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Abstract

Reinforced concrete beams supporting plain or reinforced brickwork walls act compositely with
them to exhibit a structural action similar to that of a tied arch. The stress distribution is very
different to that of conventional beams, the shear and direct stresses over the supports being
greater while the bending stress in the central regions of the beam is reduced. The supporting
beam, sometimes referred to as the base of the overall composite beam, acts as a tie in extreme

cases and is under tension.

Two theoretical methods of analysis and design which take account of composite action are
presented. The first method, based on elastic material properties, identifies a distribution of
shear and direct stresses at the interface of the wall and the base. Expressions for direct and
shear stresses as well as bending stress are provided for the wall and the base. The distribution
of all these stresses depends on a number of parameters including the flexural and axial
stiffnesses of the wall and the supporting base, the overall span to depth ratio and the
tensile/shear reinforcement. The second method assumes shear failure to be critical. A
collapse mechanism is assumed and the structure is designed to ensure that the stresses

remain within the bounds suggested by relevant building standards.

Seven full scale composite beams were prepared in the laboratory. These were uniformly
loaded at the top and the resultant deflections and strains were recorded. The strain intensity
and pattern of cracking was plotted at each stage using GINO-GRAF package on a mainframe
computer. The test results were used to validate the stress distribution and the effect of different
parameters identified in the theory. A comparison of the test results with the theory confirms the
applicability of the theory to composite beams. The results highlight the positive effect of
composite structural action on load bearing capacity of these beams and the role of shear mesh
in ensuring such action. The need for further research to determine more accurately some of

the parameters involved is also stressed.
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Objectives

A brickwork wall supported on a concrete beam does not distribute the load uniformly on it. An
arch forms within the brickwork which transfers a large portion of the load to the supports. This
results in higher vertical (direct) and shear stresses near the supports and decreased flexural
stresses throughout (due to lesser load In the central portion of the beam). The arch In the
brickwork also Induces an outward thrust in the concrete base (beam) near the ends. This
produces additional direct tensile stresses in the concrete beam. The distribution of load and the
intensity and form of stresses is thus quite different from that of the conventional beam.
Structural Engineers are aware of this composite structural action but a method of predicting the
stress intensity and distribution has not yet been standardised. The overall objective of the
research was to devise a method of predicting stress form, intensity and distribution at any point

within the structure.

To achieve the overall aim set out in the preceding paragraph, the research was subdivided into

specific objectives. These were;

1. The brickwork wall and concrete base act compositely, the stress intensity within each being
concomitant and interdependent. For the purpose of stress analysis, their interface is taken
as a boundary and stresses are analysed on this boundary. The first objective of the
research was to identify the stresses at the interface: to devise a means of predicting their
intensity and distribution and to carry out tests to confirm the applicability of the method to
real structures. The method would also provide the distribution of stresses within the

brickwork.

2. Having ascertained the stresses in the brickwork and at the interface, the second objective
was to ascertain the stresses within the concrete base. This would involve identifying the
stresses at the supports and the variation of these stresses between the support and the
interface. As pointed out in the opening paragraph, a reduction in flexural stresses within
the span of the beam was expected. This reduction, if it did occur, was to be investigated.
The arch formed in the brickwork induces tension in the concrete base. The tensile force
within the concrete base was to be identified and evaluated. This force was to be

investigated for variation along the span of the beam.

19



3.

4.

5.

6.

Research into composite beams is fairly new. Most researchers have, till now, sought to
assess the stresses at the boundaries and at the interface of wall and the beam. With the
current increase in the use of computerised analysis, the author feels that a wider picture of
stress distribution is required for later development into computerised analysis. Towards this
end, a theory will be formulated which makes it possible to ascertain stresses anywhere in
the composite beam. Tests on full scale specimens with extensive monitoring equipment
would make it possible to check the strains and deflections over the whole of the beam and

test the accuracy of the theory.

Provision of a shear mesh inside the concrete infill would normally be expected to improve
the load bearing characteristics of the composite beam. It seems likely that shear mesh
would improve the serviceability aspects of cracking and deflection as well. Researchers
have conflicting views over the effect of shear mesh on the load bearing characteristics of
the beam. Earlier tests at City University did not support the idea that shear mesh had a
positive effect on the load carrying capacity of the beam. The third objective of the research
was to ascertain the effect of shear mesh not only on the load bearing but also the deflection
and cracking characteristics of the composite beam. Another aspect of interest was the

question of its ability to eliminate interface cracking.

Relative flexural and axial stiffnesses of brickwork wall and concrete beam have been known
to influence the stress intensity and distribution within the composite beam. Parameters
based on stiffness ratios are used to assess the stresses, the present research set out to
evaluate the parameters involved and the effect of relative stiffnesses on these parameters.
A theoretical approach based on these parameters was to be explored. Full scale test
specimens with varying axial and stiffness ratios would be tested and compared with the

results of the theoretical approach.

The depth to span ratio is an important parameter in determining the degree of composite
structural action. Within limits a reduction in the ratio gives rise to increased arching. It is
widely believed that a ratio equal to or below 0.6 gives rise to full composite action. It is not
clear whether this structural action is present to any degree in lower depth to span ratios.
There is also some evidence of the composite structural action being present in composite

beams having low depth to span ratios. The present author is of the opinion that composite
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structural action is present in such beams. Specimens having low depth to span ratios were

planned to check this aspect.

7. The research was primarily geared towards investigating uniformly loaded, simply supported
beams. However, one specimen with two spans continuous over the central support was
also planned. The object was to identify the major differences between a simple support
and continuous support arrangement. Differences on load bearing capacity as well as
deflection and cracking characteristics were to be studied. These could prove a valuable

basis for furthering the research into multispan beams.
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Symbols and Abbreviations

Symbol Explanation

A Cross-sectional area.

A B Constants

As Area of main tensile reinforcement in the cross-section.
Asv Area of shear links at neutral axis.

Ai, A2, A3, A12 ... Parameters defined in Equation (3.7)

ai Area of each horizontal bar in the shear mesh.

a2 Area of each vertical bar in the shear mesh.

as Total area of main tensile reinforcement.

b Width.

tv Width of section for shear.

be Width of concrete portion.

bk Width of brickwork portion.

C Half span in Coull’'s method of analysis. Also stress concentration factor.
C Curvature.

CL Centre-line.

c Depth of neutral axis from compression face.

d Depth from compression face to tensile reinforcement.
dA Portion of beam extending outside the wall at end A.
dB Portion of beam extending outside the wall at end B.
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Symbol

db

dc, dk

By

fmax

fr

fs

hi, h2

Symbols and Abbreviations (Continued)

Explanation

Depth of brickwork portion.

Depth of concrete portion.

Elastic modulus in x direction.

Elastic modulus in y direction.

Horizontal force at the crown of the composite arch in the brickwork.

Maximum vertical stress.

Modulus of rupture of concrete.

Average support stress.

Direct stress.

Average stress at the top of the beam.

Characteristic compressive stress of concrete.

Characteristic compressive strength of brickwork.

Tensile stress.

Characteristic shear stress of steel.

Shear modulus.

Overall height.

Same as dk and dc respectively.

Second moment of area.
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Symbols and Abbreviations (Continued)

Symbol Explanation

K Flexural stiffness parameter depending on the ratio of flexural stiffness of

wall to that of base. Used as axial stiffness parameter by Davies and

Ahmed. Parameter defined in Equation (3.5)

Ki, K2, K3 Equivalent stress block factors suggested by Davies and Hendry.

K =M/(bd2fcu).

L Span. Height of wall in Yettram and Hirst's method.

Ls Length of support.

Lv Length over which compressive stress exists at the wall-beam interface.
M Bending moment.

Mu Moment capacity of the section.

N Direct force.

n Arbitrary integer. Also ratio of elastic moduli of different materials.

PL1, P12, m Load on one panel in Yettram and Hirst's method.

Q Shear force. Also factor defined in Equation (9.23)

q Stress in shear panels.

qa Allowable shear stress.

R Flexural stiffness parameter (similar to K) used by Davies and Ahmed.

r Ratio of distance of centroid of direct stress block at the interface to length Iv.
S Shear force.
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Symbols and Abbreviations (Continued)

Symbol Explanation

Sv Spacing of shear reinforcement.

t Thickness of beam.

Ub Strain energy stored in the beam.

u x co-ordinate of any point as a fraction of C - Coull's method,
Y y co-ordinate of any point as a fraction of L - Coull’'s method.
Ve Shear taken by concrete.

Vk Shear taken by brickwork.

Vs Shear taken by steel.

Vu Shear capacity of the section.

w Total top load or work done.

w Uniformly distributed load (intensity) at the top of the beam.
Wr, Wr+1... Deflection of rth, r-Hth panel etc.

Yo Depth to zero direct stress in the midspan of the beam.

yt Distance from neutral axis to the tension face.

y Distance of neutral axis from the soffit of the beam.

y Distance of neutral axis of area above the section being considered to the

overall neutral axis.

z Vertical height in Yettram and Hirst's method. Depth from centroid of

compression stress block to tensile reinforcement.
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Symbols and Abbreviations (Continued)

Symbol Explanation
Zt Section modulus in tension.
a Parameter defining the intensity of shear stress and stress concentration

factor. Also width of equivalent stress block.

Pt Factor for depth of equivalent rectangular stress block.
8 Central beam deflection.

E Strain.

£k Brickwork strain.

eu Ultimate strain.

ex Strain in x (horizontal) direction.

ey Strain in y (vertical) direction.

7 Shear strain. Also parameter defining the intensity of shear stress.
ymv Material safety factor for shear.

F Frictional coefficient.

v Poisson'’s ratio.

pw Percentage of tensile steel in the cross-section.

a Stress.

ac Direct compressive stress.

an Stress normal to the shear plane.

Ch Direct tensile stress.
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Symbol

ay

Tf

Tm

Txy

Symbols and Abbreviations (Continued)

Explanation

Stress in x direction.

Stress in y direction.

Angle.

Shear stress in brickwork.

Maximum shear stress.

Shear stress on x-y plane.

Factor defining bending in composite beams.

vertical stress block at the interface.
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CHAPTER ONE - INTRODUCTION

Summary

This chapter deals with the gradual evolution of brickwork construction. It discusses the
progress from simple gravity retaining structures to composite load bearing elements.
Arrangements for reinforcing brickwork to ensure resistance to tensile stresses have been
looked into. The discussion leads on to the idea of composite beam comprising of brickwork,
concrete and steel. The brickwork takes up the load in compression and the steel bars are used
to provide tensile strength. The main function of concrete is to transfer stresses between the

brickwork and the steel.

The chapter explains the composite structural action of the wall beam arrangement and
discusses the stresses induced in the different parts of the composite structure. The chapter
ends by looking at the versatile ways in which brickwork can be used by adopting these new

concepts and highlights the importance of the role of masonry in modern structures.

1.1 Background

The use of naturally available substances for construction dates back to prehistoric times. As
man became aware of the characteristics of different materials, he chose them as elements in
structures where their properties could be fully utilised. He became aware of the extraordinary
compressive strength of rocks. He moulded clay into different forms to make bricks which were

useful in resisting compression and could also be used to make up different architectural forms.

Some metals, specially steel, were found to exhibit a good resistance to tensile stresses.
Keeping in mind the fact that different materials were best suited to different forms of structural
action and the fact that a structure gave rise to different forms of stresses, materials were used
in conjunction with each other. By placing materials at locations where they could most
efficiently resist the stresses that were expected there, lighter and more efficient structures were

evolved.

The most common materials used in structures to complement each other are concrete and
steel. Concrete is cheap and can be formed into different shapes. It is very strong in

compression but weak in tension. It can thus resist compressive stresses. Most structural forms
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give rise to compressive, tensile and shear stresses. Steel is placed at locations within the
concrete structure where maximum tensile or shear stresses are expected. Flexural stresses
are a combination of compressive and tensile stresses and necessitate the use of steel on the

tension side.

The use of reinforced concrete beams to support brickwork walls is not new. However, the
structural action of such an arrangement has, till recently, not been well understood. The
concrete beam was assumed to be acting in isolation resisting the loading from the brickwork,
which was assumed to be an equilateral triangle with the beam span as its base. The remaining
brickwork was assumed to act as a triangular arch. Thus some of the top load was assumed to
be transferred directly to the supports. So, although the method did assume that some load will
be transferred directly on to the supports, it was crude and lacked insight into the composite
structural action of such an arrangement. The behaviour of such beams has caught the interest
of researchers in the past forty years. Initially, the brickwork wall supported on the beam was
considered to be a load making no contribution towards the strength of the structure. The
concrete beam was the sole component thought to be resisting the load. It is no longer thought
to act independently. The wall beam arrangement is regarded as a composite structure with the
brickwork in compression arching over the span and the beam, a base, acting as a tie in tension

as well as flexure.

1.2 The composite beam.

Beams have traditionally been built in steel, reinforced concrete or a combination of the two.
Until recently, brickwork beams were not used due to two inherent difficulties. Firstly, the normal
arrangement of construction bonds for the bricks used to provide greater structural integrity
make it difficult to place reinforcement at suitable location. The continuous straight openings
required would introduce planes of weakness. Secondly, where such an arrangement is made
possible, it is nearly impossible to ensure a proper bond between brickwork and reinforcement.
The brickwork is set in mortar which is weaker than mass concrete because it is placed in thin
layers. The bricks are placed as individual elements and there is a greater likelihood of

construction errors.

Despite these problems, brickwork has been used to resist flexural stresses by providing

concrete pockets near the soffit. Brickwork beams have been used in some buildings as lintels
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and over spans where loads are small. One of the major application of reinforced brickwork is in
resisting lateral loads as reinforced diaphragm walls (Raja 1984). Reinforced brickwork has also
been used as retaining wall. Where flexural stresses are expected to be present in brickwork
columns, these are usually reinforced by either providing reinforcement in concrete pockets or by
provision of prefabricated steel. Different bonds and forms of construction are adopted in
different cases depending on ease of construction. Figure 1-1 shows some of the possible
arrangements. In some cases, the individual bricks or blocks may be hollowed to take

reinforcement. This form of construction is called reinforced hollow brickwork/blockwork.

Reinforcement bars in concrete

(a) Fin Wall (b) Pocket Wall

(c) Cavity Wall (d) Quetta Bond Wall

Figure 11 Reinforcement provided in different types of bonds.
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The composite structural elements, such as pile capping beams consist of brickwork which
provides resistance in the form of compressive and shear stresses and reinforcement which is
used to resist tension as well as shear. The depth of the concrete portion required is reduced by
and arrangement which induces composite action between it and the courses of brickwork

immediately above. Figure 1-2 shows a typical beam.

The cavity in the brickwork cross-section may be filled with plain or reinforced concrete. In the
latter case reinforcement may be provided to resist both tension and shear. In case of concrete
beams acting as lintels, the composite action is de veloped with the supported wall. The wall is
usually without reinforcement but depending on the importance of the beam and the load, it may
be provided. The pile capping beam, on the other hand, is quite thick and there is ample space
to provide a cavity for reinforced concrete. The heavy loads resisted by piles also warrant such

an arrangement.

Figure 1-2 Typical composite beam.

3



Most of the codes of practice for concrete/brickwork design and construction are based on the
ultimate limit state philosophy where design is based on the stresses beyond the limit of
elasticity. A factor of safety is provided against such a state being reached. The analyses and
code recommendations are based on the assumption that plane sections remain plane on
bending i.e. there is no distortion over the cross-section of the structure. This assumption is
valid and does not lead to large errors. As a consequence of this assumption, the strain in any
fibre is directly proportional to its distance from the neutral axis which is assumed to have zero
strain. The strain distribution is triangular at all stages of loading. At elastic loads, the stress is
proportional to strain and thus the stress distribution is also triangular. As the load increases,
the stresses in the outer fibres exceed the elastic limit and are not proportional to the strain.
Experimental results indicate that at this stage the stress distribution over the cross-section is

triangular parabol ic as shown in Figure 1-3.

Compressive Stress

Strain Stress

Figure 1-3 Distribution of flexural stress across the section of a simply supported beam.
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In composite beams, flexural stresses rarely occur on their own and that too in case of beams
with a very low depth to span ratio. The structural action is quite different to that of conventional
beam. The composite beam maximises its load bearing capacity by utilizing materials at
locations best suited to the type of stress expected at that point. Thus the basic principle of

judicious use of different elements comprising the composite beam are not violated.

As is evident from Figure 1-2, the conventional composite beam did not have adequate
resistance to shear hence the need for shear reinforcement. This is accommodated in the form

of mesh in the cavity.

1.3 Composite Structural action.

Under transverse loading, a beam of low depth to span ratio exhibits simple beam action. Its top
fibres are in compression and bottom ones in tension when it is under a sagging moment and
vice versa in the case of hogging moments. When the depth is greater, depth/span ratio more
than about 0.5, a different type of structural action is withessed. Arching action occurs in which
the upper part of the brickwork forms an arch and distrib utes the load directly to the supports.
This arch is in compres sion and reacts against the ends of the beam. The concrete base starts
acting as a tie in addition to a reduced bending action and there is an increased tension
witnessed in the lower portion of the beam. The composite structural action of the composite

beam is shown in Figure 1-4.

The arching action distributes the load directly to the supports. There is thus a reduced vertical
load for the beam to resist, much of the top load being transferred to the supports. This results
in a lower bending moment in the base of the beam. Also, for a uniformly distributed load, the
variation of the bending moment across the span is less than that expected across the span of a
simply supported beam, rather like a two point loaded beam with constant bending moment in

the central region of the beam.

The profile of the arch depends on the ratio of depth to span as well as on the relative stiffness
of the brickwork and base portion of the beam. If the beam Is more flexible, it results in a greater
arching action and consequently lower bending moments. As the composite beam deflects, a
stage is usually reached when separation between the concrete and brickwork occurs in the

midspan region. The load at which this separation occurs and its extent both depend on the
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relative stiffness of the brickwork and concrete base. The arch is tied at the ends by the
concrete base which, at service loads, is usually in tension throughout its depth. This, coupled

with tensile flexural stresses, produces much higher resultant tensile stresses in the soffit of the

beam.

Uniformly distributed load

Figure 1-4 Composite arching action

It is quite common for the neutral axis to shift up into the brickwork portion of the beam at normal
load. Since the arch ends act against the base tie, there are some horizontal shear stresses set
up at the interface of the arch ends and the concrete base. If the interface bonding is not strong
enough to resist this ’slippage’ stress, then there is a relative movement between the arch ends
and the concrete base causing cracking. The possibility of this slippage at the interface is more
in the case of lower arching with shallow beams as compared to deeper beams where the arch
has a much higher profile. Cracking near the supports as well as at the interface in the midspan

region can be effectively avoided by providing reinforcement which runs across the interface.
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As the load is transferred to the supports, it gives rise to greater compressive and shear stresses
over the support regions. Vertical compressive stress is very high near the supports but falls off

very rapidly away from these regions.

1.4 Deflection

As the load is transferred to the ends due to composite action, reduced bending moments and
consequently smaller deflection would be expected. The tension in the base due to tying of the
arch does not significantly affect the deflections. Thus the deflections are much smaller as
compared to those in a similar beam under pure bending. Since the deflection calculations are
based on elastic analysis, it is unlikely that they will bear a close correlation with the deflec tions
noted in practice. Concrete does not have any tensile strength and thus the base cracks at a
low load. The cross- section thus reduces. Also, in compression, a significant por tion of the

cross-section is beyond the elastic range even at normal loads.

1.5 Importance of reinforced masonry.

Researchers have highlighted the importance of reinforced masonry and its versatility in usage.
Its resistance to corrosion is good. Page and Brooks (1985) carried out a review of the state of
the art and concluded that brick masonry has a very important role to play in the structures of the
future. Pfefferman (1976) highlights the importance of masonry and its versatility in usage. He
points out its similarities with concrete. Curtin and Sawko (1979) have demonstrated the
suitability of brickwork to the construction of diaphragm walling and for single storey
construction. The author (Raja 1984) conducted strength tests on such walls and found that by
properly reinforcing them, they could resist significant lateral loads. They were found to by very
suitable for load bearing elements in large low rise buildings. Suter, Kim and Lim (1986) also
reported that reinforced masonry resembles reinforced concrete beams with the difference that
the ultimate strain for brickwork is much lower le. in the range of eu= 0.002 compared with

0.0035 for concrete.
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CHAPTER TWO - LITERATURE REVIEW

Summary.

The chapter presents a review of literature pertaining to the present research. A detailed review
of the basic properties of brickwork has been presented. The effect of moisture on brickwork is
studied in detail. This is followed by a discussion on mortar and bond strength. Engineers are
usually familiar with the elastic properties of steel and concrete. The elastic properties of
composite strucutures are, therefore, studied with particular emphasis on brickwork. The
discussion includes stress-strain characteristics and the effect of individual elements on the
strength of brickwork. Compressive strength is probably the most useful property of brickwork.
Separate sections are devoted to discussion of compressive, shear, tensile and flexural strength

ofbrickwork.

The section on material properties is followed by a discussion of the deflection characteristics
and composite structural action. This part also deals with the evolution of building codes and the
effect that this has had on the formulation of the brickwork code. Also presented in this section

is the research conducted by different authors into the applicability of different codes.

21 Introduction

Masonry has been used as a load bearing material for centuries. Inthe early gravity structures,
levels of stresses were low and factors of safety against compression failure were high. Detailed
knowledge of structural behaviour was, therefore, not essential. Recent advances in structural
theory and enhancement of material properties have led to highly stressed structures. The need
for a better understanding of the forces involved has led to substantial research in this area in

recent years.

The idea of a wall on a beam, or a concrete base acting compositely with brickwork is relatively
new. It has, however, generated interest with a number of Engineers many of whom are actively
engaged in research in this field. Despite this interest, the subject is relatively unexplored and
very sketchy guidelines exist for the design of composite beams, specially those which are deep

enough for composite structural action.
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It is widely believed that up to a certain depth, the increase in depth of the beam or its supported
wall (if being treated separately) results in greater composite action. The American and British
codes for brickwork assume that the composite action is not present in shallow beams. The US
code defines a shallow beam as that whose depth to clear span ratio is less than 2/5 for
continuous spans and 4/5 for simple spans. The British code, on the other hand, defines a

shallow beam as one whose clear span is at least twice its depth.

Composite action was first reported by Wood in 1950s when he carried out tests on composite
beams at Building Research Station. He identified the arching action, the reduction in bending
moment and the increase in the tie force. To understand the behaviour of brickwork, it is
essential to first understand the properties of different constituent materials and their structural
performance. In the subsequent sections, a discussion on the research into the properties of

brickwork carried out by different Scientists and Engineers follows.

2.2 Material Properties
Material characteristics have been found to affect the strength and serviceability aspects of
masonry structures. In this section, the physical characteristics of bricks and mortars and their

influence on overall strength and serviceability as reported by researchers will be discussed.

2.21 Hygric Properties

Suction rate and moisture content are two major individual properties of bricks. Suction rate is
the rate at which the brick absorbs moisture and is linked to its porosity i.e. the volume of voids
in individual bricks. Hens(1976) carried out strength tests on bricks of different moisture
contents. He used bricks having different void ratios to ensure a wide range of hygric properties.
It was found that the hygric properties of bricks were important in determining the strength of the
structure. The hygric properties are the properties related to the moisture held around the
molecules of the bricks as a result of chemical bondage. His results indicated that the moisture
content and coefficient of moisture diffusion were important in determining the strength of

brickwork.

The suction rate and moisture content will also affect the mortar properties. As reported by

West, Williams and Peake(1976), porosity and permeability of mortar Is affected by the suction
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rate of bricks in contact with them. They studied the effect of suction rate of bricks on the
permeability of mortar beds and found that porous bricks had greater suction rate and increased

the permeability of mortar beds.

The same conclusion was reached by Backer(1976) who studied the effect of size of pores in
bricks on the serviceability characteristics of cladding. He found that pore size significantly

affects the texture and water proofing of cladding.

Drysdaie, Vanderkeyl and Hamid (1976) found that the initial rate of moisture absorption of
bricks also influences the shear bond capacity. They carried out tests to determine the shear
strength of brick masonry joints and found that failure capacities of bed joints were influenced by
the type of mortar used but were not affected by the compressive strength of either the mortar or
masonry prisms. It was noticed that the average shear strength increases with an increase in
the initial rate of absorption to a maximum value. It then decreases with any further increase in
the initial rate of absorption. There is thus an optimum rate of absorption with respect to shear

strength.

2.2.2 Mortar and Bond Strength

Grenley(1967) has concluded that the structural strength of masonry can be greatly improved by
increasing the strength of the mortars and the strength of the bond between mortar and
brickwork. In normal structures, the bond is quite satisfactory. Tests were carried out on
post-tensioned prestressed brickwork by Mehta and Fincher (1970) who concluded that the bond
between brickwork and grout and strand and grout performed satisfactorily under normal

conditions of loading.

Ritchie(1978) has reported that the heat treatment during manufacture of bricks induces residual
stresses in them. Depending on materials and methods used, these residual stresses varied
from very low values to around 12 N/mm2 but the stressed condition of masonry did not affect its

performance.

Tests on four high brick prisms by James, McNeilly and Oren(1979) indicated that they gave a

much better indication of wall strength because many unknowns were taken into account.
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2.2.3 Elastic Characteristics.

There is a considerable difference of opinion regarding the elastic behaviour of brickwork. Many
researchers believe that the properties of masonry are very variable because of the complex
nature of the substance and because of so many factors involved. Others believe that elastic

methods of analysis can be safely applied to brickwork.

Abel (1973) carried out tests on prefabricated reinforced brick masonry arch bridges. A
compressive stress-strain plot was made and it was noticed that the plot is not a straight line as

would be expected in case of an elastic material. The plot was a gradual curve indicating a

variable elastic modulus.

On the other hand, Shrive, Jessop and Khalil(1970) reported that there was no strain gradient
effect on the stress-strain curve of masonry. However, a clear strain gradient effect was noted
with respect to the ultimate stress. Abu-el-Magd and MacLeod(1980) witnessed a brittle failure
exhibited by masonry structures. The type of failure was found to be a function of shear bond

strength of joints and tensile strength of brickwork.

Powell and Hodgkinson (1976) also performed tests on brickwork to ascertain its stress-strain
characteristics. They concluded that secant modulus of elasticity at 2/3 rd of ultimate load differs
widely form tangent modulus at zero load. The value of tangent modulus was much higher than
the secant modulus. Generally, it was in the range of 1.3 to 1.5 times the secant modulus. This
proved that there was a reduction in stiffness as the brickwork was loaded. Figure 2-1 shows

the general form of stress-strain graph plotted from the results of their experiments.
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Figure 2-1 Comparison of Tangent and Secant Moduli.

The elastic modulus was found by Schubert (1979) to depend on the compression strength of
masonry mortar and bricks etc. It was seen that there was a linear relationship between the

individual brick (or prism) strength and the wall strength. This was of the general form shown in

Figure 2-2.
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Prism Strength

Figure 2-2 Effect of Brick (or Prism) Strength on wall strength.

Turkstra and Ojinaga (1976) applied moment-magnifier method in their tests on brick walls.
They found that linear elastic model of brick masonry did not give results consistent with those
from actual tests. It was concluded that a more realistic determination of the stress-strain
characteristics was required to ascertain the values of elastic modulus and second moment of

area.

Similarly, general formulae for determination of bulk modulus, G, of brickwork were found by
Makleinen (1975) to give about 50 % over-estimation. Satti and Hendry (1970) found that the
modulus of rupture of brickwork is very variable and does not co-relate well with material proper

ties. They also found a high variability of the tensile strength - of the order of 5.

Davies and Hendry(1986) have suggested a method of analysis based on an elasto-plastic
stress-strain curve and an equivalent stress block. They have suggested an elasto-plastic
configuration for the stress- strain curve and the equivalent stress block. Figure 2-3 shows the

stress-strain relationship and the stress block suggested by them.
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Stress

stress strain curve ai = 15 ek at maximum fk

Figure 2-3: Design stress strain curve and equivalent stress block (After Davies and

Hendry 1986)

Davies and Hendry suggest a second degree curve of the form;
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2.2.4 Compressive strength

The most common and valuable characteristic attributed to brickwork is its compressive strength.
The compressive strength of bricks depends on the type of materials and processes used in their
fabrication. Prism tests are used to determine the compressive strength of masonry. The prism
strength of a specific type of brickwork bears a relationship to the component strength of
individual bricks (Huizer and Ward 1976). Huizer and Ward carried out extensive tests on the
effect of brick type on the compressive strength of masonry. They found that there was a large
variation in compressive strength of bricks even from the same source. This highlighted the
degree to which component materials, method of manufacture and environment affects the
compressive strength of brickwork. They concluded that the characteristic compressive strength
of masonry should be determined from prism tests using job materials. Tests were conducted by
them on masonry pillars and it was concluded that there was a large variation in compressive

strength of individual bricks, mortar and masonry.

Compressive strength has also been found to depend on the type of structure where brickwork is
used. Hasan and Hendry (1976) carried out tests on axially loaded walls to determine the effect
of slenderness and eccentricity on the compressive strength. There was a reduction in
compressive strength due to an increase in slenderness and eccentricity but this may well have
been as a result of flexural stresses which are bound to be present in such cases. A wide

scatter of results was witnessed in the tests.

Roumani and Phipps (1986) carried out bending tests on pre-stressed brickwork I-sections.
They noticed that for normal and over-reinforced sections, the final failure of the structure was
due to crushing of brickwork. This is expected since at failure, either only brickwork or both
brickwork and steel will be in a plastic state. Since the performance of steel in plastic range is
much better than brickwork, failure occurred as a result of crushing of brickwork. With far lesser
reinforcement, the failure was due to flexural cracking. Although in this case too both the
materials were in plastic range, the small amount of reinforcement could not develop the
necessary force to resist the load. For the specimens tested, the failure was flexural for low
values of prestress while shear failure was witnessed for higher levels of prestress. It was also
seen that an increase in the level of prestress resulted in an increase in the shear strength as

well.
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2.2.5 Shear strength.

The shear strength of brickwork is quite complex and not easily determined through analytical
approach. It is this reason that the codes and design guides are mostly based on empirical
formulae for strength etc. It is usual practice to consider the behaviour of brickwork to be similar
to that of concrete. Suter and Keller (1976) carried out an investigation into the shear capacity of
grouted reinforced masonry beams and found them to fall between reinforced concrete and
reinforced masonry beams. The results of their particular investigation were much closer to

reinforced concrete beam values and significantly higher than reinforced masonry values.

The results indicated that the shear capacity of such beams can be safely predicted by adding
the separate shear capacities of the grout and brickwork according to their relative widths in the
cross-section. It was found that in the case of reinforced brickwork or reinforced masonry, the
ultimate shear stress of grouted reinforced masonry beams increased markedly with decreasing
shear span to depth (a/d) values. Their results indicated the positive effect of a/d on shear
strength. Roumani and Phipps (1976) and Pedreschi and Sinha (1986) conducted similar

experiments and their results confirmed these findings.

