The state of the art of the properties of the brick masonry and its
constituent materials relevant to the present investigation has been

critically reviewed in this chapter.

o The Indian Standard Code testing procedures overestimate the
compressive strengths of bricks and mortar. The apparent increase
in the compressive strength is due to the restraining effect of the
platens of the testing machine. To overcome this problem the

methods suggested by many investigators have been discussed.

o The biaxial tension-compression strength of bricks markedly affects
the behaviour of brick masonry subjected to in-plane loading. If
the tensile strength of the brick is less than the bond strength of
the brick masonry, the failure of brick masonry will occur by a
failure of bricks by tensile splitting. This is not desirable as
it may lead to the collapse of the masonry structure. Besides this,

it can not be easily repairable.

o The stress-strain relation of the brick upto failure is linear,
while that of the mortar is nonlinear. The degree of nonlinearity
depends upon the proportion of its constituents. The highest value
of initial tangent modulus reported in the literature is about 200

times the lowest.

o The properties of brick masonry and the factors influencing it have
been studied in depth. The Indian Code like all Codes of many other
countries has recommended an empirical relation in terms of
compressive strength of bricks for different grades of mortar to
compute the compressive strength for the design of masonry
structures. The effects of workmanship, variation in joint
thickness, etc., have not been taken into account, resulting in

wastage of material as large safety factors are prescribed.

o To obtain an accurate value of compressive strength, Indian Code
has recommended tests on the same type of wall that will be used in
the masonry structures. But Codes of many countries have
recommended masonry prism test as the basic test for the

determination of the compressive strength of brick masonry. Tests
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on masonry prisms and walls are performed in order to define the
relation between the two. The details of these tests are described

in Chapter 3

At t empts have been made by many investigators to derive the
uniaxial compressive strength of brick masonry in terms of
strength and elastic properties of brick and mortar with partial
success. The strength and elastic properties of brick masonry
derived in terms of those of brick and mortar based on

micromechanics approach has been described in Chapter 4.

The failure theory for clay brick masonry developed from biaxial
tests 1s not comprehensive. An anisotropic failure theory is
employed to define the failure behaviour of brick masonry. The
strength prameters are defined using biaxial test results reported
in the literature. The failure theory and the material model are

described in Chapter 5.

References

Ali, S.S. and Page, A.W.(1987), Finite Element Model for Masonry
Subjected to Concentrated Loads, J. of Struct. Engg., Vol.114,
No.8, ASCE.

AS:1640(1974 ), S.A.A. Br ick Code, Standard Association of
Australia.

Astbury,N.F. and West, H.W.H. (1969), Tests on Storey-height
Brickwork Panels and Development of Site Control Test for
Brickwork, Designing and Constructing with Masonry Products, ed.
Johnson, F.B. (Gulf Publishing Co., Houston, Texas), pp. 216-220.

ASTM:Part 12 (1967), Chemical Resistance Nonmetallic Materials;
Masonry Mortars and Units; Asbestos-Cement Products; Natural
Building Stones, American Society of Testing of Materials.

ASTM: Part 9, (1967), Cement, Lime, Gypsum, American Society of
Testing of Materials.

ASTM:C67(1981), Sampling and Testing of Brick, Part-9, American
Society of Testing of Materials.

ASTM:C593 (1969), Fly Ash and other Pozzolanas for Use with Lime,
Part-9, American Society of Testing of Materials.

Atkinson,R.H. and Noland,J.L.(1983), A Proposed Failure Theory for
Brick Masonry in Compression, 3rd Canadian Masonry Symp., pp5-1,
5-17.



10.

11.

12.

13.

14.

15.

16.

17.

18.

18.

20.

21.

22.

23.

24.

25.

48

Baba, A., Senbu, 0., Watanabe, M. and Matsushima, Y., (1965),
Mechanical Properties of Masonary units and Test methods for
determining Compressive strength, Build. Research Inst. Paper No.
118.

Baker, L.R.(13980), Lateral Loading of Masonry Panels,

Bhandari, N.M. (1982), Strength of Low Rise Brick Masonry
Construction, Ph.D. thesis, University of Roorkee, India.

Borchelt, J.G.(1870), Analysis of Brick Walls Subjected to Axial
Compression and In-plane Shear, Proc. 2nd Brick Mas.Conf.,
Stoke-on-Trent, England, pp. 263-265.

BS:3921(1974), Clay Bricks and Blocks, British Standard.

Chinwah, J.C.G., (1972), Shear Resistance of Brick walls, Ph.D.
Thesis, University of London.

Dhanasekar, M., (1985), The Performance of Brick Masonry Subjected
to In-plane Loading, Ph.D. thesis, University of New Castle.

Dr y sdale, R.G., Vanderkeyl, R. and Hamid, A.A.(1979), Shear
Strength of Brick Masonry Joints, Proc. S5thInt. Brick Mas. Conf.,
Washington, pp. 106-113.

Francis, A.M., Horman, C.B. and Jerrems, L.E., (1970), The Effect
of Joint Thickness and other Factors on the Compressive Strength of
Brickwork, Proc. 2nd Int. Brick Mas. Conf., Stoke-on Trent,
England, pp.31-37.

Ganz, H.R. and Thurlimann, B., (1983), Strength of Brick Walls
under Normal Force and Shear, Proc.,8th Int. Symp. on Load Bearing
Brickwork, London.

Ghosh, R.K., Sethi, K.L. and Arora, V.P., (1969), Investigation on
properties of Burnt Clay Bricks from Different Parts of India, J.
of N. B. 0., Vol. XIV, No.l.

Glanville and Barnett, (1934), Mechanical Properties of Bricks and
Brick Masonry, Dept. of Sclentific and Industrial Res., Bldg. Res.,
Special Report No.22, Bldg. Res. Stn., Grston, Watford, London.

Grandet , B., (1973), Physico-Chemical Mechanisms of the Bond
between Clay and Cement, Proc. 3rd Inter. Brick Masonry Conf.
(Essen), Ed., L. Foertig and K. Gobel (Bundesverband der Deutschen
Ziegelindustrie, Bonn, 1975), pp. 217-221.

Grenlay, D.G., Cattaneo, L.E. and Pfrang, E.O., (1869), Effect of
Edge Load on Flexural Strength of Clay Masonry Systems utilizing
Improved Mortar, Desinging, Engineering and Constructing with
Masonry Products, Texas. ' '

Grimm, C.T., (1975), Strength and Related Properties of Brick
Masonry, J. of Struct. Div., ASCE, Vol. 101, No. 1, pp.217-232.

Gross, J.G., Dikkers, R.D. and Grogan, J.C., (1969), Recommended
Practice for Engineered Brick Masonry (Structural Clay Products

Institute, Mclean, Va.

Guha, A.L., Paul, D.K. and Chandrasekaran, A.R. (1990), Masonry



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

33.

40.

41.

42.

—“+ J

Structures Subjected to Seismic Forces: A State of the Art,
National Seminar on Earthquake Res. Struct.,New Delhi

Hamid, A. A. and Drysdale, R.G., (1982), Proposed Failure Criteria
for Brick Masonry under Combined Stresses, Proc. 2nd North American
Mas. Conf. College Park, Maryland, pp. 9.2-8.1.

Hamid, M.H., Yagi, 0.I. and Awad, M.E., (1986), Mortars from
Indigenous Materials, Mas. Int., No.7, pp.25-33.

Hegemier, G.A., Nunn, R.0. and Arya, S.K., (1978), Behaviour of
Concrete Masonry under Biaxial Stresses, Proc., North Am. Mas.
Conf., Boulder, Colorado, pp.1.1-1.28.

Hendry, A.W., (1978), A Note on the Strength of Brickwork 1in
Combined Racking Shear and Compression, Proc., Britesh Ceram. Soc.,
Load Bearing Brickwork, Vol.6, No.27, pp.47-52.

Hendry, A.W., (1981), Structural Brickwork, McMillan Press Ltd.

Hendry, A.W. and Sinha, B.P., (1971), Shear Tests on full Scale
Single Storey Brickwork Structures subjected to Precompression,
Civil Eng. and Public Works Review, 66, No. 785.

Hendry, A.W., Sinha, B.P. and Davis, S. R.(1981), An Introduction
to Load Bearing Brickwork Design, Ellis Harwood Ltd.

Hi l1sdrof, H.K., (1985), Unterschungen Uber die Grundlagen der
Mauerwerkfestigkeit, Bericht Nr. 40 Materialsprufungsamt fur das
bauwesen der Technischan Hochschule, Munchen (Referred in Book by
Hendry, 1981).

Hilsdorf, H.K., (1969), Investigation into the Failure Mechanism of
Brick Masonry Loaded in Axial Compression, Designing, Engg. and
Contracting with Mas. Products, Gulf Publishing Co., Texas.

Hoath, S.B.A., Lee, H.N. and Renton, K.H., (1970), The Effect of
Mortars on the Strength of Brickwork Cubes, Proc., 2nd Int. Brick
Mas. Conf., Stoke-on-Trent, England, pp.21-24

Hodg k inson, H.R. and Davis, M.S., (1982), The Stress-Strain
Relationships of Brickwork When Stressed in Directions Other than
Normal to Bed Face, Proc., 6th Int. Brick Mas. Conf., Rome,
pp. 280-289.

Hoffman, P. and Stockl, S.(1986), Tests on the Shear Bond Behaviour
in the Bed Joint of Masonry, Masonry Int., No. 9, pp 1-15.

Houston, J.Y. and Grimm, C.T., (1972), Effect of Brick Height on
Masonry Compressive Strength, J. Mater. ASTM, 7, pp. 388-392.

Huizner, A.(1976), A Evaluation of Compression Prism, Shear Bond
and Bending Bond Control Tests for Clay Brick Masonry, Canadian J.
of Civ. Engg., Vol. 3, pp 402-408.

10S/TC/179/SC3/N1SA, Masonry- Methods of Test, International
Standarad Organisation. ’

[S:456(1978), Indian Standard Code of Practice for Plain and
Reinforced Concrete, Bureau of Indian Standards, Manak Bhawan, New

Delhi.

1S:616(1959), Indian Standard Methods of Tests for Strength of



43.

44.

45.

46.

47,

48.

43,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Concrete, Bureau of Indian Standards, New Delhi

1S5:1077(1971), Indian Standard Specifications for Common Burnt Clay
Building Bricks, Bureau of Indian Standards, New Delhi.

1S:2116(1980), Indian Standard Code of Practice for 3Sand for
Masonry Mortars, Bureau of Indian Standards, New Delhi.

1S5:2250(1981), Indian Standard Code of Practice for Preparation of
Masonry Mortars. Bureau of Indian Standards, New Delhi.

1S:2686(1977), Indian Standard Specification for Cinder aggregates
for Use in Lime Concrete, Bureau of Indian Standards, New Delhi.

15:3182(1975), Indian Standard Specification for broken brick(Burnt
Clay) Fine Aggregate for Use in Lime Mortar, Bureau of Indian
Standards, New Delhi.

1S:3495(1976), I ndian Standard Methods of Tests of Burnt Clay
Building Bricks, Part I -IV, Bureau of Indian Standards, New Delhi.

1S:4139(1989), Indian Standard Specification for Sandlime Bricks,
Bureau of Indian Standards, New Delhi.

James, J.A., (1973), Investigation of the effect of Workmanship and
Curing Conditions on the Strength of Brickwork, Proc. 3rd Inter.
Brick Masonry Conf. (Essen), Ed., L. Foertig and K. Gobel
(Bundesverband der Deutschen Ziegelindustrie, Bonn, 1875).

JIS: A 5210(1976), Test Method for Hollow Clay Building Blocks,
Japanese Industrial Standard.

JIS:R 1250(1981), Test Method for Common Bricks, Japanese
Industrial Standard.

Johnson, F.B. and Thompson, J.N.(1969), Development of Diametrical
Testing Procedure to Provide a Measure of Strength Characteristics
of Masonry Assemblages, Designing, Engg. Contracting with Mas.
Products, Gulf Publishing Co., Texas, pp.51-57.

Khoo, C.L. (1972), A Fallure Criterion for Brickwork in Axial
Compression, Ph.D. Thesis,Univ. of Edinburgh, U.K.

Kleeman, P.W. and Page A.W.(1990), The In-situ Properties of
Packing Materials Used in Compression Tests, Mas. Int., Vol.4, No. 2

Khoo, C.L. and Hendry, A.W.(1973), Strength Tests on Brick and
Mortar under Complex Stresses for the Development of a Failure
Criterion for Brickwork 1in Compression, Proc. Britsh Ceram. Soc.,
Load Bearing Brickwork(4), No.21, pp.51-66.

Lawrence, S.J., (1975), Flexual Strength of Brickwork Normal to and
Parallel to Bed Joints, J. Aust.Ceram. Soc., II, 5-6.

Liang, J.X., Pande, G.N. and Middleton, J.(1990), A Viscoplastic
Model of the Mechanical Response of Masonry, Proc. Int. Conf.

Constitutive Laws for Engg. Material, Tuscon, ASME. 326%77}:752

Mann, W. and Muller, H.(1980), Fallure of Shear Stressed Masonr
An Enlarged Theory , Tests and Application to Shear Walls,
7th Int. Symp. on Load Bearing Brickwork, London.

Mcdowall, 1.C., McNeilly, T.N. and Ryan, W.G., (1966), The stren

L I




61.

62.

63.

64.

65.

66.

67.

68.

B69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

of Brick Walls and Wallettes, Special Report No. 1 (Building
Development Research Institute, Melbourne).

McNary, W.S. and Abrams, D.P.(1985), Mechanics of Masonry in
Compression, J. of Struct. Engg., Vol.111, No.4, ASCE, pp857-870.

Monk, C.B.(1867), A Historcal Survey and Analysis of the
Compressive Strength of Brick Masonry, Research Report No.l12,
Structural Clay Products Research Foundation, Illinois.

Morsy, E. H.{1968), An Investigation of Mortar Properties
Influencing Brickwork Strength, Ph.D. thesis, Univ. of Edinburgh.

Page, A.W.(1978), The Inplané Deformation and Failure of Brickwork,
Ph.D. thesis, University of New Castle, Australia.

Page, A.W.(1980), A Biaxial Failure Criterion for Brick Masonry in
Tension-Tension Range, Int. of Mas. Constn., Vol. 1, No.1l, pp26-29.

Page, A.W.(1981), The Biaxial Compressive Strength of Brick
Masonry, Proc., Instn. of Civil Engrs.,Part2, Vol.71, pp 893-306.

Page, A.W.(1983), The Strength of Brick Masonry under Biaxial
Compression-Tension, Int. J. of Mas. Constn., Vol.3, No.1l, pp 26-31

Pedreschi, R.F. and S inha, B.P.(1982), The Stress-Strain
Relationship of Brickwork, Proc. 6th. Int. Br. Mas. Conf., Rome, PP
321-334.

Pieper, K. and Trautsch, W., (1970), Shear Tests on Walls, Proc.
2nd Inter. Mas. Conf., Edited by H.W.H. West and K.H. Speed,
Stroke-on-trent, B.Ceram. R.A.

Powell, B. and Hodgkinson, H.R.(1976), The Determination of
Stress-Strain Relationship of Brickwork, Proc. 44th. Int. Brick
Mas. Conf., Bugged, PP 2a,5.1-2a,5.6.

Rosenhaupt, S., VanReil, A.C. and Wyler, L.A.(1957), A New Indirect
Tensile Test for Concrete Theoretical Analysis and Preliminary
Experiments, Bull.Res.Counc. of Isreal 6c, (1)13.

Samarasinghe, W., Page, A.W. and Hendry, A.W.(1982), A Finite
Element Model for the In-plane Behaviour of Brickwork, Proc. Inst.
of Civ. Engrs., Part2, Inst. of Civ. Engrs., pp.171-178.

Samarasinghe, W., Page, A.W. and Hendry, A.W.(1981), Behaviour of
Brick Masonry Shear Walls, The Struct. Engr., Vol. 59B, No. 3, pp.
42-48.

Sahlin, S.(1971}: Structural Masonry, Prentice Hall.

Satti, K.M.H. and Hendry, A.W.(1973), The Modulus of Rupture of
Brickwork, Proc. 3rd Int. Brick Mas. Conf.,Essen, pp.155-160.

Schineider, H., (1976), Tests on Shear Resistance of Masonry, Proc.
4th Inter. Brick Mas. Conf., Bruges.

SCPI(1989), Recommended Building Code Requirements for Engineered
Brick Masonry, Washington, D. C.

SCPRF { 1964), Compressive and Tranverse Strength Tests of Brick
Walls, StructuralClay Products Reaserch Foundation, Report No. 9,
USA.



73.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

80.

g1.

92.

93.

94.

85.

?32

Scriverner, J.C. and Williams, D., (1971), Compressive Behaviour of
Masonry Prisms, Proc. 3rd Australasian Conf. on Mech. of Struct.
and Met., Auckland.

Shrive, N.G. and Jessop, E.L.(1980), Anisotropiy in Extruded Clay
Units and Its Effect on Masonry Behaviour, Proc. 2nd Canadian Mas.
Symp. , pp. 38-50.

Sinha, B.P., (1967), Model studies to Load Bearing Brickwork, Ph.D.
Thesis, University of Edinburgh.

Sinha, B.P. and Hendry, A.W.(1965), The Effect of Brickwork Bond on
Load Bearing Capacity of Brick Walls, Proc. Britsh Ceram. Soc.
No. 11

Sinha, B.P. and Hendry, A.W.(1966), Further Investigation of Bond
Tension, Bond Shear and Effect of Pre-compression on the Shear
Strength of Model Brick Masonry Couplets, Technical Note No.80,
Heavy Clay Div., The Britsh Ceram. Res. Assoc.

Sinha, B.P. and Hendry, A.W.(1975), Tensile Strength of Brickwork
Specimens, Proc. Britsh Ceram. Soc., Load Bearing Brickwork(5),
No.24, pp.91-100.

Sinha, B.P. and Pedreschi, R.(1983), Compressive Strength and Some
Elastic Properties of Brickwork, Int. J. of Mas. Constn., Vol. 3,
No.1, pp.19-25.

Sinha, B.P.(1883), Factors affecting the Brick/Mortar Interface
Bond Strength, Int. J.of Mas. Constn., Vol. 3, No. 1 pp. 14-18.

Staf ford-Smith, B. and Carter, C.(1971), Hypothesis for Shear
Failure of Brickwork, J.of Struct.Div., ASCE, Vol. 97, No. ST4, PP-
1055-1062.

Structural Clay Products Research Foundation(1965), Compressive and
Tranverse Strength Tests of Four-inch Brick Walls, Res. Report
No.9, Geneva, Illinois.

Structural Clay Products Research Foundation(1965), Compressive and
Tranverse Strength Tests of eight-inch Brick Walls, Res. Report
No. 10, Geneva, Illinois.

Templeton, w. and Edgell, G.J.(1990), The Compressive Strength of
Clay Bricks Ground or Mortar Capped, Mas. Int., Vol.4, No.2.

Thomas, F.G.(1953), The Strength of Brickwork, J. of Struct. Engr.,
Vol.31, No.2., pp35-46.

Thomas, K. and O'Leary, D.C.(1970), Tensile Strength Tests on Two
Types of Bricks, Proc., 2nd Int. Brick Mas. Conf., Stoke-on Trent,
England, pp63S-74.