Drysdale, Vanderkeyl and Hamid (1970) have reported that pre-compression has a positive
effect on the shear strength of composite beams. A plot (based on their results) showing
average shear strength against precompression stress in shown in Figure 2-4. There was a
linear relationship between the two up to a certain limit. Beyond this limit, the increase in shear

strength corresponding to an increase in precompression became less and less.

Hendry (1978) gives a Coulomb type expression for determining the shear strength of brickwork
in combined racking shear and compression. He suggested the following expression as a failure

criterion for shear with precompression.

where T, ac and m are explained in Figure 2-5 which is a graph based on Equation (2.1).
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Average shear strength

Figure 2-4 Effect of Precompression on Shear strength.

Figure 2-5: General form of 7f- at curve.
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The shear strength is assumed to consist of initial bond plus a constant times the
precompression. The constant may be thought of as a coefficient of friction. Zelger (1979) also

suggested an expression for shear strength similar to the one suggested by Hendry.

Conclusions similar to the ones above are drawn by Roumani and Phipps (1986) who note that
increase in prestress enhances shear strength of prestressed brickwork I-beams. Pedreschi and
Sinha (1986) report that the shear strength of masonry beams is not affected by the amount of
tension steel and that it can be accurately predicted by using the plastic theory originally

developed for concrete.

Drysdale, Vanderkeyl and Hamid(1979) dispute the basis for a Coulomb type expression for
shear and have reported that shear strength is not proportional to normal compressive stress
and that the coefficient of friction reduces under increased compressive stress, thus neutralising
its positive effect on shear strength. These researchers claim that under compressive stress
normal to bed joints, the type and strength of mortar have more significance for the shear

strength than does the amount of compressive stress.

2.2.5 Tensile strength

The design codes assume that concrete and brickwork have no tensile strength. This is so
because at service loads, both these materials usually develop cracks in the tension zones.
Once these cracks are developed, the tensile strength becomes non-existent as far as concrete
and brickwork are concerned. However, both concrete and brickwork do exhibit tensile strength
to a certain extent depending upon many factors. Drysdale, Vanderkeyl and Hamid (1979)

showed that the modulus of rupture of prisms was less than that of wallette specimens.

The stronger tensile strength is due to the presence of composite structural action which is
present in wallette specimens. It can also be seen that increasing the mortar strength affects

prism strength to a greater extent than it does the wallette specimens.
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2.2.6 Flexural strength

Flexure is a combination of tensile and compressive stresses. Like concrete, brickwork is
generally considered to have no tensile strength. Though it does exhibit some strength in
tension, it is rightly considered to be of no significance. Masonry can, when reinforced, be used
to resist flexural stresses. Wallette specimens are usually tested to determine the flexural
strength of clay masonry. West (1976) has reported that there is a large difference in the flexural
strength of masonry which depends on the direction of application of load in relation to the bed
joints. He applied the load parallel and perpendicular to the plane of mortar bed joints. The ratio
of strength with the load perpendicular to the beds to that with load parallel to the beds ranges
from 3 to 4 depending on the type of mortar used. The ratio was high for weak mortars and low
for stronger ones. West tested the flexural strength normal to the bed joints and found that it
was not affected significantly by the strength of the mortar. He considers this to be due to the

shear resistance of the joint which overrides any effect of mortar strength.

Flexural strength of brickwork can be enhanced by using high strength mortars and by applying
compressive stresses perpendicular to the direction of loading. This was confirmed by the
present author (Raja 1984) in his tests on prestressed diaphragm walls. The author
post-tensioned diaphragm walls vertically and applied a lateral pressure on them. It was noticed
that the flexural strength increased upto a certain limit and then gradually reduced in value.

Figure 2-6 shows the general form of interaction between precompression and flexural stress.

Figure 2-6: Effect of Precompression on Flexural strength.
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2.3 Deflection

The deflection calculations are usually based on the assumption of elastic behaviour of the
elements. Codes of practice provide guidelines for restricting deflections to acceptable limits.
This procedure works satisfactorily in the case of sections which remain intact on loading like
steel and wood. In case of other materials like concrete and brickwork, some areas in the

section develop cracks while others are stressed beyond the elastic limit.

Researchers have been trying to compare the actual deflections with predictions based on
elastic calculations and with those allowed by different codes of practice. Mehta and Fincher
(1970) measured deflections for uncracked post tensioned prestressed sections and compared
them with predicted values. The prestressed sections consisted of U-shaped brickwork
containing reinforced concrete. They found that the magnitude of deflection for an uncracked
section was twice that of the predicted value. When the structure was unloaded, after cracking,
95% of the deflection was recovered and the cracks dosed immediately. The deflection of a
composite brickwork beam has been found to depend on the percentage of steel and the
properties of brickwork. If either steel or brickwork strength is iow, then the deflections are
unaffected by the properties of the other. In this case, the low strength element begins to yield
or is cracked or crushed. Figure 2-7 shows the general form of load-deflection curve obtained by

them from their experiments.

Calculated uncracked section

Figure 2-7: Load-Deflection curve
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Pedreschi and Sinha (1985) carried out tests to determine the load-deflection characteristics of
brickwork beams with low percentages of steel. Their tests revealed that variation in brickwork

strength did not affect load deflection characteristics in such cases.

Abu-el Magd and MacLeod (1973) studied the effect of varying the modulus of elasticity and
length to height ratio of the beam on deflection and crack width. Reducing the length to height
ratio increases the maximum crack width for the same central deflection. Magd and MaclLeod
also noticed that stepwise shear cracking in beams can be avoided by the use of ties. They are
of the opinion that shear cracking may be initiated by vertical cracking the likelihood of which can

be avoided by the use of ties.

2.4 Structural action

2.4. T The structural action of a composite brickwork reinforced concrete beam has already been
explained in the previous chapter. It depends primarily on the sectional dimensions and the
relative areas of constituent materials. As described in the first chapter, the composite structural
action consists of arching which transfers the load to the supports and beam (plus tie) action of
the lower portion which supports the rest of the load and restrains the ends of the arch so

formed.

Tests by Mortelmans and Burvliet (1979) show that reinforced masonry when acting compositely
with beams, manifests great load bearing capacity. In most structures, it is usually possible to
increase the load further even after severe cracking. In their tests, Mann and Muller (1976)
found that when the load is increased beyond the elastic limit, cracking causes a new load
bearing system to set in. As the cracks open up, movement causes loads to be transferred to
areas of low stress. They carried out transverse load tests on masonry to develop a theory for
the development of cracks. It was noticed that pressure to shear ratio was important in
determining the pattern of cracking. The pressure to shear ratio would, in turn, vary with

different types of loading and load distribution.

The capacity of composite beams to withstand increased loads even after cracking has also
been reported by other authors. Dalhuisen and Stroeven (1976) claim that microcracks on the
boundary surface of horizontal joints occur under relatively low loads. It is reported that they do

not, however, limit the load carrying capacity of the beams. The vertical beds were found to be
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at least as sensitive to cracking as the horizontal ones. In most cases the cracks formed on the
horizontal beds as initial cracks and then readily penetrated in the vertical beds between two
horizontal ones. The cracks, however, did not follow the beds only. Depending upon the type of
coursing pattern, they penetrated through bricks as well. Walls which were loaded axially,
developed through cracks which were concentrated at the boundary between mortar and

brickwork.

Brooks, Sved and Paine (1979) have also reported the effect of tension field stiffening. Their
tests revealed an Increased capacity of brickwork to resist load because of its remaining in tact
between cracks in the bedding planes. Allen (1973) has reported the appearance of tensile

strains in mortar which form planes of weakness in the brickwork.

Thong, Charoen and Davies (1973 ) investigated the causes of failure and failure loads of
reinforced brickwork walls on reinforced concrete beams. It was found that the primary cause of
failure of these beams was diagonal cracking. The failure load was found to increase with
increasing depth of section. Thus the cause of failure was an increase in the average shear
stress. Also, when the flange width was increased, it resulted in an increase in failure load.
Thus the beams tested by Thong et al failed primarily as a result of shear stresses causing

diagonal tension.

Shear stresses were also found to be critical by Abu-el Magd and MacLeod (1980) in their tests
on brickwork beams under in-plane loading conditions. They found that shear failure is
characterised by stepwise cracking and that tensile failure is caused by vertical cracks. A
comparison of tests on beams having horizontal reinforcement with those without it indicated that

horizontal reinforcement may be effective in resisting shear as well as tensile failure.

The moment curvature relationship for brickwork beams was studied by Pedreschi and Sinha
(1985). They noticed that such beams with a low percentage of steel exhibit a distinct three
phase behaviour corresponding to uncracked, cracked with steel in elastic range and steel
yielding stages. It was noticed that an increase In steel area tends to reduce or entirely

eliminate the third phase.

Smith, Khan and Wickens (1978) carried out tests on wall-beam structures to determine the

strain distribution at the base of a wall that is uniformly loaded at the top. It was seen that the
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strength of the beam had a significant effect on the intensity and distribution of these strains.
The general form of distribution of strains for light, medium and heavy beams is shown in Figure

2-8.

Figure 2-8 Distribution of vertical strains at the base of beam uniformly loaded at the top.

2.4.2 From a study of their experiments, Smith et al concluded that;

a. Beam stiffness influences ultimate strength of the wall and the stress distribution. A stiffer
beam retards the setting in of composite structural action consequently reducing the direct
and shear stresses over the support. It can withstand increased bending stresses and the

resultant deflections are lower than what would be in case of a more flexible beam.

b. The strength of the wall is approximately proportional to the square root of the second

moment of area, |, of the beam.

c. The value of tie force in the concrete beam is constant and is numerically equal to a fourth of
the total load on top of the wall (Ww). Changes in depth to span ratio and other geometric

properties were seen to make little difference to this value.
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d. The bending moment was influenced by beam stiffness. This was an indirect effect because
less stiff beam resulted in an increased arching action and consequent transfer of load to the

ends.

Allen (1973) reports that the direction of loading does not affect the strength and he found out
that compressive strengths of brickwork in normal and parallel direction to the coursing were

nearly equal.

Davies and Ahmed (1976) studied the effect of position and width of openings on the strength of
composite wall-beams. It was found that openings significantly affected strength especially

when they were nearer to the supports.

2.5 Codes and design guides.

251 Masonry is one of the oldest building materials yet design codes for structures using
masonry only exist in a few countries. Even where the codes exist, they have been formulated
very recently. The fact that masonry has been in use for such a long time has helped in the
development of the codes. Another fact that has contributed towards the improvement of the
masonry codes has been the similarity in treatment of masonry and concrete. Many researchers
have confirmed that masonry and concrete have many common properties. Despite the
similarities, there are some properties of masonry which are different from those of concrete and

it is this area which needs to be researched.

The purpose of codes and design standards is to provide guide-lines to the designers and
Engineers for constructing safe and efficient structures. The objective of any design code is to
provide economic structures capable of resisting the worst combination of loading that can
reasonably be expected to occur within its life span. To achieve this objective, there have been
three approaches adopted by different countries namely the elastic method, ultimate load

method and the limit state method.

Service or working loads or stresses refer to the condition which is expected to occur during the
life of the structure. The methods adopted by different codes aim to bring the stresses due to
loading and the material strengths at the same level with the use of factors of safety. It is in the

use of factors of safety that different approaches differ from one another.
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The earliest approach was that of elastic method in which the loads were considered to be the
ones actually expected to be withstood by the structure. The characteristic strengths of
materials were reduced by a factor of safety to a lower 'safe working level’. The stresses in the
materials were thus always within the elastic limit. The method was thus called elastic stress

method.

The ultimate load (or load factor) method aims to increase the service loads by a factor of safety
to bring the design stresses closer to the yield stresses of the materials. The method is thus
called ultimate load method. The strength of the structure, calculated using the expected actual
material strengths, Is designed to be sufficient to support this ultimate loading. For composite

materials, modular ratios were used In conjunction with strain compatability.

In the third method, the logic of the load factor method has been developed further to include
separate load and material safety factors. This method is called the limit state method. It uses
working loads and stresses specified for the elastic theory with the difference that plastic
stress-strain relationship are used for the ultimate loading condition. It is also called the partial

safety factor method.

The partial safety factor method has two distinct advantages over the previous methods of one
global safety factor. Firstly, it allows the designer to assess the degree of uncertainty in each
case and to provide factors which he thinks appropriate to the situation. Secondly, some loading
combinations are critical when one type of load is a maximum while the other is a minimum as in
case of wind and vertical loading. One global factor of safety would automatically increase both

the loads.

2.5.2 The brickwork code BS5628 has been adopted fairly recently and has benefited from the
experiences of the other codes. All these developments have therefore been incorporated in this

code.

Although there is agreement on the overall concepts behind the formulation of design codes, the
actual safety factors etc. and design procedures vary widely from code to code. Motten (1976)
compared the recommendations of New Zealand, Belgian, British, American and Danish codes
of practice and concluded that there was a considerable difference between the choice of safety

factors etc. between these codes. He highlighted the need for harmonising the security
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coefficients. He pointed out that many new constraints have resulted due to the use of masonry
for load bearing and in tall structures. With the introduction of new cheaper and stronger
building materials there is a lot of choice available to designers. The properties of masonry have

to be fully understood for it to be competitive.

The Danish brickwork code (DS414) requires three rules to be observed in the design of

masonry structures. These are;

a. Normal stresses in horizontal layer should be within the capacity of the materials.

b. Shear stresses at the horizontal layer should not exceed the shear capacity.

c. Shear stresses in vertical section should be within the capacity of the material concerned.

These stresses generally form the basis of most of the other codes but each code has its own
material safety and load reduction factors. Many researchers feel that the code
recommendations regarding masonry structures generally tend to be conservative. This may be
due to the fact that the codes have only been adopted recently and in the absence of sufficient
data, abnormal safety factors have been used. West (1976) points out that the tensile resistance
of brickwork recommended in CP111 is grossly conservative. Similarly, Hendry and Kheir
(1976) point out that different theories tend to under-estimate the strength of brick work walls -
especially in the elastic range. Similar conclusions were reached by Hasan and Hendry (1976).
Baker and Fraken (1976) found considerable variation in the flexural strength of brickwork. They
found that the permissible stresses were very low compared to the actual strength of the
materials. They stress the need for standardisation of the tests. Sinha and Foster (1979)
investigated the behaviour of reinforced grouted cavity beams and found that the code

recommendations were very conservative.

Many other researchers have given their own proposals for design guidance on different aspects
of the structural action. Manns and Schneider (1979) suggest factors of safety of 1.75 for
cracking strength and 2.5 against compression. To calculate the stiffness properties of masonry,

Sawko and Rouf (1977) suggest that the following assumptions should be made;

a. The stress-strain curve in compression is parabolic.

b. The tensile strength of masonry should be neglected.
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CHAPTER THREE - METHODS OF ANALYSIS

Summary
This chapter deals with the theories put forward by different authors for analysing composite
wall-beam structures. Four methods of analysis are presented. They are all based on elastic

material properties.

The first two methods i.e. that of Coull and Yettram and Hirst are based on traditional methods of
analysis i.e. formulation of mathematical expressions using equilibrium conditions. The
mathematical expressions are solved by usual methods (calculus of variations and solution of
differential equations). Coull assumes the stresses to vary in the both directions of the plane of
the structure. In the vertical direction, they are made to vary exponentially while horizontal
variation is achieved by use of suitable factors. Yettram and Hirst assume a fairly rigid stress
flow. The wall is supposed to be only in shear while the beam takes all the bending stresses.
Both these traditional approaches do not account for any separation at the interface. They also
assume brickwork to be homogeneous and the material properties are assumed to be constant

across the thickness of the beam.

The other two methods are based on finite element tests as well as on tests carried out on small
scale models. They use elastic material properties. Tests by both teams of researchers have
yielded similar parameters governing stress intensity and distribution. These are used to derive
expressions for stresses. These methods also assume homogeneous materials having the

same properties over the thickness of the beam.

None of the methods presented applies directly to the present research. They are, however, the
closest theoretical methods on the research in hand. The concrete infill in the brickwork poses a
major problem. The methods presented can be used as a basis for further development of the

theory and modification to be applicable to the present research.
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3.1 Introduction

Chapter two was devoted to the theoretical concepts and a review of existing literature on
brickwork in general and on composite beams in particular. Composite beams are unlike
ordinary beams in that their behaviour is strongly influenced by composite action between the
concrete and brickwork. The existing codes of practice do not cover them in detail and specialist
literature has to be consulted for the design and analysis of such beams. In this chapter, some

of the important methods of analysis and design will be looked into.

3.2 Coull’s method of functional coefficients

3.2.1 Coull(1966) suggested a variational method of analysis for composite beams. In this
method, the structure is considered to be a brickwork wall of height L supported on a concrete
beam of depth d. The length of the wall and the beam span are both considered equal to 2C.
The origin of the co-ordinate system is taken as the top centre of the wall. Figure 3-1 shows the

co-ordinate system and the loading.

Anti-symmetric load (Bending moment)
X X
Symmetric load (udl)

U I T x X ix X = i x"s

Figure 3-1 Co-ordinate system and loading on the wall.
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A combination of direct vertical and flexural top load is considered. Self weight of the wall can

also be taken into account. A no-dimensional co-ordinate system is adopted by the author using

the following relationships.

X =u/cand

y=VviL

Consider an element of unit thickness as shown in Figure 3-2.

+‘b‘rv 3
OV v
l C)tw
—6—— . .8
A A Y. ) T‘w+ v 5u v
\17
A Ocru
v
Oy ————5 ‘t+—— O‘u'l'bﬁ s Gu
1 b &

Figure 3-2: Stress on an element.

Considering plane stress and equating forces horizontally, we get;

Owu Orw
5a .av.au + Ov ‘6u‘6v =0 or
oo Ot i
R 0 an
0w "o,
Ocrv O-rw
ov -t te=0
u

where p is the density of the wall material. But
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Equations (3.1) can thus be rewritten in non-dimensional form as

1 Ou‘)t 1 O'rxy B (3.2)
@ OO‘Y §1 Otxy _
c:'_O; T Gx

Coull assumes that the stresses may be expressed as a power series in the horizontal
co-ordinate x, the coefficients of the series being a function of the height y only. The stresses in

the x and y directions can thus be rewritten as:

n
L A
c =3 o
x 1=0 xiy (3 3)
2
B n+ . y1
0y 1=0 yi
n+l N
T =3 T
Xy 1=0 xyiy

where n is an integer chosen to give sufficient terms in the series to produce a reasonable
approximation to the stress distribution. The problem is considerably simplified by dividing any
load system into symmetrical and anti-symmetrical components with respect to the y axis. For
symmetrical components even values of i are taken for direct stresses ox and oy and odd for

shear stress 7xy. The distribution is vice versa for anti-symmetrical loading.
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Possible variations in wall properties in the x and y directions are taken into account by using

orthotropic stress-strain relations;

E + E c
OX X x Xy y (3.9)
c = E ¢ + E c
y yy Xy X
T
Xy
where e x, ey and ->xy are direct and shear strains.
The first two expressions of Equation (3.4) can be rearranged to give;
cr E — cr E a .E - c¢ .E
x Y Yo Xy X .y y Xy
°x E E - E K
X oy Xy
. E — E o .E — c . E 3
CI'y X Crx Noxy y X X Xy (3-5)
°y E E - E K
X y Xy

where
K = ExEy - E2xy

Consider the work done on an element in the x direction. This will be given by the following

expression;

W = 0.5 otxfx = 0.5crx(crx.Ey - oyEXy)/K (3:6)

59



Work done on the element due to shear stresses;

0.5'vxy'W =0.57xy/G

Adding the expressions for direct and shear stresses and integrating over the whole of the wall,

we get the strain energy in the wall, Uw, by the expression;

11
UW: 0.5tlc] J (A cr2 + A _cr2 2A12cr cr + A _t2 )d d
g O 1 2y Xy 3 x y xy
3.7)
where
E E
X
A= Y A =
I K 2 T
1 E
A_= xy
3 K
where
K = E .E E 2
X y Xy

In the particular case of an isotropic material, the coefficients reduce to ;

where Ewand v are Young’s modulus and Poisson's ratio respectively for the wall material.
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The loading on the wall can be evaluated by considering the conditions at the interface of the

wall and the beam. These are shown in Figure 3-3.

(0]
u
v
S
N k4
¥ NY N M + dM . du
+ Xy du

M('i+ HN +g%.du

S
e—— du ————
S +dS.du
du

Figure 3-3 Force system on wall-beam interface.

Then the conditions of equilibrium are as under;

ds
=N
g Y (3.8)
dN _
) ny and
dM. = e
. TR W
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where Ny (equal to oy.t) and Nxy (Equal to 7xy.t) are the magnitudes of the stress resuiltants, for

unit width at the lower edge of the wall.

Integration of equations 3.8 yields the bending moment M, shear force S, and axial force N in the
beam at any span-wise position. The corresponding strain energy stored in the beam may then

be obtained from the standard expressions;

e -e P (3.9)

where the strain energy due to transverse shear forces has been assumed to be negligible.

If the assumed stress series 3.3 is made to obey the equilibrium equations 3.1, as well as the
known boundary conditions at the edges of the wall, a set of relationships between coefficients
of the series is obtained, enabling the stresses to be obtained in terms of chosen functional
coefficients. These may be determined by substituting the assumed series into the total strain
energy, Uw + Ub, the energy integral being minimised by the calculus of variations. This
procedure produces a set of linear differential equations in the functional coefficients, together
with a set of boundary conditions for solution. The complete solution to the problem is obtained
by superposition of the symmetrical and anti-symmetrical systems. The displacements of the
wall and beam may be obtained subsequently by integration of the stress-displacement

equations.

3.2.2 Critical review of the method

The method has the facility of taking into account either isotropic or orthotropic relationships by
applying equation 3.4. It uses the orthotropic elastic modulus Exy to evaluate the complementary
strains in a lateral direction. This, however, implies that the brickwork is homogeneous and that
the coursing pattern has no effect on the stresses and strains. The variable effect of the type of
mortar and joints is also assumed to make little difference. As was pointed out in the previous

chapter, all these factors do have a significant effect on the lateral strains.
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Although it is very difficult to evaluate the exact influence of each of the parameters, the overall
effect can be taken into account by considering different values of Exy and Eyx where the former
refers to lateral strain produced in y direction due to an original strain in the x direction and vice
versa for the latter. This would enable the method to be extended to cases where the material is

in layers with significant differences in properties in the two orthogonal directions.

The intensity of stresses across the thickness of the composite beam is assumed to be constant.
This is not strictly true in case of a non homogeneous material like brickwork although it would
again involve complex calculations without any significant improvement in accuracy. Coull’s
calculations are therefore justified, since the composition of his wall or beam did not vary across
the thickness. If, however, the beam is of a composite nature where the brickwork has a plain or
reinforced concrete infill in the middle, the effect of difference in moduli of elasticity of the

materials should be taken into account.

The top loading can be of any nature which can be split up into symmetric and anti-symmetric
components. This accounts for a majority of cases. The self weight of the wall, which is
uniformly distributed across the span can also be taken into consideration. The effect of
concentrated top loads, which do sometimes occur in such cases, has not been considered.

This is a significant limitation of this method.

The interface of the wall and the beam is assumed to be capable of transmitting direct and shear
stresses. This implies that the interface, which is usually bonded in mortar, is capable of
withstanding tensile stresses. Nearly all the building codes recommend that tensile strength of
concrete, mortar or brickwork should be taken as zero. Interface shear and tension cracks have
been witnessed in experiments conducted by many researchers. To neglect cracking results in
serious errors in calculations, since it gives an unrealistic distribution of stresses along the length
of the beam. This would in turn result in errors in the calculation of the energy stored and the

stress distribution.

The effect of composite structural action is not taken into account directly in the calculations,
although an allowance can be made for it in the choice of coefficients for the stress series. The
accuracy of the assumed stress distribution would depend on the experience of the Engineer
analysing the structural element. A novice on the other hand would find it difficult to visualise the

correct distribution and the coefficients to be used.
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The method is based on a mathematical approach which is well suited to the latest trends in
computerised analysis. The accuracy of the method can be greatly improved with experience
and with additional experimental data specially as to the distribution of stresses. The stress
factors can also be generated automatically and checked against boundary conditions. This has

not been tried by any of the researchers.

Since the form of the loading is fixed, the supporting structure may be analysed separately,
enabling the method to be extended readily to deal with other support conditions such as built-in
beams, portal frames etc. The influence of frictional forces at the supports could also be

included if required.

In equation 3.3, if the value of n is taken as 2, the general form of direct and shear stresses will

be as shown in Figure 3-4.

Figure 3-4 Distribution of direct and shear stresses.
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As can be seen from Figure 3-4, the stress at any point is assumed to depend on its horizontal
distance from the centre line and not on the height above the beam. This is obviously not true
since the actual distribution of stress changes across the height of the wall. The general form of
the stress is, however, that which would be expected in actual practice and the maximum and

minimum values can be made to vary according to the conditions.

3.2.3 Influence of different parameters on the method of analysis.

Some of the important parameters involved in the formulation of this method are span to height
ratio, r, the relative wall and beam depth, e, and the relative stiffness of the wall and the beam,
K. These parameters were investigated with special reference to a uniformly distributed top load
since this is the most common type of loading and since this is the type of loading chosen for the
present series of tests. The influence of self weight of the wall was neglected to decrease the

number of variables.

To test the effect of relative stiffness, K, the author carried out a comparison of resuits by using

two values of K i.e. 50 and 2000. For this analysis, the relative stiffness parameter is defined as;

E
K= (c/d)’(t/b) g (3.10)
b

where t represents the thickness of the wall and b that of the base.

These figures represent two extreme cases of lightweight concrete wall and a reinforced
concrete wall both resting on a reinforced concrete beam. Comparisons have been carried out
by the author for different stress functions which are shown in Figures 3-5 and 3-6 for uniformly

loaded wall and for linearly varying load respectively.




Figure 3-5 Variations of stresses with beam span to wall height ratio for a uniformly

distributed load.

Height

Figure 3-6 Variations of stresses with beam span to wall height ratio for linearly varying

load.

Figure 3-6 indicates that, in the central region, tensile forces exist between the wall and the

beam in the absence of any gravitational effects or frictional forces at the supports.

The magnitude of the wall stresses is affected much more by the wall height to beam span ratio,
r, and the relative wall to beam stiffness, K, than the beam depth to wall height ratio e.

Comparatively small changes in the stress levels are obtained for the range of values of ’e’
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shown. The distribution of vertical stresses varied only slightly over the range of parameters

studied.

For walls whose height is greater than the span, practically no diffusion of stresses occurs in the
section above the unit depth to span position. The same effect was noticed by Saad and Hendry
(1961). Thus the composite action of wall beam arrangement increases with wall height upto a

certain height but then remains constant and independent of the wall height.

3.2.4 Relevance of the method to present research

The method provides a fairly accurate means of predicting the distribution of stresses across the
span of the composite beam. The boundary conditions are those that are usually expected in
real beams and are such that the maximum horizontal stress falls in the midspan region of the
beam. The horizontal stress falls off towards the outer regions of the beam while the vertical
stress increases outwards. The overall concept could be applied to the stresses in one plane
but the stress-strain relationship would have to be modified to take into account the ultimate
state which is now a more popular method of analysis. The theory is based entirely on elastic

properties of materials.

The concept of the beam being considered only for boundary conditions in the overall behaviour
of the structure needs some modification in order to be applicable to the present research. The
depth of the beam considered by Coull was small as compared to the wall height whereas in the
case of the research in hand, the beam depth is fairly large when compared with the wall height

or the overall depth of the beam.

Coull considers the composite structure to be made of a concrete beam which is supporting the
wall. In thickness, the structure is assumed to consist of the same material as the plane under
consideration. This is obviously not true in the present case where reinforced or plain concrete
infill is present between the two faces of the brickwork wall. The presence of different materials
across the thickness of the composite structure will have to be taken into account if the method

has to predict accurately the stresses in beam with concrete infill.

The composite action of the brickwork and the concrete beam changes the span-wise
distribution of stresses over the height of the wall. The shape of the stress distribution curve

changes and this should possibly be reflected in any new method of analysis.
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3.3 Elastic method of stringers and shear panels

3.3.1 In 1971, Yettram and Hirst suggested an elastic analysis of the composite action of walls
and simply supported beams for any vertical load condition at the top of the wall. The method
also catered for the self weight of the wall. The basis of the method is the idealisation of the wall
into a multi-stringer panel where all the vertical direct stress carrying capacity is considered
concentrated into vertical stringers with shear carrying panels between adjacent stringers. This
idealisation had already been used for analysis of aircraft structures. The idealised model and

the notation used by the authors of this method is shown in Figure 3-7.

Figure 3-7 lIdealised wall-beam system with notations

After the idealisation of the structure, the governing equations are solved before applying the
appropriate boundary conditions. The span of the beam has to be greater than the width of the
wall and the number of stringers is set to n with -1 equal shear carrying panels in between. The

end stringers are located at the wall edges and their cross-sectional area is taken as half that of
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the intermediate ones i.e. bt/2 where b is the width of an intermediate shear panel and t is the

wall thickness.

Consider a typical stringer r carrying load Pr and the associated shear flow in the adjacent

panels is qr-1 and qr. Figure 3-8 shows a portion of this stringer and the adjacent shear panels.

.

Qr1 dz qdZ dz

Displacement

QU :

j’ Pr+ dPr

Figure 3-8 Stringer with adjacent shear panels

The internal equilibrium between the stress resultant in the stringer and the shear flows in the

adjacent panels will result in the following;

dp (3.11)

" ’ ’ (3-12)

Where the dashed terms denote differentiation, once for each dash.

In deep beams where shear is the dominant stress, horizontal displacements are of second
order and can be neglected. The shear flow in the panels can thus be written in finite difference
notation using vertical displacements at the panel boundaries. The shear flow gr can thus be

expressed as;

qr = Gt(wr+1 - Wr)

for(3< r< n-2)




Differentiating this expression, we get;

¢« _ -Gt +
qr ~ AEDb (Pr+1 2Pr * Pr-l)
(3.13)
Substituting this result in equation 3.12 yields
v =Gt A + P
P, T RED P . c-a)
(3.14)

for the intemnal stringers i.e. the value of r ranges from 3 to n-2. This is the governing equation

for equilibrium of the rth stringer. For the extreme two stringers on each end of the beam, the

finite difference equations would be modified to;

(0 _ -Gt A
P = app (P, - 2P)) (3.15)
‘r_ -Gt
P = o
5 iep (P, 2P2 + P) (3.16)
o -Gt
P "z ®,_, ~ 2p _+P) (3.17)
and
rr _ =Gt
P S (-2Pn + P _1)

(3.18)
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Equations 3.14 to 3.18 represent n simultaneous, second order differential equations governing

internal equilibrium between the stringer stress resultants and they can conveniently be written in

matrix form as;

- ! :
P 2 -1 0 0 - - 0 P
g, =2 2 -1 0 - - 0 P,
P3 -1 2 -1 0 - - 0 P
2Eb | P’ 0 0o -1 2 -2 - .
ot r - 0 P =0
- 0 0 - o -1 2 -1 P,
o 0 0 - ! 2 -2 P
) 0 0 0 - 0o -1 2 P
n
(3.19)

which can also be written in the form

KP" - MP =0 (3.20)

The equations being homogeneous, their solution is defined completely in terms of
complementary function only. the eigen-solutions of the tri-diagonal matrix M have been
obtained up to the order of 45 and they have been found to be linearly independent. If szr
and K are the rth eigenvalue and corresponding eignevector of M, then it is possible to

express the solution to equation 3.20 as a linear combination of the n eigenvectors of M, thus;
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n
= - 2
P, - E na K_ where MK = Ky K (3.21)
r=1
Substituting 3.21 in equation 3.20, we get;
n

i 2

EKar Kr K“rarK =10 (3.22)

or a'r-war =0

Solution of equation 3.22 then provides the coefficients for substitution into Equation 3.21 and
the complete determination of the general solution. However, the matrix M is singular and hence
one of its eignevalues is zero and this results in two specific forms of solution of 3.22, one being

when y is zero and the other when it is not. The respective solutions are then;
ar=cZ+D
and arr -pa = 0

a = A e“rz + B e_“rz (323)

respectively.

Since the ordering of the eigenvectors is independent of the method of solution, it can easily be
arranged so that the eigenvector corresponding to ur =0 is considered first. Using this
arrangement, the values of the coefficients Ar can be substituted into equation 3.21 to give the

general solution to the governing equations, which in matrix terms becomes;

" . K Cz+d ‘ 0.5ptb (L-2z)
Mz [T
- by K, e+ B eFr .| ptlb(L-2z)
K K_, K Ane“nz+ Be " 0.5ptb (L-2)
(3.24)
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where the right hand vector in equation 3.24 represents the self weight of the wall, p being its
density, fr is equal to G/AEb multiplied by the rth eigenvalue of M for the values of r between

and inclfuding 2 and n.

The 2n coefficients, C, D, Ar, By (the value of r is from 2 to n) of equation 3.18 can be evaluated
from the boundary conditions at the top and bottom edges of the wall. Vector P describes the

equilibrium conditions at the top edge of the wall.

K K PR K cL+D
11 12 1n
peLl L
P = 21 Ky 2n Aoet™ + Bre-# (3.25)
L Knl an T Knn _AneWL+Bne-wL

At the bottom edge of the wall, the vertical displacements must be compatible with the vertical

deflections of the beam, and the first derivative of a stringer load there can be written as

e 1= [stotmw , + 2w, - w,)/0] s

Since the term in the round brackets in Equation 3.27 represents the finite difference form of the

beam curvature, this equation can be rewritten as

' < < - 3.27
p's = Gtb .mg (2 = s = n-1) (3.27)
0 EbI

for a typical stringer, s.

For all the intermediate stringers, Equation 3-27 can be generalised to the matrix equation.

P = s (2ss<n-1) (3.28)
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where m is the vector of beam bending moments at the n-2 locations.

By considering the overall equilibrium of the wall/lbeam system, the vector m can also be

expressed as;

m = b(RAD - NPor) (3.29)

where Ra is the vertical reaction at support A, D is a vector whose general term is da+i-1for

(2<i< n-1),and Nisan [(n-2)xn] matrix, thus,

(3.30)

Il ©OOo o
I
1
|
1
|
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1

Substitution of Equation 3.29 in Equation 3.28 yields, on expansion, a further (n-2) equations for

the determination of the constants of integration, thus;

X ]
n . D - Kz,n c ~-ptbh
K
21 22 3,n N (Az -B,) . EBI wRIED
.. . . 53 |l ee e R 1 2 i P
n-1,n n-12 ° °° K|'|—1,n un—l(An—l n-l) ~ptb
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d 1 0 - 0
Nen iz o1 oo
- : 3 2 - o =
4 a2 n-z n-3 - 0
" D 1 o0 . 0
A +B 2 1 : 0
X 2 .
A';ﬁ n-2 n-3
n n = -

" 0.5ptbL

ptbL

" ptbL
0.5ptbL

12 l,n
: K
22 2,n
n-1,2 n=1,n
K
n,?2 nn
(3.31)

Equations (3-25) and (3-31) provide 2n-2 equations for determining the 2n constants of

integration. The remaining two equations come from considering the overall equilibrium of the

wall itself. From vertical equilibrium;

n

n
-
Or Lr n-1

r=1 r=1

and hence from the value of Par =1 given by Equation (3-24).

NS
lav]
L
L]
I
=
-
=
=
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For (1<s<N) whereKs is the sum of the terms in the sth eigenvector of M.

Taking moments of the forces acting on the wall about the position along the beam of the nth

stringer gives;
n n
P b =
E or(n-1) EPLr(n-r)b * }ptbL(n_r}b + 0. SptbL;n-ub
r=1 re=1 =2
(3.34)
and hence from the value of Pnr given by Equation (3-24)
n
P - 174 o — =
E Lr(n-r) [K]_ K2 Ks S e K ] D
= " | A,+B,
A +B
5 5
A +BJ
as n n
(3.35)
For (1ss<N) where Ks =  (n-r)Kis for the sth eignvector of M.

Equations (3-25), (3-30), (3-32), and (3-34) provide the 2n linear simultaneous equations or the
2n constants of integration C, D, Ar, Br (2<r<n), which can then be evaluated for any specific
problem. The vertical direct stress problem can then be evaluated from the stringer loads using

Equation (3-24) and the bending moment distribution from Equation (3-29).
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3.3.2 A critical review of the method.

The method is based on elastic stress-strain relationships and the composite structure is
assumed to be made from a homogeneous material. The method assumes that the vertical load
carried by stringers and the shear between adjacent panels is transmitted through shear panels.
The effect of cross-strains is therefore neglected i.e. the value of Poisson’s ratio is assumed to
be zero. Yettram and Hirst suggest that the values of shear modulus and modulus of elasticity

be taken for the material such that the relationship;

E=2G(1 + V)

is satisfied for any value of v. This would compensate for the effects of lateral strains but at the

cost of additional computational work.

The method is initially applied to a concentrated load on top of each stringer. By choosing a
sufficient number of stringers, uniformly distributed loads can also be catered for. Bending
stresses due to eccentric top loads and lateral loads etc. can be transformed into concentrated
loads on top of stringers and worked out in a similar manner. The method is thus equally
applicable to all types of loading on the top and the sides of the wall-beam system. The self
weight of the structure can also be taken into account by including the unit weight of the material

into the equilibrium equation.

The method can be used for analysis of walls with the supporting beams or ones without them.
The width of the wall has to be either equal to or smaller than the width of the beam. This
restricts the use of the method to single span beams. Continuous spans can be analysed

individually but this would ignore the positive effect of continuity over the supports.

The shear lag method also assumes that the structure consists of the same material throughout
its thickness. Errors would result if this method were applied in its original form to structures

consisting of different materials.

The method is numerical and involves solution of a tri-diagonal matrix. The equations can be
ordered to reduce computational cost and time. This makes it very suitable for use with a

computer.
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The rate of load transferred from the centre of the wall to the edges is faster in the upper
regions. This is compensated by a slower transfer nearer the discontinuity at the supports. The
tendency of attempting to cater for a non-zero value of Poisson’s ratio in this case is to

accelerate, generally, the transfer of load to the edges.

The shear lag method gives a larger spread of vertical stresses at the beam-wall interface i.e. a
higher tensile stress in the central region and a higher compressive stress at the wall edges.
Consequently, the shear lag method predicts higher values of bending moments near the beam

ends.

The shear lag effect decreases as the beam stiffness increases. The same is true for bending
moment as well i.e. with stronger beam, there is a greater bending moment since the load

transfer to the edges of the wall is slow.

Compared with Coull’s method, this approach predicts higher values of stresses over a

significant region near to the supports.

The method assumes that the wall takes vertical and shear stresses which are transferred to the
beam, the sole component in flexure. Neither horizontal nor flexural stresses are considered

significant in the stress distribution within the wall.

One of the boundary conditions is the deflection compatibility of the top of the beam with the
bottom of the wall. This means that there is no cracking at the wall-beam interface. Tests have

proved that this assumption is not true specially in case of weak beams.

3.3.3 Applicability of the method to the current research

The method is suitable for inplane stresses in the elastic range. It can give an idea of the initial

distribution of stresses but with stresses in the plastic range, the prediction becomes erroneous.

The method does not cater for either flexural or interface cracking. This might result in serious
errors since, with the onset of cracking, there is a redistribution of stresses. Cracking also
results in the development of composite structural action which decreases the flexural stresses

while increasing the compressive stresses within the wall and over the supports.
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As with the previous method, the shear lag approach applies to a wall-beam structure which is
made of a homogeneous material across its thickness. This is not the case in the present

research.

The method can probably be applied to the present research if suitable changes are made to
cater for the inelastic behaviour of materials. Even in this case, it will apply only to one particular
plane. Changes in material properties over the thickness of the wall or the beam will again have

to be incorporated.

3.4 Smith and Riddington’s Finite Element Method.

The method proposed by Smith and Riddington is based on a relative stiffness parameter which
is the ratio of the stiffnesses of wall and the beam. It uses results of finite element tests to
formulate approximate expressions for bending moment, tie force in beam and maximum

stresses in wall.

Separation, an important factor in total behaviour, was previously neglected due to mathematical
complexities. This has now been incorporated in this method. The authors carried out a study

of a wide range of beams to analyse the effect of different parameters.

The structural action of a composite wall beam is similar to that of a tied arch. Reduced bending
moment is supplemented by a further reduction due to the outward thrust of the wall acting
eccentrically above the neutral axis of the beam. The beam resists the outward thrust of the
arch formed in the wall which produces axial tensile stresses in it. The stresses and deflections
are influenced not only by vertical top load but also by the geometrical properties of the structure
such as the beam stiffness, span, wall height and thickness, the wall to beam elastic modular

ratio and the Poisson’s ratio.

Structural action is the in-plane interaction of a diaphragm with a flexural member. The
structural action of a composite beam is similar to that of a beam on elastic foundation and an
infilled frame. The authors propose a characteristic parameter, K, to help ascertain the intensity

and distribution of stresses. The parameter is defined as follows.
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K EwL 3/ (EI) (3.36)

where E, | and L are elastic modulus, second moment of area and span of the beam and Ew and

t are the elastic modulus and thickness of the wall material.

The parameter K combines the relative wall beam stiffness as well as depth to span ratio. It can

be rearranged to give the following expression.

.(L/d)3
) EI (3.37)

where d is the depth of the wall.

The method is based on an idealised structure comprising a wall of linear elastic homogeneous
material to represent brickwork or concrete blockwork supported on a simply supported elastic
beam. Continuity of the wall and end fixity of the beam were not considered which would

probably lead to a conservative design.

Finite element program developed for stress analysis used a four node rectangular element with
two degrees of freedom per node and linearly varying displacement functions along the

boundaries.

To allow for cracking on the wall beam interface, two separate sets of nodes were assigned
along the wall beam interface one set each on the wall and beam edge. A linking matrix was
introduced which represented a very short and stiff member between the two sides to give them

identical vertical displacements.

Extrapolation was carried out after each analysis vertical to and along wall beam interface. An
automatic procedure to incorporate interface separation was introduced. The first analysis was
carried out with all nodes intact. The vertical stresses were then checked for any tension across
the interface. The nodes were released at these places and the analysis was revised until the

length of separation stabilised.
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3.4.1 Influence of parameters

Using this method of analysis, variation of Poisson’s ratio did not significantly affect the stresses
in the wall and the beam. The authors used a representative brickwork and blockwork value of
0.15 and compared the results with those from zero Poisson’s ratio. Both these values gave

similar results.

Variation in wall height affects stress distribution upto a certain limit. It was seen that for height
greater than 0.7 times the span, the stress distribution remained independent of height. This is

consistent with the value of 0.6 reported earlier by Wood and Simms (1969).

Increasing axial stiffness of the beam (by increasing E/Ew at constant flexural stiffness) results in

the reduction of the spread of the arch as well as a decrease in separation.

A reduction in flexural stiffness by increasing K results in an increase in peak compressive stress
in the wall above the ends of the beam and a reduction in bending moments of the beam. The

same conclusions were reached from both model as well as finite element tests.

For low values of K (relatively stiff beam) reduction in the beam stiffness causes significant
increase in the tie force up to a Kvalue of approximately 5 when full arching action occurs. For
values of K higher that this, the reduction in axial stiffness of the beam associated with the
increasing K allows the arch to spread slightly, thus reducing the tie force in the beam. Figures

3-9 and 3-10 give the variation of stresses, bending moment and tie force due to a change in K4
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K4

Figure 3-9 Variation of vertical stresses and beam moment with K4

K4

Figure 3-10 Variation of beam bending moment and tie force with K4

The principal effects of separation, which become more noticeable for more flexible beams are
to increase the peak wall stresses and beam deflection. The maximum beam moment, which is
usually close to the supports, and the maximum tie force in the beam was found to be in the

region of Ww/3.4, where Ww is the total vertical load on the top of the wall.

82



Smith and Riddington suggest the following empirical expression representing the maximum
stress curve;

Stress concentrationfactor = 1.63 [EutLB/ (ET)1°*F (3.38)

They also give a conservative estimate of the maximum bending moment as;

WL
M= - 1/3 (3.39)
[4E_tL’/(EI)]

The method can also be modified to be applicable to more complex structures such as
continuous beams and where the wall extends below the beam level on the sides and for
continuous beams. It was noticed that, in such cases, the rotational restraint at the supports was

useful in preventing separation at the interface.

3.4.2 Applicability of the method to current research.

The method is based on finite element computer analysis which were corroborated with results
from tests on small scale models. The models were made of araldite epoxy resin wall resting on
simply supported steel beams. The models do not bear a true relationship to the structures in
practice. It is equally impossible to devise a finite element program which would depict the exact
behaviour of different elements which the authors have sought to do. The empirical formulae

would, therefore, not be very useful for analysis of the structure under investigation.

The analysis does, however, identify the different parameters involved and the relative effect that
each of them has on the overall behaviour. It would be very useful in giving due consideration to

these parameters when devising a method of analysis.




3.5 Approximate method based on Finite Element tests carried out by Davies and Ahmed

on Composite Wall-beams.

3.5.1 The method uses the traditional finite element method with certain modifications to
analyse the structure. An existing program has been used by the authors to calculate the
stresses in a composite structure and comparison has been made with proposed approximate
formulae for different stresses. For the vertical stresses in the wall a flexural stiffness parameter,
R, has been used. It has been reported that the degree of vertical stress concentration is

influenced mainly by this parameter which is defined as;

R = W
EI (3.40)

This factor is similar in form to the one used by Smith and Riddington but wall height, H, has
been used in the expression instead of beam span, L. With an H/L ratio of 0.6 agreed by most of
the researchers for complete composite structural action, the value of R would be about 0.7

times that of K for similar beams exhibiting full composite action.

Based on finite element test results, the authors have given empirical expressions for different

stresses. The vertical direct stress is given by the expression.

W(l + BR) @41
£f=— ~ %%

where C is the stress concentration factor, W is the total load and B is a factor determined from

test results. The authors provide a graph for the determination of 8 for different H/L ratios.

The expressions suggested for calculating the maximum shear stress along wall-beam interface

is;




_ W(ax - 9K) (1 + BR) ]
T Tt (3.42)

Where and « are vy factors determined from experiments and graphs are provided for their

determinations. Relative axial stiffness parameter K is defined as;

K=zx% (3.43)

Where Ap and Ep refer to the cross-sectional area and Young's modulus respectively for the

beam.

The maximum tie force in the beam is assumed to depend on the top load only and its value is

given by the expression;

T = W/4.34 (3.44)

where T is the tension in the beam and W is the total top load. The value of T ranges from W/4

to W/4.4.

The expression suggested for the value of maximum bending moment is;

(3.45)

WLr - 2Wd(« - %K)
BM = Z(1 ¥ R)

where r, @ and y are factors derived from experimental results.

Similarly, an empirical expression is suggested for calculating deflections. The deflection is

assumed to be as a result of triangular direct stress distribution on the beam ends, horizontal
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shear force at the wall-beam interface and shear effect obtained by the theory of elasticity on the

assumption of zero Poisson’s ratio. The effect of interface shear is to reduce deflections.

The method is very similar in approach to the one presented by Smith and Riddington which has

been discussed in the previous section.

3.6 Other methods of analysis

There are a number of other methods of analysis suggested by different authors. Only a few of
these are related to the present work - that too only Indirectly. Rosenhaupt (1964) proposed a
general elastic theory for composite walls employing the Airy stress function, ¢ He expressed
stress in terms of 4>and applied the necessary boundary conditions. He concluded that the
stresses were dependent on a parameter, a, the ratio of rigidities of wall and beam which he

defined as;

A E
b b

Stress concentration factor = a td1- (3.46)

This a is different to the one suggested by Davies and Ahmed given in the previous section. The

function was similar to Kand Rfactors proposed by Smith et al and Davies et al respectively.

Colbourne (1969) assumed that the system could be accurately represented by plane stress
equations. He used finite difference analysis to put the basic equations in terms of vertical and
horizontal nodal displacements. The structure was divided into a lattice involving a system of
bars and springs of suitable stiffness. The equations were solved after applying the boundary

conditions.
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CHAPTER FOUR - THEORY

Summary

This chapter provides the theoretical basis for analysis and design of composite deep beams.
Two methods of analysis are presented both incorporating the effects of composite arching
action. The first method is an extension of design principles put forward initially by Rosenhaupt
(1964) and Stafford-Smith and Riddington (1973) and later applied by Davies and Ahmed

(1976, 77).

The second method is based on an assumed failure pattern and provides the value of ultimate
load at the onset of failure. It is based on the assumption that the failure will occur due to a

combination of interface and beam shear.

The chapter contains a brief resume of some of the theoretical concepts presented earlier in
Chapter 3. It is followed by a brief account of the two methods suggested. A suggested
modification/extension of existing theory is explained. The contribution of this thesis and its

significance is highlighted.

The two methods are then presented along with explanation of the assumptions and parameters
involved. The theory is an improvement and an extension to the existing theory. Beams with
larger L/d ratios, found more commonly in practice, can be analysed. It is possible to evaluate
the state of stress not only at the predetermined points but also over the whole area of the beam.

This makes it possible to incorporate this method in computerised analyses.

4.1 Introduction

Brickwork has been used as a construction material for centuries. Though literature on its use
has existed, design guides were, till recently, not available in the form of codes of practice. In
the United Kingdom, recommendations for design of reinforced and post-tensioned brickwork
were put forward initially in the form of SP-91 in 1958 from British Ceramic Association. More
recently, BS5628 Parts | and Il have been published for plain and reinforced brickwork

respectively.

In general, there is a marked similarity between the codes of practice for concrete and brickwork.

Both materials are very strong in compression and weak in tension. They have elastic properties
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to a certain extent but, unlike steel and certain other metals, they do not exhibit yielding. Failure,
when it occurs, is abrupt. Tensile strength for both brickwork and concrete is negligible and is

assumed to be non-existent for design purposes.

Resistance offered to cyclic loading and to other serviceability aspects of corrosion, weathering
and temperature changes is also similar in both the materials. It is therefore not surprising that

code recommendations for the design of brickwork and concrete follow a similar line.

Deep beams cause problems, however. These are defined in the codes but specific methods of
design and analysis are not suggested in any of the codes - neither for concrete nor brickwork.
The aim of this chapter is to identify the theoretical concepts which explain the composite
structural action of deep beams and to suggest a method by which composite sections can be
designed and analysed. It is intended to show that composite structural action is also present in

beams with a span to depth ratio larger than that of conventional deep beams.

4.2 Existing theoretical concepts

The theoretical concepts in the structural analysis/design of composite beams have been
detailed in Chapter 2. The previous chapter was devoted to some of the methods of analysis
and design suggested by different researchers. These theoretical approaches are summarised

here to provide a link and a basis for the proposed theoretical development.

In 1952, R H Wood proposed a design method based on a 'composite action dependent’
bending moment. He suggested a usual value of WL/8 for no composite action and a minimum
value of WL/100 for a full composite action. A table provided intermediate values for relevant
span to depth ratios. The concept of relative stiffness was, till then, not introduced. Similarly,

the existence of high compressive stresses over the supports was not recognised till that time.

This was followed by a mathematical approach by Saki Rosenhaupt in 1964. He represented
the orthogonal and shear stresses in terms of Airy stress function and bending moment in terms
of vertical displacement. He used finite difference method to solve the equations and concluded
that relative axial stiffness was a prime factor in determining the stress distribution. He

introduced the first concepts of what is now commonly known as composite arching action.

88



In 1966, Coull introduced the concept of span to depth ratio and flexural stiffness In the analysis
of composite beams. He expressed the stress using a power series in the horizontal direction.

Using a function F(y), the stresses were made to vary in the vertical direction as well.

In 1973, Stafford-Smith and Riddington proposed a characteristic parameter (called relative
flexural stiffness parameter, K), and presented expressions for calculating the wall stresses and
bending moment in the beam. This concept was improved upon by Davies and Ahmed (1976,
1977) when they suggested a method of analysis based on the flexural and axial stiffnesses as

well as on the span to depth ratio.

4.3 Methods of analysis

In this chapter, two methods of analysis are proposed. The first method (section 4.3.1) is based
on elastic theory and is an extension of the conventional concepts. It is based on an assumed
stress distribution at the brickwork-concrete interface similar to the one used by Davies and
Ahmed (1976, 1977). Some of the parameters have been modified to incorporate the results of

the present research.

A linear variation of direct and shear stresses is assumed in the vertical direction. The variation
of stresses along the span of the beam depends on the stiffness parameters and the geometry
of the beam. The stresses are assumed to exist only over a certain length of the beam on the
two sides. The central region is assumed to have no direct vertical or shear stress. Bending

stresses are assumed to be constant over this region of the beam.

The second method (section 4.3.2) is based on an assumed failure mechanism. The beam is
assumed to fail through diagonal cracking over the supports. This is caused by a combination of
direct and shear stresses. In the tests carried out by researchers previously, cracking over the

supports has been the cause of failure of nearly all such beams.

Both approaches provide expressions for calculation of direct, shear and bending stresses but
each is more suited to calculating a particular type of stress. The first approach, the elastic
method, is more suited to the calculation of direct and bending stresses. The second approach

considers shear to be the cause of failure and hence deals with it in greater details.
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4.3.1 Elastic method

It is well known that composite structural action results in a concentration of direct and shear
stresses over the supports. There is general agreement over the level of these two types of
stresses. The distribution of stresses at the concrete/brickwork interface and the supports is
assumed to be known. Extensive Finite Element tests (Davies and Ahmed 1976) and tests on
small scale specimens (Smith and Riddington 1977) indicated that the distribution of stresses
depends on a parameter, K This is a flexural stiffness parameter depending on the ratio of
stiffness of brickwork wall to that of concrete beam. Depending on the value of K, the direct and
shear stresses are assumed to vary either linearly or parabolically along the span. The share of
load taken by different elements is worked out by considering the ratio of their elastic moduli.
Equations are suggested which depict the stress condition at the boundaries and appropriate

variation in between.

4.3.1.1 Assumptions
The behaviour of any structure is very complex. To get an idea of the distribution of stresses,
simplifying assumptions are made. For the elastic method, the present author has made the

following assumptions.

i. The brickwork and concrete are homogeneous elastic materials. The material properties are

constant in the three orthogonal directions and the Poisson effect is ignored.

i. The bond strength between concrete and brickwork at the interface of both the materials is
sufficient to transfer the interface stresses arising as a result of difference in elastic moduli.
Strain compatibility is assumed at the interface so that the stresses at the interface are given

by the expression

Interface stress =differential strain x ratio of elastic moduli.

ii. The distribution of stresses is the same across the thickness of the composite beam. This
assumption is not entirely true. As in the case with stress across any plane, there will be
difference in levels of all types of stresses at different locations. As a consequence of

transfer of a greater portion of load through the infill, stress concentration will be greater at

the vertical concrete-brickwork interface. Similarly, greater shear stresses will be present at
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the horizontal interface due to transfer of flexural stresses. These differences do not make a

significant change in the overall load bearing capacity nor the overall stress distribution.

iv. The share of load taken by concrete infill and surrounding brickwork depends on two factors.
The ratio of their elastic moduli and their respective areas together with their geometrical
configuration. Strain compatibility is assumed at the vertical interface of brickwork and
concrete and it is also assumed that the bond stresses between the two materials are

sufficient to prevent interface cracking.

v. The load is distributed uniformly at the top of the beam. Lower down, the vertical
compressive as well as shear stresses reduce in the midspan portion of the beam. There is
a corresponding increase in both direct and shear stresses near the ends. The self weight of
the beam is ignored. A conservative approach is to assume the self weight to be distributed
uniformly at the top of the beam. The relative stiffness of the brickwork and concrete
portions determine, to a large extent, the distribution of stresses within the whole of the

composite structure.

4.3.1.2 Variables

As pointed out in section 4.2 above, there are a number of parameters governing the structural
behaviour of a composite beam. The effect of some of these parameters is discussed in this

section.

Relative Stiffness Parameter.

Composite structural action is caused by a sharing of load between brickwork and concrete. It is
assumed that both brickwork and concrete deflect the same amount in a composite beam. The

share of load taken by each of the materials is thus directly proportional to its stiffness relative to
the other. Deflection of the beam also results in the formation of an arch rib which acts in
compression and transfers the load to the supports. The share of load transferred to the
supports at a higher level is, to a large extent, dependent on the relative stiffness of concrete
base (usually referred to as beam) and brickwork (wall). A relative flexural stiffness parameter,
K, defining the state of vertical direct stress in the beam was first used by Stafford Smith and J R

Riddington (1973). They defined the parameter, K as follows (section 3.4 Chapter 3)
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K= [EwWtL3/(EN)]14 4.1)

where

E is the elastic modulus for the beam or base material.

| is the second moment of area of the beam portion.

L is the span of the beam.

Ew is the elastic modulus of the wall material, and

t is the thickness of the (upper) wall portion of the composite structure.

Equation (4.1) can be rearranged as

K = [(12EWIW/EI)(L7d)3] 1/4 4.2)

where

Iw is the second moment of area of wall material.

d is the overall depth of the wall portion and is considered to be approximately equal to depth to

main reinforcement of the overall structure.

The expression for K above can be further simplified as

K = 1.86[EwIw/(EIL/d)3]1/4 = 1.86(Ewlw)1/4(L/d)3/4 (4.3)

S R Davies and A E Ahmed (1976) used two parameters similar to parameter K above to define
the state of stress in the composite beam. They used a flexural stiffness parameter R to work
out the distribution of vertical and shear stress as well as flexural stress in the beam. An axial
stiffness parameter, K was used to define the axial force in the lower base (beam) portion of the
beam. Care should be taken here not to confuse the K used by Smith and Riddington, which is

a flexural stiffness ratio (called R by Davies and Ahmed), and that used by Davies and Ahmed to
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depict the axial stiffness ratio. The K used by each team is quite different from that used by the
other. For the purpose of this thesis, K will denote the ratio of flexural stiffness while R will be

used for axial stiffness ratio.

The flexural stiffness parameter, R, used by Davies and Ahmed is similar to that defined by
Smith and Riddington with one major difference. The expression for R, suggested by the former
team contains expression H? instead of R®. This does not make any difference to the eventual
stress calculations since the parameter is used differently by the two teams. The intensity and
distribution of stress depends also on the span to depth ratio. The effect of span to depth ratio is
incorporated separately by Davies and Ahmed. Hence the effect of span is taken into
consideration. In the author's opinion, this is a more suitable method since it separates the two

effects and is more adaptable.

In case of a composite beam with brickwork as well as concrete in the upper portion, the
thickness, t, and elastic modulus, Ew, are different for brickwork and concrete. In a general case

where the wall section is considered to be made of n vertical layers, K can be rewritten as
K = [HMEw/IbEb] " = [H31E1/IbEb +Hton2Ew/IbEp]"*

= H2tiniEx/lbEp +H3tonzExk/IbEp +--- '

where t1 is the total thickness of brickwork and n1 is unity. And

Eq1 =Ek, E2 =ngEx --- En =nnEx.

Therefore,
1=n f=n
: 1/4 - N
K= E ( H tiniEk/IbEb} = 2 [[H Ek/IbEb] [nt 1]
1=1 1=1
or
1=n "
. . 1/4 ,'{" o
K= E [[12 H E ] / [1ZIbEb] [nlti]} = ) [[lzgulu] /[IbEb] ]
-1 11
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=1.86 x (Ratio of wall/beam stiffness)

For the specific problem of a composite beam with concrete filled brickwork wall, the parameter

can be written as

K = [H3EKJ/[IbEb][tk +ntc]1/4 4.4)

where tk is the thickness of brickwork portion tc is the thickness of concrete portion and n is the

ratio of modulus of elasticity of concrete to that of brickwork.

Axial Stiffness Parameter

For the purpose of calculating the axial force, T in the tie portion of the beam, Davies and Ahmed
have used an axial stiffness parameter. The axial stiffness parameter, R, is the ratio of axial

stiffness of the wall material to that of the lower beam or tie portion. It is defined as;

R = HtwEW/(AbEb) (4.5)

where

H is the height of the wall portion of the composite beam.

Ab is the cross-section area of the beam or base portion.

The other notations are the same as used in the previous section.

Since the height of the wall portion is H and t is the thickness of the wall, we can rewrite Ras

R —AWEW/(AbED) (4-6)

which is the ratio of the axial stiffness of wall portion to that of the base portion. If the wall is

made of a number of different materials, then the sum of the axial stiffnesses of individual

portions may be considered, so that;
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R = (Aw1Ew1 + Aw2Ew2 + ....)/(Ab1Eb1 + Ab2Eb2 + ...)
or

1
R= E (AuiEwi)/(AbEb) )
T (4.7)

The axial stiffness parameter has been used to calculate the tie force in the beam.

Span to depth ratio

As discussed earlier, span to depth ratio is another important parameter in the stress analysis of
composite deep beams. This parameter is incorporated within the flexural stiffness parameter
by Smith and Riddington. Davies and Ahmed cater for span to depth ratio effects separately.
This latter approach is also followed by the present author since it separates and clearly

distinguishes between the effects of flexural stiffness and span to depth ratio.

D=3
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Figure 4-1 Effect of L/d on fm for various values of K
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Figure 4-1 shows the effect of flexural stiffness ratio, K and span to depth ratio, L/d, on the
maximum compressive stress in brickwork and is based on results provided by Davies and
Ahmed (1976). The maximum compressive stress at each level occurs near the beam ends.
The overall maximum compressive stress in the brickwork occurs at the brickwork-concrete
interface at the two ends of the beam. The Figure does not have any units and is not intended to
be precise. It merely shows the type of variation expected. It should be noted that the L/d ratio
tested by Davies and Ahmed was fairly low. They suggest that an increase in L/d always results
in higher support stresses and the rate of increase goes up for higher L/d ratios. The present

author does not agree with this assumption for reasons presented in the next section.