Turnsek, V. and Cacovic, F.(1970), Some Experimental Results on the
Strength of Brick Masonry Walls, Proc., 2nd Int. Brick Mas.
Conf., Stoke-on Trent, England, pp.55-62.

Warren, D. and Lenczner, D.(1981), Creep-Time Function for Single
Leaf Brickwork, Int. J. of Mas. Constn., Vol.2, No.1, pp. 13-20.

Yorulmaz, M. and Atan, Y., (1977), Behaviour of Model Masonry
(Brick) Walls under Bi-Axial loading, Proc. 7th C.I.B. Congress,
Vol. B, Edinburgh.



53

CHAPTER - 3

EXPERIMENTAL INVESTIGATIONS OF PROPERTIES OF

BRICK, MORTAR AND BRICK MASONRY

3.1 Introduction

Strength and deformation properties of brick masonry and its
constituents are necessary to define an analytical model which considers
brick masonry as a composite material. The available data related to all
these properties for Indian conditions are insufficient and not well
documented. So experimental investigations are carried out to determine
strength and deformation properties of Dbrick masonry and its

constituents.

3.2 Brick

Conventional clay bricks are widely used in India. These bricks are
manufactured by a hand moulding process and fired in rudimentary kilns.
Bricks, thus obtained have distortions in shape and size, surface cracks

and flaws of different sizes and these are randomly distributed as shown

in Fig.3.1.

Large samples of bricks from the same batch were procured'at the
beginning of this 1investigation. The bricks were grounded using
carborandum powder of grades 300-800 to eliminate the distorted shapes
and to obtain smooth faces. Dimensions were measured using slide

calipers. The variation of dimensions are shown in Table 3.1.



(a) Brick Specimen No. 1

(b) Brick Specimen No. 2

Fig.3.1 Randomly Distributed Flaws of Different
Shapes and Sizes in Brick Sections
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Table 3.1 Dimension of Bricks
Brick No.of Quantity Opbservations
Type samples Maximum|Minimum|Average |Standard Coeff.
in mm in mm in mm |Deviation of Var.
Solid clay Length 235.5 222.50(230.700 3.4860 1.5
bricks 20 Width 114.0 106.25(111.275 2.346 2.1
Thickness 74.0 65.00| 68.210 1.816 2.7
3.2.1 Properties of Brick

In the present investigation strength and deformation characteristics
such as compressive and tensile strength, elastic modulus and Poisson’s
the

behaviour of bricks in shear walls, and infill frames for a micro level

ratio are determined. Biaxial test data are needed to model

analysis to study the effects of brick on the behaviour of masonry. Due

to a lack of facilities these tests could not be performed.

Most of the physical properties do not significantly affect the

mechanical properties of the brick masonry. Initial rate of absorption

(I.R.A.) or water absorption plays an important role in the laying of

bricks as well as in the development of bond strength and as such
affects the strength properties of the brick masonry. This property was
determined in accordance with the procedure laid down in Indian Code of
IS:3495(Part 1)-1976.

to be 13.39 percent.

practice, The average water absorption was found

(a)
after filling the frog,

Compressive Strength: All faces of the bricks were grounded,

surface cracks and holes, if any, with 1:1

cement sand mortar, to remove unevenness and distortion of shapes to

minimise uneven distribution of the load. Two of

(ii)

applied types

compressive tests were carried out: (i) IS.code method and a method

employed to obtain actual compressive strength.

(1)

test bricks were loaded in their normal orientation as

Indian Standard Code Procedure: In the standard compression

in the walls. The
strength was evaluated using the standard Code procedure except that the
bricks were tested

thick)

in the dry condition.

Both plywood and gypsum( 3mm

are used as capping materials, as laid down in the Code,
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[S:3495(Part I) -1976 to find out the effect of these two different
capping materials on the strength of the bricks. The variation in the
test results were insignificant. The aspect ratio (height/width) of the
bricks was of the order of 0.7, as a result of apparent strengthening
due to the restraining effect of the platens. The brittle mode failure
of bricks was prevented by a complex state of stress arising due to the
restraining effect of the platens(Fig.3.2). Thus this method can be used

for quality control. The tests results are summarized in the Table 3.2.

To evaluate the actual compressive strength of the brick, the
restraining effect can be minimized by employing interface friction
reduction(IFR) method. In this method, a capping material which reduces
the interface friction is used. McNary and Abrams(1985) placed polished
steel plates between the specimen and the platens. A greased teflon
sheet was aiso placed between the steel plate and the gypsum cap on the
surface of the specimen. The induced interface friction will also be
minimum if the stiffness of the capping material 1Is approximately equal
to the stiffness of the specimen. For this purpose steel brushes were
used in compressive tests of concrete by Kupfer et al.(1969) and in
compressive tests of bricks by Thomas and O’Leary(1970), Page(1978)
among others. This technique involves the use of steel brushes placed

between the machine platen and the specimen.

The platens restraining effect can also be minimized by increasing the
aspect. ratio of the test specimen. This method is cost effective and
simple to perform and was employed to determine the compressive strength

of the bricks.

(ii) Proposed Method Based on Increase in Aspect Ratio: The brick
specimens were placed vertically(bed faces parallel to the direction of
loading) between loading platens, resulting in an increase of aspect
ratio (Length : width) of the order of 2.1(Fig.3.3). A thin layer of
gypsum(3mm thick) was applied on the loading surfaces an hour before
testing. The tests results are summarized in the Table 3.2. The strength
obtained in this method is about 60% of the strength obtained by the
procedure suggested in the IS code. The details of the tests results are

given in Appendix A.



(a) Setup for Compression Tests for Bricks

(b) Shear failure of bricks

Fig.3.2 Compressive Tests for Bricks
[1S:3495(Part 1)-1976]
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Table 3.2 Compressive Strength of Solid Clay Bricks using
Codal Method and Proposed Method

No. of ] L
1S:3495(part-1)-1976| Proposed method

specimen |

Mean |Stand. |Coeff. Mean |Stand. |Coeff. |[Mean,Codal Method

1

(MPa) Dev. |of Var. (MPa) Dev. |of Var. |Mean, Prop. Meth.I

20 25.26| 1.547 6.17 15.45|1.682 10.97 1.6488 ’

|

{(b) Tensile Strength: Tensile strength is an important property of

the brick. Bricks in a wall under normal load fail from tensile
splitting due to lateral biaxial tension. In shear or diagonal mode of

failure, splitting of bricks may occur if the bond strength is high.

(i) Determination of Tensile Strength: The direct tensile test
method has rarely been used, due to the difficulties of holding the
specimen and the stress concentration induced by the gripping devices.
The results are extremely variable and no definite trends are noted. The
strength obtained from the modulus of rupture test is more than the

actual strength.

Indirect tensile splitting test was employed to evaluate the tensile
strength. This method has been widely used by many invertigapesto
evaluate tensile strength of brittle materials. The tensile strength of
brick was determined by using the equation suggested by Rosenhaupt et
al.(1857).

b _ 0.648P (3.1)

where P is the applied compressive load at failure, D and L are the
equivalent diameters of the cross-section and the length of the brick

respectively.

The frog of the specimen brick was filled with 1:1(cement:sand) mortar
and cured for 28 days before testing. The average tensile strength is

found to be 0.512 MPa with a coefficient of variation of 15.52 percent.
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(c) Elastic Properties: Uniaxial compression tests were used to
investigate elastic properties of the bricks. Two types of tests were
performed, one with load applied normal to the bed faces and the other
with load applied parallel to the bed faces of the bricks. The tests are

briefly described in this section.

(i) Load Parallel to Bed Joint: After filling the frog with cement
mortar, bricks were cured for 28 days. Both the loading faces were
grounded and a uniform thin layer(3mm) of gypsum was applied one hours
before testing. Bricks were then placed vertically between the platens
of an universal testing machine(Fig.3.3). Two 55mm long bakelite base
strain gauges were fixed on a vertical face. One was fixed along the
loading direction and the other was fixed in the transverse direction. A
dial gauge was fixed on the platen to measure the total deformation of
the specimen. lLoad was applied at a rate of S00N/min. The results are

summarized in Table 3.3.

(ii) Load Normal to Bed Joint: Uniaxial compression tests were
performed with load applied normal to bed face. Both the faces were
grounded after curing of the filled up frogs with 1:1 cement sand mortar
for 28 days. To eliminate the restraining effects of the platens and to
prevent adhesion of the Jjoint material to the bed faces of the brick,
the specimen brick was wrapped in a plastic sheet and placed of the
centre of a three brick high stack bonded brick prism(Fig.3.4). The
prisms were constructed using gypsum as a Jjoint material. The end faces
of the priéms were also capped with gypsum for uniform distribution of
the applied load. Two 55mm long bakelite base strain gauges were fixed
at the central portion to measure the longitudinal and lateral strains
in the brick. Stress-strain curves are shown in Fig 3.5. The elastic

properties are summarized in Table 3.3.



(a) Brick in Vertical Position
Load Parallel To Bed Joint

- ‘:ﬁiﬁﬂ*’z

b

(b) Typical Splitting Failure of Brick

Fig.3.3 Proposed Method for Compression Test for Bricks
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(b) Load Normal to the Bed Face

Fig.3.4 Prism Test for Bricks
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Table 3.3 Modulus of Elasticity and Poisson’s Ratio of Clay Bricks

B o Poisson’s|
Loadi di ti Modulus of ratio
No of cading direction elasticity( N/mm>)
specimen Mean Stand. [Coeff. Mean
Dev. of Var.
Load parallel to bed
Jjoint
'
5 5088 499.7 9.80 0.14
Load normal to bed
joint
N
5 L 5180 | 582 11.23 0.15
R
l\\";’,,'

Significant variations in the brick properties were reported be

Page(1978) and Bhandari(1982). In the present investigation, these

variations were reduced considerably by removing distortions in shape,

unevenness of the loading faces and filling the surface

cracks(Coefficient of variation was found to be of the order of 10
percent). The variation in the properties can be further reduced by
improving the manufacturing process. The bricks are observed to be
marginally stiffer in the direction normal to bed joint, as it is the
direction of pressing during its manufacture. Thus the conventional clay

bricks can be considered as isotropic material.

3.3 Mortar

Mortar plays an important role for satisfactory performance of brick

masonry as a structural material. The choice of different types of

mortar is governed by strength requirements, type of masonry structure,

situation of use, strength of bricks, workability, water retintivity,

exposure to weather, resistance to frost, chemical attack and fire etc.
Depending on the various functions and strength requirement of brick
masonry, Sahlin(1971), al.(1981)

Hendry et among others recommended
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different types mortar grades. In masonry structures such as shear wall,
infill frames, cement-lime-sand mortar should be used as the required
shear and tensile bond stresses are quite high. Low strength mortar is
normally used in brick masonry so that failure of masonry subjected to
in-plane loading may occur only the in mortar joints. Thus, the complete
collapse of masonry structures can be avoided and at the same time it
can be easily repaired. To minimize creep and shrinkage and to obtailn
the maximum strength of the brick masonry for a particular type of
mortar, a dense mix of the 1ingredients 1is necessary. It has been
observed that sand c?nt?ins approximately % voids. So typical mortar mix

specifications of 1:5:45 , 1:1:6 or 1:2:9 etc. based on the loose volume

have been evolved.

Keeping in view these factors, the mortar wused throughout the
investigation was 1:1:6(cement: lime:sand ) by volume. Ordinary Portland
cement and hydrated lime were used. The sieve analysis of the local sand
carried out in accordance with IS: 2116-1980 is given in the Appendix B.
To eliminate the variations in material bulk density, the weights of the
measured volumes were taken and there after batching by weight was made.
The ingredients for each batch were mixed dry until a uniform colour of
the mix was obtained. A measured quantity of water was added to produce

a flow of 115% as per Code for good workability and water retaintivity.
3.3.1 Properties of Mortar

The wuniaxial compressive strength, elastic modulus, and Poisson’s
ratio are determined. Due to a lack of facilities, triaxial compressive

strength could not be determined.

(a) Compressive Strength: Compressive strength of mortar was
determined by two procedures: (i) Codal procedure and (ii) increase in

aspect ratio.

Indian Standard Code Procedure: The compressive strength of mortar
was determined as per the procedure lald down in [S:2250-1881. The tests
were carried out on 5Scm cube specimens. Nine specimens were made as per
the procedure laid down in the Code and cured for 28 days before
testing. The average compressive strength was found to be 5.70MPa with a
coefficient of variation of 6.5 percent. The brittle failure of mortar,
like that in .brick, was prevented and an increase in compressive
strength was observed due to the restraining effect of the platens of
the testing machine as the aspect ratio of the specimens was 1. The

restraining effect was minimized by using the specimens of increased
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aspect ratio of the order of 2. However, the Codal procedure was used

for quality control throughout the test programme.

Method Based on Increase in Aspect Ratio: To determine  more
accurately, the compressive strength, tests were performed‘ on mortar
prisms, Scm x 5cm x 10cm long. Nine specimens were made using 1:1:6
mortar and tests were performed after curing for 28 days. The average

compressive strength of the mortar prism was 4.84MPa with a coefficient

of variation 6.3 percent.

(b) Elastic Properties: The same mortar prisms were used to
determine the elastic properties of mortar. Two bakelite based strain
gauges(10mm), parallel and normal to the applied compressive load, were
fixed on one side of the prism. A dial gauge was mounted to measure the
deformation of the specimen. This was used to check the strain
measurements. Strains were measured during the compressive test. Strains
after the ultimate stress could not be measured. The stress-strain curve

was drawn using average strains at successive stress levels(Fig.3.6).

3.4 Brick Masonry: Strength and elastic properties of brick masonry
were also determined. In deriving these properties, brick masonry was
assumed to be continuum possessing average properties. This allows the
material properties to be used in the analysis at macro level. For the
nonlinear analysis of masonry structures such as shear walls, infill
frames etc. which are in a biaxial state of stress, yield and failure
criterion in terms of biaxial stresses must be determined. In view of
the difficulty in carrying out biaxial tests, the biaxial test data
reported by Page(1981, 1983) was used to evaluate parameters of the

yield and failure criterion.

In this section, the details of investigations for strength and
elastic properties, determined from tests on brick masonry pier, are
discussed. In addition to these tests, the uniaxial compression tests on
5 bricks high masonry prisms were also carried out. The Stress-strain
relationship was also determined and compared with that derived from
tests on masonry pier. The data obtained from micro mechanics

formulation are used to collate with the experimental results.

3.4.1 Compressive Strength and Elastic Properties

Brick Masonry Piers: The elastic properties and compressive strength
of masonry piers were determined for the two distinct directions of

loading, normal and parallel to the bed joint. The dimensions of piers
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so tested are shown in Fig.3.7. A set of 3 piers were tested for each
loading case. The piers were constructed in stretcher bond with 10mm
thick 1:1:6 mortar joints. The bricks were soaked in water up to 75% of
w+a£er absorption as recommended by Sinha(1967), to obtain maximum bond
strength. All the piers were cured for 21 days by covering with wet
gunny bags and then left uncovered for drying in the natural conditions.
Tests were carried out after 28 days. To ensure a uniform contact
between the bottom surface and the loading girder, a thin layer of sand
was laid on the girder before placing the pier in position. A thin layer
(3mm) of gypsum was also applied on the top surface of the pier before
placing the joist in position. The Gypsum layer is allowed to set for

two hours before loading the piers.

The strains were measured in the directions normal and parallel to the
bed Jjoints using a Huggenberger extensometer over a gauge length of
200mm(8"). To accomplish this, eight brass studs were fixed in the
central portion of the front face of the piers. Dial gauges were also
used to measure the overall deformation both in vertical and lateral
directions. The dial gauges which measure vertical deformation help to
check uneven distribution of loading. The loading arrangement and the

instrumentation details are shown in Fig.3.8.

Before taking the 1initial readings of the extensometer and dial
gauges, a 2 tonnes load (4 kg/cmz) was applied on the piers and then
released. The load was increased by 2 tonnes in each step till failure
of the pier. A typical failure of piers 1is shown in Fig.3.9. It was
observed that for compression load normal to bed joints, the failure
occured by vertical tensile splitting of the bricks. For uniaxial
compression parallel to the bed joint, the failure occured initially by
splitting of the vertical bed joints. On further loading, the pier was
split into columns of brick masonry, resulting in a fallure of the pier
due to the collapse of brick masonry columns. Although the resulting
columns failed at higher load, the pier is regarded as having failed at

the initial splitting of the bed joints.

The average stress-strain curve obtained for loading normal to the bed
Joints is shown in Fig.3.10. The stress-strain curve is nonlinear in
nature. Due to the method of strain measurement and the loading device,
strains after maximum loading could not be recorded. However, it is
expected that it would be similar to that obtained by Powell and
Hodkinson (1976), who obtained complete stress-strain curves for brick
masonry piers(Fig.2.11). The strength and elastic properties are

summarized in Table 3.4.
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(10 mm thick)
-
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Joint (12 Courses High) Joint (4 Courses High)

Note :
¢ Brick Dimension - 230 x110 x 70mm

® Panel Thickness - 110 mm

Fig.3.7 Brick Masonry Specimens for Uniaxial
Compression Test
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Fig.3.9 Failure of Brick Masomry Piers subjected uniaxial

Loading
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Brick Masonry Prism: Many countries adopted compressive strength of

brick masonry prism as basic strength to determine the compressive
strength of masonry, because of the difficulty in performing compression
tests on masonry pilers. Prism strength can also be used for quality

control and to compare the strength of different types of brick masonry.

In the present investigation, the compressive strength tests were
performed on 5 bricks high stack-bonded prisms, made of the same type of
bricks and 10mm thick 1:1:6(cement:lime:sand) mortar. The stress-strain
relation (Fig.3.11) is derived to compare it with that obtained from
masonry piler tests. The variation in elastic modulus is not significant.

This confirms the observation of Sahlin(1971).

The first crack occured in the central region of the prism due to by
tenéile splitting of brick. On further loading, cracks propagated
vertically towards the edge (Fig.3.12). The strength and elastic
properties of masonry prism is summaraized in Table 3.4. The details of
the test results are given in Appendix-C. The masonry wall strength in

terms of prism strength is given by the expression
£ =0.75 £P (3.1)
c c

where fc and fg are the compressive strengths of masonry wall and prism

respectively.

Table: 3.4 Strength and Elastic Properties of Brick Masonry

Description of | Compressive Strength Elastic Modulus Poiss.
(MPa) (MPa) .
Item Mean | Std. | Coeff. | Mean Std. [Coefr. | ‘atio
Dev. | of Var. Dev. of Var.