4.3.1.3 Direct Compressive stress

It is evident from crack patterns and test results that arching action transfers the load to the
supports. The portion of load transferred is greater for deeper beams. It can thus be assumed
that, even when there is a uniformly distributed load on the top of the beam, the stresses are not
uniform along a horizontal plane inside the beam. They are greater near the ends and smaller
towards the midspan regions. This difference becomes more and more pronounced nearer the
soffit of the beam. The vertical direct stress gradually decreases nearer the midspan. An
identical stress distribution is witnessed on the two sides of the centre line. Outer regions are

highly stressed while the central region has negligible vertical stresses.

Maximum Compressive stress

The intensity of this vertical stress and its distribution along the span of the beam depends on a
number of factors. Smith and Riddington (1977) carried out a number of tests on beams with
varying wall/lbeam stiffness to determine the intensity and distribution of stresses. Similarly,
Davies and Ahmed (1976) carried out a finite element analysis on specimens with a wide range
of K values. Both these investigations yielded similar results. It was seen that the flexural
stiffness parameter, K was important not only in determining the intensity of direct stress but
also its distribution. It is assumed that the increase in direct vertical stress is directly proportional

to the relative flexural stiffness K so that, at any horizontal plane within the beam;
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Maximum stress = Average stress(1 + I3 Relative stiffness R).

or fmax =W(1 +8K) (4.8)

where w is the average stress at the top and may include self weight.

Davies and Ahmed (1976,77) carried out extensive model and finite element tests to determine
the value of 8. The value of 8 varies with varying span to depth ratio. The authors used two
other similar parameters namely a and 7 to evaluate bending and shear stresses. These
parameters also depend on the span to depth ratio. Graphs showing their values were

suggested by Davies and Ahmed and are reproduced in Figure 4-2.

4« and p

25

15 -

0.5-

0.5 15 d/L

Figure 4-2 Values of a, p and 7 (After Davies and Ahmed)

Davies and Ahmed have tested beams mostly with L/d ratios nearly equal to or less than unity.

The value of 8 suggested by them is constant for this range. There is a sharp increase in the
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value of Bfor higher L/d values. The concept of an ever increasing Bwith increasing L/d ratio is
not justified. An increase in @ results in an increase in direct compressive stress. This can only
happen if composite structural action is present in the beam. An ever increasing B with
increasing L/d assumes that composite structural action is not only present at all L/d ratios but
actually increases with L/d ratio. This is obviously not borne out by the results of investigations
by a number of earlier researchers (Wood 1950, Yettram and Hirst 1971, Smith and Riddington

1977 etc.).

In normal beams, the vertical load is transferred to the supports through beam shear. With
composite action (deeper beams with a wall-beam combination) this load is transferred to the
supports in two ways i.e. through normal beam shear and through compression in the arch rib.
Earlier researchers (Wood 1950, Yettram and Hirst 1971 and Smith and Riddington 1977 etc.)

have reported that for L/d ratio of 0.6 and lower, full composite action is witnessed.

When the span to depth ratio is very small, the rib of the arch distributing the load is thick. This
prevents large compressive stresses developing in brickwork. As the span to depth ratio
increases (up to a value of about 1.67), the composite action remains intact but the rib of the

arch becomes less deep. This results in an increase in compressive stress.

An increase in L/d ratio also results in a reduction of the overall stiffness of the beam. The beam
deflects more than the arch, as with the former, the movement is lateral. This is the second

factor which results in an increase in the compressive stress.

A further increase in the span to depth ratio results in a breakdown of composite action. The
load is then again transferred to the supports through beam shear. A reduction occurs in the
compressive stresses over the supports. At this stage, the brickwork over the support may or

may not have crushed depending on the level of stresses reached.

For larger values of L/d, the depth of the composite beam is not sufficient to provide enough
space for an arch to develop effectively. Thus the increase in the direct compressive stress in

brickwork due to arching is limited to a maximum value.

Based on these observations, the author suggests that the value of (3 be decreased for higher
values of L/d as shown in Figure 4-3. In the absence of sufficient data, only a general form of

the curve is suggested.
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Figure 4-3 Suggested form of B curve

Davies and Ahmed (1976) carried out tests on small scale models of low L/d ratios. They
noticed stress concentrations over the supports much higher than earlier researchers, this could
be due to the lower L/d ratio. 'Davies and Ahmed' and 'Smith and Rlddington (1977) also
witnessed that direct compressive stresses well as shear stress was evident only to a certain

distance inwards from the supports. These were non-existent In the central regions.

In composite beams, high tensile stresses are also withessed in the concrete base. The cause
of this has been identified as the encastre action of the tied arch formed due to composite
structural action. The theory formulated by 'Smith and Rlddington’ and 'Davies and Ahmed’ is
for beams similar to composite brickwork - reinforced concrete beams. It was therefore decided
to use the same theory as a basis for the present work. The theory has been modified to suit the

beams under consideration and extended to cover a wider range of beams.

The parameters used in the present theory are similar to the ones used by earlier researchers

but not the same. The theory has been extended to cover the whole of the area of the beam.

Direct compressive stress distribution.

The relative flexural stiffness parameter, K, also affects the actual distribution of stresses along
the span of the beam. Suggested stress distribution for different values of K are given in Figure

4-4. The Figure only shows the shape and not the comparative values. These are based on the
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Finite Element tests carried out by Davies and Ahmed (1977) and the results of experiments

performed by Smith and Riddington (1977).

Figure 4-4 Effect of K on shape of direct stress distribution curve

For high values of K, the distribution of vertical stresses is more uniform. As the value
decreases, a higher stress concentration is noticed near the supports. Thus for a value of 7 and
above, the distribution of stresses is assumed to be linear, for values between 5 and 7, it is

quadratic and for values of K equal to and below 5, the distribution is cubic.

The length over which compressive stress is significant can be found simply by considering
vertical equilibrium. Figure 4-5 shows the forces acting on one half of the beam. The total
vertical load coming on one side of the span must equal half the total top load (neglecting the
self weight of the beam). This in turn must equal the total upward force due to compressive

stresses.
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h L/2 -

Figure 4-5 Vertical equilibrium at the interface.

The total upward force = f.t.x

where f is the mean vertical stress at the level being considered, t is the thickness of the

composite beam and x is the length over which the stresses are effective.
Equating forces vertically at the interface;
w/2 =ftx

Depending on the value of flexural stiffness parameter, K, the actual variation of stress may be

linear, parabolic or cubic (Figure 4-4).
For a linear stress distribution,

W/2 = fmLvt/2

or at the interface,

W/2 = (WILt)(1 + 13K)(Lvt/2)

orLv=L(1 + 13K (4.9)
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Where U is the length at a particular height over which the compressive stress is active.

For a parabolic stress distribution,

W/2 = fm-Lv.t/3 for which

v=__2J (4.10)
2(17 +(3K)

and

For a cubic stress distribution

W/2 = fm.Lv.t/4.

Working out the value of Lv for cubic variation, we obtain:

fmUt/4 = W/2

or W/(Lt).(1 + I3K).Lv-t/4 = W/2

or Lv = 217(1 + I13K) 4.11)

which is larger than the length of contact for a linear or parabolic stress variation.

As pointed out earlier, the stress distribution may be linear, parabolic or cubic depending on the

value of R. In the rest of the calculations in this chapter, only one case of linear vertical stress

distribution is considered. This is done for simplicity and ease of calculation. Quadratic and

cubic variations are treated in a similar manner except that the variational expressions are

quadratic or cubic depending on the value of K
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Variation of direct compressive stress

The change in direct stress from the top of the beam to its base is assumed to be linear. Thus
the stress increases or decreases linearly from a uniform value at the top of the beam to the

appropriate value at the level being considered.

The theory put forward by Davies and Ahmed provides the state of stress and its configuration at
the interface. The length of contact or the length over which compressive stresses are acting will
not be the same over the whole depth of the beam. It is assumed that the length of contact
varies linearly from L/2 at a certain level in the top midspan of the beam to Lv at the wall beam
interface. Above this horizontal level, the whole length is under compression but the stress
intensity changes from an average value at the top to zero at this level. The height of this line
depends on the depth to span ratio of the beam and the relative stiffness of brickwork wall and

concrete beam.

It is assumed that the vertical load on a horizontal plane at the top of the beam is uniform, as is
the distribution of vertical stresses at the supports. The direct vertical and shear stresses
change linearly from their known configuration at the interface to this uniform distribution. Thus
the maximum vertical stress as well as the shear stress in the brickwork is assumed to be near
the beam ends at the interface of the brickwork and concrete. Maximum vertical stress in the

concrete would normally be at the supports where uniform distribution of stresses is assumed.

In longer beams, the composite arch is shallower and thus the rate of transfer of load to the ends
is slower. The height at which the vertical stress is reduced to zero is thus more in deeper
beams and less is shallower ones. For deep beams with span to depth ratio of 2 or less, the
height of the composite arch is 0.6 L where L is the span (reported in chapter 2). For beams with

higher span to depth ratio, the height of the arch is relatively shallow.

The vertical strains in the midspan region are only significant in the top quarter of the brickwork
portion of the beam. This suggests that the load is transferred through arching. This is also
evident in the form of horizontal compressive stress at the interface near the beam ends. These
observations suggest that the vertical stresses in the midspan are only significant to
approximately a quarter of the overall depth of the brickwork. This depth obviously increases
outwards nearer the supports. Thus the length over which compressive stresses are acting

reduces to that suggested by Davies and Ahmed at the two ends of the beam.
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In most cases, the length over which compressive stresses are significant at the interface, is
greater than the support length. This length is sometimes called the contact length Lv, though
the whole span of the beam is usually in contact at the interface. In most cases, this length is
greater than the length of support. In case the contact length Lv becomes lesser than the

support length, then the support length should be taken as the length of contact.

The vertical stress is maximum at the ends of the beam at all levels. The variation of
compressive stress along the span of the beam has already been considered (Figure 4-4). Now
we consider the variation of stress along the depth of the beam. Figure 4-6 shows one half of

the span which has been divided into three areas for the purpose of defining stresses.

Figure 4-6 Areas of vertical stress distribution across the face of a composite pile

capping beam.

The top area, labelled area 1, is rectangular and covers the portion to a quarter brickwork depth.

Below this is the remainder of brickwork area in the shape of a trapezium. This area extends
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down to the interface of brickwork. Area 3 is the concrete base area between the interface and
the supports and is again trapezoidal. A linear variation of vertical compressive stress is

assumed in both the horizontal and vertical directions.

Figure 4-7 shows the stress over the whole area of the beam. The variation of stress is taken to

be linear.

Figure 4-7 Direct vertical stress on the face of the beam

The variation of vertical compressive stress in a horizontal plane at any level can be (as

discussed earlier) linear, quadratic or cubic depending upon the value of K. The shape of an
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arch would suggest that the length over which compressive stresses are effective varies
parabolicaliy from RS to TU in Figure 4-7. In the present case, the shape of the assumed arch

has been idealised as a triangular arch so that the variation between RS and TU is linear.

The case for area 3 is similar to area 2. The stresses on the boundaries of the three areeas
defined above are shown in free body diagram given in Figure 4-8. A linear variation is chosen

for clarity although the variation of direct compressive stress can take non-linear form.

Figure 4-8 Stress distribution on the boundaries of areas defined in Figure 4-6.
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The three areas are now considered separately.

Distribution of stress in Area 1

In the top area (area 1), the vertical stress Is active over the whole of the span. The shape of the
stress distribution curve changes from rectangular at the top to triangular at the bottom of the

area. The height of this area is approximately 0.25 times the total height of the brickwork portion

of the beam (previous section).
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At the outer edge, the direct compressive stress increases from an average value at a constant
rate. This rate is worked out from the change in stress level up to the interface. A linear
increase is assumed. On the QS end of the area, the stress reduces at a steady rate from an
average value at the top to zero at the bottom of the region. There is a straight line variation of
stress in between. The rate of decrease of stress in the midspan region is assumed to be the
same as the rate of increase of stress near the beam ends. Based on this assumption, the

depth yi to zero vertical stress at the midspan is calculated as under;
The rate of increase of stress at the outer edge = Rate of decrease of stress at the inner edge.

This rate is given by the expression

w(i + pKI - w- = aiM
hi hi

Then the direct compressive stress f at any point (x,y) in the beam can be expressed in the form

f =w + pkyw(0.25L - x).
0.25Lhi

The depth, y0, to zero stress in the midspan region (atx = L/2)

0=w+ fiKyfliP ?5L - Q5U
0.25Lhi

or yo =whi
PK

(4.12)
where0 < x < L\2

and 0 <y <yi
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Stress Profile in Area 1

a. Linear Configuration

w(1 +pKyo/ hy

P-R

w(yo - y)/yo

Q-S

b. For parabolic and cubic stress variation, the inclined stress profile will be second and third

degree curve respectively.

Distribution of stresses in Area 2

In area (2), the length over which compressive stresses are active varies from L/2 at the top of

the area to Ly at the bottom. there is a linear reduction in the length over which compressive

stresses are effective. Similarly, the change in stress is assumed to be linear. At the top, the

shape of the compressive stress block is triangular with a maximum stress of [w + 0.25(fmax -

w)/h] at each end. The stress at the lower edge (interface) of brickwork near the ends is the

maximum overall. It is given by the expression w(1 +8K).

The length Ly can be calculated by considering the vertical equilibrium. e.g. for linear stress

distribution

™l
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w(1+ BKyoly)
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—

0.75h1
w(l +BK)
T T
f Ly e
Theretore
_wL _ _wL  _ __ L
L, =¥ = ({1 + BY) (1 + BK)

m

As the length over which compressive stresses are effective changes linearly from L/2 to L,. At

any level y, the length can be calculated as under;

(0.5L =L )(h - y)
* Y h1 Y,

(4.13)
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Then stress at any level (x,y) can be expressed as;

- X)W
~ ARy (L, - X) (4.14)
f=w+ h L
1 v

where Lx is defined by (4.13) above.

Stress profile in Area 2 - Linear Distribution

w(1 + pKyoly1)

w(1 +pK)

R-T S-U

Distribution of stress in area 3

The stress distribution of area (3) is a mirror image to that of area 1. In this case, the distribution
is linear at the top and changes to rectangular at the supports. The length over which
compressive stress is effective can be calculated by assuming a linear variation from Ly at the
top to the support length Ls at the bottom. The maximum stress in brickwork is limited to the
average support stress so that length Ly , for linear distribution, will be at least twice the support

length.
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The maximum stress at the brickwork-concrete interface equals (1 -tf3R)w near the ends.

This

configuration at the top changes linearly to an average support stress at the lower edge of the

beam.

Let Ix denote the length over which compressive stress is effective. Then;

h2

Then for linear distribution, the stress;

wL
h -
o1, ( y)

where Lx is as defined by Equation (4.15) above.
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Stress Profile Area 3 - Linear Distribution

4.3.1.4 Shear stress
Significant shear stresses exist in deep beams and are the major cause of failure of such beams.
Failure takes the form of diagonal tension. There are two major forces which give rise to shear

stresses. These are:
1. Normal beam shear force.

2. Interface shear between the ends of arch formed in the brickwork portion and the concrete

portion (base) which acts as a tie.

Since both these forces are maximum near the ends, they cause high shear stresses in this
area. Maximum shear stress is assumed to occur at a section which is at a distance d/2 from
the ends of the supports. This is in line with the provisions of major codes of practice for

construction.

Davies and Ahmed (1976) carried out a finite element analysis and tests on small scale
specimens. Shear stress tests and analyses were carried out concurrently with the direct
compressive stress analysis. Their results confirmed that, as in normal beams, the shear stress

is maximum near the ends.

The intensity and distribution of shear stresses was found to be dependent to a large extent, on
the relative axial stiffness parameter, R, as well as the flexural stiffness parameter, K Both

these parameters have been defined earlier in section 4.4.2.

Davies and Ahmed (1976) produced tables and graphs depicting the value of maximum shear

stress and its distribution at the wall- beam interface. Based on theses observations, it is
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assumed that the intensity as well as distribution of stress at the interface (for particular values of

K and R) is known.

The method is based on elastic material properties. The stress at other points in the beam is
worked out using a linear variation in the horizontal direction (for uniformly loaded beams) and a
parabolic distribution in the vertical direction. The type of composite beams and the method of
preparation and testing were very similar to the ones reported by Davies and Ahmed for their
model and finite element tests. It was, therefore, decided to use the stress configuration
suggested by them. Their method has been extended to analyse the stress over the whole area

of the beam.

Maximum Shear Stress
Based on their test results, Davies and Ahmed (1976) have suggested the following expression

for the value of maximum shear stress;

_ W (a = yR) (1 + BK)

b4 It (4.16)

This expression is of the form commonly used for frictional resistance. £xpression W(1 #3K)/Lt
is the maximum direct stress while (« — yR) can be thought of as a coefficient of friction. Thus

the maximum shear stress can also be rewritten as:

(4.17)

The values of «, B and v have been worked out by Davies and Ahmed from extensive finite
element and model tests. Vaiues of these parameters for different span to depth ratios was

given in Figure 4-2.

Variation of shear stress

A uniformly distributed top load causes a linear distribution of stresses along the span of a beam.

Since all the tests were planned to be carried out under uniformly distributed loading condition, it

114




has been assumed that the shear stress varies linearly along the span of the beam. The
maximum shear stress should theoretically be at the edge of the beam. In practice, the shear
stress starts diminishing at a distance of d/2 from the supports. It reduces linearly to zero at the

edge of the beam. Similarly, on the other side, the shear stress reduces to zero at the midspan.

In the vertical direction, the shear stress is zero at the top and bottom faces of the beam. It
increases parabolically from zero to a maximum value at the neutral axis. There is a similar
parabolic reduction on the other side. Coe (1984) tested Composite Pile Capping beams under
uniformly distributed loading and found that the neutral axis of the beam lay very near the
brickwork-concrete interface. This was also noticed in similar tests carried out by Abramian
(1986) and points to the existence of composite arching action. The present research was
similar to and an extension of the work done by Coe and Abramian. The maximum shear stress

is thus taken to occur at the interface of brickwork and concrete.

The shape of shear stress across a section is thus assumed to be similar to the one suggested
by elastic analysis. The only difference is the location and intensity of shear stress. Maximum
shear stress, which is assumed to occur at the interface, given by Equation (4.13) instead of the

usual elastic expression;

QAy

I'b

when applied to the neutral axis of the beam.



Shear Stress Profile

a. Horizontally

Neutral axis

Figure 4-9 Shear stress variation and intensity

4.3.1.5 Direct tension in concrete base

Composite structural action in deep beams results in the formation of encastre arches. These
arches create an outward thrust at the ends, which is taken up by tension in the base of the
composite beam (the concrete portion sometimes referred to simply as the beam). Figure 4-8
shows a portion of the beam on one side of the midspan, with the rib of the arch forming its inner

boundary.
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Figure 4-10 Forces on one half of the beam.

It is assumed that the arch rib does not exert any rotational moment to the ends of the beam.
The direct stresses existing in the arch are adequately expressed in the form of vertical
compressive stress and beam tension. It is further assumed that at the midspan, only horizontal
force exists. This is true because of the similarity of the two sides. The horizontal stress only

exists in the top quarter of the brickwork and is distributed uniformly across the section.

Figure 4-10 shows all the forces acting on a portion of the beam. It is assumed that the arch rib
is active over a height of 0.25hi. This assumption is based on a study of crack patterns of
earlier experiments and was latter found to be justified in the author’s own experiments (Chapter

8).

Equating moments around the lower end of the beam over the support, we get;

F = (H - 0.125h - 0.5n ) =2 4
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h
Let r =1 nd r = 2
1 H a 2 e

Then

B B B L L
Fh (H 0.125r1h1 O.Srzhz) e = [ a 3(1 + BK]

which on simplifying gives

Wl

- 1
Fo (1 -0.125r - 0.5r ) = 2_H.[o,zs SR, ]

or tension in the beam

Wl 1
7d [9-25 = 373 BK)]
3 (1 - 0.125r - 0.5r )

(4.18)

It is obvious that this expression will give high values of tension in the beam for longer spans.
The relative stiffness affects.lhe beam tension to a lesser extent. Higher relative stiffness results
in higher tension in the beam. Least tension in the beam would occur when there is a complete
composite action i.e. when the span to depth ratio is small. I, for such a case, an equivalent
truss action with two inclined struts and two verticals along the edge is assumed, then the
minimum tension in the beam can be worked out to be equal to a quarter of the total top load.

Thus

Fmin = W/4

4.3.1.6 Bending stress analysis

As a result of composite action, load is transferred to the supports through the arch in the
brickwork. As discussed earlier, this results in a direct vertical compressive stress over a length

lv as well as horizontal tension. In the central region of the beam, there is no vertical load. The
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bending moment is thus constant over a large central portion. Figure 4-9 shows the vertical

loading on wall-beam interface near the support due to direct stress.

W/2

Support

Figure 4-11: Loading duelo direct stress

For the purpose of equilibrium analysis, the total load is shown to act at a distance of rlv from the
support. Factor r is introduced to cater for the difference in stress distribution i.e. if the stress
distribution is linear, then the value of r will be 1/3. Similarly, the value of r will be 3/8 for
parabolic variation and 1/4 for cubic variation. This load causes a bending moment on the
concrete base. This bending moment will be constant over the region between the two lengths Iv

on each end. Its value is given by the expression;

WLr
2(1 + /3K) (4.19)
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Another force affecting the bending moment in the beam is the interface shear between the
brickwork and concrete. Davies and Ahmed consider that this force increases linearly from zero
at the ends to a maximum value at the midspan. The present author does not agree with this
deduction. The tensile force is caused by composite structural action through the arch formed in
the brickwork. The force can only be transferred at the ends. The author is therefore of the
opinion that all the tensile force is transferred at the ends. Since the force is transferred at the

interface, it induces a bending moment along with direct tension.

The horizontal shear force is transferred at the top of the concrete beam. The force is thus
eccentric to the longitudinal centre- line of the beam. Figure 4-12 shows the forces acting and

the stress produced.

Negative Bending moment

Figure 4-12 Stresses produced due to interface shear.

The bending moment existing in the beam due to direct tension opposes the moment caused by
vertical compressive stress at the ends. Calculations for the beam bending moment should,

therefore, take into account the least bending moment (if at all) due to direct tension.

The net bending moment M is expressed as:

WrL Wh2 @.20)
2 (1+/3K) ~S
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where wh2/8 is the moment caused by least tensile W/4 (worked out previously) at a distance of

0.5h2.

Figure 4-12 shows the location and sense of interface stress in relation to the concrete beam. It
is clear that there exists an eccentricity with the neutral axis of the beam causing flexure as well

direct tension.

4.3.1.7 Beam deflection

As discussed in the previous section, the bending moment due to interface shear is a hogging
moment and opposes the bending moment due to downward vertical load. The bending moment
is variable along length Lv on the two ends and is constant in the central region. At a distance x
from the end (where x is smaller than the length Lv), the bending moment will be given by the

following expression, (refer to Figure 4-13)

W

h — 4

Figure 4-13 Loading on one half of the beam due to direct vertical stress

Wh?

Figure 4-14 Bending moment due to direct vertical stress.
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M = w [ O0.5 - E_fm]x = [ (4.21)

where [ is a factor catering for the shape as well distribution of direct vertical stress. It is

assumed here that the interface shear is transferred over length Ly so that its value is zero at the

end and W/4 at a distance Ly inwards. The values of { are given as under;
{ =(1/3).(1/2) =1/6 for linear distribution
L =(1/3).(3.8) =1/8 for quadratic distribution

{ =(1/4).(1/4) =1/16 for cubic distribution

Deflection is obtained by integrating the expression for bending moment twice.

W
M = [T - f-rw ng X
W
- [_2 T ow(1+gK) E|x
4.22
= [0.5 - {1+BK”1‘5]W;{ R
Curvature C is given by the expression
c = }’de = H0.5 - (“BK)L\F\W){ dx
= [0,5 - (1+BK)LVE}W[K dx
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= WQ[ x2 42 }

where

Q= 0.5[0.5 _ (4EK) Lg

and A is a constant of integration.

Then the deflection is given by the expression

6=.I-C=J~WQ [x2+A]

- 3

O8]

+Ax+B}

(4.23)

Constants of integration A and B can be found from the following boundary conditions.
=0 atx =0 therefore, B =0

CurvatureC = Datx = /2

therefore
JEEN

or
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li

17

The expression for deflection 5 can then be written as

RN R 5

(4.24)

where

Q = 0.5 0.5 (1+0K) l\./€

4.3.1.8 Analysis and design

The method can be used easily to design and analyse composite structures. A summary of the

steps to be followed in both cases is given in this section with an example of the analysis of a

typical composite beam.

Analysis
The proposed method can be used for analysis and design of structures. The procedures are

briefly outlined as under.

a. Transform areas of different materials to equivalent brickwork areas using ratio of their elastic
moduli. Calculate the second moment of area for wall and beam (lw and Ib respectively) about

their respective centroidal axes.

b. Work out the value of relative stiffness parameter K, using the expression
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c. Read the values of parameter «, g and -y using Figure 4-2.

d. Calculate the allowable load based on different stress values using the following expressions.

(1) Maximum direct stress in the brickwork

fm= W“ +|3K)
Lt

Equating maximum stress to allowable stress fa and rearranging for w;

f Lt
W= =
11 + BK)
. : . w
(2) Maximum direct stress in concrete = G S
sr
oW = fL¢t
c 5p

where f¢ is the allowable concrete compressive stress and Lsp is the length of support.

(3) Maximum shear stress
For the type of beams under consideration i.e. where brickwork wall height is significantly

greater than that of concrete base, the shear stress in brickwork will always be critical.
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Maximum shear stress qmis given by;

gn=(a-f iHU -£I<)W
Lt

Equating gmto allowable shear stress qa and rearranging for W, we get:

q Lt
W= (a - yR) (1~+13Kr

(4) Tensile stress in the beam

Calculate the tensile stress in the beam using the expression.

= 2W + MZ
1 4LV

at the tension face of the beam. It is assumed here that no load is taken by concrete.

expression can be rearranged to give the allowable load as:

W = 2LV[t - MZ]

(5) Midspan deflection

Calculate deflection 8, using the expression

L 2x
5 W ~T2
where
Q = 0.5 0.5 [1+0K]'LVE

Equate the deflection, 6, to the allowable deflection 8a, and rearrange for the load W, giving;
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(6) Interface shear
Assume that the interface shear is distributed uniformly over length 2LV. Check interface shear

stress using the expression;

ga.Lv.t = W/4
or
W = 4 [ga.Lv.i]

Allowable load

Appropriate safety factors should be applied to the lowest value obtained from the previous

section. This will give the allowable load on the composite beam.

Design of Composite beams.

The method can be used to design composite beams. The following

steps are recommended.

1. Obtain load data and apply appropriate safety factors.

2. Obtain data on span, material properties and any restrictions on the geometry of the

structure.

3. Select a width for the beam depending upon the loading. To accommodate two single-brick

walls and concrete infill, the minimum width should be around 300 mm.

4. Using allowable direct stress for brickwork, calculate the value of  from the following
expression

J* 1 + PK) = fa
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where fa is the allowable direct stress in brickwork. The other notations are explained

previously.

Rearranging the above expression, we get

Il

a
BK —H‘q—'—-- - 1
5. Assume the value of K and calculate 3. Check this value of g from Figure 4-2. Assume the
value of K again if necessary.
6. Read the value of @ and v from Figure 4-2.

7. Check the maximum shear stress in brickwork using the expression;

W (a—oR) (1+BK)
Tais Lt

m

Redesign if necessary.
8. Check the interface shear between brickwork and concrete using the following expression;

W

m 4DL

where b is the width of the horizontal concrete-brickwork interface.

Redesign if necessary.

9. Check deflection using the expression

- 13 2
5 = le§+1‘lx]
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where

Q= 0.5/05 - (I*BK)Lg

and redesign if necessary.

Analysis Example
Using a typical beam of a span of 2.5 m, an example of analysis using this method is presented.

The cross-sectional dimensions and reinforcement details of the beam are shown in Figure 4-15.

R8@ 200 mm vertically

100 mm horizontally L \\ 450

300

3Y16 £ .

Figure 4-15 Cross-section of the beam.

It is assumed that nc = E¢/Ex =1.5 and ns =Es/Ex =12

Then the sum of stiffnesses transformed to equivalent brickwork stiffness is;

205x450° 95x1.5°x450"

= 2 2 2
ZEI = Ek_3__—- tE +E‘.k.50x8 x(1757+257)

= 1.28x101°Ek
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2 2
SE I = E L +g _20x8 x50° . 151841002
k c k 3 k 3 k

= 6.1322x10°Ek

or

10
K =// 1.286x10 =
6.1322x10°

Forl/d = 2500.700 = 3.57

a.=0.3, B =1.22 and vy =0.04( Davies and Ahmed 1976)

Check for maximum direct stress in brickwork.
It is assumed that the allowable direct stress in brickwork is 20 N/mm?. Rearranging Equation

(4.7) for total top load, gives;

W =
(1 +pK)

where fa is the allowable direct compressive stress in brickwork. Then

w =20 x 2500 x 300 = 10838.15 kN
(1 +BK)

The average support stress should also be checked against the allowable direct compressive

stress of concrete.

Check for shear stress
The expression for maximum shear stress (Equation 4.15) can be rearranged to get the following
expression for the allowable total top load.

W = Ltfay
(1 +pK)(a - R)

where fay is the allowable shear stress in brickwork. Then assuming fav to be 2 N;‘mmz. we get
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W = 2500 x 300 x 2 = 939.343 kN
(1 +0.32x1,2)(1.2 -0.042x1.5)

Check for combined flexural and direct tension in the beam.

Bending moment in the beam is given by the expression

M = WLr - Wha
(1 +bK) 8
where r depends on the distribution of direct stress. Since the value of K is less that 5, the

distribution will be a cubic curve (Figure 3 Davies and Ahmed 1976). The value of r will therefore

be 0.25.

The British Standard (BS 8110) recommends that the tensile resistance of reinforcement be
taken as 0.87fy. It is assumed here that the same holds true when the tensile reinforcement
resists direct tension along with flexural tension. The combined expression for the force in the
tensile reinforcement can then be written as;

0.87A £
sy

N

Substituting the value of M from above and the value of z given by the following expression

(BS8110 sec 3.4.4)

z =d[0.5 + [0.25-K/0.9]1/2] but not greater than 0.95d

We get
Wh
WLr 2
0.87A £ ot (1+PK) 8~
i d[0.5 + /[0.25 -
where
K =M/[bd2fcu]
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Putting the numerical values, we get
M = 395.34W

and

K — 395.34wW = 2.745x10°'W

300x400%%30

e 0N 395.74W
0.87x603x450 = - +

7 T45x10 W.
400[0.5 + V[0.25 - -—3%§§ - "

from where
W = 184 kN

Therefore, the combined tension in the beam is the critical condition. The design load will be the

value reached after applying suitable safety factors.

The structure should also be checked for serviceability requirements in the normal manner.