Brick Masonry

a. Prism 7.01 0.92 13% 4541.65| 195.60| 4.30% 0.16

b. Wall

Load Normal 5.31 0.30 5.72% 4465.25| 272.50]| 6.10% 0.17
to Bed Joint

Load Parallel| 3.07 0.32| 10.48% 4371.72| 385.82| 8.82% 0.19
to Bed Joint
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(b) Typical Failure of Masonry Prism under Uniaxial Load

Fig. 3.12 Stress-Strain Curve for Brick Masonry Prism
under- Uniaxial Compressive Loading
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Appendix A

Compressive Strength of Solid Clay Bricks

Specimen Method of test Compressive Remarks
No. Strebgth(MPa)
S-1 22.015
S-2 26.950
S-3 24.028
s-4 56 148 Mean strength
S-5 27.220 = 25.26 MPa
5-8 1S:3495(part 1) 54 330 Et?:sisv.
ST 25.040 Coeff.of var.
S-8 24.320 = 6.17%
S-9 25.748
S-10 26.798
P-1 16.76
pP-2 17.03
P-3 14.58
P-4 12 66 Mean strength
P-5 Proposed 17.72 = 1545 MPa
PG method 15. 33 St?:égev.
=7 15.98 Coeff.of var.
P-8 13.00 = 10.97%
P-9 15.64
P-10 15.84




* Allowable

Appendix B

Grading of Sand

75

Seivesize

Percentage Passing *

(um) IS: 2116(1980) Local Sand Fineness
Upper Lower

4750 100 100 100.0

2360 100 - 80 100.0

1180 100 70 91.3 1.97
600 100 40 68.5 ’
300 70 S 33.0
150 15 0 10.5

brick masonry.

Notes:

limit specified by 1S: 2116-1980,

mortar for unreinforced

Mortar Mix - 1:1:6 (Cement:Lime:Sand)

Flow before suction 115%
Typical mix properties are
Cement - 240 gms

Lime - 100 gms

Sand - 2340 gms

Water - 510 cc

(weights of volume batched ingradients)



Appendix C

Compressive Strength of Brick Masonry Prism

I Specimen ! Dimension I Compressive I Remarks
No. (mm) | Strebgth(MPa) |
M MP-1 T 225x108x372.5 | 6.296 ' i
MP-2 224x108x376 6.05
MP-3 222x108x376 8.341
MP-4 228x108x375 a.87" Mean strength
MP-5 225x110x379 6.569 = 7.07MPa
MP-6 222x105x376 8.58 | ftg'ggev'
MP-7 225x108x385 | 6.584 Cooff. of vér.|
| M-8 230x110x380 6.64 = 13% |
MP-9 225x113x385 6.804
MP-10 220x%110x385 7.79 ]

*

not considered

Compressive Strength of Brick Masonry Wall

Specimen Loading Dimension | Compressive Remark

No. Direction (mm) Strength(MPa)
WN-1 475x110x945 5.72
WN-2 480x107x930 5.26 Mean = 5.27 MPa
WN-3 Load Normal | 463x104x936 5.13 Std. Dev. =0.28
WN-4 to Bed Jolnt | 467x108x940 5.38 Coeff. of Var.
WN-5 454x108x865 4.88 = 5.27%
WP-1 376x110x960 2.90
Wp-2 370x108x950 3.45 Mean = 3.07 MPa
WP-3 Load Paralle | 350x104x915 3.02 Std. Dev. =0.32
WP-4 to Bed Joint 375x110x930 3.139 Coeff. of Var.
WP-5 365x106x940 2.58 = 10.48%




CHAPTER-4

PROPERTIES OF BRICK MASONRY: A MICROMECHANICS APPROACH

4.1 Introduction

Brick masonry is a two phase composite material. Like ail other
composite materials it can also be studied from two points of view:
micromechanics and macromechanics. Micromechanics is the study of
composite behaviour wherein the interaction of the constituent materials
is examined in a microscopic scale. While macromechanics is the study of
composite behaviour wherein the material behaviour is presumed
homogeneous and the effects of the constituents are detected only as

averaged or equivalent properties of the composite.

In a macromechanics study the equivalent properties are used for the
design and analysis and can be determined experimentally but these would
be applicable only for the material so tested. Micromechanics
investigations, on the other hand, are carried out in order to gain an
appreciation of the properties of the constituents and their proportion
to achieve required strength and stiffness. Use of both the concepts of
macromechanics and micromechanics allows the tailoring of masonry to

meet the particular requirement with little waste of material capacity.

In this chapter, the derivation of uniaxial strength criterion and
elastic properties of brick masonry based on the micromechanics approach
has been presented. Firstly the analytical methods developed till date

for the determination of strength and elastic properties are reviewed.

4.2 Review of Brick Masonry Properties: Analytical Methods

In early sixties, the effects of various bedding materials on brick
masonry strength have been investigated. These have encouraged
investigators to study the behaviour of brick masonry for the estimation
of strength and elastic properties. The brick masonry prism strength is
considered as the basic strength for the determination of strength of

the brick masonry walls under compression. Thus most of the early works
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were devoted to develop the strength theories of brick masonry based on
the prism strength. These have included, (a) strength criteria based on
elastic analysis consisting of the compatibility of the lateral strains
and the equilibrium of the lateral forces in the brick and the mortar
Joint with the biaxial tension-compression strength criterion of the
brick [Francis et al.(1970), Shrive and Jessop(1980)] and (b) the

strength approach consisting of the equilibrium of the lateral forces in
the brick and the mortar joint with blaxial tension-compression strength
criterion of the brick and the triaxial compression strength criterion

of the mortar [Hilsdorf(1969), Khoo and Hendry(1972)].

Sahlin(1971) considered brick masonry as a composite material and
employed the "rule of mixture" to predict the elastic properties and
compressive strength of the brick masonry prism without complete
success. Andam and Pande(1986) determined uniaxial and biaxial strength
of reinforced brick masonry based on multi-laminate rheological analogy
with the elasto-viscoplastic material model. The analytical data were
not compared with the experimental results. Based on the micromechanics
approach, Liang et al.(1990) derived elastic properties of the brick
masonry in terms of the elastic properties of the bricks and the mortar.
Having obtained the elastic properties and the stress distribution in
the brick masonry, the stresses in the bricks and mortar Joints are also
calculated. The analytical data do not agree well with the experimental

results.

4.3 Proposed Micromechanical Brick Masonry Model

The stiffness and strength characteristics are necessary for the
design and analysis of brick masonry structures. In order to determine
these properties it is required that the brick masonry should be as

uniform as possible so as to decrease the number of weaker areas.

The wuniformity in material properties may be obtained if both the
mortar and the bricks have uniform stiffness and strength
characteristics. Therefope, the mortar should be uniformly mixed and
completely cured, and the bricks should be, as far as possible, free
from flaws. Secondly a high degree of uniformity can be achieved by
careful construction of brick masonry. The defects in workmanship should
be minimised as far as possible so that a high degree of bonding is

produced between the mortar and the bricks.
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These ideals lead to the following assumptions required in developing

micromechanical model of brick masonry.

Both bricks and mortar are homogeneous and isotropic materials.
e Bricks are uniform, regularly spaced and perfectly aligned.

e The bricks are perfectly elastic before cracking.

e The mortar is elasto-perfectly plastic material.

e The brick masonry 1is macroscepically homogeneous and perfect

bonding exists between the bricks and the mortar joints.

4.3.1 Compressive Strength of Brick Masonry Prism

When the brick masonry prism is subjected to the compressive loads,
the lateral stresses are induced by shear mechanism between the bricks
and the mortar joints. The difference in strains due to the difference
in elastic moduli and Poisson’s ratios of the bricks and the mortar
induces a shear stress along the brick-mortar interface (Fig. 4.1). The

variation of shear stress along the interface 1is small. So it is assumed

to be constant.

Stress

.\iismdr ctrens /
Lo /

Tensile Stress
N/
e—Lt/2 - - - oLt /—

L _—

b

Fig. 4.1 Theoretical variations of tensile and shear stresses along
the length of brick, the length being greater than critical
length



80
The mortar used in brick masonry is normally weaker than the bricks.
As a result the lateral tensile stresses are developed in the brick
while lateral compression stresses are induced in the mortar. Thus the
brick is in axial compression-lateral tension and the mortar is in a
triaxial compression state of stress. Considering the equilibrium of

lateral forces acting on an element of a brick(Fig.4.2)

b tb(ab bt ) - b tb Ub -2bT dx =0 (4.1)

which on simplification gives

dq? 2T
W ° % (4.2)
t
b . . .
where Gt = tensile stress in the brick
T = shear stress at the brick-mortar interface assumed to be
constant and can be written as <t = ro+ M ay
T, shear stress without precompression
b . .
t = thickness of the brick

b = width of the brick

pu = coefficient of friction

b
At x = 0, o= O and the integration of the Eqn.(4.2) with
respect to x gives
o_b . 2t ,
t ZB_ (4.3)

The tensile stress in the brick is not uniform. As x increases, it
builds up linearly from zero to the maximum value at x = LI/Z' The

maximum stress that can be achieved at a given load is
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(b) Stresses in the Brick due to
Compressive Loading

s

(a) Brick Masonry Prism

2C

1 o —

b
0.t.b b d0y

L G +——
/ 7

dx
(c) Stresses acting on an Element
—( of a Brick in the x direction

\ L/— Shear Stress

| _——— Tensile Stress

\ /
-——Ly/2 Lt 2!“—
i

(d) Variation of Tensile and Shear Stresses
along the Length of the Brick

Fig.4.2 Brick Masonrvy Prism subiected to Iniavial T aad
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where Lt = critical length of the brick to attain maximum tensile

stress

The average stress is given by

The maximum lateral strain in the brick is given by

[b b ] (4.6)
o + v o
N

Similarly in the mortar Joints

e = . [— I R ] (4.7)
cm " cm y

where Eb and E" are the elastic moduli of the brick and mortar
respectively and ub and v" the corresponding Poisson’s ratios.

m . .
obm is the maximum lateral stress in the mortar.

Considering the equilibrium of the lateral forces in the brick and the

mortar Jjoint

o =« ab (4.8)
ca ta
b, m b m
where o« =t /t, and, Uta and Uca are the average lateral stresses

in the brick and the mortar respectively. As the lateral strains in the

brick and the mortar are same, Eqns.(4.6) to (4.8) give
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o= ay [ 1- Gy p Q] (4.9)
Lo
where P = T+ o B
0 &
T 27TL
b
and B:i
gn

Khoo and Hendry(1973) derived experimentally the biaxial tensile-

compressive strength criterion given by

q
q
Q
q

= 0.9968 -2.0264 + 1.2781 - 0.2487 (4.10)

>—0>|
o Ot
i—b;|
O oTlo
D-O:l
O Tlo
b-‘:l
O o0

where f? and f: are the uniaxial tensile and compressive strength of the
brick respectively. Putting the value of o = 0Ea and o, = Uy in the
Eqn. (4.10), the value of oy is determined.

Similarly lateral stress in the mortar is determined from Eqn.(4.7)
and (4.8). Using Von Mises strength criterion the value of Gy is
determined. The lesser of the two values is the strength of the brick

masonry prism.
4.3.2 Elastic Properties of Brick Masonry

To develop a mathematical model for the accurate determination of
elastic properties of brick masonry, the detailed features of the
microstructure as well as the nature of stress-strain field need to be
explicitly specified. This problem can be avoided by directing attention

to upper and lower bounds of the elastic properties of the composite
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material. The results from the bounding approach can serve as guides to
material behaviour provided the upper and lower bounds are sufficiently
close together so as to bracket the true behaviour within the

experimental error.

Explicit relationship for the bound can be obtained through the
application of Saint-Venant’s principle by proposing statically
equivalent trial strain and stress fields for the use in the strain and
complementary energy computations. The selection of the appropriate
trial stress and strain fields is the central issue of the bounding
approach. The earliest upper bound of elastic properties of composite
material is derived by using constant strain field in the representative
volume element(RVE). This bound 1is identical to the classical

Voigt(1910) estimate given by

E =V E + V E (4.11)

Similarly, the lower bound is obtained by employing constant stress
field in the RVE. This bound is identical to the classical Reuss(1929)

estimate as follows

£ - (4.12)
VTE + V E

where V is the volume fraction and the superscripts, m and b refer to
mortar and brick respectively and the subscripts u, and 1 indicate the
upper and lower bounds of the brick masonry, respectively. Whitney and

McCllough (1981) summarised the derivation.

Closer bounds have been proposed by many investigators [Hashin and
Shtrikman(1863), Hill(1963), Walpole(1966)]. Further improved bounds
have also been proposed assuming the phase geometry of packing
[Hashin(1962), Hashin and Rosen(1964)]. These improved bounds are
suitable for the composite materials whose elastic properties can be
determined precisely. Besides this the draw back of the improved bounds
is the need toc specify the phase geometry packing. For some composite

materials the phase geometry of packing is difficult to describe.
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For the masonry composite, the closer bounds can not enclose scatter
results. Indeed the best bounds are the early ones presented by
Voigt(1910) and Reuss(1929), although for large values of the ratio of
elastic modulus of brick and mortar, these bounds are not close enough
to give any useful estimate of the effective elastic properties within
the margin of experimental error. The effective elastic properties of
the masonry can be computed by using an approach based on the series
expansion in terms of the difference between the upper and lower bounds

of elastic properties.

From the Eqns.(4.11) and (4.12) it is observed that if the volume of
mortar 1s zero the elastic properties will be same as those of the
bricks. But it 1is observed that the elastic properties of the prism
without mortar joint is less than those of bricks. To take care of the

above observation, Eqns (4.11) and (4.12) are modified as follows.

E =E" V™ 4+ x EP VP (4.13)

m _b
E1 = ﬁ EE 5 = (4.14)
E"+V (kKkE -E )

The masonry behaviour tends towards the upper bound, Eu, as the volume
fraction of mortar, Vm, approaches zero; on the other hand, as Vm
approaches unity, it will be closer to the lower bound, El' Thus the
difference between the upper and lower bounds serves as a measure of
influence of the phase geometry and the properties of the components. So
it is reasonable to assume that the effective elastic properties may be
modelled as a serles expansion in terms of the difference between the
upper and lower bounds [Whitney and McCllough(1981), Phani(1993)].

Retaining only the linear terms effective elastic modulus, E, is given

by

P p— m —
E = Eu Yy (V) (Eu El) + ... (4.15)

where w(Vm), is a proportionality factor. Since the effective elastic

properties must lie between the extremes of the upper and lower bounds,

the value of (V") must satisfy the condition 0 < (V") <1. This
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condition is assured by requiring that ¢(0) = 0 and ¢(1) =1. Assuming

that w(Vm) can be adequately approximated by a truncated series

: . mo.
expansion in V' given by

2

p(V") =g+ VT ey Vo (4.16)

The above two conditions give

Ylo) =€ =0 (4.17)

Y(1) = €+ + vy =1 (4.18)
Thus

bV = (1) (VY ey (VP (4.19)
Substituting Eqn (4.19) in Eqn. (4.15)

E=(1-V"h (1 +9 V" E, * VA€ PPV VAL E, (4.20)

The parameter ¥y is evaluated by using the phase geometry of the

constituent materials of brick masonry.

The thickness of the mortar joint is normally 10mm. Let the volume

fraction of mortar be Vz for 10mm thickness of mortar Jjoint. In the

neighborhood of VA VZ, the behaviour of masonry tends toward the

limits of the wupper bound, while in the vicinity of v o= q- V:, the

behaviour will tend toward the limits of lower bound. Thus

[ E ] = [ E, ] v e (4.21)
vl o=y A
C C
(2], (5] (.22
Vi=1- y" vi=1-y™
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Using Eqns. (4.13), (4.14) and (4.20), these two equations can be

solved to obtain the value of y. The value of ¥ is given by

[1 - zvm] [Eb— Em]
¢ . (4.23)

Once 7y is known the value of elastic properties of brick masonry can be
determined from Eqn. (4.20).

The volume fraction for brick and mortar can be calculated by the

following expression.

In case of masonry prism,

b
the volume fraction of brick, Vb S (4.24)
m b
t + t
and
m tm
volume fraction of mortar, V = -~ _ (4.25)
m b
t + t
In case of masonry wall,
b L tb
the volume fraction of brick, V = ~ - 5 (4.26)
(L+t7) (t7 +t)
and
m b
volume fraction of mortar v =1-V (4.27)

Poisson’s ratio of brick masonry can be calculated by Eqn. (4.20)
replacing elastic modulus by Poisson’s ratio. Eqn. (4.11) can be used as
the difference of Polisson’s ratio of the two material is small. Thus

Poisson’s ratio of masonry can be calculated as follows

v =V v +V vp (4.28)
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4.4 Distribution of Stresses in the Masonry Constituents

The masonry structures such as shear walls, infilled frames etc., are
analysed based on macro-level approach. Once the stresses at a point in
the masonry are known, the stresses in the masonry unit, head and bed
mortar Jjoint can be obtained. The stresses in the masonry uniis, and

mortar joint are given below.

Brick Masonry Prism: Stresses in the brick and the mortar joint

of the brick masonry prism in the matrix form are given as follows.

o =a o (4.29)

or
i i i
- i - E v E - vE -
ci 0 1 0 o
n = n (430)
T 0 0 1
L DP ) L J L P )

where gl is the stress vector of the constituents, brick and mortar

Joint. ¢ is the stress vector for the brick masonry prism.

Brick Masonry Wall: Stresses in the brick and the mortar joint

of tne brick masonry wall in the matrix form are given as follows.

Stresses in the Bed Joint

m m

- m - E v E - vE -

%oh | E E 01 (o |

m
0

nh | = 1 0 “n (4.31)

" 0 0 1 T
| nphd - Py - np
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Stresses in the Brick

(O"b - Eb vi -va 0 - o -
p [E E ( p
b b b b
Wn _ g v E -vE 0 an (4.32)
T 0 1 T
[ e )L J | "rp |
Stresses in the Vertical Joint
N WE vET
( pv E E ' p
o E" v"E -vE" o .
nv | = E E n (4.33)
m
T 0 0 1 T
[ Topv) J U np

4.5 Constitutive Equations for Brick Masonry

The constitutive equations of brick masonry are derived from brick and
mortar properties by applying micromechanics theory. The bricks are
assumed to be linear elastic material. The mortar can behave as a

nonlinear elastic material.

The stress field in a representative volume element(RVE), V, of brick
masonry 1is denoted as o, The volume average stresses o of the brick

masonry are defined by,

J o dv = 1 J o dv + J o dv (4.34)
-V Vv -V -V

where V" and Vb are the mortar and brick volumes, respectively. The
volume average stresses gm and gb of the mortar and bricks, respectively

are defined by,
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J o dv (4.35)
m v
m

J o dv (4.36)
b b—v

Similar to the stresses, by Iintroducing em and eb as the volume
average strains of the” mortar and bricks, respectively, the average

stresses o and the strain € of brick masonry can be expressed as

c =V o +V 0o (4.37)
e =V e + V ¢ (4.38)

The superscripts m and b indicate the mortar and the bricks. v™ and

Vbare the volume fractions of the mortar and the bricks respectively.

For the constitutive equations of the constituents, the incremental

stress-strain relationship for the mortar is

o}
m
i}
o8
m
+
Q.
m
3
ol

(4.39)

de” = C° do (4.40)
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The superscripts e and p denote the elastic and plastic components. c™"e

and gbe are the elastic compliance matrices of the mortar and the

bricks.

For the plane stress case,

[ m "
Lot
E E
me um 1
C =1 -3 - 0 (4.41)
E E
m
2(1+v )
0 0 —
[ WP .
gP gP
b
P - - = 1—b 0 (4.42)
E E
b
0 0 _2(1_?
E

In addition to the above constitutive equations, micromechanics theory
is employed to relate the bricks and material stresses and strains.
Based on this theory, the strains of the bricks and the mortar along the

direction parallel to bed joint are given by
€ =€ (4.43)

The mortar stress o: in the direction normal to bed Jjoint, n, can be

related to brick stress o: as follows.

o =1m o +7n o (4.44)

Where n and nnp are stress partitioning factors measuring the fraction
of the brick stresses, 0: and UE, respectively. Further, the shear

m b
stress of mortar, US , and can be

, 1s related to the shear stress, US
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expressed as

c =7n_ 0 (4.45)

where the subscript, s, denotes the shear. ns is the Stressbpartitioning
factor measuring the fraction of the brick shear StPeSS,GS, nn and ns
can be determined from the experimental data. However, nnp can be
determined from the symmetry condition of the composite elastic
compliance, ge, which will be defined later. Eqgns.(4.43 - 4.45) can be

written in the matrix form
R" do™ = R° do~ - S de' (4.46)

where, Bm, R™ and S are defined as,

1 — vm 0 W
m
R = | . 0 (4.47)
0 0 1
ET ) o~ vb . ]
Eb Eb
b
R = (4.48)
nnp n, 0]
L 0] 0 ns )
E" 0 0|
S= | 0 0 (4.49)
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The stress-strain relationship of brick masonry can be expressed in an

incremental form as

de = C°do + deP (4.50)

where ge and dgp are the elastic compliance and the incremental plastic
strains of brick masonry. By combining Eqns. (4.37 - 4.40) and (4.48),
the expressions for ge and dgp in terms of the mortar and brick

properties are as follows.

. ub _be (Bb)—l . Um gme (Bm)—l

c = (4.51)
vb (Bb) 1 v " (Bm) 1
Um I+ Um (ge_ gme) )

deP = ae™P (4.52)

= m
R
e

Where 1 is the identity matrix. From the symmetry condition of C~ in

e _ e
Eqn. (4.43), namely gnp = gpn

- v
5 [1 - nn] (4.53)

Using the constitutive Eqn. (4.50) the stress o of brick masonry can

be calculated. gp can be expressed in terms of the mortar plastic

. m . . . m
strains, ¢ p, which is function of the unknown mortar stresses, o .

Combining Egns. (4.37 - 4.40) and (4.48)

de™ = c™do™ + a"P (4.54)
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~

Compared with Eqn. (4.39), dgm and gme can be called the "modified"

strains and elastic compliance of mortar and can be expressed as

~m de

de = — (4.55)
o 1 P gbe(Bb) 1 1

N vm gme + l)b(—:be(Bb)-l Bm

c"® = (4.56)

m b _be b,-1
+ v

<

—
@]

oo}
§r—t

It is obseved in Eqns(4.54- 4.56), if the masonry strains € are known,
the mortar stresses gm and plastic strains, gmp can be calculated. Then
the masonry plastic strains gp can be calculated by using Eqn. (4.52) and

finally the masonry stresses ¢ in Egn. (4.50).
4.6 Validation of the Proposed Formulae

Prism Strength: To demonstrate the validation of the strength
theory, the analytical data are compared with the experimental results
of Khoo and Hendry(1972) and the present experimental investigation
described in Chapter 3. The material properties used in the study are

presented in Table 4.1.

The strength of brick masonry prism determined experimentally by Khoo
and Hendry(1972), and the experimental and analytical results of the
present investigation are as summarised 1in the Table 4.2. A good

agreement is observed between the analytical and experimental results.
Elastic Properties

Elastic properties of masonry prism and wall are computed using the
proposed formulae. The upper and lower bounds and effective elastic
modulus are plotted in Fig.4.3. Experimental and analytical results of
elastic moduli and Poisson’s ratios are shown in Table 4.2. A close

agreement is observed between the two results.



Table 4.1 Material Properties for Brick and Mortar Joint
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Serial p b Khoo and|Present
No. roperty Hendry Exp.
_ 5

Young’s modulus(MPa) E 5700.00 |5130.00
Poisson’s ratio ub 0.16 0.145
Uniaxial compressive strength(MpPa) f: 39.30 15. 45
Brick Uniaxial tensile strength(MPa) f? 1.88 0.51
»*
Length{mm) 1 73.00 | 230.00
*
Width(mm) b 35.00 110.00
*
b .30 B67.
Thickness(mm) t 22.3 00
Young’s modulus(MPa) E" 2500.00 |2250.00
Poisson’s ratio " 0.24 0.25
Mortar Uniaxial compressive strength(MPa) fz 4.78 4.84
»* %
Thickness (mm) t" 3-35 1 10.00
Bond strength 7, 0.25 0.25

* Brick - one third scale, ** t"/t° =

® . 0.15

Table 4.2 Comparison of Experimental Results with the Analytical Data

Serial Item Experimental Results |[Analyses based
No Khoo and|Present Exp. | on Proposed
Hendry Study Theory
(i) (ii) (1) (ii)
1 Prism strength (MPa)| 22.42 7.07 20.93 6.79
2 Young’s modulus(MPa) - 4541 - 4756
a. Masonry prism - 4541 - 4548
b. Masonry wall - 4430 - 4422
(average)
3 Poisson’s ratio
a. Masonry prism - 0.16 - 0.158
b. Masonry wall - 0.18 - 0.162
(average)




Elastic Modulus
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——— Effective Elastic Modulus
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Fig.4.3 Upper and Lower Bounds and Effective Elastic
Modulus of Brick Masonry
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Distribution of stresses in the Brick and Mortar Joints

To determine stresses in bricks and mortar a 4" thick masonry wall
subjected to wuniformly distributed load 800 lbs, was analysed using
finite element method by Stafford-Smith and Caster (1970). The wall was
discritised by four noded elements such that one element encompasses
only one material. The element subdivisions and properties of brick and

mortar are shown in Fig.4.4.

From the result of finite element analysis it is observed that the
stresses in brick and vertical joint 1is 8.7344 psi and 2.933 psi
respectively and 8.33 psi in bed joint. On the other hand, according to
proposed stress distribution formulae, the stresses in the brick and
vertical mortar joint are 8.£94 psi and 2.873 psi respectively. Stress
in the bed joint is 8.33 psi. Thus a good agreement between the results

of finite element analysis and proposed formulae is observed.

‘ZHLHHHHHHHHHHHH]
® | : O

T

; & : ]
120 - 41 — — 4 —
29" E@r = $ T FRCMTIE S 4 CAPTEIIVDOS b ST )| 2109

}._
®
@ |

f 26"

t

(@ - Element Number
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Fig. 4.4 Finite Element Subdivisions for Masonry Wall



4.7 Conclusions

The conclusions drawn from the study presented in this Chapter are:
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Literature pertaining to mathematical modelling for determination

of strength and elastic properties is critically reviewed.

A Mathematical model for the determination of strength of the brick
masonry prism, based on micromechanics, has been developed. The
strength of masonry prism computed from the existing strength
theories does not agree well with the experimental results. In most
cases, the computed strength is of the order of 60 to 75 percent of
the experimental strength. The proposed model can determine the

strength of the masonry prism to within 95 percent of the

experimental strength.

Formulae have also been developed to determine the equivalent
elastic properties of the brick masonry in terms of those of brick
and mortar. The analytical data agrees well with the experimental
results as shown in the Table 4.2. These elastic properties can be
used to develop the constitutive equations for wuse in finite
element analysis. Thus the desired properties of masonry can be
designed and produced with sufficient accuracy for the design and

analysis of brick masonry structures.

After obtaining the stresses in the brick masonry by finite element
analysis or by any other method, the stresses in the brick, bed
Joint, and head Jjoint can be calculated from the proposed formulae
given in section 4.4. The results based on the proposed formulae
have been compared with that of the finite element analysis at
micro~level, where each element encompasses only one material. The
results obtained using these formulae show very good agreement with

those of the finite element analysis.

Constitutive equations for brick masonry have also been developed
in terms of the elastic properties of the brick and mortar, for use
in finite element analysis. In this approach it is not necessary to

obtain the equivalent elastic properties of the brick masonry.

Finite element analysis at micro~level is also not necessary to
calculate the actual stresses in the brick and the mortar. Thus
both cost and computing time can be saved without a loss in
accuracy of results. However, this approach could not be used in
the present investigation because of nonavailability of

experimental results.



99

4.7 References

1

10.

11.

12.

13.

14.

15.

16.

17.

Andam, K.A. and Pange, G.N.(1986), The Strength of Reinforced Brick
Masonry in Compression, Mas. Int., No.9 ppl6-24

Francis, A.M., Horman, C.B. and Jerrems, L.E.(1870), The Effect of
Joint Thickness and other Factors on the Compressive Strength of
Brickwork, Proc. 2nd Int. Brick Mas. Conf., Stoke-on Trent,
England, pp.31-37.

Hashin, Z.(1862), The Elastic Moduli of Heterogeneous Materials, J.
Appl. Mech., vol.29, pp.143 -150

Hashin, Z. and Shtrikman, S.(1963), A Variational Approach to the
Theory of the lastic Behavior of Multiphase Materials, J.Mech.
Phys. Solids, Vol.11, pp.343-352

Hashin, Z. and Rosen, B.W.(1964), The Elastic Moduli of Fiber -
Reinforced Materials, . Appl. Mech., vol.31, pp. 223 - 232

Hill, R.(1963), Elastic Properties of Reinforced Solids: Some
Theoretical Principles, J. Mech. Phys. Solids, vol.11, pp. 357 372

Walpole, L.(1966), On Bounds for the Overall Elastic Moduli of
Inhomogeneous Systems - I, J.Mech.Phys. Solids, vol. 11, pp.151--162

Hilsdorf, K.H.(1869), Investigation into the Failure Mechanism of

Brick Masonry Loaded in Axial Compression, Designing, Engg. and
Contracting with Mas. Products, Gulf Publishing Co., Texas.

Khoo, C.L. and Hendry, A.W.(1973), Strength Tests on Brick and

Mortar wunder Complex Stresses for the Development of a Failure
Criterion for Brickwork in Compression, Proc. Britsh Ceran. Soc.,
Load Bearing Brickwork(4), No.21, pp.51-686.

Liang, J.X., Pande, G.N. and Middleton, J.(1890), A Viscoplastic
Model of the Mechanical Response of Masonry, Proc. Int. Conf.
Constitutive Laws for Engg. Material, Tuscon, ASME.

Phani, K.K.(1993), Procity Dependence of Elastic Properties and
Ultrasonic Velocity in Polycrystalline Alumina - A Model Based on
Cylindrical Pores, Central Glass and Ceramic Research Institute,
Calcutta, Repot no.Nc/45

Sahlin, S.(1971): Structural Masonry, Prentice Hall.

Shrive, N.G. and Jessop, E.L.(1980), Anisotropiy in Extruded Clay
Units and Its Effect on Masonry Behaviour, Proc. 2nd Canadian Mas.
Symp. , pp. 39-50.

Stafford - Smith, B. and Carter C.(1970), Distribution of Stresses
in Masonry Walls ubjected to Vertical Loading, Sec. Int. Brick Mas.
Conf.,Stoke-on Trent,England, pp.25 - 30

Reuss, A.(1929), Calculation of Flow limits of Mixed Crystals on
the Basis of the Plasti¢ity of Single Crystals, 2Z. Angew. Math.
Mech., no.9, vol.49

Voigt, w.(1910), Lehrbuch der Kristellphysik, Teubner, Berlin

Whitney, .M. and McCllough, R.L.(1981), Composite Design Guide,
Univ. of Delware, Delware, Vol.2, pp. 47



CHAPTER 5

MATERIAL MODEL FOR BRICK MASONRY

5.1 Introduction

In the recent years the increase in structural brick masonry
research is quite marked. A large number of research efforts have been
devoted to study the in-plane behaviour of masonry walls. Mathematical
simulation of its behaviour is rather difficult as its accurate and
rational analysis requires satisfactory material model for brick
masonry. Despite the sophistication of the structural idealisation and
computational techniques, material modelling has been the biggest

hurdles for structural analysts for the wvalidation of nonlinear

analysis.

Brick masonry is a composite material consisting of elastic bricks set
in inelastic mortar matrix. At failure load masonry exhibits
direction-dependent deformation and strength characteristics. Its
behaviour becomes exceedingly complicated under multi-axial state of
stresses. The additional problem of scarce or incomplete experimental
data, specially for multi-axial state of stresses iIs a major source of
difficulty in the development of material model. Also, considerable

variation is observed in experimental results.

In this chapter, first, a brief review of the available material
models is presented. Then, the proposed material model for the analysis
is described. The model takes into account direction-dependent strength

characteristics and material nonlinearity and local failure.

5.2 Review of Material Models

A large number of material models have been proposed in the last two
decades for the analysis of masonry structures. A summary of models and
its application can be found in a number of references|[Page(1978),
Dhanasekar(1985)]. All these models have certain inherent advantages and

disadvantages which depend to a large extent on their particular

100
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application. The existing models have been critically evaluated within
the context of their wuse in the numerical analysis of masonry

structures. These models are based on two approaches:

e nmicro-level modelling, considering the distinct properties of the
components(units, grout and jJoint mortars, reinforcements), well

fitted for local effect analysis, and

e macro-level modelling, considering an equivalent homogeneous

material, suitable for overall structural analysis.

For both approaches a number of theories for modelling masonry

behaviour under various state of stresses reported in the literature are

as follows:

e Linear and nonlinear elasticity theories

e Plasticity and viscoplasticity theories
5.2.1 Linear and Nonlinear Elasticity Theories

Farly analyses were based on macro-level models. Assuming masonry as a
linear elastic continuum, the in-plane behaviour of composite wall beam
has been studied employing finite difference method [Wood(1952),
Rosenhaupt and Sokal(13965)]. In order to allow possible variations in
the horizontal and vertical directions, orthotropic linear elastic model
has been incorporated in variational approach for the analysis of
composite wall beam problem [Coull(1966)]. A linear elastic finite
element analysis of composite wall beam problem was also carried out by

many investigators[Male and Arbon(1969) and Saw(1974)among others].

An improvement in the analysis was obtained by using micro-level
approach. The influence of mortar joint acting as a plane of weakness,
ignored in the macro-level of analysis, has been included in this
analysis. The linear elastic analyses with bricks and Jjoints being
modelled separately were carried out by many investigators
[Stafford-Smith and Carter(1970), Stafford-Smith and Rahman(1972), Ali
and Page(1985)]. However, for monotonic loading, the linear elastic
model can be significantly improved by employing nonlinear elastic

formulations: Hyperelastic and Hypoelastic formulations.

In hyperelastic (Green) material, elastic response function is

restricted by the existence of an elastic strain energy function, W
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which is a function of strain components, Cij such that

o, = — (5.1)

This ensures that no energy can be generated through load cycles and
thermodynamic laws are satisfied. This model is based on finite(or
total) material characterisation in the form of secant formulation.
Hyperelastic formulation approximate a path 1independent reversible

process with no memory.

In hypoelastic(incremental) models, the state of stress is a function
of current state of strain as well as of stress. The hypoelastic
formulation approximates a path dependent irreversible process with
limited memory. Thus for a hypoelastic material the constitutive

equation is expressed as

oij = Fij(ckl’ o (5.2)
where aij = stress (or increment) tensor,

Cij = strain(or increment) tensor,

Fij = elastic response function.

Although the use of both hyperelastic and hypoelastic formulations in
brick masonry has not been reported till to-day, yet both the
formulations have been used for modelling the behaviour of concrete by
many investigators [Kupfer and Gerstle(1973), Kotsovos and Newman(1978),
Darwin and Pecknold(1977), Elwi and Murray(1979) and, Gerstle(1981)].
These formulations are not suitable for unloading behaviour of concrete

as well as in brick masonry.

Linear elastic theory coupled with failure criterion has been used for
material modelling of brick masonry. This type of model is generally
used to model the behaviour of the material sub jected to
tensile-compression state of stress. Linear elastic fracture model hased
on macro-level has been developed and used by many investigators
[Samarasinghe et al.(1882) and Dhanasekar(1985)] to study the nonlinear
response of shear walls and infill frames. This type of model has also
been used in micro-level of analysis by many investigators [Page(1978),

Hegemier et al.(1978), Ali and Page(1987)].



5.2.2 Plasticity and Viscoplasticity Theories

Brittle materials like concrete, brick masonry subjected to
compression state of stresses exhibit nonlinear characteristics. Perfect
plasticity models are often used to account for the plastic flow before
crushing. The description of such a model requires (a) the definition of
constitutive relation prior to yielding (b) a yield surface and (c) a
potential surface. Normality principle determines the direction of the
plastic strain increment vector. Most of the models use linear elastic
constitutive laws before yielding and an associative flow rule 1i.e.
plastic strain increment vector is assumed to be normal to the yield

surface.

An improvement over the perfect plasticity can be obtained by
incorporating work or strain hardening. In the strain hardening
plasticity model, the yleld and failure surfaces are two different
surfaces. When the material is stressed beyond the yield surface, this
surface expands creating a family of ’loading surfaces’ and associative
or nonassociative flow rules may be used to obtain the plastic strain.
Expansion of the loading surfaces continues until the failure surface is
reached. Strain softening effects can not be incorporated in such models
as the laws of thermodynamics rule out such behaviour for continuum
material. However, fracture theory can take into account the decrease in
stress at increasing strain. Both the theories can be combined to obtain
a constitutive relation that is incrementally linear. The model requires
a fracture surface defined in stress space in terms of the strain
invariants and a hardening parameter. Such models are able to take into
account degradation of elastic moduli, inelastic dilatency due to micro

cracking.

Based on macro-level approach a failure theory has been developed by
Dhanasekar et al.(1985) from biaxial tests data of clay brick masonry.
Plastic strain components are assumed to be a function of the
corresponding stress in that direction. The hardening parameter was
obtained from stress-plastic strain curves and was employed in the
incremental constitutive laws. However, this formulation 1is not
applicable to whole biaxial compression-compression region. Saw(13975)
used modified Von Mises criterion to model the nonlinear behaviour of

masonry.

In micro-level approach, the nonlinear behaviour of the masonry units

and the mortar has been modelled by many investigators. The nonlinear
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deformation of mortar with no provision of failure of bricks has been
considered by and Page(1978). A bilinear failure criterion has been used
for the mortar joints. Nonlinear behaviour of the concrete bricks and
 mortar have been taken into account by Ali and Page(1987) for the
concrete brick masonry. Incremental stress-strain relation has been used
for concrete bricks while nonlinear stress-strain formulation, similar
to that proposed by Dhanasekar et al.(1985) has been used to model the
behaviour of mortar. Von Mises fallure criterion with tension cut off

has been used for the brick and the mortar.