4.3.2 Collapse Method

Having considered the elastic method in the previous section, we now consider the Collapse
method of analysis. Shear cracking over the supports is the most common form of failure of
deep beams. |t is caused by a combination of beam shear as well as interface shear between
the brickwork wall and the concrete beam. This failure is termed as diagonal tension failure
because of the tension that exists in the diagonal of an element under shear. Conventional
beams having high span to depth ratio usually fail in shear. Those having intermediate span to

depth ratios will fail in flexure-shear mode.
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Figure 4.16 Flexure-shear cracking

Figure 4.16 shows one such beam. There can be two forms of failure. In the first case, the
failure is initiated as flexure failure. The crack extends upwards to the interface, follows the line
of the interface and penetrates into the brickwork at an angle under the influence of shear
stresses. Depending of the strength of the joint at the interface, cracking along it may not occur.
In the second case, the cracking starts in the body of the beam near neutral axis as an inclined
crack but then extends vertically downwards under the influence of flexural stresses. This form
of cracking occurs nearer the supports. Usually only one form of failure exists in a beam unlike

the beam in the Figure where both the forms of failure are shown together.

The collapse mechanism presented in this chapter is based solely on the diagonal tension failure
which the author considers to be the major failure mode for deep beams. The diagonal tension

stresses are caused by a combination of the following two stresses.

1. Beam shear caused by normal beam action.

2. Interface shear between the arch formed in the brickwork and the concrete base.

Both these types are shear are discussed separately in the following paragraphs.
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Beam shear

One half of a deep beam is shown in Figure 4-17.

Uniformly distributed load

ai, a2!Areas of horizontal and vertical bars in shear mesh
as: Main reinforcement
6: Angle of inclination of assumed failure plane

Figure 4-17 Cracked section of the beam over the support

The Figure shows a section of the beam over the support with diagonal tension cracking at an
angle to the horizontal. In experiments, this mode has been seen to be the most common mode

of failure of deep beams.

Since the cracks occur at a location of high shear stress, the angle of crack will be very nearly
45° Experimental results have proved that the angle was very near to this assumed value. For
large values of span to depth ratio as well as for large values of stiffness ratio, K, the angle of
inclination of crack is expected to be slightly smaller. For composite beams with significant
concentrated top lads, the crack is inclined in such a way that its ends are at the support and the

point of significant load. Untill sufficient data is available, the author suggests a value of u/4 for e
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Tensile stresses are composed of two different elements. These are:

1. Lateral stresses caused by Poisson effect of direct compressive stresses. Poisson ratio v for
brickwork is about 0.3 (reported in Chapter 2). Tensile stresses in a direction perpendicular
to the section under consideration will be vfim where fmis the maximum direct vertical stress.
It is assumed here that cracking will occur perpendicular to the compressive stress. This is
true since the arch formed in the brickwork is usually parallel to the direction of cracking. If

the arch is expected to be at an angle different to the angle of cracking, then the tensile

. stress would have to be resolved in that direction.

2. Pure shear stresses due to beam action also exist over the supports. The value of maximum

shear stress is already given in the previous section as;

m=W(1 + pK)(n -yfi) (4.25)
Lt

The component of this shear in a diagonal direction is of the same intensity due to the effect of

complementary stresses.

Both the stresses mentioned above have their maximum value near the supports. It is therefore
prudent to take the maximum value of all the component stresses and assume them to be acting
at the same plane. The maximum tensile stresses can thus be assumed to be a summation of
these stresses. Therefore;
ft =vfmSin0 +T SinB +Tm

b
or

(vim +JL, ) Sin0 + 7m
b (4.26)
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Interface Shear

Shear stresses are caused by following two effects.
1. Vertical stress as in pure beam action.
2. The Horizontal force restraining the outward thrust of the composite arch.

Davies and Ahmed have evaluated the first of these forces and provided expression for the
maximum shear. The stress is maximum near the supports. The following expression for

maximum shear stress is suggested by the authors;

™m = W(1 + pK)(ot -->R)/Lt

The horizontal restraining force is also assumed to be maximum near the beam ends. The end
reaction of the arch, T, is assumed to be spread evenly over the whole width of the interface
and linearly over a length Is so that it produces a stress of 2TAIS Length Is is the length over

which shear is active. A conservative value of 2|Vis suggested by Davies and Ahmed.

Both these stresses are assumed to be maximum at the same so that the resultant maximum

shear stress is a simple summation of the two individual maximum stresses. So that
Maximum shear stress =W (1 +I3K)( a - yR)/(Lt) +2T/(2tlv)
=WTla-fi +0.25](1 +BK)/(Lt)

The shear capacity of the section worked out on the basis of the ratio of shear moduli of the

constituent materials should be greater than this maximum stress.

Combined stresses
Resisting forces

Resistance to diagonal tension is provided by the beam in the form of shear mesh (horizontal as
well as vertical bars). Additional strength is provided by the tensile strength of
brickwork/concrete which is significant especially over the support area. The components of all

these forces perpendicular to the assumed line of crack can be summed up as;

fr = (ai Sin + a2Co0s)0.87fyv + fkv (4.27)
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where

ai is the area of horizontal shear bars across the crack.

a2 is the area of vertical shear bars bridging the crack.

fkv is the allowable shear stress of brickwork. This will be replaced by the allowable shear

stress of concrete if that is lower and

fyv is the yield strength of shear reinforcement.

The main tensile steel does not provide any resistance because it is in a location of low tensile
stress. Also the shear mesh cannot be relied upon because when the tensile cracking occurs,
the bond strength between concrete and shear mesh becomes unreliable. It is therefore
proposed to check the tensile strength of the weaker of concrete and brickwork against the

tensile stress given by Equation (9.27).

4.3.2.1 Assumptions

Uniformly distributed load

Figure 4-18 Assumed Collapse mechanism

Figure 4-18 shows the collapse mechanism due to diagonal tension over the support for a

uniformly loaded beam. The collapse analysis is based on the following assumptions;
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1. The composite beam is assumed to fail as a result of shear cracking over the supports. The

cracking occurs as a result of a combination of diagonal tension and interface shear.
2. The failure is assumed to initiate from the interface of brickwork wall and concrete beam.

3. Failure plane is inclined to the horizontal at an angle of 45° In case of uniformly loaded
beams. For beams with a significant concentrated load near the support, the failure plane
will be the one joining the inner edge of the support to the concentrated load. In no case is

the angle of inclination of the failure plane taken to be less than 45°.

4. Forthe purposes of calculating the shear force and the resultant stresses, the critical section
will be taken at a distance of d/2 from the inner edge of the support where d is depth of the

composite beam from compression edge to the tensile reinforcement.

5. Failure occurs when the tensile stress caused by diagonal tension and interface shear

exceeds the modulus of rupture of concrete.

Summary of the method

The collapse method can be applied to composite beams in the following steps.

1. Choose a section at an angle of 45° to the horizontal for uniformly loaded beams or one

joining the support edge to the nearest significant load provided it is inclined steeper than

45°
2. Calculate the interface shear at the section.

3. Calculated the shear caused by normal beam action. This would be as a result of direct

vertical stress.

4. Resolve the components of both diagonal tension and interface shear perpendicular to the

chosen failure plane.

5. Compare the resultant of diagonal tension and interface shear perpendicular to the fialure

plane with the modulus of rupture of concrete or brickwork whichever is lower.

6. The method can be used to either design or analyse composite beams.
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CHAPTER FIVE - PREVIOUS EXPERIMENTS

Summary
In this chapter, the tests carried out at the City University prior to the present work have been
discussed. The present author actively participated in both the series of tests and learnt fruitful

lessons from them. They formed a basis on which the present tests were designed and devised.

Based on the experience with these two series of tests, the method of loading was changed to
that of tie rods which could be built around the specimen at any space available in the
laboratory. This resulted in a considerable saving in time and effort. A wider variety of
specimens could also be tested. The method of pouring the infill concrete was also modified to
use vibrator and more care was taken in tamping. These series of tests were also helpful in
deciding on the placing of instruments and in devising the most suitable method of recording

results.

These experiments proved that the composite beam is structurally more suitable as a simply
supported beam. More research has to be carried out on the suitability of composite beams as

cantilevers.

The shear reinforcement in the concrete infill and compression reinforcement in the base of the
composite beam does not affect the strength of the beam. It is useful in limiting cracks and

deflection.

5.1 General

Reinforced brickwork pile capping beams have been in use in the industry for small dwellings
since early 1980s. More than a hundred small dwellings were constructed by one contractor
alone (Abramian 1986) within a span of four years. Design of these beams was initially based
on British Ceramic Research Association’s Special Publication no. SP-91(1977) but was later
updated to BS5628 Part 2: 1985. "The design of reinforced and pre-stressed masonry". It was
felt that the reinforced brickwork pile capping beam offers a cheap and simple alternative method

of providing support for the superstructure.

The pile capping beams could carry significantly more load than conventional beams. The

British standards, which are applicable to conventional beams, grossly underestimated the
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strength of beams exhibiting composite structural action. It was with this background that load
tests on composite pile capping beams were started in City University Heavy Structures

Laboratory.

Two series of tests were carried out. The first series of tests was carried out by Abramian who
was already involved with construction of similar beams in practice. The purpose of his
experiments was two fold. Firstly, he had to test the strength of these beams in laboratory
conditions. In actual constructions that he carried out, the beams were usually below ground
level and could not be properly inspected under loading conditions. Secondly, he wanted to
gather additional data for design and for improvement of the method of construction. Three
specimens were tested in the first series. The first two specimens were exactly similar. These
were simply supported with a span of 2.7m each. The purpose of having two similar beams was
to confirm the findings and also to ensure against any errors. The specimens were supported on
300 mm diameter circular ’pile caps’ with a span of 2400 mm between their centres. This was
exactly the form of construction adopted in practice. The third specimen had an overall length of
3.9m. It was simply supported between two circular supports at 2.5m between their centres and
had a clear cantilever of 0.5m on each end of the beam. The diameter of ’'pile caps’ in this case

was 400mm which depicted larger load on a longer beam.

The second series of tests was conducted by Coe (1985). He carried out load tests on a further
two specimens. The purpose of his project was to supplement the data gathered by Abramian.
He investigated the problems and shortcomings of the first series with a view to improving the

test procedure.

Both the specimens were simply supported. They were, in general, similar in construction to the
first two specimens tested by Abramian. There were, however, some differences between the
two specimens. The first specimen did not have either shear mesh in it nor did it have top
reinforcement in the base portion of the beam. The mesh was omitted in order to assess the

contribution of reinforcement in the concrete infill towards strength.

These tests were the only tests where a direct comparison could be made with the present
author’'s work. The specimens tested by other researchers were very different in construction.
The method of testing also differed considerably. Both these test programs are discussed

separately in the following sections.
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Figure 51 Cross-sectional details of Specimens 1 and 2.

Figure 5-2 Cross-sectional details of Specimen 3.
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5.2 Abramian’s tests

5.2.1 Introduction

The first series of tests, conducted by Abramian, consisted of three beams, two of which were
exactly similar in construction while the third one had different span and support conditions. The
first two beams were simply supported with an overall length of 2.7 m each (2.4 m between

centres of the supports). They were tested prior to the tests carried out by David Coe. Figure

51 gives the elevational and cross-sectional details of the first two specimens.

The third specimen was a double cantilever beam with an overall length of 3.9m. It was tested
after Coe’s specimens. The clear span of each of the cantilevers was 0.5m. Figure 5-2 gives

the geometrical dimensions of the third specimen.

The overall shape of the cross-section and the location of reinforcement was similar in both
series of tests except the depth of concrete base which was 225 mm for Abramian’s specimens
as compared to 250 mm for the second test series. The circular support had a diameter of 300

mm for the simply supported beams and 400 mm for double cantilever beam.

5.2.2 Instrumentation.

Electrical strain gauges were mounted on shear mesh to ascertain the strain at different
locations. They were mostly concentrated over the supports to measure direct compressive and
shear stresses in this area. The strain gauges were placed on the surface of steel bars to

measure the surface strains on the reinforcement in one particular direction only.

The deflection gauges were placed on each quarter span and at the midspan. There were two
gauges at the midspan. They were used to ascertain the tilt in the beam by comparing the
relative deflection of the two edges of the beam. Figure 5-3 shows the location of demec studs

and deflection gauges.
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Figure 5-3 Location of Instruments.

The strain gauges were located on the reinforcement in the concrete and as such only the wires
leading to them are visible. The demec studs used for measuring surface strains on brickwork
can be seen on the surface of the brickwork. The second beam had some additional deflection
gauges. Two of these were at the supports to detect torsional twisting while a third was fixed at
the midspan to detect separation between concrete base and brickwork. The third specimen
had deflection gauges at midspan and cantilever ends as well as gauges for detecting

separation over the supports (due to interface shear) and at midspan (due to flexural deflection).

The demec gauges were placed on brickwork surface. They consisted of studs placed at a fixed
distance apart and the measurement was taken at each load increment. The demec gauges
were not very sensitive. The method of fixing and taking readings was not accurate. In addition,
they were useless once the brickwork in the vicinity of the demec studs was cracked. The

readings were very unreliable and were not analysed by Abramian.
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5.2.3 Discussion of tests and their results

The cracking patterns on the two faces of the first specimen were very different. The uneven
loading of the beam was the probable cause - in particular the loading on each leaf of the wall.
Construction errors would have caused uneven distribution of loading. Secondly, the infill was
not properly poured in and showed honeycombing. Figure 5-4 shows a photograph of the infill

taken by Abramian after the test.

Figure 5-4 Voids in the concrete infill.

The Figure shows the lack of any bond between either concrete and steel or concrete and
brickwork. As a result, the load was not distributed evenly throughout the beam. This caused a

completely different pattern of cracking on the two faces of brickwork.

At higher loading, though within the jack capacity, the joints in the hydraulic pipes of the jacks

started to leak. This led to a break in the testing of the first specimen.

In the author’s opinion, the links joining the top of the pile caps to the beam did not serve any
fruitful purpose. If at all, the rotation of the beam around the supports caused tensile stresses to
be set up in the reinforcement linking the beam to the pile. In some cases, this resulted in the
cracking of the piles. The development length of reinforcement in the piles was not sufficient to

fully transfer the stresses to the support. This also attributed to the cracking of the circular

supports.
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The ties in the brickwork are only useful if the infill is poured soon after the construction of
brickwork leaves. If the brickwork is allowed to gain strength for a week before the infill is

poured, then there is no need for the ties.

The loading rig used for the first two specimens was very restrictive with regard to its own
manoeuvrability and with regard to the type and size of specimens that could be tested in it. It
was thought more suitable to use a reaction frame tied to the strong floor with the help of tie
rods. This was done for the third specimen and proved a significant improvement over the

previous method.

Deflection gauge readings indicated that there was torsional twisting of the beam which could
have been caused by uneven loading of the beam. The load distribution arrangement was not
very efficient. The beam used was fairly stiff and could have contributed to the transfer of load
directly to the supports. Additionally, it would also have caused more load to be transmitted to
one brickwork leaf causing torsional moments to be set up. The load deflection characteristics
for the three beams are plotted in Figure 5-5 ( Abramian). The load deflection curve for this

specimen is, therefore, erroneous.

The test on specimen 1 had to be discontinued due to a leak in the hydraulic jacks. The load
deflection curve for this specimen is, therefore, incomplete. The load-deflection curves clearly
show the elastic and yield portion. The cantilever beam, for obvious reasons, had large
deflections as well as cracking. It had the least factor of safety against failure on account of

serviceability conditions.
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Figure 5-5 Load-deflection characteristics (midspan).

Cost analysis was carried out by an independent analyst to compare the cost of this system with
the conventional deep trench foundation. It was deduced that this method is more economical
for low rise residential buildings. Table 51 which compares the cost for a typical beam with an

equivalent trench foundation (at 1985 prices) has been taken from Abramian’s report.
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TYPE OF FOUNDATION TOTAL COST COST PER
PER UNIT(£) METER RUN(£E)

1. 600 mm wide and 3.0 m deep french fill

foundations with ‘clayboard’ either side of trenches 3430 85

2. 400 mm diameter piles and 450 mm square

concrete ground beams with 'clayboard’ under 3230 80

3. 400 mm diameter piles and precast concrete ground

beams and in situ pile caps. 'Clayboard’ under all beams 3025 75

4. 400 mm diameter piles and reinforced brickwork

pilecapping beams and ’clayboard’ under all beams. 2620 65

Table 5-1 Cost analysis

Abramian investigated three failure criteria. These were;
a. Cracking of brickwork.

b. Deflections exceeding elastic range.

c. Cracking of the base of the composite beam.

He compared failure loads with calculations based on code recommendations. He found that a

factor of safety of 1.45 existed against failure of simply supported beam. This factor was 1.25 for

the cantilever beam.

5.3 Coe’s tests

5.3.1 Introduction

The purpose of these tests was to provide additional data on the composite beams especially
the contribution of shear mesh towards strength. It was also intended to find ways of avoiding or
eliminating the problems faced in the first series of tests. Two specimens were built with
predetermined specifications to provide additional information on the composite beams which

were already being used for pile foundations in soils of low bearing capacity.

The specimens were of the same dimensions as the two simply supported beams tested by

Abramian. The depth of the concrete base was slightly larger for Coe’s tests (250 mm compared
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with 225 mm) and his first specimen did not have a shear mesh. The supports were again made
circular to represent the pile caps and the specimens were loaded with a uniformly distributed
top load. The concrete beam for the second specimen was doubly reinforced with top and

bottom longitudinal reinforcement. Figure 5-6 shows the dimensional details of the second

specimen.

AA

Figure 5-6: Sectional details of Coe’s second specimen.

The concrete used in both the specimens and the supports was specified to have an ultimate
strength of 21 N/mm2 after 28 days. The bricks had a minimum strength of 20 N/mm2 and were

laid in 1:1/4:3, cement:lime:sand mortar with their frogs facing upwards and filled with mortar.

5.3.2 Loading Rig

The test specimens with their circular supports were placed on the floor and the loading rig was

built around them. Figure 5-7 shows the reaction frame and the loading arrangement.
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Figure 5.7 Details of reaction frame and loading arrangement.

This loading arrangement was suggested by the present author and was based on tests carried
out earlier by C B Saw on similar specimens. This system was a significant improvement over

the earlier reaction frame used for Abramian’s first two tests.

The reaction frame used for the first two tests in the first series was a frame made of large
universal beams. Since the specimen had to be placed into the frame to be tested, there was a
restriction on the length and depth of the specimens that could be tested. With the new system,

any size beam could be tested easily.

The placement of specimens within the test frame and the adjustment of the reaction beams to
the required depth was cumbersome and time consuming. With the new system, the specimens
could be placed anywhere and the reaction frame built around them. The loading apparatus was

light and easily transportable. This was not possible with the earlier frame.

5.3.3 Instrumentation

Strain gauges were mounted on tensile and shear reinforcement. There were only a few gauges
in the first test due to the absence of shear reinforcement. The strain gauges were sensitive

enough to measure as little as 1jx-strain but they could not register strains greater than 30,000
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jx-strains. In general, the strain gauges were mounted on the tensile reinforcement in the

midspan region and on the shear mesh near the support.

Demec studs were placed on the face of the brickwork to provide an overall strain pattern. A
standard gauge length of 2 inches was used for all the tests and each division on the demec
gauge corresponded to 24.7 ix-strains. The deflection at midspan and quarter spans was
monitored with the help of deflection gauges with a sensitivity of 0.01 mm. A deflection gauge
was also used to monitor the relative movement of the brickwork and the concrete base at the
midspan. This was done to detect any interface separation. Deflection gauges were used to
measure deflection of the beam at midspan and quarter spans. They were also used to detect

interface separation and torsional twisting in the midspan region.

Results

5.3.4 Crack Pattern

The crack pattern for the first specimen in shown in Figure 5-8.

Figure 5.8 Crack pattern for specimen 1

The figure shows the crack pattern separately for the front and the rear of the specimen. For the
rear of the specimen, the view from inside the specimen is shown Le. from the front as if the
obverse brickwork and the infill were transparent. This is done to facilitate comparison between

the crack patterns on the front and rear of the specimen.
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From the figure, it is clear that interface separation occurred throughout the span of the beam.
On both the faces, the separation originated from the supports and progressed inwards. It can
therefore be concluded that it occurred as a result of the arching action. The arch, being very
shallow, caused excessive interface stresses. The concrete base is in tension throughout. The
height to which tension cracks have penetrated is constant over a fairly large portion of the
specimen in the midspan region. This indicates that the flexural stresses are fairly constant over
this portion of the beam. This is an indication of composite structural action where arching gives
rise to tension in the base. The flexural stress is then reduced and is constant in between the
ribs of the arch so formed. The ultimate load taken by the specimen was 288.8 kN and the
specimen seems to have failed in all possible modes i.e. shear or diagonal tension, flexural or

crushing of brickwork over the supports.

The fact that major flexural cracks in the midspan region were a continuation of interface cracks
and not base tension cracks illustrates the independent tying action of the base and arching in
the brickwork. Vertical tensile cracking occurred over both the supports. There are two possible
reasons for this and probably both contributed to this cracking together. Firstly, as the whole
structure deflects, there is a rotation around the supports. The beam ends being clamped down
due to top load and due to outward thrust of the ’arch’ formed as a result of composite structural
action, tensile stresses are set up in a vertical plane. The second cause is the lateral tensile
stresses set up as a result of vertical compressive stresses which are significant over the
support regions. Shear cracking was noticed over one of the supports also. It is worth

mentioning that at ultimate load, the structure was failing over the supports.

The pattern of cracking was similar on the two faces of the beam. This indicates that the vertical
interface bond between the brickwork and concrete infill was strong enough to transmit the shear
stresses between the two faces of brickwork. There was, however, a slight delay action between
one face and the other which could be attributed to failure in crack detection or due to minor
differences in material properties. Time lapse between registering cracks on the two faces can

be another reason for this.

For the second specimen, the crack pattern is shown in Figure 5.9. As with the first specimen,

the reverse view is shown as if from inside the beam for easy comparison of crack pattern.
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The addition of top reinforcement does not seem to have made a lot of difference to the
behaviour of the concrete base, which developed cracks similar to the first specimen. The shear
reinforcement seems to have dramatically reduced vertical and shear stresses over the
supports.  No cracking was witnessed on any face over both the supports. The failure was
caused mainly due to shear cracks which were inclined at a slope of approximately 1:2. The
reinforcement resulted in an even distribution of stresses in the central regions of the composite
beam. It restricted deflections and hence rotation about the supports. A significant portion of
interface load transfer seems to have been through the shear reinforcement which is the reason

why no interface shear cracking was witnessed.

It is interesting to note that the additional shear and longitudinal reinforcement did not improve
the overall load bearing capacity of the composite beam. There was, however, an even
distribution of cracking and a reduction in deflection. The composite structural action was still
present since the beam acted as a tie. The arching action was, however, less apparent since
there was no interface cracking. As pointed out, this would probably have been due to the shear
mesh but a further contributory factor was the additional reinforcement in the concrete base.
This would have reduced the wall/beam stiffness ratio which results in a reduction in the

composite structural action.
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A comparison of cracking characteristics of the two specimens shows that the shear mesh does
not result in an overall improvement in strength. It does enhance the serviceability
characteristics of deflection and crac« width. The shear reinforcement restricts vertical and
shear stresses over the supports. It also inhibits the formation of interface cracks between
brickwork and concrete. The composite structural action is not influenced by the infill

reinforcement to the same extent as it is with the longitudinal reinforcement.

Within the elastic range, the deflections of the first specimen were greater than the second one.
A review of cracking pattern leads to the same conclusion. Beyond the elastic limit, however,
the steel yields and the deflections increase at a rapid rate. A faster rate of increase of
deflections was noticed for the second specimen at this stage. At loads approaching failure, the
deflection in both cases was nearly equal, any difference being due to the difference in the time

taken to register deflections after the application of load.

The position of the neutral axis is worth discussing. Figure 5.10 shows the position of neutral
axis for both the specimen plotted alongside the theoretical neutral axis worked out from

calculations for an inverted T-beam.

Two neutral axes are plotted for the second specimen i.e. that at 36.1 kN top load and 252.7 kN
top load. The actual neutral axis is much higher than the theoretical one. From the two axes for
the second specimen, it is clear that the neutral axis is shifting upwards as the load is increased.

This shift is not so evident in the central regions as it is nearer the supports. The reason is that
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higher loads result in significant deflections which increase the composite structural action
without an equivalent increase in the central bending moment. Direct tension due to the end

reaction of the arch becomes significant.

5.3.5 Review of test specimens and method of testing

For the specimens tested, the concrete beam was doubly reinforced i.e. in tension near the soffit
and in compression near the interface with the brickwork. Composite beams tested by Coe were
sufficiently deep to produce composite action. It produced an upward shift of the neutral axis. It
can be deduced from Figure 5.10 that the neutral axis had shifted up into the brickwork; to a
lesser degree in the central regions and to a greater extent near the supports. The upper beam
reinforcement was therefore very near the neutral axis and in the author’s opinion, it did not

make any significant contribution towards improvement of flexural strength.

The contractors who originated the idea of a composite beam based their tests on the beam
being wider than the brickwork wall. This is probably the case when concrete is poured directly
in an excavated trench. This additional width does not, however, provide significant strength of
any sort to the structure. It is basically provided for additional protection against moisture
penetration and to preclude the need for formwork in the restricted space. In laboratories,
therefore, a beam of width equal to the supported wall, would be an equally representative

specimen.

As pointed out in the second chapter, many researchers have concluded that for full arching
action to develop, the depth of the composite beam should be 0.6 times its span, for the
specimens tested by Coe, this ratio was only 0.17 which is obviously very low. His tests prove
that the composite action starts to set in with much shallower beams. Full composite action

would, in any case, not have developed at this depth to span ratio.

The dovetail ties used to join the concrete infill and the brickwork performed an important

function of resisting any tensile stresses during pouring of the concrete infill.

The new method of loading using tension rods proved very efficient and flexible.
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A comparison of the two specimens tested by Coe has shown that shear reinforcement in the

infill does not have any significant effect on the strength of the beam. The shear mesh is very

useful in limiting crack widths and deflections.

Compression reinforcement in the base of the beam does not serve any useful purpose. The

neutral axis shifts up above the interface over a significant portion of the beam.
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CHAPTER SIX - EXPERIMENTAL PROCEDURE

Summary

This chapter describes the method of preparation of specimens, the instrumentation and testing
procedures. The choice of types of gauges and their location was dictated primarily by the
structural action as envisaged from existing literature. Earlier experiments conducted at City
University provided a basis for the formulation of the tests and helped in modifying the test

apparatus and procedures.

The chapter describes the method of assembling the loading rig and fixing the gauges to the

specimens. The method of applying the load and the data recorded at each stage are explained.

6.1 Introduction

In the previous chapter, tests carried out by Abramian and Coe were presented. These tests
proved that composite structural action has a very positive effect on the load bearing capacity of
composite beams. It was decided to carry out a detailed investigation into composite beams.
Tests performed by Abramian and Coe formed a basis for the present investigation. Valuable
lessons were learnt from these experiments for devising the methods of tests as well as for

choosing the geometrical dimensions of the specimens.

The problems encountered in setting up the apparatus were discussed in the previous chapter.
The foremost of these was the loading rig which was very heavy and could only test a limited

size of specimens.

It became clear that the stiffness of the stress distribution beam on the top of the specimen had
to be chosen very carefully. Too stiff a beam would transfer more load to the beam ends as the
midspan deflected. On the other hand, a very flexible beam would result in undue load

concentration under the jacks.

The shear mesh was provided only near the supports. The strain gauges, which were mounted

on the mesh, were only used to measure strains near the supports.
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The specimens tested prior to the present series all had a specific arrangement of beam on pile
caps. The research into a general form of simply supported beam with more common
rectangular supports was not conducted. The pile caps were joined with the beam with
reinforcement thus allowing stresses to be transferred to and from the beam. The beams were,

therefore, not simply supported.

The specimens hitherto tested had a very narrow research field as regards the physical
dimensions. Apart from one specimen, ail the other four had exactly the same dimensions.
There was no significant change in either material properties or specimen dimensions. There
was a slight variation only in one of the specimens i.e. Coe’s first specimen in which the shear

mesh was omitted.

The flexural and axial stiffness of the beam and relative stiffnesses of its base and brickwork
portions were not looked into. These are very important parameters as is evident from literature

survey presented in Chapter Two.

The span to depth ratio is another parameter which is important in determining the intensity and
distribution of stresses. Apart from the last specimen (which was double cantilever) all the rest

had the same span to depth ratio.

The monitoring equipment performed well except for the demec studs. Taking readings with
these was difficult and the readings were themselves not very reliable. The second problem was
with the actual number and location of strain gauges. Since the shear mesh was only 1200 mm
long, and was placed over the supports, the strain measurements were only carried out over the

support area. There were no strain gauges in the midspan region.

The present series of tests was designed with this background. A number of experiments were
designed to check the effect of different parameters on the strength, deflection and crack

patterns. Figure 6-1 shows the elevation and cross-section of a typical composite beam.
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Figure 6-1 Elevation and cross-section of a typical composite beam.

The specimens consisted of a concrete base with grouted brickwork on top. The brickwork
consisted of two wall leaves of one brick thickness each with a narrow space in the middle. This
space contained a steel mesh which served as shear reinforcement and was filled with concrete.
The beam was thus rectangular in shape with the lower portion made of reinforced concrete and

the upper portion having two brickwork walls enclosing reinforced concrete infill.

There were a number of differences between the present series of specimens and those tested
earlier. Firstly, the shear mesh (where provided) was provided over the entire length of the
beam. This was done to protect against interface cracking and to provide strain gauges

throughout the span.

The second difference was in the support conditions. A rectangular support was provided for the
present series as opposed to circular ones for the earlier specimens. The supports were also

not joined with the beam through reinforcement.
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The third difference was in the width of the base in section. Earlier specimens had a base wider
than the brickwork. All the specimens tested in the present series had the same width as the

brickwork portion above it.

The ties in the wall portion were omitted. It was felt that these would not be required since it was
decided to pour the infill after the brickwork had gained strength. As suggested in the previous
chapter, these may be incorporated in practice as additional safeguard against splitting of the

beam.

6.2 Preparation of the specimens.

The specimens were all prepared and tested in the Civil Engineering Department of City
University. They were built in the concrete laboratory and transported to the heavy structures
laboratory. For the first specimen, the test rig was built around it. The rest of the specimens

were brought in and placed into the test rig.

6.2.1 Materials

The specimens were constructed from concrete, brickwork and steel. All the commonly used

grades of materials were used to co-relate the tests with the structures built in practice.

The concrete mix proportions varied from 1:1.5:3 to 1:2:4 by weight. The same mix was used for
both the base and the infill. Cubes with 6 inch sides were made when the concrete was poured.
Similar cubes were made from the mortar used for construction of brickwork. Mortar mix of
1:0.25:4 cement, lime, sand was used. Standard test cylinders were also made from concrete.
The cubes and cylinders were tested in the compression testing machine. Standard
compression tests were carried out. The results for the compression tests are shown in
Appendix A. It was seen that the concrete and mortar both had an average compressive

strength of 21 N/mm2

Two types of steel were used in the preparation of the specimens. The high yield steel having a
yield stress of 465 N/mm2 was used as main steel to resist tensile and compressive stresses.
High yield steel rods were also used for tying the loading rig to the strong floor. Load cells were

made from steel having the same yield stress. These were then calibrated in the laboratory.
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The steel was tested in the laboratory for stress-strain characteristics. Appendix B shows the

stress-strain graph. It was seen that steel was stronger than the specified strength.