5.3 Proposed Material Model

For the development of material modél due consideration is given to
(a)accurate and rational simulation of material response, (b) simplicity
and economy, and (c} minimum number of parameters which can be evaluated
with desired degree of accuracy and reliability. The behaviour of brick
masonry in different stress regimes is modelled in a form suitable for
numerical computation. Various stress regimes are summarised in Fig.5.1
In the present analysis elasto-perfectly plastic approach has been
employed to model the compression behaviour. Linear elasticity is used
for the recoverable part of. strain and a plasticity approach is employed
for irrecoverable part of the deformation. The description of the model
is consisting of the following items:

o Yield and Failure criteria,
o Flow rule,

o Crushing condition and

o Cracking of masonry.
5.3.1 Failure Criterion

Brick masonry exhibits anisotropic strength properties due to the
presence of mortar joints acting as a plane of weakness and to model the
failure behaviour, an anisotropic failure criterion is necessary. Thus,
a general theory of strength for anisotropic material proposed by Tsai
and Wu(1871) is employed to model the nonlinear behaviour of masonry.
Strength criteria proposed by Hi11(1950), Hoffman(1967) for anisotropic
material and Von Mises(1928) for isotropic materials can also be derived
form the proposed model. The strength criterion, defining the initiation

of material degradation in the stress space is given by:

f(o ) = a,o, + é o, o, - 1=0 (5.3)
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where the contracted notation is used and i,j= 1,2,...6 and parameters
of anisotropy, a, and aij are second and fourth order tensors. The
linear terms accounts for the differences in tensile and compressive
strengths and the quadratic terms define an ellipsoid in the stress
space. Certain stability condition are incorporated in the strength
parameters to ensure that the shape of the surface will be ellipsoidal
[Tsai and Wu(1971)]. The magnitude of the interaction terms are

constrained by the following condition:
a,. a,, - a?. z 0 (5.4)

where repeated indices are not summations for this equation. The
specific advantages of this theory include:

o invariant under rotation of co-ordinates,

o transformation relations according to tensorial laws,

o interactions among stress components are independent of material

properties, and

o symmetry properties of strength tensors similar to those of well
established properties of anisotropic materials, such as the elastic

compliance matrix.
Equation (5.3) in long—hand form is:

flo ) = agoy + a0, + 2305 + 8,0, + 3505 + 350y

+ a 02 + 2a,. 0,0, + 28, 0,0, + 2a,,0,0, + 2a,_0.0. + 2a, 0.0
1171 12712 13’13 14714 15°1°6 167176

+ 2 + 2a.. 0.0, + 2a o, + 2a_. 0.0, + 2a,. 0.0
222% 237273 2472% 2572%5 2672%

+ a 02 + 2a_.0.00, + 2a_ 0.0 + 2a_ 0.0
33°3 34°3°4 3535 36 3 6

+ a 02 + 2a, . 0.0 + 2a, 0,0
44 4 457°4°5 4646

2
t2agg0g  * 2agpopog

+a _o.-1=0 (5.5)

The subscript 1, 2, 3 refer to the directions of three principal axes

of anisotropy. As the principal axes are the axes of symmetry,
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a a a a.

2 %5 % 2100 P15 P15 %240 %250 %280 Y3a
a5e and 435 will be zero. Since the failure surface is employed only in

compression zone, the linear terms are omitted. For the plane stress

anisotropic parameters a

problem, the Eqn.(5.5) reduces to

_ 2 2 2
f(o) = a7, + 2a120102 + 3,50, + 860 1 =0 (5.6)

In the matrix form Eqn.(5.6) can be written as

4

flo) = GT Ao (5.7)

where o

_I 5 = [ Ty 02 Ts ] and A is the matrix of anisotropic parameters,

411 212 0
A = aj, a, 0 (5.8)
0] 0] a66

The reference axes are normal to the bed joint, n and parallel to the
bed joint, p. The principal stresses are transformed to stresses with

respect to reference axes n and p using the following relationship

=T, | (5.9)

where T is transformation matrix defined by

C0326 Sin26 Sin@ Cos6
T = C0526 Sin26 SinB Cos6
. . 2 . 2
2Sin6 Cos8 -2CosH Sind (Cos™@ - Sin6)

and o = [0 o T ] (5.10)
-n,p n p n
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The yield or failure surface, expressed with respect to reference axes

n, p is then

flo) = a 02 + a 02 + 2a o o + s 12 =1
- n n P P np n p np np
= UT A o (5.11)
-n,p - -n,p

where A’ is the matrix of the anisotropic parameter with respect to

reference axes written as

- 5
a 0
n np
A= TT AT = a a 0
- - - - np p
0 0 s
L np -
(a) Determination of Strength Parameters: The strength parameters of

the failure theory are determined from the experimental data obtained by
Page(1981,83). Strength parameters such as a . ap are to be determined
from the tests results of uniaxial compression in the direction normal
and parallel to the bed joint. The strength parameter,snp is to be
determined from shear strength. This test has not been carried out by
Page(1983). Biaxial compressive strength with (Upc/gnc = 4 and 6 =45) is
used to evaluate parameter, Snp' The determination of strength
parameter, anp’ can be achieved through infinite number of
combined-stress states. The type of test is to be selected in such a
manner that thé magnitude of anp does not exceed the limit as indicated
in Eqn. (5.4). If the value of anp exceeds the limit as indicated by the
Egn. (5.4), the failure surface will become hyperboloid (Tsai and
Wu(1971)]. The value of anp has been derived from off-axis and other
biaxial stress test and the off-axis and biaxial strengths are also
computed for each value of anp' It is observed that the strengths have
been blown up when the unrestricted values of anp are substituted in the
criterion. So the stability requirement must be checked for the

determination of the value of an
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The type of test is to be chosen such that the inaccuracy of the test
results does not induce appreciable change 1In the wvalue of a o The
study on the sensitivity of anp on the off-axis or other combined stress
tests are carried out. The cffect of anp on some off-axis and biaxial
tests are shown in Fig.5.2. The curve such as U45 (45 degree off-axis
uniaxial strength ) is nearly horizontal which means that this test
should not be used for the determination of anp‘ A small inaccuracy in
the value of 45 degree off-axis uniaxial strength can induce a large
change in anp' For negative value of anp biaxial compression-compression
test results should be used and for positive value of anp 45 degrce

of f-axis shear strength should be used.

The following four types of experimental results are used to determine

strength parameters:

e Unixaial compression strength parallel to bed joiﬁt, ch

e Uniaxial compression strength normal to bed joint, f

e Biaxial compression of strength with Gpc /Unc= 4 at 6 = 45 degree
(the loading direction makes an angle, 0 = 450 with the material

axis normal to the bed Jjointl).

e FEqual biaxial compression strength, fbc

The experimental strength values used to determine the parameters of the

model are:

f = 4.3275 MPa, f = 7.564 MPa,
pc nc
at 0 = 45 degree Fbc = 8.3500 MPa
o = 2.04 MPa
nc
o = 8.31 MPa
pc
The values of parameters arc
ap = 0.0533981, a, = 0.0174782,
a = -0.0282668, S = 0.0626904

np np

The failure criterion is conpared in fig.5.3 wilth the experimental

failure envelope [Page(1981)]

5. 3.2 Yield Surface and Elasto-plastic Considerations

The yield surface defines the onset of plastic behaviour. If the
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stress path remains inside the vield surface, the stress-strain relation
is linearly elastic. When the yield surface is reached, the inelastic
deformation begins. Further increase of loading causes the expansion of
yleld surface which is monitored by using a hardening rule. The expanded
yield surface is defined as ’loading surface’. In this way a family of
loading surfaces is formed. Unloading inside the current loading surface
occurs elastically. The loading surface continues to expand until the
failure surface is reached. The failure surface is only a monitoring
device to define the initiation of failure and the loading surface

begins to shrink according to the post failure dissipated energy.

In this work no hardening is considered. In such a model the response
is elastic until the effective stress reaches the failure strength.
After that plastic flow continues until the crushing surface is reached
in the strain space. Axis parallel to the bed Joint is considered as
reference axis. Thus the effective stress at yield (or failure) will be
the yleld(or failure) stress in the direction parallel to bed Jjoint of
brick masonry. Accordingly, the strength computed parameters (Eqn.5.12)

are modified.

5.3.3 Flow Rule

By using the associated flow rule, the yield function is taken as the
plastic potential function from which the incremental plastic strain can

be defined as

deP = ax —— (5.12)

where dA is a proportionality constant which determines the magnitude of
the plastic strain increment. The current stress function f(o) is the
yield function or subsequent loading functions in the strain hardening

model.

The yield function derivatives which define the flow vector a computed

for the present yield surface are expressed as

T _(af af of _ (of
a = [ A é; f % ] = [é;] (5.13)
n p np -
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_of _

al = F —( a o + anp p )/f
n

a, = of =(a o + a c )/f

2 ao np n
p

aB - gi = Sn tn /f
np p np

where f=(a o + a 02 +2 a o o +s rz )1/2
p np n p T np np

The elasto-plastic incremental stress-strain relation is given by

do

de (5.14)

with the elasto-plastic material matrix defined by

Da'aD
Dep = D - T (5.15)
F H+aDa
where H is the hardening parameter,

D is the elasticity matrix, and

de is the total strain incremental vector.
5.3.4 Crushing Condition

Inelastic deformation continues until crushing occurs. The crushing
type of failure is strain controlled phenomenon. Due to the lack of
available experimental data for ultimate deformation capacity under
multiaxial state of stress, a crushing surface is assumed in the strain

space which is related to ultimate strain of uniaxial test.
3J2 = ¢ (5.18)

2
strain obtained from uniaxial test result. When Cu reaches the value

where J! is the second deviatoric strain invariant and eu is an ultimate
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specifiied ultimate strain, the material is assumed to loose strength and

rigidity.
5.3.5 Tensile Behaviour of Brick Masonry

The tensile weakness of masonry and its consequent cracking is the
dominant cause of nonlinear behaviour in masonry structures. The
accurate represéntation of this cracking is essential if the realistic
behaviour of the masonry is to be simulated. Brick masonry when
subjected to tensile stress state, behaves as a linear elastic material
until the fracture surface is reached and the strength in the direction
of tension reduces to zero due to cracking. Three different approaches
are now available for modelling of cracks. These are (a) Discrete
cracking model, (b) Smeared cracking model with fixed or rotating
cracks, and (c) Fracture mechanics mocdel. The particular model to be
selected depends on the purpose of analysis. If overall load deflection
behaviour is of interest, discrete cracking model is useful. For the
special class of problem in which fracture is the appropriate tool,

fracture mechanics model is employed.

(a) Discrete Cracking Model: In this model, the cracking response is
mesh dependent as the cracks are assumed to form at the element
boundaries (Fig.5.4). The topology of mesh changes and the updating
procedures are complex and time consuming. Adaptive model used to refine
the model 1is also very expensive because of remeshing and the
introduction of new elements. These difficulties have resulted in a very
limited acceptance of this model in general structural application.
However, the method seems appropriate for those problems involving only

a few dominant cracks.

{b) Smeared Cracking Model: In this model, brick masonry is
considered to remain continuum ignoring the real discontinuities in the
mesh(Fig.5.4}. The cracked masonry is assumed to become orthotropic or
transversely isotropic with one of the material principal axes oriented
along the direction of cracking. The Young’s modulus is reduced to zero
in the direction normal to the crack plane and Poisson's effect is
usually neglected. The shear modulus in the cracked plane is also

reduced.
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This model 1is computationally simple and more attractive as the
updating of node number or remeshing is not involved. Only stress-strain
relation need to be modified when cracking occurs. This model has been
used by many researchers to model the behaviour of concrete [(Valliappan
and Doolan(1872), Schnobrich(1977), Zienkiewicz et al.(1983), Owen et
al.(1983), Owen and Figueiras(1984), Damjanic(1985)] and brick masonry
[Dhanasekar(1985) , Ali and Page(1987)]. This model can be refined with
mesh updating procedure as suggested by Gustafsson(1985).

(c) Fracture Mechanics Approach: Stress concentrations at crack
tips, crack width, bond, etc can be modelled more accurately by fracture
mechanics method. This method has been employed in concrete by several
researchers [(Hillemier and Hilsdorf(1977), Bazant and Cedolin(1979)].
Use of this approach in brick masonry is not reported in the available

literature.

Smeared crack model with fixed crack direction has been employed for
the modellinig of cracked behaviour of brick masonry. The complete

description of the model requires the following:

o cracking criterion, and

o strain softening rule.
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(d) Cracking Criterion: Brick masonry in tension is modelled as
linear elastic-strain softening material. The maximum stress criterion
extended to predict the strength of anisotropic materials[Jenkins(1920)
is employed to predict the cracking behaviour of brick masonry under
in-plane static loading. The stresses acting in masonry are resolved
into direction of material symmetry(tn, ap, Tnp ). It is then postulated
that failure will occur when one (or all) of these stresses attains a
respective ultimate strength fnt' fpt, Snp' These strengths are obtained
experimentally under uniaxial loading. This criterion can be stated that

failure will not occur as long as the following prevail.

f > o, f > o, s > T (5.17)

where fn f ., s are normal tensile and shear strengths of brick

t’ “pt
masonry.

If the brick masonry is subjected off-axis tensile stresses, the

failure will not occur as long as the following prevail.

fnt f‘pt Snp
—_ —_— > 5.18
cos 8> n sin 6 > o-p ’ cosBsingd Tnp ( )

The limiting value required to define the onset of cracking is

established as follows:

(i) In the biaxial tension stress state,

no t
(5.19)

po t

{ii) In tension compression stress state, linearly decreasing tensile

strength expressions are used as given below:

Ly o =0 (5.20)
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= P o =0 (5.21
or "o Ft(l * 7 ) b
pc
where f and f c are the uniaxial compressive stresses normal and
nc p

parallel to the bed joint.

These expressions incorporate the fact that compression 1in one

direction favours micro cracking in the orthogonal directions, thus

reducing tensile capacity.

The elastic stress-strain matrix( D ) is modified according to mode of
failure as defined in Table 5.1. In cracking criterion tensile cracking

normal and parallel to bed joints and shear failure along the bed joint

are considered.

Tensile Failure: If tensile failure occurs, the stresses normal to
the crack and the shear stress are reduced but the stress parallel to
the crack are not altered. Poission’s ratio effect is neglected for

cracked brick masonry.

Shear Failure: If the shear failure occurs, stresses normal and
parallel to bed joint are not altered. But the shear stress is reduced
to a constantnt value so that ultimate stress is not allowed to increase
for subsequent loading. While calculating the element stiffness
matrices, the D matrix is modified by reducing the shear modulus to

one tenth of its original value.

(e) Strain Softening Rule: The use of brittle collapse model with
the onset of cracking results in immediate complete redistribution of
thé tensile stresses in the cracked region. This sudden redistribution
of stresses results in premature fallure of masonry panel. So the

computed strength is always less than the experimental strength.
Amongst several approaches a gradual release of the stress component

normal to the crack plane is adopted in this investigation(Fig. 5.5c).

The normal stress o (and or Gp Jis gliven by

c = o f{ {1- — ) for e, = ¢, = ¢ (5.22)
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Table 5.1 Stress-strain Matrices for Different Modes of

Failure of Brick Masonry

No. Mode of Failure
D
Tension Failure Normal to
Bed Joint E 0 0
y
1 \ 0 E’ 0
0 0 oG
Tension Failure Parallel
to Bed Jjoint E’ 0 0
’ T
o ] [ . 0 E 0
0 0 oG
Biaxial Tension or Biaxial
Compression failure ET 0 0
1
o ¥
3 0 E’ 0
= ] [ e
1) 0 6] ¢G
A
E Ev 0
Shear Failure . 2 2
1-v 1-v
-
4 | E—2 E"2 0
| | 1-v 1-v
——k—ﬁ 0 0 '/-f Gi
]
E’ = reduced value of modulus of elasticity

=0.005 and ¢y = 0.01
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or by o =0, — for e < g, (5.23)

where ft is the ultimate tensile strength of brick masonry. €, is the
current tensile strain iIn the material direction n. a and e are the

tension stiffening parameters. The reduced elastic modulus, E’, is given

by

E' = « ft(l- Ci/ € )/ci €, =g, =¢g

Unloading and reloading of cracked masonry is assumed to follow the

linear behaviour shown in Fig.5.5c¢c

The redistribution of stresses due to cracking in other sampling
points or further loading may close previously open cracks. If the crack
closes i.e. if the straln component normal to the crack plane becomes
negative, the masonry behaves as uncracked 1in the corresponding
direction, but the crack direction and the maximum tensile strain

continue to be stored. The value 81 is modified to simulate bond

deterioration during reloading.

5.4 Conclusions

The proposed two-dimensional material model is suitable for finite
element analysis of brick masonry subjected to in-plane loading The
state of the art of the material model is also critically reviewed. The

salient features of the proposed model are given below.

o The faillure behaviour of brick masonry in various stress regimes is
modelled using an anisotropic failure criterion. The generalised
three-dimensional failure criterion [Tsal and Wu(1971)] is modified
for a two-dimensional situation. The linear term is removed as the
failure criterion is wused in a compressive stress regime. The
failure criterion is transformed to the material axes, normal and
parallel to the bed joint, although this criterion can be used with
reference to the other axes also. The strength parameters have been
obtained from the biaxial experimental results of Page{1881). The
sensitivity analysis is carried out to select the particular type of

test to be used to determine the value of the strength parameter
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reiated-to the interaction between the stresses, normal and parallel

to the bed joint.

0 Strain hardening in compression state of stress of brick masonry is
discussed, although it 1is considered as elasto-perfectly plastic

material.

o The smeared cracking model has been used to model the cracking
behaviour of brick masonry. The maximum tensile stress criterion
extended to anisotropic material has been used to predict the
tensile strength and shear strength of masonry. In biaxial
tension-compression state of stress, the effect of compressive
stress on the reduction of tensile strength is considered, although
the effect of tensile stress on the reduction of compressive

strength is neglected as the effect is very small.

o The brick masonry in tenslon is considered as a linear elastic
material. Tension softening model is used to allow the gradual
release of stresses in the fracturaed region. Closing and reopening

for cracks is allowed in the model following the secant path.
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CHAPTER 6 125

FINITE ELEMENT MODEL FOR THE IN-PLANE
BEHAVIOUR OF BRICK MASONRY

6.1 Introduction

Since its inception in the late fifties, tremendous advances have been
made both on the mathematical foundations and generalisation of the
method to solve problems in various areas of engineering analysis. The
fast development in computer hardware has extended the applications of
this me thod to problems involving geometrical and material
nonlinearities, nonconservative loading etc. A detail description of
this method is hardly necessary in view of large number of text books on
the topic are now available. However, for completeness some points

relevant to the present study are discussed in brief.

In this Chapter an incremental, iterative finite element model for the
analysis of brick masonry structures subjected to in-plane loading is
developed incorporating the material model for brick masonry described

in Chapter 5. Lastly details of nonlinear program is presented.

6.2 Nonlinear Finite Element Model

The modelling 1is carried out at "macro" 1level with each element
encompassing several bricks and Jjoints, so that complete structural
units can be analysed with greater computational efficiency and minimum
cost. The material characteristics developed in Chapter 5 are
incorporated into the finite element model to reproduce nonlinear
behaviour of masonry. The material characteristics of the mortar are
adopted to model the nonlinear behaviour due to slip and tensile
cracking. For the present analysis the elastic behaviour of frame is
considered since the aim of the analysis is to demonstrate the adequacy
of the material model for the masonry. However the provision is made for
adoptihg the material nonlinearity of the frame. For the analysis of
infilled frames and shear walls elements capable of simulating the
behaviour of masonry, frame and the Joints between them are required.
The characteristics of each of these elements are shown in Fig.6.1 and

described below.
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6.2.1 Types of Element Used

In the present study elements used are as follows:

o Eight noded isoparametric elements for modelling of masonry

0 six noded isoparametric interface elements for modelling the mortar
Joints between the frame and masonry infill and the mortar joint
between the masonry wall and supporting base.

0 Two noded beam elements for modelling the frame.

Masonry Elements: Most brick masonry structures are rectangular in
configuration and in a biaxial state of stress under in-plane loading.
To model such structures elght noded 1isoparametric plane stress
elements( Fig.6.2)with 2x2 Gaussian integration have been used. The
shape functions in the natural co-ordinate system for the element are

written as follows.

(a) For corner nodes

1
N? =7 1+ €€ (1+ mm ) (€€, + m, 1)

i=1, 3, 5, 7 (6.1)
{(b) For mid-side nodes

2 2

n
NS = o (1 sgg (e L )1 - £2)

as]

i=2, 4, 6, 8 (6.2)

Using the shape functions the strain matrix, B , can be evaluated in
£-m co-ordinate cystem and then transformed to X-y co-ordinate system
using the Jacobian matrix. The details of the mathematical procedure of

the evaluation of element stiffness are given in Appendix I.

Two Noded Beam Element: Two noded beam elements with three degrees
of freedom(Fig.6.3) at each node have been used for the modelling of
frame. The stiffness matrix has been modified to take into account the

eccentricity between the centre line of the frame and the outer edge of
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the mortar Jjolnts. The evaluation of the modified stiffness matrix is

given in Appendix II.

Material Model: The linear elastic behaviour of the frame Iis
considered as -the main obJjective 1is to demonstrate the accuracy and
effectiveness of material model for masonry. The beam elements have
therefore, been assumed to remain. elastic throughout the loading
history. In this investigation a steel frame with masonry infill is
analysed —considering the elastic properties specified by the

manufacturer.

Interface Elements: Conventional finite element method is inadequate
to model the behaviour of the mortar Jjoint between infill and the frame.
Special elements known as ’interface’ elements are employed in the
analysis. This concept was originally proposed by Goodman et al.(!968)
and later used by many investigators. A number of improved model is now
reported in the literature. Comprehensive reviews and applications of
these models are summarised by Desal(1981), Wolf(1985) and Sharma and

Desai(1992) among others.

In the present study six noded interface elements (Fig.6.4)with 2x1
Gaussian integration are used to model the mortar joints. The element is
assumed to posses only normal and shear stiffness. Thickness of the
element is assumed to be negligible. The element Stiffness formulation

is given in Appendix III. The stress strain relation is given below.

- 0 E c (6.3)

where GJ and Ej are shear modulus and Young,s modulus of the interface

elements.

Material Model: The failure of the mortar Joint at the interface
occurs due to separation of masonry from the frame and the slip between
the two. This behaviour has been modelled by assuming mortar to be
linear elastic material till failure. A Coulomb type trilinear failure
criterion with tension cut off has been used for initiation of
separation or slip between the frame and the infill as the tensile bond
strength between the steel frame and the masonry is negligible. The
stress strain relation and failure criterion are shown in Fig.6.5. For
masonry shear wall a bilinear Coulomb type failure criterion is used as
shown in Fig.6.5. The strength parameters are derived experimentally. If

failure initiates or tension failure followed by shear failure
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occurs at a Gauss point, the stress strain matrix is modified as

follows:

J 0 ¢E (6.4)

where ¢ = 0.005

The shear failure occurs when the Jjoint is subjected to compression
(i.e. a sliding failure), the stress strain matrix »D. , 1s modified by

J

reducing the shear modulus as given by

¥G| 0

(6.5)

where ¢y = 0.01

Apart from modifying the stiffness properties of the element, the
stresses in the Gauss points are also adjusted according to the mode of
failure. When a tension failure occurs, both the normal and shear
stresses are reduced to a negligibly small value (0.05 MPa). In the case
of a shear fallure, the stress is reduced to a level consistent with
failure but the shear stress is constrained to that value for all

subsequent loading.
6.2.2 Compatibility of Displacements

Three types of elements are used in the finite element analysis of the
masonry infilled frame. Beam elements have three degrees of freedom as
against the two degrees of freedom of the interface and and masonry
elements. To achieve compatibility between the elements at their common
nodal points, dummy rotational degrees of freedom have been Introduced
at the nodes of the interface and masonry elements. This is achieved by
introducing zero coefficients corresponding to the dummy degrees of
freedom into the stiffness matrices of the Joint and brick masonry

elements.
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In the case of interface element, the strain-displacement relation

with a dummy degree of freedom is written as,

¥ 8/8x 0 0 u
(6.6)
= v
€ o a/8y 0]| e
where 68 is the rotational dummy degree of freedom.
Similarly, for the masonry element, = the strain-displacement
relation is given as '
“p 1 8/8p 0 o] [u]
fe t=10 a/an 0 | { v } (6.7)
o
l») |a8n 8780 O [ ]

Obviously the rotations corresponding to the dummy degrees of freedom
are zero and hence the equations corresponding to those degrees of

freedom are not considered during the solutlon process.

6.2.3 Solution of Nonlinear Equilibrium Equations

Using finite element procedure , the discrete equations governing the
nonlinear behaviour of a structure can be derived from the principle of
virtual work. The resulting nonlinear equations of equilibrium can be

written as

w(d) = £- p(d) = 0O (6.8)

where, w(g) is the residual force vector; f is the external force
vector; p(g) is the internal force vector; d 1is the vector of nodal

displacements.

Due to the nonlinear nature of Eqn.(6.8), an incremental solution
procedure is usually adopted in order to trace the response of the
structure. But pure incremental method 1s very much unreliable because

no check is performed on the global equilibrium, and the method can lead
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to a progressive drift off from the true equilibrium path. Its
performance gets Improved when iteration is performed at the end of
increment for balancing the residual forces. During the typical load
increment, the linearised equations to be solved for each iteration (say

i), have the form
= ' 6.9
K. &d, Qi - )

where, 691 is the 1incremental nodal displacement during the ith
iteration. In the finite element model, the profile solver is used for

the solution of the Eqn. (6.9).
6.2.4 Modified Newton Raphson Method

To overcome the difficulty of having to solve a completely new system
of equations at each iteration stage as in Newton Raphson method,
stiffness matrix is occasjonally updated. If the stiffness matrix is
never updated after the initial stiffness is evaluated, the method is
called the 1initial stress method. This is clearly more economicai at
each step but the large number of 1iterations are necessary for
convergence if no accelerators are used. In many cases, however, this
process has an overall economy. Better convergence properties can be
achieved 1if the stiffness 1s updated once per increment, or more
efficiently after some load increments and at a particular iteration,

which has been adopted in the present work.
6.2.5 Convergence Criterion

A convergence criterion is required for determining when the current
solution 1is close enough to the true or equilibrating solution to
terminate the iteration. The convergence criterion and tolerances must
be carefully chosen, so as to provide accurate and economic solutions. A
loose convergence criterion leads to inaccurate results. Whereas, a

tight criterion requires too much effort in obtaining unnecessary

accuracy.

The convergence criteria usually employed in the nonlinear analysis
of structure are based on displacements, residual forces or energy. The
displacement based criterion is not advisable as it can be misleadingly
satisfied by a slow convergence rate. Far more reliable are the residual

forces based criteria, as they check that the equilibrium of forces has
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been achieved within a specified tolerance in the current increment. An

overall check for all degrees of freedom can be expressed as

[Ty 1l
= €, (6.10)
[1£ 1l
Nd 5 172
where, Iy ll= [ z ¥ ]
J=1
Nd 5 1/2
el = [[ g]
J=1

where, N, is the total number of degrees of freedom; and ¢ is the

d t
aperd Plod Lolormes,  vector Fooontaing the tatal extarnal lomila 1 e |
the external applied loads plus Lhe compuled rsaolioune. The addiilun uf

the contribution of the reactions to the total external loads ls
essential to monitor convergence when there are zero applied loads, for
instance in problems involving only prescribed displacements ‘or thermal

loading.

6.3 THE FINITE ELEMENT PROGRAM (PROGRAM "BMAL-2D")

The computer program "BMAL-2D" has been developed by modifying the
nonlinear plane stress finite element program presented by Owen and
Hinton(1980) incorporating the deformation characteristics and failure
criterion described in Chapter 5. The general structure of the program
is illustrated in the flow chart given in Fig.6.6. Varlable names used
in the program are similar to those used by Owen and Hinton(1980). For
consistency new variable names have also been made five characters in

length.

The program is capable of analysing brick masonry structures such as
masonry shear walls and infilled frames. Elastic analysis, if desired,
can also be carried out by omitting the material nonlinearity and local

failure.
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Elastic behaviour is assumed for the first (small) load increment.
Stresses are calculated at each Gauss point, and if any are tensile, the
local behaviour is assumed to be elastic brittle; for other cases

non-linear material behaviour is assigned.

At a given load level, iteration continues until the unbalanced nodal
forces assoclated with material non-linearities are less than a chosen
tolerance. The stresses are then checked for violation of the failure
surface. If failure is indicated at a Gauss point, then its elasticity
matrix, D, is modified in accordance with its mode of failure. With
tension or shear-tension cracks, Young’'s modulus normal to the crack is
gradually reduced as per tension stiffening rule employed in the present
investigation. Stresses are also gradually released using the same
tensile stiffening rule. Shear modulus and shear stress are also reduced
to a small value. For shear failure in Joints in which the direct
stress is compressive, shear stresses maintained constant to simulate

residual friction in the Joint.

The procedure is repeated until convergence occurs at the load level
under consideration. The applied load is then increased to the next
increment and the process repeated. Final collapse is assumed when the

solution fails to converge.

6.4 Conclusions

o) In this Chapter a finite element model for the analysis of brick
masonry structures subjected to in-plane loads has been described.
The model incorporates the material model for brick masonry
described in Chapter 5. Since the influence of the mortar Joints on
the properties of brick masonry has been considered in the material
model relatively large continuum elements encompassing several
bricks and joints have been used. The use of a coarser mesh of this
type leads to considerable savings in computer time. The finite
element program is incremental and iterative, with iterations‘being

performed for material non-linearity and progressive cracking.

o Beam and interface elements are also incorporated in the finite
element program for the analysis of masonry infilled frame and sheari
walls. The slip and tensile cracking at the interface is modelled
using 1interface elements. The nonlinear behaviour of the mortar
Joint due to slip and cracking is taken into account by employing

Coulomb type failure criterion.



137

o In Chapter 7, one infilled frame and several masonry shear walls are
analysed using the finite element program and the results compared

with to experimental results.
6.5 References

1. Desai, C.S.(1981), Behaviour of Interfaces between structural and
geological media, Proc. Int. Conf. on Recent Advances in Geotech.
Earthquake Engineering and Soill Dynamics.

2. Goodman, R.E., Taylor, R.L. and Brekke, T.L.(1968), A Model for the
Mechanics of Jointed Rock, J. Soil Mech. and Found. Engg.
Div.,ASCE, Vol.94, no.3

3. Sharma, K.G. and Desal, C.S. (1992), Analysis and inplacementation
of Thin-Layer Element for Interfaces and Joints, J, Engg. Mech,
ASCE, pp 2442-2463.

4. Owen, D.R.J. and Hinton, E.(1980), Finite Elements in Plasticity
Theory and Practice, Pineridge Press Ltd., Swan sea, U.K.

5. Zienkiewicz, 0.C.(1977), The Finite Element Method, McGraw-Hill,
London

6. ‘Hinton, E., and Owen, D.R.J.(1979), An Introduction to Finite
Element Computations, Plneridge Press, Swansea



APPENDIX -1I

Eight Noded Isoprametric P lane Stress Element

L= 4

® Nodal Points

n=-1 )
X % Gauss Points

Fig. (I.1) Eight Noded Plane Stress Element

The shape functions of the nodes are given by:

—_— 1 —_— — _— - —
NNy=z70-€) 0 -m)(-1-€-m)

N, =5 (- €5 (1 - )
N3=%(1+€)(1-n) (-1 +€&-m7)
Ny =2 (1% €) (1 -7
Ng =g (1+€) (1-m) (-1+€+n)
N6=%(1—€2) (1 +7)
Ny=z (1-€)(L+m (-1-€+n)
Ng =2 (1-8 (1-n2)
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Displacements u(g§, m) and v(&, 7) at any point within the element

be calculated using the shape functions

u (&€, m) 8 N.1 (€,m) 0 u,
v (& 7) iZl 0 N, (€,n) Vi
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4)
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6)
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Derivations of the displacement function with respect to the

co-ordinates may be determined is follows:
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natural
(I.10)
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are co-ordinates of the nodes of the element with respect

may easily be worked

Then the strains
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In shorthand form
€ =B d (I.14)

knowing B and the material constitutive matrix D expressed for plane

stress conditices as

1 v 0
_ E
D=—yp ¥ 1 0 (1.15)
1-v 1-v
0 ° =
so k° = [B'DBav
v

J BTD B dv may be evaluated using numerical integration, Gaussian
\Y

quadrature of (BTDB) is evaluated at the four Gauss points shown in Fig.
1.1 and added together to form the stiffness matrix of the element. For

a 2 x 2 Gaussian integration,
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APPENDIX II

Two Noded Modified Beam Element

The procedure of transforming the stiffness matrix of a typical beam

element shown at the bottom beam of the infilled frame in Fig.

II1.1 is
explained in the Appendix.

The element is redrawn for clarity in Fig.

11.2.
11 e
hoyo .
|
b
T
1 !
1 |
I
LR |
'.L-P{r/---h —
re" 1 e 2
| K . !
T e s T
e L Tt ,
Fig. (I1.1) Modelling of Frame
Y
\ IVz
U ‘og'uz
1 —— L —— 2 y
Fig. (I11.2) Two Noded Beam Element
The

stiffness matrix of the beam element at the 1’-2°

location is
written as

[ AL2 0 0 E- AL.2 0 0 ‘
0 121 61IL S 0 -12I ©B6IL
Koy =55 |06 4’ o -en on?
L a2 0 o0 ¢ w2 o o (I1.1)
0 -12I -6IL E 0] 121 -61IL

L 0 6IL 21L2 . 0 -6BIL 4IL2
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The displacements (u1 vV 61 ) and (u2 AN 62 )} are related to
(ul, Vi 61) and (u2, Vo 92) as follows
- | | " )3
Y4 [ 0 -e Y
Y1 0 0 (0] Y1
) 91 [ 0 o 1 . ) e1 [
R R R P e (I1.2)
u2 : 1 0 e u2
v [0] 0 v’
2 2
J 0] 0 1 6’
;62 \ J . 2J
In shorthand form
u=Tu (I1.3)
using the transformation matrix T, 51,_2, may be transformed to 51_2 as
follows
K = TT K T (I1.4)
- 1-2 - =1"-2" = ’
After the transformation, 51_2 may be written as
EA ~EAe -EA EAe -
r_L 0 L L 0 L
12EI 6EI 0 12E1 6EI
L2 L2 L2 2
2 2
( EAe +4EI) EAe 6EI ( EAe +2EI)
L L L L2 L L
51_2 e T
-EA ~-EAe
T ° T
[ 12E1 ~6EI
symm] 5 5
L L
. ( EAe +4EI)
. : L L’/
(I1.5)

The 51_2 matrix given in expression (II.5) defines the completely

transformed matrix for the element in the bottom beam. However for the



143

two vertical columns and for the top beam additional rotational

transformation is necessary. Such a transformation is shown schemeically

is Figure I1.3.

1Y
¢
/ UBZ
\ | L
\'z/j/ by T
Ny W « L
! ! Lx cosa=—tx—
(e
» X

Fig. (II.3) Procedure of Transformation

The transformation matrix Ir’ in this case, 1is

cosa -sinae O . W
sina cosa O . (0]
= 0 0 1 (11.8)

.sina cos« 0

{ E 0 0 1

To account for various orientations, pre and post multiplicatlons of

the stiffness matrix is carried out as T T K T .
-r -1-2 -r
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Appendix-III

Six Noded Isoparametric One Dimensional Interface Element

Vg Vg \J3
Ug L>U5 LU/.
5 4
T L

2
v v v
t ; N
= Uy L’Uz Uy

Fig. III.1 Six Noded Interface Element

The interface element nodes, (1, 6), (2, S), (3, 4),and the centre
line nodes are defined by the same coordinates (Fig. III.1). The global

relative displacements, Aua and Ava are defined as

Aua = ug - Uy (II1.1)

Av. = v - v (II1.2)
a

where u_, u vy Vg are nodal displacements in x and y directions.

Aua
Aa = Av (II1.3)
a
A u, = ug -y (III.4)
and A Va = Vg T vy (II1.5)

where u u v, and Vg are nodal displacements in x and y directions

-1 0 1 0 Y
Aua ) v1
av, s (111.8)
0 -1 0 1 y
6
d
= |-1 I (II1.7)
7
= T &
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where, Ia transformation matrix

In general the differential displacement can be expressed function of

nodal displacement 6?

e -

{A } I U I (I11.8)
o 3

Av

Au
Av

o o P P

Au
c

[ Av
C o’

(i) Relative displacement at any point

As in the case of isoparametric elements, the relative dispalcements

at any point can be expressed in terms of nodal dispalcements.

Au at any point = z N, (€) B u (I11.9)
= NaAua + NbAub + NCAuC (III.10)
and Av = N Av_ + N Av. + N Av
a a b b c C

For six noded element

_ 1 _
Na =3 £ (€ 1) (ITII1.11)
2
Nb = (1 -¢&7) (I11.12)
N = 1 £ (€ + 1) (II1.13)
c 2 ’
6Na/6€ = £ - 0.5, 8Nb/6€ = -2€ 6Nc/8£ =€ + 0.5 (I11.14)

For four noded element

1. (II1.15)
Na = 5(1 £)
_ 1 (I11.18)
Nb = §(l + E)
(I11.17)

6Na/8€ = - 0.5, 6Nb/6§ = 0.5
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23 - [ - TNy ING —IN TN, —ING, NG ] (111.18)
=N T3
=N, 8
where EJ = [ - IZNa' IZNa’ -Isz, Isz, _IZNC’ 12Nc (II1.19)
1 0
and L= lo 1

(ii) Strain at any point

The strains at any point are defined by the local relative
displacement, Au’ (the slidfng part) and the local normal relative

displacement Av’ as
= 1

The relations between the global relative dispalcements at any point
and the corresponding local relative displacements 4u’,4v’ are obtained

as under

AU’ Cos6 Sino Au
= (I1I.21)
Av’ -Sind Coso Av
ds can be expressed as,
dx 2 dv 2 e
ds = &ﬁf ] + &ﬁf ] d€ = M.dg (I11.22)
_ ds
where M= i€

for isoparametric element, co-ordinates of any point is given by

X = Z N, x. (1I1.23)
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3
y = Z Ni Yy (II1.24)
i=1
_dx ds _ 1 dx
NOW, Cos6 = E / a—é = M d€ (11125)
_ dy ds _ 1 dx
Sine = ac / E M T3 (I11.286)
, dx/d& dy/d&€ Au
au | % (I11.27)
Av’ -dy/d€ dx/d€ Av
Au
= R (II1.28)
Av
where,
1 dx/d€ dy/d€
R =
M _dy/dE dx/d€ (I1I1.29)

is a rotation matrix that transfers global to local strain and is given
by the slope of the curve of the centre line of the interface element.

then,

€_ 1 Au’
= = = (II1.30)
€ t ,
n Av
Au
_1 R { } -1 RN T 6e (I11.31)
t - t - - - -
Av

For interface elements having negligible thickness, t is taken as

unity.