Mild steel having a yield stress of 250 N/mm2 was used for shear reinforcement. Due to the
unavailability of a standard shear mesh, one was prepared from suitable mild steel bars. The

steel bars were either welded or tied together.

London bricks were used in 1:4 mortar for brickwork. These have a characteristic compressive
stress of 21 N/mm2 specified by the manufacturer. Neither bricks nor brickwork (in the form of

prisms or wallettes) were tested for compressive strength.

Test apparatus
The specimens were tested in the Structures laboratory under uniformly distributed top load.
The equipment used for loading and for registering stresses and strains is described in the

following sections.

6.2.2 The test rig

Some of the initial tests on the beams (those performed by Abramian) were conducted in a test
frame. The author found it very restrictive and too bulky. A new method of loading was devised.
This method was similar to the type of rig used by Saw(1975) in his tests discussed earlier. In
this case, the loading jacks reacted against the strong floor through high yield steel rods. Figure

6-3 shows the photograph of one of the specimens with the loading rig assembled around it.

This method proved to be very flexible and easy to handle. The specimen was placed in
between two rows of holes in the strong floor on top of two load cells. A steel plate was used on
top of load cells to spread the load evenly and to guard against local failure of the beam soffit.
One or more channel sections were placed on top of the beam covering the entire span of the
beam. These channels were of the same width as the beams and had a low bending stiffness to
allow proper distribution of load on the beam. A stiffer channel would have tended to transfer the

load directly to the supports.
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Figure 6-2 shows the loading rig and the specimen in it ready for testing.

ELEVATION

Figure 6-2 Line diagram of loading rig and the specimen.
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Figure 6-3 Specimen ready for testing in the rig.

Rubber mats were placed in the channels at appropriate spacing depending on the number of
jacks used for loading. Load spreaders were placed on top of these mats. The function of mats
was to avoid stress concentrations due to imperfections in the surface of contact. The load
spreaders consisted of two channels bolted together back to back. The web of the channels was
stiffened with steel sections which were welded in place for better load bearing characteristics.
A steel plate covering the entire area of the load spreader was placed on top of the load
spreader. One 30 ton Enerpac jack reacted against each plate. It was connected with the help
of hydraulic rubber pipes to a pump. The top of the jacks reacted against a strong I-beam. The
jacks were placed in an inverted position so that a larger contact area was available against the
top beam. The steel plate below the jacks served to distribute the load from the smaller contact

area.

Cross members rested on top of the I-beams. The function of cross members was to transfer
the load from the I-beam to the steel rods and they were aligned square to the direction of the

beam. They were placed in line with the holes in the floor so that the rods passing through the
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cross members could be joined to the strong floor. The cross members consisted of two channel
sections welded together with the help of plates on top and bottom. The channel sections were
spaced sufficiently far apart to allow rods to pass through them. The steel plates used to join the
two channels were also used to provide a stable connection between the steel rods and the
cross members. They had holes in them to allow the steel rods to pass through. The rods had
threads on the ends for the nuts to go in and these could be tightened down to the required level.
The rods were threaded a sufficient length so that the nuts and bearing plates could be fitted on
both top and bottom of the upper beam. This allowed the beam to be supported by the tie rods,
independent of the test beam and the jacks. To prevent the movement of the rods, bearing
plates and nuts were also used on both top and bottom of the strong floor. The Macalloy rods
were made from high yield steel and had a diameter of 25 mm with a safe working load of 30
tons each. They passed through the holes in the cross members and through the strong floor.
Underneath the strong floor, they were bolted in place with the help of a bearing plate and a

strong nut.

The loading rig was assembled around the first specimen. After that the rig stayed in place and
the specimens were taken out after tests. New specimens were then brought into the test rig.
The top |-beam was lowered onto the specimen with the help of an overhead crane. The
cross-members were fitted onto the steel rods and were resting on the I-beam while it was still
hanging from the crane. Other attachments and structural members including the jacks went in
between the I-beam and the channel on top of the specimen. The I|-beam was then lowered
further so that it nearly touched the top of the jacks. Pressure was then applied through the
hydraulic jacks with the help of a pump. A mechanical pump was used initially but this did not

prove very effective and a hand pump was used for the rest of the experiments.

6.2.3 Instrumentation

There were a number of gauges used for measuring different aspects of structural action of the
beam and the response of the structure. Some of the gauges were mechanical and were read
and recorded manually while others were registered in a computer. Since each specimen was
different from the other, there was no standard location or number of gauges used for testing.

The instrumentation is explained as under:
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6.2.3.1 Strain gauges

Electrical strain gauges were used on the main reinforcement and on shear reinforcement to
measure the strains. The gauges used were type FLA-6-11 with a gauge length of 6 mm. They
had a gauge resistance of 120 +0.3 and a gauge factor of 2.12. A Spectralab Intercole
Systems program was used with a BBC micro- computer to record the strain readings. The
author wrote a program to convert these readings in a form suitable for transfer to Honeywell
6600 main frame computer. The readings were then transferred using Kermit Transfer Program.
The actual readings could then be plotted at the appropriate location. The readings were listed
in numerical form and were colour coded to distinguish compression and tension. GINO-F and a
GINO-GRAF packages were used to obtain these plots. The crack patterns were plotted on the
actual specimen the load being noted alongside at each load stage. The crack patterns
combined with the actual strain values provided invaluable information about the structural
behaviour and load bearing characteristics of the specimen. These strain gauge readings were
also transferred to the Honeywell main frame computer where they could be printed onto a line

diagram of the specimen at the location of the appropriate strain gauge.

The gauges were capable of reading both tension and compression accurately to a maximum
strain of 0.03. They were mounted on to the steel bars after these had been filed flat and then a
strong resin based glue was applied on top for protection against damage and moisture
penetration. Initial and progressive readings were taken at each stage of loading and were

saved in a file which was latter used to obtain plots and crack patterns etc.

6.2.3.2 Deflection gauges

The deflection gauges were placed under the beam to measure the deflection of the beam at
midspan and at quarter spans. On some specimens deflection gauges were also placed near
the supports to monitor the effect of loading and to make sure that no undue settlement of the
supports occurred. In other cases, two gauges were placed on the two sides of the beam at the
same distance from the supports to monitor twist in the beam. These helped recognise any

problems in the loading system.

The gauges used were Thomas Mercer mechanical dial gauges which were capable of reading

deflections to an accuracy of 0.01 mm.
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6.2.3.3 Jacks

The jacks were 30 ton Enerpac hydraulic jacks. They were connected to a single pressure
gauge via hoses and a multi-hose connector. The pressure gauge was connected with a hand
pump. The hand pump was used to develop pressure which was recorded on the pressure

gauge. Each jack had a contact area of 13.253 in2 with the load spreaders.

6.2.3.4 Load Cells

The load cells consisted of high yield steel rings with steel caps for proper distribution of load.
The safe working load for each load cell was 50 tons. The load cells were manufactured in the
heavy structures laboratory and calibrated to give an indication of the load coming on to the
support. The calibration chart is shown in Appendix C. The load cells were also connected to a
separate logger and a reading was taken at each load to check the distribution of load between

the two supports.

6.2.3.5 Demec Gauges

Surface strains were measured with the help of demec gauges. The demec studs were placed
across vertical mortar joints. They provided an early clue to the initiation of cracks. At each load
stage, the readings were taken manually. A comparison of the current reading with the reading
at no load provided the surface strain across the vertical mortar joint in the brickwork. The
reading was usually set to zero at the start of the experiment. These readings were not very
reliable for measuring the strains on the brickwork so they were mostly used for detection of

cracks and were taken only at certain loads for latter experiments.

6.3 Construction sequence

The specimens (Figure 6-1), were built one at a time in the concrete laboratory. After the
specimen had cured and gained strength, it was transported to the Heavy Structures Laboratory
for testing. The beam was placed inside the loading rig. Monitoring equipment was then placed

in position or connected to the gauges already in place before testing.

In the concrete laboratory, the formwork for the base of the beam was assembled. The main
reinforcement as well as the shear mesh were cut, bent and tied. At appropriate locations, the

steel bars were filed flat, properly cleaned and prepared for mounting strain gauges. The strain
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gauges were glued to the surface of the steel bars and connected to the monitoring equipment
through three wires. The reinforcement (main as well as shear) was placed at the proper
location inside the formwork which was supported over its entire length. This latter was done to

prevent any residual stresses in the beam when the concrete was poured.

The formwork was taken off after 24 hours and the base was left to gain strength for a week.
The two walls of brickwork were then constructed flush with the outer faces of the concrete base.
Demec studs were mounted on the brickwork at appropriate locations. The brickwork was left

for at least another week to gain enough strength to hold the concrete in the infill.

The wires from the strain gauges were brought out of the cavity so as to cause least loss of
strength. The shear mesh was held in place by temporary spacers. The concrete was then
poured in small quantities. Due care was taken to avoid any cavities. Concrete was made
slightly thinner and a poker vibrator was used to compact it within the infill. The composite beam

was left to gain strength for another two weeks.

The specimen was transported from the concrete laboratory to the Heavy Structures laboratory.
It was placed inside the loading rig. For the first specimen, the loading rig was built around the

specimen.

The strain gauge wires were connected to the strain monitor. The jacks were connected through
hydraulic pipes to a hand operated hydraulic pump. A pressure gauge was connected to the
system to monitor the pressure in each jack. The deflection gauges were placed at appropriate
locations. The gauges were zeroed or set to initial readings and these were recorded before
commencement of the test. A small load was initially applied to test the apparatus and the

instruments before the actual test.

6.4 Test Sequence

The specimens were placed at the appropriate location in the test rig. The demec studs were
mounted on the brickwork on the front face of the beam. Two studs were placed two inches

apart, for each demec gauge.

Fibre board was placed on top of the specimen to cover the whole area. A steel channel section

was placed on top of the fibre board with its face up. Inside the channel were placed rubber
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mats and thick rectangular steel plates to act as load spreaders. Each set of a mat and a steel
plate corresponded to a jack. These were spaced evenly over the entire length of the beam.
The jacks were placed inverted so that their movable portion reacted against the bearing plate.
The jacks were connected to the top beam which reacted against the cross-members. The load

was transferred from cross-members to the floor through the steel rods.

The strain gauge wires coming out of the specimens were connected to the monitor which

recorded the change in resistance and interpreted it in the form of numerical figures.

The nuts were hand tightened to the appropriate level. Before the start of the actual tests, a
small load was applied to test the loading rig and different gauges. The load was taken off and

zero load readings were recorded.

The load was increased in small steps with the help of a hand pump. When the required load
was reached, the strain gauge readings were recorded automatically with the help of a data
logger (for load cells) and Intercole Spectralab Programme (for strain gauges). The deflection

and demec gauge readings were taken manually at each stage.

When cracking noise was heard (cracking noise could be heard before the cracks could be
seen), the specimen was checked for cracking. If found, the cracks were marked on the
specimen itself on both faces of the beam and the total load at that stage was written next to the
crack trajectories. This information was later fed into a computer to obtain plots for crack

patterns and to keep a permanent record.

6.5 Comparison with earlier experiments

Based on the experience of earlier experiments, some changes were made to the test methods
and in the actual construction of specimen. The frame used for loading the first two specimens
by Abramian could only accommodate a maximum length of about 3 m. The height of the beam
that could be tested was also restricted by the frame. It was also difficult to place the specimens
into position and there was not enough room to place jacks of higher capacity. The method of
loading adopted for the tests conducted by Coe and for the last specimen of Abramian was
found to be more suitable since it eliminated all these problems. It had the added advantage of

being light and could be assembled in any part of the laboratory .
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As pointed out in the previous chapter, the specimens hitherto tested had a very small range of
depth to span ratio, it was decided to test a wider range of spans and a varied depth to span
ratio. Thus, most of the specimens tested in the present series were deeper than the earlier

ones. A wide range of spans was also tested.

Specimens tested earlier had ties to connect brickwork with the concrete infil. These were
omitted for all the specimens in the present series. There were a number of reasons for this. It
was felt that the ties were not necessary if the concrete infill was properly compacted. The bond
between the brickwork and concrete was thought to be strong enough to overcome any lateral
splitting stress. Also, one of the aims of the tests was to ascertain the brickwork-concrete bond

strength. Ties would have made it impossible to judge if the bond performed satisfactorily.

The top reinforcement in the concrete base of the beam did not contribute to the strength either
in tension or in compression. It was much too near to the neutral axis to make a significant
contribution towards the strength. It was therefore decided to omit this reinforcement in the

present tests.
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CHAPTER SEVEN - STRENGTH CALCULATIONS

Summary

This chapter lists the properties of the specimens to be tested. It gives the form of construction
and the actual geometrical properties of each of the specimens. An analysis is carried out on
the flexural and shear strength of each specimen using both the British and American standards.
A comparison of the results is carried out and the difference in results is commented upon. The
chapter also deals with the concept of both the UK and US standards of practice. The aim of
performing these calculations is to check their validity by comparing them with the actual test
results. A comparison would confirm the validity or otherwise of the assumption of pure bending
action. A composite structural action would be expected to impart a higher load carrying

capacity. A discussion on the recommendations for limiting deflections concludes the chapter.

71 Summary of test specimens

Full scale test specimens consisted of composite beams made of brickwork and reinforced
concrete. The beams were rectangular in cross-section. The upper part of the beams was of
brickwork construction with concrete infill in the middle. The infill contained shear reinforcement
for certain specimens in the form of a standard steel fabric which extended into the concrete
base. In this chapter, a summary of the dimensions of specimens and their elastic properties is
presented. These are presented in tabular form so that they may be used later to assess their

effect on the strength and serviceability characteristics of the composite beams.

In the later part of the chapter, the specimens have been analysed using the British Design
Standards (Structural use of concrete BS8110 1988, and Code of Practice for the Structural use
of Masonry, BS5628, 1985) and their US counterpart (Building Code Requirements for Concrete
ACI 318-78). This has been done to compare these figures with the actual tests later. This
would indicate whether composite action is present in the beams tested and if so, the difference

it makes to the strength and serviceability characteristics.

Figure 7-1 shows the cross-section of a beam with the parametric dimensions.
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u- bt—j

Neutral Axis

Figure 7-1: Cross-section of a typical test specimen.

A summary of the cross-sectional details and elastic properties of the specimens tested is shown

in Table 7-1. The Table is based on the notations of Figure 7-1.

SNe L dk dc b d As Av yt
—
1. 5000 510 250 280 710 603 B503 1.2x1010 366
2. 2300 450 300 300 700 452 B503  11.8X109 364
3 2300 450 300 300 700 452 11.68x109 364
4. 2500 510 250 280 710 603 B503 12x10 "0 366
5. 2500 510 250 280 710 603 - 11.9x109 366
6. 3750 540 250 280 740 603 B503 1.3x1010 381
7. 2x2500 540 250 280 740 603 B503 1.4x1010 381
402 (top)

Table 7-1: Properties of test specimens.
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Table 7-1 shows the dimensions of concrete, brickwork and infill portions separately for each
specimen. All the dimensions are given in millimetres. The first column shows the specimen
number followed by the overall length of the specimen. The cross-sectional dimensions are
given in the next three columns. The width of the brickwork (both walls together) was 205 mm
for all specimens. The width of the infill can be worked out for each specimen by subtracting this
figure from the overall width. Clear span for each specimen can be calculated by subtracting the
supported length of the beam, which was 100 mm for external as well internal support, from the

overall length of the beam given in the second column.

Table 7-2 shows a summary of the properties of the beams tested.

S.No Lvd 100 As/bd Im/lc Am/Ac
1. 7 0.303 0.58 0.966
2 33 0.216 0.51 0.695
] 3. 33 0.215 0.51 0.695
4. 35 0.303 0.58 0.966
5. 35 0.303 0.58 0.966
6. 5 0.291 0.55 1
7. 34 0.291 0.55 1
0.194 (top)

Table 7-2 : Properties of specimens

The Table lists, for each specimen, the ratio of span, L, to depth, d, and the percentage of
longitudinal reinforcement in the cross-section. The span to depth ratio is important in
determining the stress distribution while the steel ratio affects the cracking and deflection
characteristics. Both these parameters affect the overall strength. In the Table, As refers to the

area of longitudinal steel while b is the overall width of the beam.
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The Table also provides a measure of the relative contribution of brickwork and concrete
towards the overall strength in the form of the ratios of their areas in the cross-sections and
second moments of these areas about neutral axis. The second moment of area of masonry
and concrete portions is denoted by Im and Ic respectively while Am and AO are respective

masonry and concrete areas.

Due to a number of constraints, it was not possible to vary individual parameters separately.
Thus, some of the parameters were varied together to judge the combined effect on strength and

serviceability characteristics.

The crushing strength of concrete and mortar used for the construction were worked out and are
included in Tables 7.3. This is the average crushing strength of six cubes and is denoted by fc.
It was computed from the results of tests on cubes which were prepared from the same material

as the specimens.

S.No f'c(N/mm2)

Base Mortar Infill

1 21.8 26.8 52.8
2 384 21.79 30.67
3. 36.4 21.65 37.68

4. 35 29.9 42.5

5. 44 24.98 421
6. 46.57 26.6 27.92

7. 35.04 21.75 -

Table 7-3 : Concrete and mortar strengths
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The cubes were weighed before testing to ascertain the density of concrete and mortar mixes.

The results of the tests are given in Table 7-4

S.No Density(kN/m3)

Mortar Infill Base
1. 21.9 23.5 22.6
2 19.6 234 23.7
3. 19.35 23.3 23.5
4. 19.6 23.3 23.3
5. 19.9 235 23.3
6. 19.7 22.8 233
7. 19.3 - 23.2

Table 7-4: Concrete and mortar densities

Average compressive strength of the cubes was taken as the concrete compressive strength.
For brickwork, the unit strength specified by the manufacturer was 21 N/mm2 With Class 1
mortar, the characteristic compressive strength of brickwork (Table 3 BS 5628 Part 2. 1985
"Structural use of Reinforced and Prestressed Masonry") was 7.4 N/mmz2). Detailed results of
cube and cylinder tests are included in Appendix A. It is of interest to note that although the
density of mortar and concrete did not vary significantly, there was a considerable variation in
strength. This shows that there are many other factors involved in the determination of strength.
Other researchers have reached the same conclusion. For example, Hens(1976) has reported
that moisture content and diffusion significantly affect the strength. The grading and quality of
constituent materials is also significant. Workmanship errors could have resulted in considerable

variation in all these aspects.
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From brick crushing strength supplied by the manufacturer, the Masonry characteristic strength =

7.4 N/mm2 for all specimens.

Water absorption for bricks = 18%

7.2 Strength calculations:

This section gives the basis of calculation of strength according to the British and American
standards of practice. Actual calculations are performed for the specimens tested so that a
comparison can later be made between strength predictions and experimental results. Detailed
calculations are omitted for the sake of brevity and only formulae and Tables are provided. The
calculations are performed keeping in mind the recommendations of both brickwork and
concrete standards. As in the present case, when a significant portion of the cross-section is of
concrete, the concrete standard should be used. Since there is only a slight difference in the
brickwork or concrete standard recommendations, the results from using both the standards are

nearly the same.

The British Standard for the Structural use of masonry BS5628 makes similar recommendations
to those made in the Standard for the Structural use of concrete BS8110 Part 1 Code of Practice
for design and construction. Similarly, the American Building Code requirements for reinforced
concrete (ACI 318-78) are closely followed by their standard for brickwork. Since the test
specimens were composite i.e. consisted of both concrete and brickwork, one standard could not
be applied throughout. Though concrete made up a significant portion of the cross-section, most
of it would crack and become ineffective in flexure. The concrete and brickwork strengths are,
therefore, calculated separately in compression. An equivalent stress block similar in shape is

used for both the materials.

The expressions suggested for shear are the same in both British codes of Practice i.e. BS8110
Structural use of Concrete and BS5628 Structural use of Masonry. In addition, the characteristic
shear strength was the same for brickwork and concrete. Thus using either concrete or
brickwork standard would have resulted in the same results for the specimens under

investigation. For clarity, reference has been made to both brickwork and concrete standards.
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7.2.1 Shear strength calculations
7.21.1 UK Standard for the Structural use of Masonry (BS 5628 Part 2)

The British standard, like its US counterpart, takes account of concrete and steel shear strengths
separately. Section 11.3.1.1 of ACI Standard 318-77 suggests the following shear strength for

concrete in non-prestressed members.

Ve =2 M(fc)bwd (7.1)

On the other hand, the British Standard, BS5628 Part 2 Section 22.5, suggests the following

expression;
V=_Yk_+Vs (7.2)
‘yv

Similarly, the British Standard for concrete, BS8110 clause 3.4 5.2, suggests the expression;

V=_Jfer +Vs (7.3)

ynv

The above expressions can be combined to give the following expression for a composite beam.

V = Ve +Vk 4 Vs (7.4)
ynj

Omitting the safety factors, we get the following expression;

V =Vc+Vk+ Vs (7.5)

Where Vc, Vk and Vs are the shear capacities of concrete, brickwork and shear reinforcement
respectively and the safety factors have been omitted.

Whereas the formula given in the American standard for concrete shear capacity depends on the
square root of characteristic compressive strength of concrete, the BS 5628 Part2 suggests an

arbitrary value of 0.35 N/mm2as concrete shear strength in Table 4. Table 3.9 given in BS 8110
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for the shear capacity allows for the positive effect of reinforcement by increasing the allowable
shear stress by 0.175 times the steel ratio As/bd. For the present calculations, the lower value
of 0.35 N/mm2 is chosen since that corresponds to the value of concrete and brickwork. In case
of a significant difference in the allowable stresses, the relative areas of both the materials will
have to be taken into account while using the same form of stress block for both. The formulae
given for shear capacity of shear reinforcement seem different but they are basically two forms

of the same expression as will be seen in subsequent paragraphs.

For design of shear reinforcement, the formula given in the standard (BS5628 clause 22.5.1) is

as follows ;

Asv = bfv -fi(~vmv)) — b(~ynvV ~fv)
fy">ms fyynsynv

British Standard BS8110 Table 3.8 suggests that the following reinforcement be provided.

Asv — 0.4bvSv (7.7)

0.87fyv

Where

ASy is the cross-section of links at the neutral axis of a section

bv is the breadth of the section (for a flanged beam this should be taken as the average width of

the rib between the flanges).

sv is the spacing between the shear reinforcement.

fyv is the characteristic strength of links (not to be taken more than 460 N/mm2)

Expression (7.7) is similar to expression (7.6). In expression (7.6), (v-fv) is the share of shear

stress provided by steel, vs. If we make this substitution and ignore safety factors, wa get;
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_ sV ¥ (7.8)

5V

This is the same expression as given in the ACI| Standard 318-77. Thus for the amount of shear
force taken by the shear reinforcement both the US and the UK design standards (BS8110 and

Bs5628) have the same expression.

Then the final expression for the shear capacity becomes ;

A fd
sv ¥V

Vv = 0.35bd + Y Todll (7.9)

v

The basis for calculation of shear force and its location is similar to that already used in
calculations for the US design standard. The vyield stress for shear reinforcement has been
taken to be 250 N/mm?. Table 7-5 gives the values of shear capacity calculated using the British
standard BS8110 Part1. Values for shear contribution of concrete and steel are given separately

as is the total load capacity.
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Specimen SHEAR CAPACITY (kN) TOTAL LOAD

CAPACITY(udl - kN)

NO Ve Vs \Y W

1. 69.58 88.75 158.33 442.26
2 735 8875 161 822.8

3. 73.5 - 73.5 375.6

4. 69.58 88.75 158.33 827.63
5. 69.58 - 69.58 363.7

6. 7252 925 165 545.22

7252 925 165 1003.03

7

Table 7-5: Calculated value of shear and total load using UK Standard BS8110.

7.21.2 U S Standard ACI 318-77.

It has already been seen that the UK Standards BS 8110 Part 1 and BS5628 both treat
brickwork and concrete similarly. The same is the case with the US Standards, Building Code
Requirements for Reinforced Concrete ACI 318-77 and its counterpart for Brickwork. Also, since
the major portion of the sections for all the specimens is of concrete, the US concrete standard
will be used for calculations. The American Standard (ACI 318-83) recommends the shear
strength to be taken as the sum of concrete and steel strengths. The strength can, on the other
hand, be approximated as 2 (fc)bwd where fc is the characteristic compressive strength of
concrete and bw is the width of the web portion of the beam. The concrete and steel strengths

can be calculated separately using the following detailed formula:

pv d A £d
v.=ve +vs = [i-v > + 2500 ~~w- | b,,d+HHV1
(7.10)
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where

pw is the ratio of main tensile steel in the cross-section.
Vu is the factored shear force at the section.

Mu is the factored moment at the section.

Av is the area of shear reinforcement within a distance s.

The maximum value of Vc is limited to 3.5(fc). In the approximate method (Clause 11.3.1 ACI

318-83), Vc = 2 (fc)bwd.

The second part of expression 7.4 does not depend on the shear and bending moments but on
the section properties. For a simply supported beam, the values of Vuand Mu can be calculated

from the following expressions:

Vu = (0.5 -d/L).W at a distance d from the support, and

Wwd _ Wd2 (7.11)

at the same point. Thus the expression Vud/Mu can be expressed as;

de [0.5 - glwd Y (7.12)
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which is independent of either shear or bending moment and is always less than unity. Table
7-6 gives the calculated values of shear strengths of all the beams tested separately for

concrete/brickwork and steel.

Specimen Ve Vs W

Approximate Upper limit kN kN

2 ffcbwd(KN)  3.5t/(fc)b*d(kN)

1. 151.3 264.7 77.2 954
2. 159.8 279.65 772 1823
3. 159.8 279.6 - 1461
4. 151.3 264.7 77.2 1582
5. 151.3 264.7 - 1225
6. 157.7 275.57 801 1747
7. 157.7 275.57 802 1610

Table 7-6: Shear calculations using US Standard

The expression 2500 pwVud/Mu was calculated for all the specimen and it came out to be above
1.6V(fc) in each case thus exceeding the maximum limit Vc (i.e. 3.5/(fc)). Thus in Table 7-6 the
upper limit of 3.5 fc has been included for all the specimen. The shear strength of infill
reinforcement has been taken to be 0.87fy (BS 8110 section 3 4.5.3) where the value of fy was

taken as 250 N/mm2 (BS8110 section 3.1.7.4) i.e. fyv was taken as 217.5 N/mm2
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In Table 7-6, the value of maximum shear load on the beams has been calculated at a distance

d from the support as allowed by the standard. Figure 7-1 shows the critical section under

shear.

(d+isn)W/i Critical Section

150

Wr2

Figure 7-2: Critical section under shear.

Shear at section A-A is
V = W/2-W(d + 150)/L

or

V = (0.5-(d + 150)/L)W

where W is the total uniformly distributed load on the beam. The expression (d +150) is the
distance of the section being considered from the edge of the beam. This expression can be

rearranged as:

W v (7.13)
[0.5 - — ¢t 15°]

Where 150mm is the diameter of the support.

For the seventh specimen, the value of V was taken at a distance of d/2 from'the inner edge of

the end support. This specimen had two equal spans continuous over the central support. For
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such a configuration, as shown in Figure 7-2, the outer reaction is (5/16)W which causes

maximum shear stress.

Total uniformly distrubuted load =W

5W/16 3w/ 5W/16
. |

Figure 7-3 Reactions for Specimen 7.

Thus the expression for total shear load is;

_ 5 _d+ 75
V&g —op ¥ (7.14)

where W is the total load uniformly distributed over total length L i.e. over both the spans in this

case.

Therefore the value of W has been calculated using :

- v (7.15)
5 d + 75
g -~
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7.2.1.3 Comparison of Allowable shear values

Both the standards evaluate the shear strength provided by brickwork (or concrete) separately.
The American standard suggests the following expression for calculating the value of

characteristic shear strength of concrete.

7 de
_ 7 ‘ W ou (7.18)
v.o= [1.o/ () + 2500 —— ]

u

Vud/My depends on the geometric properties of the beams and not on the extent of loading
because the load W cancels out as is evident from the expressions for Vu and Mu. This is
logical since the value of shear strength of a beam should not change with a change in loading.

The expressions for Vu and Mu are:

0 + d
v =[O.5—15L 1w

where the diameter of the supporting pile is 150 mm and

(d + 150)2W
M = [0.5(d + 75) - ———p— ]

The same will be the case in any other type of loading. As an alternative to equation 7.5, the
standard suggests that the value of ve may be approximated as 2v/fe. The maximum value in

both cases is restricted to 3.5 \/fc, The value of fc has to be taken in psi units in all these cases.

The value suggested by the British standard(BS8110) is 0.35+0.175As/bd. Consider a very low
value of concrete characteristic stress of 30 N/mm? (4350psi). For this type of concrete, the US
Standard would suggest a value of ,/(24:350) =120 psior 0.8 N/mm? and a maximum value of
3.5 \/(4350) = 230.8 psior 1.59 N/mm?. For the usual percentages of steel, the value suggested

by the UK standard will be in the range of 0.5 N/mm? which is very low. Thus there is a
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considerable difference in the characteristic shear stress values suggested by the two standards.
There is some sense in relating the shear stress to the characteristic compressive stress since,
in shear, it is the diagonal tension or compression which causes failure. The revised British
Standard BS8110(Table 3.9) does take into consideration the positive effect of tension steel and
the decrease in beam depth but the effect of concrete strength is not taken into account. The

2

range of values for design concrete shear stress is from 0.3¢ N/mm? to 1.22 N/mm?. These

values still seem conservative and are much less than the design concrete shear stresses

suggested by the American Standard.

Similar expressions are used by both the standards to evaluate the contribution of web

reinforcement towards shear. The British Standard gives the expression:
Asy = bysv(v-ve)/(0.87f )

In this expression, (v-vc) is the stress in the shear steel, vs. Thus, rearranging the expression in

terms of vs,

(7.17)

where fyy is not to be taken greater than 0.87f,. Then in terms of total load and steel yield stress,

the contribution of steel to the total shear strength becomes;

Vi —e (7.18)

The equivalent expression suggested by the American Standard is:
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Vs = Ayfyd
Sv (7.19)

Thus a factor of safety of 0.75 for the steel shear stress exists in the British Standard whereas
there is no factor of safety in the American Standard. The values of the shear strengths

calculated using both these standards were compared with each other. These are shown in

Table 7-7.
Specimen UK Standard US Standard
No kN kN
1. 442.28 954
2. 822.8 1823
3. 375.6 1461
4. 827.63 1582
5. 363.7 1225
6. 545.22 1174
7. 1003.03 2161

Table 7-7: Shear capacity

7.2.2. Moment Capacity:

The moment capacity has been calculated in the following paragraphs based on the ultimate
limit state. Both the American (ACI318-77) and British Standards (BS8110 and BS5628) have
been used to assess the strength. The standards use limit state design for the calculations
although they allow design based on allowable stress. The limit state design has been chosen

for calculations in both cases.
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7.2.2.1 UK Standard: BS5628, 1985 Code of Practice for the Structural use of Masonry

The design of brickwork is based on the following principles;

1. Design strength is equal to or greater than the design load to ensure an adequate margin of

safety against the ultimate limit state being reached.
2. Serviceability limit state criteria of deflection, cracking, fatigue and creep etc. should be met.