(I11.32)

[y] m
0 0
—

LI}

lad R

1

1z

[

10

(¢}

B.
-J

Here Ej is the strain displacement matrix of the joint
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(iii) Element stiffness matrix

The element stiffness matrix can be written as

T

Bj

D, B, ds (III.33)

K ox12™ j J

J

QJ is the elasticity matrix of the Joint
ds = M d€

e
l—(12x1.2‘

Z

T T
R RN, Md ITI.34
JE By RN MdE R

This equation when written in numerically integrable form becomes,

w (I11.35)

where Wy is a weighting function

(iv) Stress

normal stress, ¢ = K Av’ (ITI.386)
n nt
shear stress, T = Kst Au’ (ITI.37)
where
Av' = average relative normal displacement across the
element.
Au’ = average relative shear displacement along the

Interface of element.
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CHAPTER - 7

NONLINEAR ANALYSIS OF BRICK MASONRY SHEAR WALLS AND
INFILLED FRAMES

7.1 Introduction

An important consideration in the analysis and design of masonry
structures is its ability to withstand lateral loads induced due to
earthquakes or arising from wind loading. Multistorey masonry buildings
consist of different types of shear walls (Fig. 7.1). Resistance of a
structure as a whole depends predominantly on the in-plane shear
resistance of such assemblages. Consequently .he strength of masonry

shear walls have become the subject of investigation.

Brick masonry infilled frames are widely used all over the world even
in regions of high seismicity for economy in construction and to meet
the architectural and functional requirements. The behaviour of the
infilled frames is highly indeterminate in nature. The strength and
deformation characteristics depend on the interaction of the frame and
the infill. The degree of interaction controls the stress distribution
in the infill and thérefore affects the strength and modes of failure of

the infilled frame.

Generally the designers tend to ignore the contribution of masonry on
strength and stiffness of the infilled frame due to complexities in the
analysis, presuming such an omission to be safe and conservative, Such
an approach is also likery to lead to less safer designs due to improper
distribution of lateral load among the frames, induction of unintended
shear and axial forces in frame members. The main reason for
disregarding the contribution of the masonry infill lies in the
complexity associated with its analysis, since it is in a state of

biaxial stress.
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Fig. 7.1 Typical Shear Walls
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Fig. 7.2 Behaviour of Masonry Shear Walls
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The behaviour of infilled frames and masonry shear walls subjected to
racking load has been studied by many investigators. Experimental
methods have been extensively used to estimate strength and stiffness of
the infill frames and shear walls. Recently finite element method has
also been used for the realistic analysis of such masonry structures.
Unfortunately the analysis has been hampered due to the lack of suitable
material model. At present there is no comprehensive material model

which can realistically reproduce the behaviour of brick masonry.

The present material model is able to eliminate this deficiency. The
finite element analysis Incorporating the proposed material model has
been employed to study the in-plane behaviour of the masonry shear walls
and in-filled frames to demonstrate the suitability of the material
model, structural idealisation and numerical techniques by comparing the

analytical data with the experimental results.

To place this investigation in context, the state of art on the

in-plane behaviour of masonry walls and infilled frames is presented.

7.2 Behaviour of Masonry Shear Walls and Infill Frames

7.2.1 Behaviour of Masonry Shear Walls

Masonry walls are generally designed to resist racking load in
addition to vertical load. A typical shear wall subjected to in-plane
load is shown in Fig.7.2. The behaviour of masonry walls depends upon
the ratio of racking to compressive loads. Besides this, it will be
influenced by aspect ratio, support conditions and properties of the
masonry. At a very small racking load, tensile cracks will develop at
the interface between the base and bottom of the masonry wall at the
heel in the biaxial tensile stress zone. Diagonal cracking will develop
at higher loading in the central region due to biaxial
tension-compression state of stress. Several such cracks may develop
with further increase in load. Fallure may finally result from the
gradual degradation of stiffness of masonry as a result of these cracks
or due to crushing in the region at the toe, provided the vertical load

Is very high in comparison to the racking load.

For modelling the behaviour of shear walls, different failure modes,
stiffness degradation, closing and opening of cracks, tensile stiffening
and crushing condition should be taken. The proposed material model is

capable of reproducing more accurately all these characteristice
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7.2.2 Behaviour of Infilled Frames

Brick masonry is commonly used as an infill material in many steel and
reinforced concrete frames. The behaviour of the infilled frames depend
upon the composite action of the frame and the infill. The general
behaviour of the structural interaction between the frame and infill is

shown in Fig. 7.3.

Crushing Ffailure

Racking—
Load

| Diagonal tension .
Failure

)
I

Il Separation of

| frame and panel

| - Compression diagonal

- Fig. 7.3 Behaviour of Masonry Infilled Frames

Subjected to Racking Loads

On first application of racking load there may be full composite
action between the frame and inf'ill panel provided these are bonded
together. At a comparatively early stage, cracks will develop at the.
interface of the frame and infill panel except in the vicinity of the
two corners where the infill panel will lock into the frame and there
will be transmission of compressive forces into the masonry panel. At
this stage, the panel acts as a diagonal strut within the frame, the
effective width of which depends on the relative stiffness of the two
componenls and the aspect ratio of the panel. This action continues
until a shear failure starts near the centre of the panel. Several

parallel cracks of this type may develop with further increase in load
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and failure may finally occur due to the loss of rigidity of the infill,
as a result of these cracks or due to local crushing of masonry in the
compression region. Thus for the modelling of the behaviour of masonry

infilled frame the following behavioural stages should be incorporated.

o Slipping and cracking at the interface of the frame and masonry
panel.

o Closing and opening of cracks at the interface of the frame and
panel,

o Failure of masonry panel due to cracking and crushing.

o Closing and opening of cracks in the masonry panel.

o Faillure of the frame.

7.3 Review of Literature on the Behaviour of Masonry Shear Walls and
Infilled Frames

7.3.1 Masonry Shear Walls

To develop a suitable method for the prediction of strength of the
wall, investigations of in-plane behaviour of brick masonry have been
carried out in many countries. The literature pertaining to these
studies have been summarised by Hendry(1978). In the last three decades,
attempts have been made by many investigators to model the nonlinear

behaviour of masonry.

Semi-Empirical Method of Analysis: From the results of the
experiments Coulomb type failure criterion has been suggested by many
investigators to estimate the shear strength of masonry walls. The shear
strength of masonry wall has been described in detail in Chapter 2,

However some of the important points are presented here.

A curve defining the failure of masonry shear wall, for full range of
normal stress, has been derived experimentally by many investigators
[Yorulmaz and Atan(1977), Hamid and Drysdale(1980), Dhanasekar(1985)].
It is observed that Coulomb type failure criterion is no longer valid

for normal stress greater than 2 N/mm2 (Fig.7.4).

researchers [Stafford-Smith and Carter(1970), Trunsek and Cacovic(1971),
Borchelt (1970)]. It is pointed out that failure of the shear wall occurs
due to principal tensile stress. The value of principal stress is also

not constant. It increases with increase of normal COMDrecasi ve o meee
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[Chinwah(1972), Schneider(1876)]. A modified Coulomb type failure

criterion has been proposed Hendry(1978) as an extension of the work of

Trunsek and Cacovic(1970), Chinwah(1972) and Schneider(1976) 1.
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Fig. 7.4 Typical Failure Surface for Masonry

Shear Wall 1in (an,r) Stress Space

Finite Element Analysis: Strength criteria as discussed above are
semi-empirical in nature. In view of the limitations of these criteria,
many investigators have attempted to develop a bilaxial, stress failure
criterion. Samarasinghe and Hendry(1980) proposed biaxial
tension—cohpression stress failure criterion for the prediction of
strength of masonry walls. This criterion has been incorporated into the
finite element model in which non-linear effects produced by progressive
cracking of =zones subjected to biaxial tension-compression were
considered. Dhanasekar(1985) propdsed a biaxial failure criterion for
solid masonry. This failure criterion is not comprehensive. The fallure
surface defined in stress space (Un, Up and 1) consists of three
elliptical truncated cones (Fig.2.18 a). This failure criterion has been

incorporated in the finite element model.

7.3.2 Infilled Frames: Begining in 1949 experimental investigations
on the behaviour of infilled frames have been carried out in many
countries. Different test techniques used for the study of infilled
frames are shown in Fig.7.5. The literature pertaining to these studies

during the fifties were critically reviewed by Benjamin and
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Williams(1957,1958). Tests on infilled frames consisting of steel and
reinforced concrete using both concrete and brick masonry as infill
materials have also been carried out. They proposed formulae to estimate
strength and stiffness of masonry infilled frames assuming full contact

between the frame and the infill

b Ll 4 BN S o Irr'/l'/'r’/'r

A 2

(a) Back to- Back Principle (b) Racking Test

'
™ ]
ST S
4 )
f |
(¢) Diagonal Load Test (d )Racking Test with Tension

Hold Down

Fig. 7.5 Test Techniques for Infilled Frames

Polyakov(1856) first proposed the "equivalent strut approach” for the
design of infilled frames. Subsequently Stafford-Smith (1862, 1966, 1967)
and Stafford-Smith and Carter(1969) developed this approach. It is shown
that the width of the equivalent strut depends on the relative stiffness
of the frame and panel and aspect ratio of the panel. The effective

width of the strut may be taken as

/ 2 2
o o (7.1)

where @, and %, @are contact lengths along the beam and column

respectively. The contact length in the case of the column of the frame

is given by
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/E t sin26
A :4 -
h 4Ef1h h (7.3)

where

and the contact length in the case of beam is given by

a = & (7.4)
1
where
E t sin2e
A = 4 -
1 4Ef11 1 (7.5)
in which
E = elastic modulus of the panel material
Ef = elastic modulus of the frame material
Ih = second moment of inertia of the column
I1 = second moment of inertia of the beam
h = height of the infill panel

1 = length of the beam
t = thickness of the infill panel

Kadir and Hendry(1977) carried out tests on 43 one-third scale
infilled frames consisting of steel frames with brick masonry infill.
The strength of the infilled frames was In good agreement with that
estimated from the formula of Stafford-Smith and Carter(1969).

Liauw(1970, 1972) and Liauw and Lee(1977) computed the stress
distribution in infilled frames using Airy’s stress function expressed
in the form of Fourier Series and compared the results with experimental

ones. Liauw also presented an approximate method of analysis of infilled

frames.

Mainstone (1971) conducted tests on large scale models of infilled
frames using concrete and masonry infills and predicted the equivalent
width of the strut as a function of column-infill, relative stiffness

and geometry of panel.



Smolira (1973) presented an approximate analytical formulation of
infilled shear walls based on force displacement method in which the
statically indeterminate variables were taken as forces (or moments) and
displacements. The analysis included the effect of tightly fitted
infill, interface, spaces and stress concentrations at contact lengths

on the over all response of a shear wall.

Riddington (1984) conducted tests on six full scale models of steel
frame infilled with block masonry and observed that even relatively
small initial gaps adversely affect the structural behaviour. Rlddington

recommended that initial gaps should be avoided wherever possible.

Infilled Frames with Opening: The behaviour of infilled frame with
openings such as windows or doors in the infill has been studied by many
researchers [Benjamin and Williams (1958), Thomas (1953), Wood (1958),
Liauw and Lee (1977)]. It was concluded that the effect of such openings
was to reduce the strength of infill. An extensive series of tests on
infilled frames with openings were carried out by Mallick and Garg
(1971). It was concluded that the performance of the inffiled frames
would improve if the openings were moved away from the compression
diagonal as far as practicable. Liauw (1972) proposed equivalent frame
concept in which the shape of the cross sections of the members of the
equivalent frame were modified to account for the infill and the frame.
This method also overestemate the stiffness specially when the area of

the opening was less than 50% of the infill area.

Finite Element Analysis: Karamanski (1967) for the first time
applied the concept of finite element to the analysis of infilled frames

and worked out the stress distribution in the infill.

Mallick and Severn(1967) described a method based on the concept of
finite element which can find out the points of separation between frame
and infill and the stress distribution at the contact surfaces. Slip

between frame and infill was also taken into account.

Franklin(1970) studied the behaviour of infilled frames, taking into
account the material nonlinearity, cracking of plain concrete infill,

separation and slip between the frame and the infill

Riddington and Smith(1977) presented a series of elastic finite
element stress analysis results of infilled frames. They considered the

separation between frame and the infill and loss of friction along the
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Barua and Mallick(1977) conducted finite element analysis of infilled
frames taking into account the axlial deformation and slip at the
interface. They computed the length of contact at various stages of
lateral load and concluded that the ignorance of axial deformation

resulted in a marginally conservative value of lateral stiffness.

King and Pandey(1978) developed a procedure for nonlinear analysis of
infilled frames and demonstrated that the interface between the infill

ard the frame can be modelled with accuracy using friction elements.

Liauw and Kwan(1984) examined the nonlinear behaviour of nonintegral
infilled frames using the finite element method. The nonlinearities of
material, structural interface, effects of 1initial lack of fit and
friction at the interface were taken into account. It was shown that the
stress redistributions towards collapse were significant and the
strength of nonintegral infilled frame was very much dependent on the

flexural strength of the frame.

May and Ma(1984) used a nonlinear finite element model for the
analysis of 1infilled frames. An eight noded Iisoparametric membrane
element with two degrees of freedom at each node was used to model the
infill. Two noded bar element with two degrees of freedom per node were
used to model the behaviour at the infill frame interface. Theoretical

results were in good agreement with those obtained experimentally.

Dhanasekar(1985) presented finite element analysis of infilled frames.
Brick masonry was modelled using eight noded isoparametric element. The
material nonlinearity and cracking of masonry has been incorporated in
the finite element model. Plastic straln components are assumed to be
function of the stress in that direction. The failure surface is defined
by using three truncated cones. The material model can not predict

accurately the behavior of brick masonry.

Papia(1988) used boundary element method to model the behaviour of the

infill frame. A comparison of the results with those of the
equivalent strut model was made.

May and Naji(1991) carried out nonlinear analysis of the infilled

frames under monotonic and cyclic loading using finite element method.
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The frame was modelled with three noded beam element and the panel with
eight noded isoparametric element. A six noded interface element was
used to model the interface between the frame and the 1infill. The

predicted strength is less than the experimental strength.

Haddad(1991) carried out nonlinear analysis of masonry infilled frames
using the finite element method and fracture mechanics. The model takes
into account the effect of crack length and its location, relative

stiffness of infilled frame, aspect ratio and contact length.

From the literature survey it 1is revealed that the analysis of
infilled frames and shear walls has been hampered due to a lack of

suitable material model which can realistically model the behaviour of

masonry.
7.4 Validation Test

The validity of the proposed formulation and the computer program are
demonstrated in this section. Nonlinear analysis of four test problems
has been carried out to compare the analytical data with the
experimantal results. The test problems consist of one masonry infilled

frame and three shear walls.
7.4.1 Masonry Infilled Frame

Dhanasekar(1985) performed tests on four infilled frames consisting of
steel frames with brick masonry infill. Out of these four frames one
infilled frame has been analysed. The test arrangement is shown in
Fig.7.6. Half scale size bricks of dimension 110 x 50 x 35 mm and 1:1:6
(cement: lime:sand)mortar were used in the masonry panel. The thickness
of the mortar joint was Smm. The panel consists of twenty five courses
of bricks with nine bricks in each course. The detail dimensions (centre

to centre) of the infill frame is shown in Fig. 7.7.

Material Properties and Loading: The material properties used in the
study is presented in Table 7.1. The load was applied horizontally near
the top of one side of the frame and reacted at a horizontal support
near the bottom of the other side. The in-plane rotation of the frame
was prevented by roller supports at the top of the frame near the loaded
corner and at the bottom of the frame at the opposite corner. The load

was applied by means of a hydraulic jack. The increment of load was 5 kN
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Table 7.1: Material Properties for Brick Masonry
Infilled Frame [Dhanasekar(1985)]

Material Property Symb. Value
Young’'s Modulus (MPa) E 5700. 00
Poisson’s ratio v 0.19
compressive strength parallel fpc 4.33
to bed joint (MPa)

Compressive strength normal to fnc 7.56
Brick bed joint (MPa)
MASONrY | piaxial compressive strength (MPa) fbc 8.15
with 8 = 0°(MPa)
Biaxial compressive strength (MPa) oy 2.33
with 8 = 45°, and o /0, = 4 o, 9.40
Tensile strength ft 0.40
Maximum tensile strain € 0.0025
Young's modulus (MPa) E" 1150. 00
Mortar Shear modulus (MPa) G" 660. 00
Strength parameter of failure a, 0.3
criterion for mortar joint b1 0.85
(strength parameters are valid for a, 1.92
vertical compressive stress only) b2 ‘ 0.11
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Procedure of Analysis: The applied load has been simulated by loads
applied at nodes 17, 45 and 64. These loads are multiplied by a load
factor and applied incrementally. Load factor is not uniform. The load
factor has been reduced from 0.1 to .05 when the diagonal crack

developed.

The masonry panel is discretised by eight noded isoparametric masonry
elements and the frame is discrectised by two noded beam elements. Six
noded interface elements are used at the interface of the frame and the

masonry panel. The element subdivisions are shown in Fig. 7.7.

At node 183 ©boeth horizontal and  vertical displacements are
constrained; node 155 is constrained against horizontal displacement and

node no.17 is constrained against vertical displacement(Fig.7.7).

The same trilinear failure criterion used by Dhanasekar(1885) has been
adopted to model the separation of the masonry panel from the frame by
considering the failure due to slipping or cracking of the Iinterface

element. The frame is assumed to be linearly elastic,

Observations: The observations of nonlinear analysis of the masonry

infilled frame are presented below.

o The separation of the masonry panel in the region of the unloaded
corners started at S5kN racking load and a stable "contact length"

has been obtained at 12.0 kN racking load (Fig.7.8).

o At 45.0 kN racking load, fallure has occurred at the central region
of the panel and then propagated in a diagonal direction towards
the loaded corner. The failure of masonry 1infill 1is shown in

Fig.7.8.

o The load-deflection curve is in good agreement with that obtained

from experimental results as shown in Fig. 7.9.

o The failure load obtained from the stress-strain curve is 53 kN and
experimental failure load is 55.4 kN. Thus a very good agreement

between the analytical and experimental strength is observed.
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7.4.2 Masonry Shear Wall

Nonlinear analysis has been carried out on three types of masonry
shear walls: (a) solid walls (b) wall with a door opening and (c) wall

with a door and window openings.

(a) Solid Masonry Shear Wall: The behaviour of the shear wall has
been experimentally studied by Bhargava(1978). The wall was constructed
using 230 x 110 x 67mm size clay bricks and 1:6 cement mortar. The

dimensions of the shear wall are shown in Fig.7.10.
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Fig. 7.10 Finite Element Subdivisions of a Solid Masonry Wall

Material Properties and Loading: The material properties used in the
study are presented in Table 7.2. The wall was restrained at one corner
and the racking load was applied over a length of 250 mm near the top of
the wall. Uniformly distributed load was applied on the top of the wall.

The load was increased maintaining a constant load ratio, 2:1 (vertical

to horizontal).

Procedure of Analysis: Brick masonry has been modelled using eight
noded isoparametric element. Six noded interface element has been used
between the support and the wall in order to allow slip or tensile

failure at the base. The finite element subdivisions and boundary

conditions are shown in Fig.7.10.
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The applied loads are simulated by considering the forces acting on
the nodes as shown in Fig.7.10. The loads have been multiplied by a load
factor arnd applied incrementally. Load factor is not uniform throughout
the analysis. The load factor has been reduced from 0.2 to 0.1 when a

diagonal tensile crack has developed in the brick masonry.

Observations: The main features of the nonlinear analysis of the

masonry shear wall are presented below.

o At an early stage of loading (20 percent of wultimate strength)
tensile crack has occurred in the mortar Jjoint at the heel and with
subsequent increase in load this crack has propagated towards the
toe till a tensile crack occurs in brick masonry. Closing of the
crack is observed when cracks develop near the heel 1n the tension

compression region.

o Tensile crack in masonry first occurs at 75 percent of failure
load. Several such cracks occur with subsequent increase‘in load.
Finally fallure of masonry occurs due to degradation of stiffness

as a result of these cracks.

o Major principal stress contours, at failure load are plotted in
Fig.7.11. These contours show the failure pattern in the masonry

wall.

o Analytical and experimental load-deflection curves are drawn in
Fig.7.12. The analytical curve bears a close resemblance to the
experimental one. The nonlinearity observed in the load deflection

curve is mainly due to tensile cracking.

(b) Masonry Shear Wall with Door Opening: Bhargava(1978) carried
out test on a masonry wall with door opening. The wall was constructed
using the same material as in the case of the test specimen described

above. The dimensions are shown in Fig. 7.13.

Material Properties and Loading: The material properties are the
same as in the previous case and are glven in Table 7.2. Load was

applied following the same procedure as in the above analysis.

Procedure of Analysis: Eight node isoparametric elements and six

noded interface elements, like in the previous analysis have been used..
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The element subdivisions and boundary conditions are shown in Fig.7.13.

The applied loads are simulated considering the same procedure as

discussed in the previous analysis.
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Fig. 7.13 Finite Element Subdivisions of Masonry

Shear Wall with Door openig
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Observations: The observations from the results of the nonlinear

analysis are summarised below.

e At an early stage of loading tensile crack, like in the previous
analysis, occurs in the mortar joint at the heel at a racking load

of 0.71 ton

e The tensile crack first occurs in the loaded side of pier at a
racking load of 2.81 tons and several such cracks have developed
with increcase of loads. Failure of wall finally occurs mainly due

to the failure of masonry pier on the loaded side.

e The maximum principal stress contours,at failure load, are shown in
Fig.7.14. It shows that the failure occurred mainly due to the

failure of pier.
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e The net area of the wall is reduced to 67 percent of the gross area
due to the door opening, but the load carrying capacity is reduced
to 50 percent of that of the solid wall. The analytical and
experimental failure loads are shown in Table 7.3. The ultimate

strength is 3.1 tons which 1is 85 percent of the experimental

strength.

® The load -deflection curve has been plotted in Fig.7.15. The

predicted deflection is very close to the experimental value.

(c) Masonry Wall with Door and Window Openings: Kanungo(1966)
performed tests on unreinforced masonry wall with door and window
openings. The model was made of 3 x 1.5 x 1 inch size bricks with 1:6
(by weight) cement sand mortar (Fig. 7.16). The model was scaled down to
1/4th size of the prototype. To satisfy the conditions of similitude, a
load of 496 lbs was distributed on the top of the wall. A shear Jig was
used to apply the racking load. The load was applied 2.5 inch below the
top of the wall through a proving ring placed between the screw jack and
the wall. The load was increaséd till the ultimate load was reached. The

material properties are shown in Table 7.2.

Procedure of Analysis: Brick masonry is modelled using eight noded
isoparametric element and six node interface element is used to model
the mortar joint between the base and the wall. The element subdivisions
and boundary conditions are shown in Fig.7.17. The applied load has been
simulated by forces at nodes shown in Fig.7.17. The racking load is
multiplied by a load factor. The load is increased till the fallure is
reached. The load factor is not constant throughout the analysis. Rate
of increment is reduced after the 50 percent of failure load is reached.
Coulomb type failure criterion derived experimentally by Kanungo(19686)
has been used to model the slip and cracking behavior of the interface

element.

Observations: The salient points of the results of the nonlinear

analysis are described below.

e At a load of 2.56 kN(565 lbs) a tensile crack suddenly developed in
the tension compression zone and during iteration several such
cracks occur and finally failure has occurred as a result of
stiffness degradation due to these cracks. Cracks at the base occur

suddenly at this load. The ultimate loads obtalned analytically and
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Material Properties of Masonry Shear Walls

Bhargava | Kanungo
Material Property Symb. | (1978) (1966)
______ (MPa.) (MPa)
Young's Modulus (MPa) E 560.0 [1172.0
(170000)
Poisson’s ratio v 0.20 0.20
compressive strength parallel fpc 2.63 2.63
(382.42)
to bed joint (MPa)
Compressive strength normal to fnc 3.15 453. 15
Brick bed joint (MPa) (456)
MaSONCY | piaxial compressive strength (MPa) fbc 3.50 500. 00
with 8 = 0°(MPa) (3.50)
Shear strength T 0.40 200.0
(1.4)
Tensile strength ft 0.20 35.5
(0.245)
Maximum tensile strain € .0025| .0025
Young's modulus (MPa) E" | 600.0 | 900.0
(130527)
Mortar | ghear modulus (MPa) c" |2s0.0 400.0
(58012)
Strength parameter of failure a, 0.2 1.38
(200)
criterion for mortar joint b1 0.5 . 008
(1.1)
a, 0.0 0.0
b2 0.0

values in the bracket are in psi.
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o Major principal stress contours at fallure load are plotted in
Fig. 7.18. This shows stresses in different zone after failure.
Analysing the magnitude of stress contours it is observed that the
faillure has occurred due to loss of stiffness.

o The load-deflection curve has been compared with that obtained
experimentally as shown in Flg.7.19. A good agreement is observed

between the two curves.

Table 7.3: Comparison of Strength and Deflection for Masonry Walls
Lateral Loads Vertical Loads Deflection
Type of
Wall Experiment. |Predict. [Experiment. [Predicted Exp. Pred.
(kN) (kN) (kN) (kN) (mm) (mm)
* 4.2
Solid wall 62.0 60.0 140.0 140.0
Wall with 32.5 31.0 60. 00 57.0 * 5.5
a door op.
Wall with 2.85 2.56 2.25 2.25 0.4 0.4S5
a door and (628) (565) (496) (496)
window op.

* Deflection could not be measured at failure load
** Figures within brackets are in 1bs.

7.5 Analysis of Masonry Shear Walls

Dhanasekar(1985) analysed ten shear walls

with varying lateral to

vertical load ratios. To prevent overturning failure about the toe, the
position of the horizontal load, H, was varied along the height of the

wall depending upon the intensity of‘the vertical load. A shear wall of

dimension 1500 x 1000 x 5Omm made of half scale size bricks was

analysed. The

The dimension of the shear wall is shown in Fig.7.20.

wall was restrained at one corner and free to slide along its base.
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Material Properties and Loading: The vertical compressive load has
been distributed uniformly on the top of the wall. The racking load has
been distributed over a small portion of the vertical face of the wall.
The load ratio is kept constant during the analysis. The material

properties of the masonry wall are shown in Table 7.4.

Procedure of Analysis: Brick masonry has been modelled using eight
noded isoparametric element. Six noded interface element has been used
between the support and the wall. The element subdivisions and
boundary conditions are shown in Fig.7.20. A bilinear Coulomb type
failure criterion, described in the previous Chapter, has been used to

model the mortar joint at the interface between the wall and the base.



Table 7.4: Material Properties for Masonry

[ Dhanasekar (1985)]

Shear Wall.

Material Property Symb. Value
Young’s Modulus (MPa) E 5700.00
Poisson’s ratio v 0.19
compressive strength parallel fpc 4.33
to bed joint (MPa)

Compressive strength normal to fnc 7.56
Brick bed Jjoint (MPa)
masSOnry giaxial compressive strength (MPa) fbc 8.15
with 8 = 0°(MPa)
Biaxial compressive strength (MPa) o) 2.33
Wwith © = 45°, and o /0, = 4 o, 9.4
Tensile strength ft 0.79
Maximum tensile strain € . 0025
Young's modulus (MPa) g™ 1150
Mortar Shear modulus (MPa) c" 660
Strength parameter for failure 2y .85
criterion of mortar Jjoint b1 .24
a2 11
b2 1.92
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Observations: From the results of this analysis it is observed that

In all cases, at an early stage of loading tensile crack first has
occurred in the mortar Jjoint at the heel between the wall and the
base and with an increase of load this has propagated towards the
toe. The extent of cracking of mortar Jjoint is shown in Fig.7.21.
The length of this crack has varied depending upon the position and
intensity of the racking load.

In most of the cases tensile crack has developed in brick masaqnry
at a load of 60 percent of the failure load. Several such cracks
have occurred with increase of load. The failure of shear walls
have occurred due to the stiffness degradation as a result of these

cracks(Fig.7.21).

From the Fig.7.21 1t is revealed that at low compressive
stresslevel (less than 1 MPa) the shear strength of masonry wall

increases with the increase in conmpressive stress.

The failure mode of brick masonry 1is significantly influenced by
the vertical to horizontal load ratio, «. For low value of « the
failure zone generally extended across the wall from the point of
racking loading to the toe. Closing of cracks also observed in

analysis no.3, 5, 6 and 8.

The ultimate shear stress is plotted against ultimate normal
compressive stress in Fig.7.22. It is observed that for values of
normal stress greater than 1 MPa, the shear strength decreases. It
compares favourably with a similar curve reported by

Dhanasekar(1985) as shown in Fig.7.22.
The relationship for allowable shear stress as suggested by Indian
Code 1s also plotted in Fig.7.22. For a factor of safety 3 the Code

values seems to be reasonably representative of this investigation.

Influence of Masonry Properties on the Behaviour of Shear Walls

The influence of properties of masonry is studied by analysing the

masonry wall of the previous section. The wall is analysed for different

values of tensile and shear strength, keeping compressive strength

constatnt. Procedure of increment of load is similar to the previous

analysis.
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From the studies of the effects of strength parameters

of masonry on the behaviour of shear wall, it is revealed that

The wultimate strength is not changed significantly when the
compressive strength is increcased twice of it original strength.

The failure occurs due to tensile cracking.

The ultimate strength is also not changed when compressive strength
is reduced to half of the original strength. The failure mode is

the combination of tensile cracking and crushing.

The ultimate strength is increased significantly when the tensile
bond strength is increased to twice of its original value. The

failure has occurred due to ltensile cracking.

7.7 Conclusions

The conclusions drawn from the study presented in this Chapter are as

follows:

A review of the previous work on the behaviour of masonry shear
walls and infilled frames reveals that the analysis of masonry

structures has been hampered due to the lack of realistic material

model .

To demonstrate the accuracy and versatility of the material model,
structural idealisations nonlinear analysis of a infilled frame and
masonry shear walls have been carried out. A good agreement between
the analytical and experimental results 1is observed. Thus the
material model can be used to analyse masonry infilled frames and

shear walls from elastic range to failure load.

The ultimate load carrying capacity is significantly affected by
the ratio of vertical to horizontal load. For low value of this
ratio lateral load carrying capacity increases with 1increase in

vertical load.

The wultimate strength 1load is significantly influenced by the
strength properties of brick masonry. The ultimate strength will
increase with the increase of tensile and bond strength. When the
compressive strength 1s increased without changing in tensile

strength, the ultimate strength will not change significantly but
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crushing failure is  preventoed.  Similarly, 1f the compressive
strength is reduced, failure may occur due to crushing of masonry.
Thus tensile and bond strength significantly influence the ultimate

strength while compressive strength affecl the mode of failure of

brick masonry walls.

Brittle failure of masonry shear walls occurs at higher load if the
strength of" mortar usced at the base and masonry wall is high.
Diagonatl tensile crack may iniliale in the brick masonry before Lhe
tensile crack may occur at the base. Finally failure may occur due

to tensile cracking and crushing of brrick masonry.

A failure envelope basced on the ultimate shear stress and the
corresponding vertical stress has been plotted. For low level of
compressive stress, Lhe ultimate shear stress increases wilh an

increase In compressive stress.

The main aim ol the investigation reporled in Lhis Chapter is to
demonstrale Lhe accuracy of the [inite element analysis using the
proposcd material model. However, further analysis and experimental
studies are necessary to recommend the design and construction

procedure of brick masonry structures.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 Introduction

The structural properties of brick masonry were not investigated in
detall as it was used only for the nonengineered constructions. For the
last thirty years attempts have been made without complete success (a)
to determine strength and elastic properties of brick masonry ‘in terms
of those of its constituents, (b) to develop a material model to predict
the deformation characteristics due to material nonlinearity and
cracking and (c) to develop computational procedures for the analysis of

brick masonry structures subjected to in-plane loads.

This thesis presents (a) a comprehensive material model which can
reproduce the deformation characteristics from elastic range to final
failure for any state of stress and any angle of bed joint orientation,
(b) finite element model and computer code for the analysis of masonry
infilled frame and shear walls to demonstrate the accuracy and
versatility of the materlial model, (c) a micromechanical brick masonry
model to analyse and design (i) the strength and deformation
characteristics of brick masonry in terms of those of its constituents
and (ii) to determine the stress distribution in the brick and the -
mortar joints Iinduced due to the stresses in brick masonry, (c)
experimental investigations of the strength and elastic properties of
brick masonry and its constituents so that analytical results based on
micro-mechanics approach can be collated with the experimental results.
The significant conclusions on the basis of the above studies are

summarised in the subsequent Sections.
8.2 Properties of Brick Masonry and its Constituents

Experimental Method: The strength and elastic properties of the
brick and mortar are experimentally determined using Codal procedure.
The results are far from the actual values. Investigators have suggested

various methods to determine more accurately the strength and elastic
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properties of the material. Out of these, a method based on increased
aspect ratio has been selected for the determination of actual strength
and elastic properties of bricks and mortar. The method 1is cost

effective and simple to perform.

To determine the strength and elastic properties of masonry wall,
Indian code has suggested testing of specimens (at least 400 mm high) of
the same type as the structure to be desligned. In many countries, the
strength and elastic properties of masonry prism are used to determine
these properties for brick masonry. So the strength and elastic
properties are determined for both the masonry prism and the wall. A
definite relation is observed between the strengths of the masonry prism
and the wall. The difference in elastic properties, elastic modulus in
particular, is insignificant. Thus the strength and elastic properties
of masonry prism can be utilised for the determination of those for

brick masonry wall.

Analytical Method: To determine compressive strength of masonry
prism a strength theory has been developed. The proposed theory can
determine the strength of the masonry prism within 95 percent of

the experimental strength.

Formulae have been derived to determine the elastic properties of
brick masonry in terms of those of the bricks and the mortar. The

predicted elastic properties are very close to the experimental results.

Formulae have been derived to compute the stress distribution induced
in the bricks and mortar for known masonry stresses. Stresses in the
bricks and mortar computed from the proposed formulae agree well with
those obtained from a micro-level finite element analysis in which the
bricks and mortar Jjoints are discretised in such a way that each element

can encompass only one material.

The constitutive equations for brick masonry have been developed in
terms of the properties of the brick and mortar assuming a linear

elastic behaviour of the brick and material nonlinearity for mortar.

Micromechanics lnvestigations are carried out in order to achieve
required strength and stiffness of brick masonry in terms of strength
and elastic properties of brick and mortar so that brick masonry can be
analysed based on macro level approach. Thus economy in cost and time

can be achieved for the analysis and design of masonry structures.
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8.3 Material Model

The brick masonry is assumed to be' elasto-perfectly plastic material
under biaxial compressive stresses. To account for the directional
strength properties at fallure a generalised anisotropic quadratic
failure criterion in three dimensional stress space has been used to
model the nonlinear behaviour of the masonry. The specific advantage of
this theory includes (1} invariant under rotation of coordinates, (2)
transformation relations according to tensorial law, (3) the magnitude
of the Interaction term like that of the other fallure theories is not
constant. It is restrained in such a way that the shape of the failure

surface is ellipsoidal.

The strength parameters are evaluated using the uniaxial and biaxial
test results. The accuracy of the failure criterion depends upon the
interaction strength parameter. To determine this parameter stability
criterion must be checked. The influence of the test result on the
variation of the strength parameter is also to be determined. As small
inaccuracy in test results may change the value to a large extent.
Sensitivity analysis has therefore, been carried out to select the type
of test results to be used for the determination of the interaction

strength parameter.

Smeared crack approach with fixed crack angle is adopted for modelling
of the cracking behaviour of brick masonry. Maximum stress criterion for
anisotropic material has been used for initiation and propagation of
cracks. Tensile strain softening is employed for the gradual release of
tensile stress after cracking. Closing and reopening of cracks are

allowed in this model following the secant path.
8.4 In-Plane Behaviour of Masonry Infilled Frame and Shear Wall

Nonlinear analysis of masonry infilled frame and shear walls has been
carried out to check the accuracy and versatility of the proposed finite

element model and the computer code.

Eight noded isoparametric elements and two noded beam elements are
used to model the behaviour of masonry and the frame. Six noded
Interface elements are used between the frame and the Infill to model
the mortar joint between them. For shear walls interface elements are
used to model the mortar joint. For modelling the interface Coulomb type

fajlure criterion is used for the separation and slip between the frame
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and the infill, and for shear walls tensile cracking and slip at the

base.

The predicted ultimate strength of masonry infilled frame are in very
good agreement with the experimental results . The predicted
load-deflection curve closely resembles the experimentally derived

load-deflection curve.

Masonry shear walls with and without door and window openings are also
analysed. The predited ultimate strengths are in very good agreement
with the experimental results. The predicted load-deflection curves
closely resemble the experimentally derived load-deflection curvés. The
maximum principal stress contours at failure load are plotted to show

that the failure occurred due to stiffness degradation of brick masonry.

Several shear walls with varying ratios of compressive load to racking
load have been analysed and their failure behaviour have been studied.
The study indicates that if the compressive strength of masonry is very
high, the failure of shear wall will occur due to tensile cracking. On
the other hand failure of shear wall will occur due to the crushing or
combination of both tensile cracking and crushing. The failure load of
the shear walls 1is significantly influenced by the shear and tensile
bond strengths. At 1low compressive stress level the load carrying

capaclity is increased with increase in compressive load.
8.5 Scope of Future Investigations

The validity and versatility of the material model presented in this
study has been amply demonstrated. The material model can be employed
to study the behaviour of reinforced brick masonry and other types of

building materials such as hollow brick and block masonry.

Further investigations are necessary to use micromechanical approach
to achieve most economical form for the desired strength and stiffness
of reinforced brick masonry. Use of both the concepts of micromechanics
and macromechanics will help to achieve economy in time and cost for the

analysis and design of reinforced masonry structures.
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