3. If a significant proportion of infill is concrete, the provisions of CP 110 (now BS 8110) should

be applied (BS 5628 Part 2 - 16.1.2).

4. General considerations, safety parameters and formulae to be used are given in the

standard.

The following calculations are based on the formulae for flexural capacity given in the UK
Standard for reinforced brickwork BS 5628 Part 2. 1t is the same formula which is used for
similar calculations for concrete. The effect of infill steel is neglected because, from the author’s
calculations, it was evident that the change in values after taking infill steel into consideration
was insignificant. The distribution of steel fabric is such that its contribution towards moment of

resistance is not significant.

Afz 0.4f b d° 0.4f b d°
My 5 & L Pl S (7.20)
d s s
ms mm mm
where
0.5A f ) -
z=[f -———]+£fpb]d=0.95d :

mm

186




In expressions (7.20) and (7.21), bk and bc refer to the respective widths of the concrete and
brickwork portions. It has been assumed that the stress configuration of both concrete and
brickwork is similar and that both the materials reach the strain corresponding to the
characteristic stress. It is further assumed that the neutral axis is within the brickwork portion of
the beam and that the bond capacity between the brickwork and concrete is higher than the

interface stresses caused by the difference in their elastic moduli.

The following Table was prepared taking the above formulae into consideration. The column

0.4fkbd2 has been included to facilitate initial calculations and subsequent checking:

Specimen Z 0.95d Md 0.4fkbd2 W
(mm) (mm) (KNm) (KNm) kN

1 681.6 674.5 183 1185.6 301.85

2. 686 665 135.26 1234.8 503.29

3. 686 665 135.26 1234.84  503.29

4. 695.8 674.5 183 1185.64 623

5. 695.9 674.5 183 1185.64 623

6. 7252 703 190.75 1287.95 4239

7.(span) 7252 703 190.75 1287.95 2597

7.(support) 725.2 703 12717 2146.59  865.8

Table 7-8: Total load based on Flexural Failure - UK Standard

The calculations for total load W uniformly distributed on the beams has been performed using

the elastic theory.

For the last specimen, which had two spans continuous over the central support, the bending

moment at the centre of each span is taken to be:
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M = WLV16
while the interior support bending moment (from statical analysis) is taken as;

M = WL/8

7.2.2.2 US Standard
The flexural design given in the standard (ACI Committee 318-83) is based on an equivalent

stress block shown in Figure 7-4.

I alc d

T
0.5Ric I

Compression f}i

!

1 Neutral Axis

*

Tension

Figure 7-4: Equivalent stress block - US Standard

a. The concrete (or in this case concrete and brickwork) stress can be represented by an
equivalent rectangular stress block with stress intensity as fc and the depth of stress block as
I3-ic where fc is the characteristic concrete strength and c is the depth of the neutral axis from the

compression face measured perpendicular to the axis. The value of pi is always taken as 0.85.

b. The value of I3i is 0.85 for concrete with characteristic strength equal to or less than 4000
psi. For each additional 1000 psi increase in characteristic strength or part thereof, the value of

I3ic is reduced by 0.05 subject to a minimum of 0.65.
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c¢. The ultimate strain for concrete is 0.003.

d. A linear strain distribution is assumed for shallow beams whose ratio of depth to clear span is
greater than 0.4 for continuous spans and 0.8 for simple spans. For deeper beams, a non linear

strain distribution is assumed.

e. The steel stress at any point in the cross section is assumed to be the product of elastic
modulus and strain subject to a maximum value of the yield strain. The value of elastic modulus

is taken to be the same in tension and compression.
f. Tensile strength of concrete (and brickwork) is neglected.

g Any shape of compressive stress block can be assumed if its results are in substantial

agreement with results of comprehensive tests.

Using this stress block, following formulae for flexural strength can be derived.

0.85fcB1ch = Asfy

. L &
0,85f'.81
(=3
Blc ‘ Blc
- M=2af[d- 5 ]-0.858cbld - ] (23

In this case also the effect of shear reinforcement on flexural strength has been neglected
because it has been found to be insignificant. The characteristic strengths used for concrete and

brickwork are the same as used earlier for calculations based on the British Standard.
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Specimen c M w

no. (mm) (KNm) kN

1. 63.87 185.29 305.6

2. 44.686 138.5 515.4

3. 44.686 138.5 515.4

4. 63.87 185.29 630.78

5. 63.87 185.29 630.78

6. 63.87 193.43 429.85
7(span) 63.87 193.43 2633.9
7 (support) 25.55 131.9 898

Table 7-9: Moment capacity - US standard

7.2.2.3 Comparison otstandards (flexure):

Both the US and UK standards give similar results. There are, however, some differences in the

approach adopted by each standard. Some of the major differences are listed below:

1. The American Standard suggests an equivalent stress block to be taken for design. The
British Standard is also based on an equivalent stress block. Formulae to be used for design are
based on these stress blocks. Many authors ( e g. Hendry and Kheir (1976), Hasan and Hendry
(1976) and Sutter, Keller and Lin (1986) are of the opinion that both the standards are over
conservative. As for the approach, the US standard seems to give a better picture of the

structural action and as such is more flexible.

2. As has been remarked In section 7.3.1 previously, both the standards, though suggesting
seemingly different approaches for shear, give exactly the same formulae. The US standard
suggests a formula In terms of area of shear steel and spacing of bars while the British standard

gives the formula for shear stress. The actual shear strength for the concrete and brickwork
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differs with the American Standard, suggesting a value dependent on the characteristic
compressive strength of concrete and the British standard suggesting a value of 0.35 N/mm2
The revised British Standard does take into account the positive effect of reinforcement but it
does not result in a significant improvement in the suggested value of characteristic compressive

strength.

3. There is a slight difference in the ultimate compressive strain of concrete and brickwork. The
strain suggested by British Standard (BS 5628 Part 2) is 0.0035 while that suggested by the ACI

Committee 318-83 is 0.003. Compressive failure is undesirable and a large factor of safety is

required. Both the strains are safe and conservative.

4. Table 7-10 gives the values of total uniformly distributed load based on flexural failure

calculated for the specimens tested using both standards.

Specimen ! UK us
No. Standard Standard
(kN) (kN)

1. 301.85 305.6

2 503.29 515.4

3. 503.29 515.4

4. 623 630.78

5. 623 630.78

6. 423.9 429.85

7. 865.8 898

Table 7-10: Comparison of flexural strength values using UK and US standards.

It can be seen that the difference between the calculations based on the two standards is

insignificant.
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7.3 Deflection

Both British and American Standards give the serviceability limits on deflection i.e. they limit the
deflection caused by service loads to an arbitrary value. Since service loads are considered, in
the calculation of deflections, normal elastic methods of analysis are recommended by both the
standards. In order to limit deflection, L/d ratios are suggested in Table 9 of BS 5628 Part 2 for
brickwork and Table 3.10 of BS 8110 for concrete. BS 8110 limits the total deflection of a
member to span/250 and, to achieve this, it recommends a maximum span to effective depth

ratio of 20 for simply supported rectangular sections.

The value of final deflection given in clause 16.2.2.1 (a) of BS 5628 Part 2 is also span/250 and

to achieve this the value of span to depth ratio suggested in Table 9 of the Standard is again 20.

Table 9.5 (a) of the American Standard ACI 318-77 limits the span to depth ratio of a simply
supported beam to span/16. The maximum deflection [Table 9.5(b)] is limited to between
span/180 to span/480 depending on the type of construction. Thus the American Standard is
slightly more stringent towards total deflection as well as the span to depth ratio. The limits

suggested by the British Standards for both brickwork and concrete are the same.
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CHAPTER EIGHT - LOAD TESTS

Summary

This chapter describes the research carried out in the form of experimental work. Seven full
scale specimens were loaded to destruction to test their structural response. The construction
and loading of each specimen is described. This is followed by a detailed account of the crack
pattern vis-a-vis shear cracking, flexural cracking and interface cracking. The structural
behaviour of brickwork under compression over the supports is described. The strains in the
reinforcement at different locations are analysed and compared with the cracking pattern.
Load-deflection graphs are included and discussed with regard to cracking of concrete and the

different stages in the straining of the reinforcement.

Detailed results are included in Appendix D while those of immediate interest are reported in the

presentand the following chapter.

8.1 Introduction

This chapter describes the actual testing and structural response of each specimen. The
specimens were loaded in the rig described in previous chapter. A small initial load was applied
to each specimen to test the working of the hydraulic system, the jacks and all the other
instruments. The load was then taken off. The initial or zero readings for all the instruments i.e.
the strain, deflection and demec gauges were taken. The load was then increased in small
steps. The difference in each instrument reading from that of the original reading was recorded
at the end of each load step. These recordings were carried out manually in case of deflection

and demec gauges.

The readings from electrical strain gauges were recorded with the help of a Spectralab software
programme on a BBC microcomputer. The computer had the facility of recording readings in the
form of a Table as well a graph but the latter was not used. With the help of 'Kermit' computer
software transfer programme, the readings were transferred to a Honeywell 6600 mainframe

computer.

At the end of each load step, the specimen was inspected for any signs of cracking. In addition

to this, the demec gauges were used to record sudden increases in strain which gave an early
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warning of cracking. Another good indicator of the onset of cracks was the crackling noise which
could be heard before the cracks were actually visible. Though the noise indicated cracking, the
exact location was usually not readily discernible. The locations and extent of cracks, once
established, were traced on the specimen with the help of a pencil. The load at which this
cracking occurred was noted next to the crack. The cracks were later highlighted with a marker
for photographs. They were also recorded in the form of co-ordinates i.e. they were split up into
short straight lengths whose nodal co-ordinates were recorded with reference to a fixed origin.
These co-ordinates were then fed into the computer. The co-ordinates and the strain gauge
readings were then used to produce plots showing progressive cracking at each stage of
loading. The plot had the facility of recording the strains at the appropriate strain gauge location.

These plots were very useful in identifying the structural behaviour of the specimens.

The specimens were prepared and tested in sequence from specimen 1 to specimen 7. Each
test is described individually with special reference to the type and extent of cracking, composite
action, loads and the resultant stresses and serviceability characteristics of cracking and

deflection. The specimens are also discussed in relation to the elastic and inelastic behaviour.

Overview of the experiments

Seven composite beams were prepared in the laboratory and tested to destruction under
uniformly distributed top loading. Six of these were simply supported between two supports.
The seventh had two equal spans continuous over the central support. The specimens were
labelled serially from 1 to 7 in the order of construction. Table 8-1, based on the notations of
Figure 8-1, gives a summary of the physical properties of the specimens. In the Table, L
denotes the overall length of the specimen, As the area of its main reinforcement and Asv the

area of its shear reinforcement.
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S.Nc

mm

5000

2300

2300

2500

2500

3750

2x2500

dk

mm

510

450

450

510

510

540

540

Figure 8-1 Cross-section of the beam.

dc

mm

250

300

300

250

250

250

250

Table 8-1 Summary of test specimens

mm

280

300

300

280

280

280

280

mm

710

700

700

710

710

740

740
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603

452

452

603

603

603

603

402 (top)

mm2

B503

B503

B503

B503

B503

mm

1.2x1010

11.8X109

11.68x109

1.2x1010

11.9x109

1.3x1071°

1.4x101°

yt'

mm

366

364

364

366

366

381
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Specimens 2 and 4 were similar in construction to specimens 3 and 5 respectively except for
one major difference. The aforementioned specimens (2 and 4) had shear mesh in the concrete
infili while the other two did not. Specimens 2 to 5 all had comparatively shorter overall lengths
of 2300 mm to 2500 mm. Specimen 1 was a very long specimen of 5000 mm overall length
while specimen 6 had an intermediate length of 3750 mm. Specimen 7 had two equal spans of

2500 mm continuous over the central support.

The overall depth of all the specimens was fairly constant, varying only between 750 mm and
790 mm. Variation in depth to span ratio was achieved through a difference in span. Also, the
relative brickwork and concrete depth was varied to achieve a wide range of brickwork wall to
concrete beam stiffness ratios. Brickwork depth varied between 450 mm and 590 mm while the
concrete beam was between 250 mm and 300 mm in width as well as depth. Shear
reinforcement, where provided, was in the form of standard B503 mesh. Main reinforcement
was 603 mm2 in all cases except specimens 2 and 3 which had 452 mm2 main tensile

reinforcement. Specimen 7 had 452 mm2 top reinforcement over the central support.

8.2 Specimen no 1.

Figure 8-2 Specimen 1 in loading rig.
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Figure 8-2 shows the specimen with the loading arrangement. This was the specimen with the
longest span having an overall length of 5 m. It was simply supported between two load cells.
Each load cell was made of hollow steel tube and had an outer diameter of 150 mm and a load
capacity of 75 tons. A 280 mm square steel plate was placed on top of each load cell to prevent

bearing failure in concrete. The important properties of Specimen 1 are summarised as under.

Summary of Properties
1. The specimen was the longest of all the seven specimens. Specimen 7 had the same overall
length but was supported in the middle so as to form two short equal spans. Thus this was

the longest single span tested.

2. Shear mesh was provided throughout the span of the specimen in the form of a standard

B503 mesh. Its main purpose in the midspan region was to prevent interface cracking.

3. The specimen had the same reinforcement and cross-sectional dimensions as Specimen 4.
The difference In span resulted In a difference In depth to span ratio. This provided a

means of determining the effect of span to depth ratio.

4. The specimen had a relative brickwork-concrete depth lesser than that of Specimens 6 and 7
but more than that of Specimens 2 and 3. The transformed moment of area was also in

between these two sets of specimens.

5. The main tensile reinforcement consisted of three 16 mm diameter bars giving a total area of

603 mm2
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5000

Figure 8-3 Elevational and Cross-sectional details of specimen no 1

Figure 8-3 shows the dimensions and reinforcement details for the specimen. The specimen
was 760 mm high and 280 mm wide in section. The concrete base was 250 mm high while two
102.5 mm thick brickwork walls with reinforced concrete infill in the cavity made up the other 510
mm of the depth. The base and infill were made of 1:2:4 mix concrete while the mortar was of
1:1/4:4 cement:lime:sand mix. The concrete mix had a water cement ratio of 0.72 while for the
mortar it was 0.65. The base had a concrete cube strength of 21.8 N/mm2, the infill had a
concrete cube strength of 53.8 N/mm2 while the mortar cube strength was 26.2 N/mm2. The
bricks had a unit compressive strength of 21 N/mm2 (supplied by the manufacturer) and a

brickwork characteristic compressive strength of 7.5 N/mm2.

Six equally spaced 30-ton jacks were placed on top to simulate uniformly distributed loading.
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8.2.1 Instrumentation n mm
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Figure 8-4 Instrumentation.

Figure 8-4 shows the instrumentation for the specimen. The location of the strain gauges is not
shown here for clarity. Their location becomes apparent from Appendix F where the strains are
shown at the location of the strain gauges and in the same sense. A total of 43 demec gauge
points were used mostly in the horizontal direction but in some cases vertically across mortar
joints. Their primary purpose was to measure surface strains at the vertical centre-line, in the
concrete base and along the expected line of formation of struts of the composite arch. Ten of
these gauge points were used on the reverse of the specimen for comparison of surface strains
on the two faces of the specimen. Five deflection gauges were used, three at mid/quarter spans
and two at the ends. The purpose of the end deflection gauges was to ascertain any tilt or
settlement at the supports. Detailed test results from deflection and demec gauges are given in

Appendix D.

199



r~

0 kN’ ' 518 kN

Note: Load given is the total uniformly distributed top load.

Figure 8-5 Progressive cracking of Specimen 1
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8.2.2 Cracking

Figure 8-5 shows the crack pattern for the specimen at different load stages. The specimen
developed extensive cracks over the whole of midspan region. The end regions (over the
supports) had comparatively fewer cracks. The cracks were spread evenly over the brickwork
and did not follow the coursing patterns. There was no discontinuity or change in the pattern at
the interface of concrete and brickwork. The patterns of cracks on the front and rear of the
specimen were similar. No relative movement was detected at the vertical interfaces of

brickwork and concrete infill. There were no signs of crushing or splitting of the specimen at the

ends.

From prior to the first signs of cracking till after the final load increment, constant crackling noise
could be heard. It was clear that the cracks could in most cases be heard before they were
visible. The final failure did not occur in the form of complete collapse of the beam. At this

stage, the deflections started increasing at a significant rate without any increase in loading.

8.2.2.1 Flexural cracking

The first signs of cracking were flexural. At a total load of 290 kN, a number of cracks appeared
in the central half of the span. The cracks originated at the soffit of the beam and penetrated
upwards into the interface of concrete and brickwork. The cracks in the midspan region

penetrated higher to about 3/4 of the total height of the beam.

With an increase in load, the cracks propagated further up into the brickwork. The crack length
was nearly equal for all the cracks in the central half of the beam. Above midheight of the beam,
the cracks on both sides of the midspan bent inwards. At failure, the cracks throughout this
region had penetrated up to within 150 mm of the top of the beam. Though the lengths of the
cracks were the same, the cracks nearer the supports were bent inwards towards the midspan at
a sharper angle. These cracks started to bend earlier as well so that the portion of brickwork

intact over the cracks formed an arch. Since the span of the beam was large, this arch was flat.

8.2.2.2 Shear cracking

This being a long specimen, shear cracking was not expected to be present. No shear cracking

was observed in the most highly shear-stressed zones near the supports at any stage of loading.
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Although the shear cracks were not evident, shear stresses were present and could be identified
indirectly by analysing the cracks which have been identified as flexure-shear cracks in the
previous section. These are the cracks which were present nearer the supports and were bent
inwards as they penetrated upwards. The bending of these cracks was as a result of shear
stresses which become significant nearer the supports in the region of the neutral axis of the
beam. These cracks originated as flexural cracks but were then bent under the effect of shear

stresses.

The effect of shear stresses on the orientation of the cracks can be seen by analysing the shear
on both sides of the midspan. Figure 8-6 shows the type of shear stress present towards both

sides of the beam in a uniformly loaded system and the orientation of crack associated with each

type.

Shear stress on left half of span Shear stress on right half

Figure 8-6 Shear crack orientation

It is clear from the Figure that the flexural cracks which would originally be vertical would be bent

inwards under the influence of shear stresses.

8.2.2.3 Interface cracking

Interface stresses are caused due to inequalities of elastic modulus between brickwork and
concrete. In the composite pile capping beam, the interface is in the horizontal as well as the

vertical plane.

202



The horizontal interface stresses occur primarily due to the arching action. Since the arch
formed in the present case was expected to be very shallow, the stresses were expected to be
significant. It was, however, seen that at no stage of the loading did the stresses reach a level

where cracks would be formed at the interface.

Inequalities in flexural stresses present in vertical concrete and brickwork surfaces adjacent to
each other would also induce interface stresses. In this case also, the bond strength between
both these materials was sufficient to resist these stresses. At the end of the experiment, an
attempt was made to remove brickwork from the interface. It was very difficult to take off

brickwork cleanly and there were no interface cracks witnessed in any area.

8.2.3 Crushing over supports.
Composite action gives rise to high compressive stresses over the supports. In specimen 1, the

span being large, the composite arch was shallow. The compressive stresses would thus have

been low in intensity. No spalling off of brickwork or concrete was noticed over the supports.

Nearer failure, when the central deflections of the beam were significant, a crack was noticed on
top of the left hand support. This was not due to the supplementary tension caused by
compressive stresses. It was probably caused by uneven bearing pressure coupled with rotation

of the beam around the support.

8.2.4 Strain analysis

Appendix F shows the strain at different locations at different load stages. Specimen 1 had a
large span which caused the flexural strains to be high. There was a large area in the central
regions of the beam where the strains were tensile. The tension was present in the horizontal as

well as the vertical bars of the shear mesh.

Horizontal shear bars were in tension to a considerable height of the beam. The neutral axis
was higher than would be expected with normal beam action. The flexural tension as well as

direct tying action would have contributed to this raising of the neutral axis.

The tension in the vertical shear bars was caused by differential movement between the top and

bottom of the midspan region. Flexural stresses would cause deflection and the arching in
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brickwork would cause additional restraint in the top portion of brickwork. This causes tensile
stresses in the vertical links of infill reinforcement. Near the ends of the beam, the strain gauges
recorded compressive strains in the vertical reinforcement. The intensity of the strains in infill

shear bars both in the midspan and over the supports was low.

Shear is predominantly present in the area over the support. The structural action of the beam is
similar to a truss where alternate members are in tension and compression. The overall
behaviour of the structure is such that inclined struts are formed near the supports. These struts
are connected with each other with an arch (in case of deep beams) or a horizontal strut above
the midspan (in extreme cases where the span to depth ratio is large). The uncracked portion of

brickwork in the central regions shows that for this specimen, the central portion of the strut was

horizontal.

8.2.5 Deflection Analysis
Table 8-2 shows the midspan deflections for the specimen at different loads. Based on this

Table, Figure 8-7 shows the load-deflection curve for the specimen.

Total to Load (kN) 0 50 100 200 300 400 500 600 700 750

Midspan deflection (mm) 0. 13 33 12 284 615 757 JLLLI 141 16

Table 8-2 Deflections at midspan

For small loads, very slight midspan deflections were witnessed. At this stage the apparatus
was still settling in. When the load reached the ultimate capacity of the beam, the deflections

increased at a constant rate with a fixed rate of increase of top load.

When the concrete base cracked, there was a marked increase in deflections with the same
increase in load. This was due to the additional load coming on the reinforcement as a result of

cracking of the section.

A third phase was witnessed after cracking when the specimen had settled down and the tensile

reinforcement was taking all the tensile force. In this stage, the rate of increase of deflections
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Figure 8-7 Load-deflection curve for Specimen 1

was between the first and the second stage. This portion of the curve corresponds to the strain
hardening portion of the stress strain curve. It preceded the fourth stage of failure where the

deflections again increased at a much faster rate.

There were thus three distinct phases in deflection i.e. pre- cracking with elastic steel stresses
and post-cracking with the steel yielding. At later stages, the deflection was increasing even
when the load was held constant. When additional load was applied, the deflections increased
and kept increasing even when the load was held constant. It took a long time for the reading to
become steady. Due to the prolonged effect of progressive cracking, it was not possible to wait
till the reading was completely stable. Care was taken to record readings directly after the

application of the load.
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8.3 Specimen 2

Figure 8-8 Specimen 2 in test rig

Figure 8-8 shows the specimen and the test rig details. Compared to specimen 1, this specimen

was short with an overall length of 2300 mm.

Summary of Properties

1.

This specimens was the shortest of the specimen tested in the series. It had the same

cross-sectional dimensions as Specimen 3.

Shear mesh was provided throughout the span of the specimen in the form of a standard
B503 mesh. Its main purpose in the midspan region was to prevent interface cracking This
was the major difference between this specimen and Specimen 3. The purpose was to
compare the structural response of this specimen with that of Specimen and judge the

contribution of shear mesh towards load-bearing and serviceability characteristics.

The specimen had a relative brickwork-concrete depth which was the lowest of all the

specimens. This provided a low flexural stiffness parameter. The high depth to span ratio
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and low flexural stiffness ratio meant that the composite structural action was expected to

develop fully.

4. The main tensile reinforcement consisted of two 16 mm diameter bars and an 8 mm diameter
bar giving a total area of 452 mm2. This was the least steel area provided as tensile

reinforcement in any of the specimens.

i* ' 2300

Figure 8-9 Specimen 2

Figure 8-9 shows the construction details of the specimen and the reinforcement. The specimen
was 300 mm wide with an overall height of 750 mm. The concrete base was 300 mm deep and
it supported six courses of brickwork which had a height of 450mm. The infill was 85 mm wide

and had the same depth as the brick work.

The concrete base and infill were made of 1:2:4 concrete while the brickwork consisted of
London bricks with a characteristic unit compressive strength of 21 N/mm2 set in 1:1/4:3 mortar.
Brickwork characteristic compressive strength 7.5 N/mm2. Cube strength of infill concrete was
37.68 N/mm2 while that of base concrete was 36.4 N/mm2. Mortar cubes had a strength of

21.65 N/mm2. The concrete and mortar had a water cement ratio of 0.72 and 0.65 respectively.
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The concrete infill had a shear mesh of 8 mm diameter bars of mild steel welded to form a mesh.
The bars were spaced 100 mm horizontally and 200 mm vertically. The main tensile
reinforcement consisted of two high yield 16 mm diameter bars and a high yield 8 mm diameter
bar placed in the same horizontal plane. A cover of 50 mm to the centre of the reinforcement

was provided horizontally as well as vertically.

8.3.1 Instrumentation

(@) Demec gauge

t Deflection gauge

CL

Support Figure 8-10 Instrumentation

Figure 8-10 shows the instruments and their locations for specimen 2. The electrical strain
gauges are not shown as their location is apparent from the strain gauge values plotted in
Appendix F. Each of the three main tensile reinforcement bars, which were in the same
horizontal plane, had strain gauge at the corresponding location along its length. This was done
to ascertain any disparity. The values plotted in Appendix F are those for the strain gauge on
the central bar of the reinforcement. Six deflection gauges were used two each on quarter
spans and supports and two on midspan. The reason for having two on the midspan was to
ascertain any twist in the beam at this location. The demec gauges were used across the

vertical brick work interface at alternate joints to ascertain the appearance of micro-cracks. Each
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of the supports had a load cell to check the distribution of loading between the two supports.

Detailed demec and deflection gauge results are shown in Appendix D.

8.3.2 Cracking

Figure 8-11 shows the crack pattern for specimen 2 at different load stages. Although this was a
short specimen, the cracks originated as flexural cracks. This Is hardly surprising since concrete
and brickwork are both much stronger in shear and compression than they are in tension.
Although the shear and direct compressive stresses would have been significantly greater than
those that would be present in a beam of a lower depth to span ratio, the lower flexural stresses

would have caused high enough tensile stresses in the base to cause cracking.

The cracks started in the midspan region and reached higher into the brickwork at a slight
increase in load. There was extensive cracking on the face the specimen over the whole region
except near the ends over the supports. The uncracked portion of brickwork formed the shape
of an arch which was much deeper than that witnessed for the previous longer span. The
flexural cracks were followed by flexure-shear cracks which originated nearer the supports at the
soffit of the beam. Pure shear cracks were also witnessed at this stage. These originated within

the brickwork region near the neutral axis and spread on both sides.

8.3.2.1 Flexural cracking

Flexural cracks were evident in the midspan as well as near the supports. The ones nearer the
supports could be termed as flexure-shear cracks since they originated as vertical cracks in the
beam soffit and deflected inwards towards the midspan as they penetrated higher into the

brickwork.

The speed with which the cracks penetrated up into the brickwork and their extent, both vertical

and horizontal, indicated that these were not pure flexural cracks. Composite structural action
had given rise to additional tensile stresses in the lower regions of the composite structure. This

and the tension due to flexure caused rapid and extensive cracking.

The failure of the structure was due to widening of the cracks and due to excessive deflections.

No deterioration was noticed either at the face of brickwork or at the ends of the specimen.
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710 kN

Note: Load given is the total uniformly distributed top load.

Figure 8-11 Progressive cracking for Specimen 2
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8.3.2.2 Shear cracks

Shear cracks appeared after the onset of pure flexure and flexure-shear cracks. These cracks
were near the support and were more prominent on one side. Interface cracking which

appeared near the other support, could have prevented the formation of shear cracks.

The cracks were inclined at a steep angle suggesting that the shear span was small. In the zone
of shear stress, the cracks penetrated the brickwork diagonally as well as along the vertical and
horizontal mortar beds. There are two contributory factors to this. Firstly, the shear cracks are
inclined and make an acute angle with both faces of brickwork. The other factor is the

workmanship differences in construction and mortar preparation.

The shear cracks started appearing after the flexure cracks but they grew and opened up at a
much faster rate. This indicated that at the final stages of loading, it was the shear stress that

was critical.

Because of the small span of the specimen, flexure-shear cracks formed very close to pure
shear cracks. The only criteria for distinguishing them from pure shear cracks was their origin.
The shear cracks originated from within the brickwork while flexure- shear cracks originated as

flexural cracks from the lower edge of the beam.

Another peculiar aspect of the cracks was their distance from the supports. The cracks were
very near the supports. In the conventional design methods, the critical section for shear is
considered to be at a distance equal to depth d (where d is the depth to tensile reinforcement)
from the edge of the support so that if the crack is inclined at 45°, the lower edge of the crack
would be at a distance d/2 from the edge of the support. In this case the shear cracks extended

up to the edge of the support.

8.3.2.3 Interface cracking

It is a popular view that composite action in a longer specimen induces a shallower arch giving
rise to greater interface stresses. A shorter specimen would thus have low stresses. In the
author’s opinion, this is not true for very shallow beams. There is a lower limit to the depth to
span ratio for which the load starts to be transferred to the supports through ’arching’ or

‘bridging’ action. The present specimen was too shallow for this type of structural action to
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develop. Thus when specimen 1 is compared to specimen 2, it is seen that more interface
cracking was witnessed in the latter. These cracks were witnessed at the horizontal interface
between brickwork and concrete base. They were relatively nearer the ends where the interface

stresses were greater.

The vertical interface between brickwork and concrete infill did not show any signs of distress.

The bond was sufficient to overcome any stresses at these locations.

8.3.3 Brickwork/Concrete crushing.

In shorter beams, due to increased composite action a significant portion of load is transferred
directly to the supports via compression in the arch rib. This, coupled with the horizontal
outward thrust of the arch gives rise to high compressive stresses in the brickwork. The
specimen tested was short but it did not show any signs of crushing or distress over the support

regions.

8.3.4 Strain Analysis.
Appendix F shows the strains at different locations on the tensile and shear reinforcement. The
specimen was constructed and loaded symmetrically about its vertical centre line or mid span. It

was thus decided to fix strain gauges only to one half of the span.

There were two distinct patterns of strain gauge readings. In the midspan region, the gauges
showed tension over most of the depth. Only a small portion on the top was in compression.
The level of compressive strains at this place was very low. This indicated that some composite
action was present which caused the base to act as a tie. Also, the strain gauges in the midspan

region were not aligned to the expected direction of maximum compressive strains.
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8.3.5 Deflection analysis.

Total top Load (kN) 0 100 200 500 800 1100 1400 1700 1800 1900

Midspan deflection (mm) 0. A5 3 9 155 23 325 42 45 73

Table 8-3 Deflections at midspan

xIOOkN

Figure 8-12 Load-deflection curve

Table 8-3 shows the midspan deflections for the specimen at different loads. Based on this

Table, Figure 8-12 shows the load-deflection curve for specimen 2. The curve can be divided
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into two parts; the first steeper one indicating elastic behaviour and the second, flatter part,
inelastic behaviour. The first part is of the curve depicts the position when the brickwork is
cracked and the tension is taken up by the main tensile reinforcement. The stresses in this
reinforcement are within the elastic range. The second part of the curve corresponds to the

stage when the main tensile reinforcement is yielding under stress beyond the elastic limit.

8.4 Specimen 3

Figure 8-13 Specimen 3 in loading rig.

Figure 8-13 shows the specimen in the loading rig. Its construction was similar to the previous

specimen.

Summary of Properties
1. The specimen had the same length and cross- sectional dimensions as Specimen 3. Thus
this was also a short specimens and was meant to display a fuller composite structural

action.

2. The cavity between the two leaves of brickwork wall was filled with plain cement concrete.

Shear reinforcement was not provided either in the form of mesh or links in the concrete
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base. This was done to assess the difference in structural response (by comparing these

results with those of Specimen 2) as a result of omission of infill reinforcement.

3. As in the case of Specimen 2, this specimen also had a lower value of stiffness parameter K

and a higher depth to span ratio.

4. The area of main tensile reinforcement was the lowest of all the specimens. It consisted of

two 16 mm diameter bars and an 8 mm diameter bar.

Figure 8-14 Details of specimen 3

Figure 8-14 shows the elevational and sectional details of specimen 3. It had a span of 2300
mm, an overall depth of 750 mm and a width of 300 mm. The concrete and brickwork portions
were 30 mm and 450 mm deep respectively. The two single leaf brick walls each six courses

deep had an 85 mm cavity between them. The cavity was filled with plain concrete.

The concrete base and infil were made of 1:2:4 concrete having characteristic compressive
strengths of 31.76 N/mm2 and 30.67 N/mm2 respectively. Brickwork was of London bricks with a
unit compressive strength of 21 N/mm2 which, for the class of mortar used, gave a brickwork
characteristic compressive strength of 7.5 N/mm2. The brickwork was set in 1:1/4:4

cement:lime:sand mortar. Cube strength of infill concrete was 30.67 N/mm2 while that of base
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concrete was 31.76 N/mm2 Mortar cubes had a strength of 21.79 N/mm2. Water cement ratio

for concrete and mortar was 0.72 and 0.65 respectively.

The main tensile reinforcement consisted of two high yield 16 mm diameter bars and a high yield

8 mm diameter bar all placed in the same horizontal plane. Concrete cover of at least 40 mm

was provided to the reinforcement on all the edges.

Specimens 2 and 3 were similar in construction with the major difference that specimen 3 did

not have a shear mesh in its infill.

8.4.1 Instrumentation
CL

t Deflection gauge

O Demec gauge

Support

Figure 8-15 Instrumentation

Figure 8-15 shows the location and type of instruments used for measurement of strains and
deflections. Three deflection gauges were used, one each on quarter spans and one on
midspan. The beam rested on two load cells. Seven demec gauges were used on the front face
of the beam. Some additional demec gauges were used on the reverse side for comparison.
The strain gauges were mounted only on the reinforcement. Since shear reinforcement was not
provided, the strain gauges were only used on the longitudinal tensile steel in the base of the
beam. The gauges were placed on quarter span and midspan on all the three reinforcing bars.

Appendix D shows detailed deflection arid demec gauge results.
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Note: Load given is the total uniformly distributed top load.

Figure 8-16 Progressive cracking of Specimen 3
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8.4.2 Cracking
Figure 8-16 shows the crack pattern for specimen 3. Cracking started simultaneously on both
sides of the midspan and not far from it. Soon all the area in the central regions had developed

cracks.

A number of cracks were such that they originated higher up i.e. not exactly at the lower edge of
the beam. It is possible that at this load, the crack existed lower down as well but was not
visible. It does, however, prove that it is not flexure which is the major stress causing cracking.
If it were, then the cracks would be widest at the bottom and would close linearly as they
penetrate upwards. At this stage, in the present case, the main force seems to be direct tension

which could only have been caused as a result of tie action caused by composite arching.

The cracks penetrated up into the brickwork soon after their formation. They were spread over
all the central region of the beam. The fact that the cracks were not concentrated in one region
indicates that the tensile stress was nearly constant over a large portion of the beam. The
general form of tensile stress due to uniformly loaded beam and composite action is shown in

Figure 8-17.

Section A-A

Figure 8-17 Tensile stresses in the base of a composite beam.
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The Figure also gives the total tensile stress due to direct and flexural stress. It is clear from the
Figure that total tension is nearly constant over a large part of the beam. The tensile stress due

to bending moment is constant over the central portion of the beam due to the arching effect.

There was excessive cracking in the central regions of the beam. Directly above the supports,
the brickwork which was in direct compression did not show any signs of cracking. At higher
loads, a large crack was noticed over one of the supports. This originated from the top of the
beam and penetrated down towards the bottom edge of the beam. This was clearly due to
negative bending moment over the support. Negative support moments are normally expected
only where there is continuity over the supports. Since the specimen was simply supported,
there were some other forces causing the end restraint and moment around the support. The
top load coming directly on the area above the support coupled with the additional load due to
channel section on top provided the necessary fixity over the supports. The deflection of the
beam in the span caused rotation about the support. The fact that cracks appeared only over

one of the supports was due to local variation in the strength of materials.

The cracking followed the mortar beds in many cases. This was in marked contrast to the
previous specimen where the cracks were quite independent of coursing patterns. The only
difference between the two specimens was the absence of shear mesh in the present specimen.
The infill mesh distributes the stresses evenly over the whole area of the beam preventing stress

concentrations at the mortar joints.

Generally, the cracks penetrated across the infill and were similar on both faces of the beam.
This was not true of the upper central portion of the beam. The cracks penetrated nearly to the
top of the beam. One of the cracks did penetrate to the very top. Obviously such a crack could
not have penetrated across the whole cross-section of the beam. The cracks near the top edge

of the beam were probably due to realignment of bricks under high compressive stresses.

The cracking was widespread. At higher loads, only a few of those cracks opened wider. The
cracking noise always preceded the actual sighting of the cracks. No sign of distress was

noticed either along the top edge of the beam or at its ends.

219



8.4.1.1 Flexural cracking

Flexural cracking originated simultaneously over a large portion of the span. It confirmed the
belief that the actual distribution of load changes in a deep beam. The uniformly distributed top
load is transferred directly to the support so that the beam action is changed completely. The
bending moment is now more like that for beam loaded with two equal concentrated loads

placed symmetrically.. The bending moment in the central portion is thus constant.

As with the earlier tests, the flexural cracks both on both sides of the midspan bent inwards. The
shear stress which caused this was much more effective due to the absence of infill

reinforcement.

The greater depth of flexural cracks indicates the inability of concrete or brickwork to resist
tension. Some authors have reported that a significant strength exists across a cracked section

but this is true probably in case of sections with steel reinforcement only.

8.4.1.2 Shear Cracking.
Most of the shear cracking was associated with and in continuation of flexural cracking. A

number of cracks followed the mortar beds vertically as well as horizontally. This was due to the

absence of reinforcement in the infill.

One major crack could be attributed to purely shear stress. It originated near the interface of
brickwork and concrete base and was inclined at an angle of about 45°. For some length, the
crack followed the mortar beds horizontally and vertically. No crack was noticed on the similar

location on the other side of the beam.
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Figure 8-18 Specimen after test with brickwork on one side removed.

Figure 8-18 shows the specimen after the test with the brickwork on one side of the infill
removed. Shear (and flexural) cracking was similar on both sides of the beam as well as on the
infill in between the brickwork. The bond between the infill and brickwork was quite strong and it

was difficult to take off the brickwork cleanly.

Although there was widespread cracking in the central regions of the beam, the shear cracks
were wide and opening at the time of final load. The final collapse of the structure was,

therefore, due to shear stresses.

8.4.1.3 Interface cracking.

It can be seen from Figure 8-18 that the horizontal interface of the brickwork with the concrete
base is quite clean while the vertical one is rough. It was difficult to take off brickwork from its
vertical interface while it was comparatively easier with the horizontal interface. The concrete
base was constructed some time before the brickwork. All these reasons would have

contributed to a low bond strength. Although the bond strength at the horizontal interface was
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low, it was sufficient to prevent interface cracking. There was no cracking witnessed at either

the horizontal or vertical interface.

8.4.2 Brickwork crushing.

The compressive stresses over the supports were high but were not enough to cause crushing

of brickwork. They caused a rotational restraint at the supports. This restraint caused cracking

over one of the supports.

8.4.3. Strain Analysis.

Due to the absence of infill reinforcement, the strain gauges could only be mounted on the main
tensile reinforcement. Although the surface strains were measured on the brickwork, they only
provided an early indication of crack formation. There were three gauges mounted on the tensile

reinforcement, one each on the quarter spans and one on the midspan.

The strains in the tensile reinforcement were high. At lower loads, the strains were larger in the
midspan region and smaller towards the ends. As the load increased, the strains had nearly the
same value over a large portion of the beam. They kept rising constantly with the increase in

load.

8.4.4 Deflection Analysis.

Total top Load (kN) 0 100 300 500 700 900 1100 1300 1500 1600

Midspan deflection (mm) 0. 34 9% 145 18 255 37 47 75 10

Table 8-4 Deflections at midspan
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Figure 8-19 Load-deflection curve

Table 8-4 shows the midspan deflections for the specimen at different loads. Based on this
Table, Figure 8-19 shows the load deflection curve for specimen 3. The curve can be divided
into two phases i.e. the elastic and the inelastic phase. The initial steeper portion is the elastic
stage when there is a constant load-deflection relationship. The curve then enters into the
second stage where it flattens out and there is comparatively much larger deflection witnessed

for small increase in load.

The first longer part of the curve is the elastic portion which, apart from minor deviations, is a

straight line.

The second horizontal part of the curve depicts the phase when the steel is yielding. In this

stage, large deflections correspond to only small increases in load.
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8.5 Specimen 4

Figure 8-20 Specimen 4 in loading rig

Figure 8-20 shows specimen 4 in the loading rig. The specimen had an overall length of 2500
mm. It was 280 mm wide and 760 mm high in section. The concrete base had a depth of 250
mm. Seven courses of brickwork, having a height of 510 mm had 75 mm wide concrete infill in

the middle.

Summary of Properties
1. This was also one of the shorter specimens. It had a span of 2500 mm which was slightly

longer than specimens 2 and 3 (2300 mm each).

2. Shear mesh was provided throughout the span of the specimen in the form of a standard

B503 mesh. Its main purpose in the midspan region was to prevent interface cracking.

3. The specimen had the same reinforcement and cross- sectional dimensions as Specimen 5.
The infill mesh which was provided in the infill for the present specimen was not provided in

Specimen 5.

4. The specimen had a relative brickwork-concrete depth lesser than that of Specimens 6 and 7
but more than that of Specimens 2 and 3. The transformed moment of area was also in

between these two sets of specimens.
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5. The main tensile reinforcement consisted of three 16 mm diameter bars giving a total area of

603 mm2

6. The was similar in section to Specimen 1 but was much shorter. This provided a comparison

between two depth to span ratios.

Figure 8-21 shows the details of specimen 4. The concrete infill and base were both made from
1:2:4 concrete and had characteristic strengths of 42.5 N/mm2 and 35 N/mm2 respectively.
Brickwork was of London bricks having a unit compressive strength of 21 N/mm2 and had a
characteristic compressive strength of 85 N/mm2. It was set in 1:1/4:4 cement:lime:sand

mortar. The concrete and mortar had water cement ratio 0.72 and 0.65 respectively.

The specimen contained tensile as well as shear reinforcement. The tensile reinforcement
consisted of three high yield bars of 16 mm each placed in the same horizontal plane. They had
a concrete cover of 50mm to the centre of the bars. Shear reinforcement consisted of 8 mm
diameter mild steel bars spaced 200 mm vertically and 100 mm horizontally. Shear

reinforcement was placed in the infill. It was tied together in the form of a cage.

The specimen was placed on load cells of 150 mm diameter each giving a span of 2350 mm

between centres of supports.
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8.5.1 Instrumentation.
CL

j  Deflection gauge

Q Demec gauge

Figure 8-22 gives the location of instruments used to monitor the strains and deflection in the
specimen. Two load cells were used at the supports to monitor the distribution of load between
them. Six deflection gauges were used. Two of these were used at the supports to detect any
settlement. Two were used at quarter span in the middle of the beam. The remaining two were
used on the two sides of the midspan to detect deflection as well as tilt. Forty-nine electrical
strain gauges were used to measure the strain in the tensile and shear reinforcement. The
actual locations are evident from Appendix F where the value of strain is printed at the position
of the gauge. Demec gauges were placed across the vertical mortar joints in the brickwork near
the brickwork-concrete interface. Detailed results for deflection and demec gauges are shown in

Appendix D.

8.5.2 Cracking

Figure 8-23 shows the pattern of cracks at different loads for the specimen. As with most of the
other specimens, the cracking started as flexural cracks. The cracks originated simultaneously
at a number of locations. Only a few of these cracks penetrated up into the brickwork. Most

were small local cracks and remained within the concrete base at lower loads.
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Figure 8-23 Progressive cracking of Specimen 4




There were three major cracks which penetrated up into the brickwork. One of these was a
vertical crack in the midspan while the other two were shear cracks on both sides of the
centre-line. The two shear cracks were very similar to each other. They appeared at
corresponding locations and were inclined inwards at the same angle. The number of smaller

cracks were like tributaries to the three larger cracks.

The cracks generally penetrated in straight lines and the coursing pattern did not have any
significant effect upon their trajectory. This was obviously due to the presence of infill

reinforcement which helped distribute stresses evenly over the whole area of the beam.

The overall pattern of cracking was similar to specimens 2 and 3 which also had shorter spans.
There were two portions of uncracked concrete/brickwork over the supports connected with a top
horizontal uncracked portion of brickwork in the central region of the beam. A trapezoidal portion

of brickwork/concrete base in the centre contained all the tensile cracks.

The final failure was due to excessive deflections. There was no crushing over supports nor was
there any cracking at the ends. As with the other specimens, the crackling noise preceded the

appearance of cracks.

8.5.2.1 Flexural cracking.

The concrete base was cracked simultaneously over a large portion. It was an indication of the
constant bending moment being in the central region. The presence of additional tensile
reinforcement restricted cracking to within the concrete base. Only a small number of cracks

penetrated higher up into the brickwork.

There was one major flexural crack which rose up from the midspan to the very top of the beam.
It had minor secondary cracks alongside it. There were two other large cracks (flexural shear) at
quarter spans. One of these cracks penetrated into the brick work as well as along the brickwork

concrete interface. This interface crack travelled horizontally to join the vertical midspan crack.

The flexural cracking was excessive i.e. there were numerous small cracks but these were
restricted only in to the concrete base of the beam. The failure of the beam was not as a result

of these cracks.
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8.5.2.2 Shear cracking.

Shear cracks originated near the brickwork/concrete interface at about quarter span. On one
side, a crack appeared first and was well defined while on the other side, a crack appeared after
a few more load increments and was not very well defined. The first crack was straight unlike
the second which had a number of kinks in it. Both cracks appeared at corresponding locations
on the two sides of the midspan. They formed at a distance nearly equal to the depth of the
beam and were inclined at a very sharp angle to the axis of the beam. The angle of inclination of

both the cracks was the same - around 50°.

The shear cracks traversed nearly the whole depth of the beam. A small portion of the beam on
the top was, however, intact. This was the portion which was under the effect of compressive

stresses due to the arching action.

Though the interface seemed to have some effect on smaller cracks, deflecting them mostly, the
large shear cracks on both sides were unaffected. By and large, the shear cracks did not change

course because of the presence of mortar joints.

Both the main shear cracks formed at lower loads. As the load increased, very few new cracks

were formed. The existing two cracks opened further and further with additional load.

8.5.2.3 Interface cracking.

Interface cracking did not appear at any stage of loading. This specimen was also reinforced in
the web with shear mesh. As with the previous specimens with similar reinforcement, the
cracking at the interface was prevented. It is thus obvious that the cracking at the interface can

be prevented by the provision of reinforcement in the infill.

A minor interface crack was witnessed for a short length of the beam on one side of the beam

only. This was, however, not of any serious nature and did not open with increase in load.

Cracks did not appear on the vertical interface of brickwork or concrete either on the top or sides
of the specimen. The bond strength of the interface was enough to prevent any splitting due to

the load.
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8.5.3 Brickwork Crushing
The concrete had a number of small cracks over the whole area. The brickwork, on the other
hand, had only a few well defined cracks. This was due to the additional tensile reinforcement

provided in the base. This reinforcement prevented sufficient vertical deflections for the cracks

to penetrate up into the brickwork.

The specimen was short and the composite structural action was evident from the pattern of
cracking. It was clear that there were large compressive stresses present in the brickwork over

the supports. The compressive strength of brickwork was sufficient to resist these stresses.

8.5.4 Strain Analysis. -

Appendix F shows the strains at different loads. They were of the same general pattern as
cracking. They did not vary a great deal across the span. This was an indication of near
constant tensile stresses which could only be caused by a significant direct stress. Bands of
tensile and compressive strains were present over the supports. It was an indication of the
formation of compressive struts. High compressive strains in the top central portion of the beam

confirmed this hypothesis.

8.5.5 Deflection Analysis.

Total top Load (kN) 0 100 300 500 800 1100 1400 1700 1800 1900

Midspan deflection (mm) 0. 14 635 746 989 143 176 212 228 3

Table 8-5 Deflections at midspan
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Figure 8-24 Load-deflection curve

Table 8-5 shows the midspan deflections for the specimen at different loads. Based on this
Table, Figure 8-24 shows the load-deflection curve for specimen 4. The Figure shows one

complete phase of deflection and just the start of the second phase.

The first phase is depicted by a straight line. Here the beam is within the elastic region where

there is a linear relationship between the load and deflection.

The second phase starts at the end of the first. In this case only the beginning of this phase can
be seen. Obviously, the load was taken off prior to the actual failure of the specimen. The

second phase entails a large deflection when the steel is yield ing.

One peculiar aspect of the load-deflection curve is the absence of the initial phase prior to the
elastic phase when the concrete has not cracked. The only reason could be the base

developing cracks either during initial testing or at very low loads.

The reinforcement in this specimen was more than the earlier ones. The deflection at the end of

elastic phase was much lower than the other specimens of similar span and dimensions.
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8.6 Specimen 5

Figure 8-25 Specimen 5 in the loading rig.

Figure 8-25 shows the specimen in the loading rig. The specimen had an overall span of 2500

mm. Seven courses of brickwork having a height of 510 mm had a 75 mm concrete infill in the

middle.

Summary of Properties
1. Like Specimens 2 to 4, this too was a short specimen with a span of 2500 mm. The span and

cross-sectional dimensions were the same as Specimen 4.

2. The specimen did not have any shear mesh in the concrete infill. This was the major

difference between this and Specimen 4.

3. The specimen had the same reinforcement and cross- sectional dimensions as Specimen 1.
The difference in span resulted in a difference in depth to span ratio. This provided a

means of determining the effect of span to depth ratio.

4. The specimen had a relative brickwork-concrete depth lesser than that of Specimens 6 and 7

but more than that of Specimens 2 and 3. The transformed moment of area was also in

between these two sets of specimens.
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5. The main tensile reinforcement consisted of three 16 mm diameter bars giving a total area of

603 mm2
H75 K j4 2500
6 J
280 r

Support Support

Figure 8-26 Details of specimen 5

Figure 8-26 shows the cross-section and elevation of the specimen. The concrete infill and the
base were both made from 1:2:4 concrete and had characteristic strengths of 421 N/mm2 and
44 N/mm2 respectively. Brickwork was of London bricks having a unit compressive strength of
21 N/mm2 and had a characteristic compressive strength of 7.5 N/mm2. The brickwork was set
in 1:i/4:4 cement:lime:sand mortar with frogs filled. The water cement ratio for concrete and

brickwork was 0.72 and 0.65 respectively.

The specimen contained tensile reinforcement but no shear reinforcement. The tensile
reinforcement consisted of three high yield bars of 16 mm, all placed in the same horizontal

plane. They had a concrete cover of 50 mm to the centre of the bars.

The specimen was placed on load cells of 150 mm diameter each giving a span of 2350 mm

between the centres of the supports.

The specimen was thus similar in construction to the previous specimen except the shear mesh
which was omitted in the present case. The fourth and fifth specimens provided a second set of

test results to determine the effect of steel reinforcement in the concrete infill.
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8.6.1 Instrumentation. t Deflection gauge

O Demec gauge

CL

Figure 8-27 shows the type and location of instruments used. Three deflection gauges were
used, two at the quarter spans and one at midspan. Since there was no settlement of supports
or twist in the specimen for the earlier tests, the other deflection gauges were -dispensed with.
Ten demec gauges were used across the vertical mortar joints near the concrete-brickwork
interface. The readings were taken but not analysed. They were only used for crack detection.
There were only nine strain gauges, which were placed on the tensile reinforcement at quarter

span and at midspan. Appendix D shows detailed deflection and demec gauge results.

8.6.2 Cracking.

Figure 8-28 shows the cracking pattern for the specimen. The cracking started in the form of
flexural cracks in the midspan area. As with other specimens, it was not concentrated in one

place but was spread over a large area. This indicated a near constant bending moment in the

central region.

The concrete base had a number of small cracks in the whole of central region. Only a few of

these cracks penetrated in the upper brickwork region of the beam. This was very similar to the

previous specimen. The specimens tested earlier i.e. specimens 1to 3 did not provide similar
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Figure 8-28 Progressive cracking of Specimen 5
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crack patterns. The cracks in all the earlier cases penetrated across the Interface so that there
was no discontinuity in the crack pattern at the brickwork- concrete interface. The only reason

for this was the additional reinforcement provided in the latest two specimens.

There were two major cracks in the brickwork region, one near the midspan and the other
starting at the bottom near one of the quarter spans and ending up near the top close to the
other cracks. The major crack near quarter span in the brickwork extended along the interface

towards the support and traversed the concrete base much nearer the support.

In the brickwork, the cracks were affected by the mortar joints so that the cracks bent sharply
along the edges as they followed the joints. There was a severe cracking at the brickwork-

concrete interface.

8.6.2.1 Flexural cracking

The flexural cracking commenced in the concrete base over a wide area. The bending moment
was again constant over the central regions of the beam. The flexural cracks did not, however,
penetrate into the brickwork directly. There was excessive cracking at the interface. The

smaller cracks merged into a single large crack into the brickwork.

The flexural cracks again penetrated high up into the brickwork nearly to the top of the beam.

The cracks in the brickwork were few in number. The interface cracking was the probable

cause. The beam deflection was mostly accommodated by the interface cracks as well as large

central cracks so that other areas did not experience any cracking.

Direct tension due to the existence of composite structural action was evident in the cracking
pattern in the concrete base. Higher up in the brickwork, the cracks did not follow any pattern
which would indicate composite action. This was again due to the fact that there was severe

cracking at the interface.

8.6.2.2 Shear cracking.

Pure shear cracking was not witnessed in the brickwork. Inclined cracks which could be classed
as flexure-shear cracks were present in the concrete base. The flexural cracks In the central

regions of the beam were bent Inwards towards the vertical centre-line. Shear would have
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contributed to this deflection. Another reason for this is the compressive stresses present higher

up in the brickwork as a result of composite arching action.

8.6.2.3 Interface Cracking.
The interface cracking started at fairly low loads. It was primarily concentrated in the central
regions of the beam. The cracks were caused by large deflections coupled with poor bond

between the brickwork and concrete.

The cracks originating from the concrete base rose up to the concrete-brickwork interface. At
this stage, most of the cracks followed the brickwork-concrete interface. Obviously, the mortar

bond in brickwork was much stronger than the interface bond.

The early interface cracking did not allow composite structural action to take place. With proper
composite action, the arching action would have produced interface stresses near the beam
ends. Since the stresses near the ends of the beam did not develop fully, there was no cracking

witnessed there.

The poor concrte-brickwork bond strength also affected the vertical interface which developed
cracks. This caused the splitting of brickwork from concrete interface near the ends of the beam.
Although the overall crack pattern points towards a failure of composite action, the splitting of

brickwork over the supports shows that there were high stresses in this region.

8.6.3 Brickwork Crushing

Figures 8-29 and 8-30 show the front and side views respectively of the specimen after the test.

The failure of the specimen occurred due to crushing of one end of the beam.

It is clear that severe interface cracking on one side and inclined shear cracking on the other

both combined to form a triangular arch. The bending action of the beam was completely

destroyed and the load was transferred directly to the supports.

The failure of the beam over the support was sudden and catastrophic. Cracks appeared in the
interface both horizontally as well vertically. The cracks which radiated outwards from the

support indicated the direction of compressive stresses. From these cracks it was evident that
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the structural action was in the form of a triangular arch with the apex at the top centre of the

midspan.

Figure 8-29 Front view of the specimen

Figure 8-30 End view of the specimen
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The end view of the specimen indicated the complete failure of the interface bond and the base

concrete over the supports. It was evident that the construction was of poor quality.

8.6.4 Strain Analysis
The strain gauges could only be fitted on the reinforcement. The shear mesh was missing in the
present case so only the strains in the main tensile reinforcement could be ascertained. Three

gauges were fitted, two at quarter spans and one at the midspan.

At lower loads, the strain gauge at the midspan showed higher strains then the quarter span
ones. One of the quarter span strain gauges went out of order leaving only one quarter span
strain gauge for comparison with the midspan gauge. This was a very unsatisfactory method of
analysing strains. At higher loads, the strains in the two gauges were similar indicating that the

level of strains in the central regions of the beam was the same.

8.6.5 Deflection Analysis

Total top Load (kN) 0 100 300 500 800 1100 1400 1700 1800 1900

L
Midspan deflection (mm) 0. 25 105 3.05 45 757 103 135 15 18
Table 8-6 Deflections at midspan

Table 8-6 shows the midspan deflections for the specimen at different loads. Based on this
Table, Figure 8-31 shows the load-deflection curve for the specimen. This specimen had three
distinct stages in the load deflection curve. The first stage was the uncracked stage when most
of the flexural tension was taken by concrete. This was indicated by a short line at the beginning
of the curve. This part of the graph was slightly curved indicating that at this stage the relation

ship between load and deflection of the beam was not linear.
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Figure 8-31 Load-deflection curve - Specimens

The second stage of the load-deflection curve is depicted by a long straight line. An analysis of
the crack patterns given in Appendix E and the shape of the load deflection curve shows that, at
this stage, the concrete was cracked and the tensile stresses were taken up entirely by the

tension steel. The relationship between load and deflection was linear.
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8.7 Specimen 6

Figure 8-32 Specimen 6 in loading rig.

Figure 8-32 shows the details of the loading rig for specimen 6. This was a medium sized beam.
The overall length of the beam was 3750 mm which was the average of the two extremes tested
till now. The cross-sectional dimensions were similar to the other specimens so that the span to

depth ratio was also between the two values tested before this specimen.

Summary of Properties
1. Specimen 6 had a span of 3750 mm. The purpose of this beam was to test an intermediate
depth to span ratio since this span was between the two extremes of spans tested.

Specimen 1 represented a long specimen while the rest of the specimens were short.

2. Shear mesh was provided throughout the span of the specimen in the form of a standard

B503 mesh. Its main purpose in the midspan region was to prevent interface cracking.

3. The specimen had the same reinforcement and cross- sectional dimensions as Specimen 7
which was to be two span specimen of longer overall length. There was, however, no direct

comparison between this specimen and Specimen 7.

4. The specimen had a relative brickwork-concrete depth more than any of the previous

specimens. This resulted in a higher value of flexural stiffness parameter K
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5. The main tensile reinforcement consisted of three 16 mm diameter bars giving a total area of

603 mm2

Figure 8-33 Elevational and cross-sectional details.

Figure 8-33 shows the construction details of the specimen. The overall depth of the specimen
was 790 mm and it had a width of 280 mm. There were seven courses of brickwork measuring
540 mm in height. The concrete base was 250 mm deep. Each of the two brickwork walls

containing the concrete infill was 102.5 mm in width. The concrete infill was 75 mm thick.

The concrete infill and the base concrete were both made from 1:2:4 concrete. The
characteristic strengths of the infill and base concrete were 27.9 and 46.5 N/mm2 respectively.
The brick work was made from London bricks having a unit characteristic strength of 21 N/mm2.

The mortar was 1:1/4:4 cement:lime:sand mix having a cube strength of 26.6 N/mm2. The

water-cement ratio for concrete and mortar was 0.72 and 0.65 respectively.

The concrete infill contained shear mesh made from tied mild steel bars each measuring 8 mm
in diameter. The bars were spaced 200 mm vertically and 100 mm horizontally. Except for
being tied the shear mesh was similar to a standard B503 mesh. The main tensile reinforcement

consisted of three bars of 16 mm diameter high yield steel placed at the same vertical level. All
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the shear as well as tensile reinforcement had a least 50 mm concrete cover to the centre of the

bars.

8.7.1. Instrumentation. T Deflection gauge

O Demec gauge

CL

Figure 8-34 Instrumentation

Figure 8-34 shows the instrumentation on the specimen. As with the previous specimen, the
deflection gauges were place centrally at the midspan and quarter spans. There were fifteen
demec gauges along the length of the specimen. They were placed near the brickwork-concrete
interface across the vertical mortar joints. Fifty-seven strain gauges were mounted on the shear
and tension reinforcement. The location of these gauges is shown in Appendix F. The strain
gauge readings are recorded at these locations. Detailed results for deflection and demec

gauges are given in Appendix D.

8.7.2. Cracking

Figure 8-35 shows the crack pattern for specimen 6. The first crack appeared in the midspan.
This was closely followed by cracks towards the ends of the beam. A significant number of
cracks appeared in the concrete base. About 50% of these cracks terminated at the interface
while the others penetrated higher into the brickwork. The cracks appeared over the whole

length of the beam. It was dear that the base of the beam was acting like a tie.

243



0 kN . ) 400 kN

350 kN

Note: Load given is the total uniformly distributed top load.

Figure 8-35 Progressive cracking of Specimen 6



Only a small portion of brickwork was intact along the upper edge of the beam. This formed a
part of the arch which was in compression. The arch was shallow and horizontal in the central

portion of the beam. A significant portion of the beam was uncracked near one end but the other

developed a number of cracks.

The cracks did not, in general, deviate from straight paths at the concrete-brickwork interface nor
did they follow the mortar beds. There were a few cracks which bent sharply due to the

presence of weak mortar joints.

The final failure of the beam was as a result of crushing of brickwork near the ends accompanied
by the spalling off of brickwork. At this stage, the bond at the vertical interface of brickwork and
concrete infill was also broken. The horizontal interface bond was able to resist the interface

tensile stresses.

The pattern of cracks on the two faces of the beam was similar.

8.7.2.1. Flexural cracking

The cracking originated in the form of flexural cracks in the midspan. As the base of the beam
cracked, the movement caused the load to be transferred directly to the supports. It caused
additional tensile stresses in the base of the beam which was evident in the form of cracks
nearer the supports. The flexural and direct tension cracks covered a large area of the beam

and rose high into the brickwork.

8.7.2.2. Shear cracking

The shear cracks appeared only on one side of the beam. Pure shear cracks were not

witnessed on the other side of the beam although flexural shear cracks were evident in this area.

The flexure-shear cracks appeared in the form of continuation of flexural cracks. These cracks
were bent inwards towards the midspan of the beam. Once fully developed, the shear cracks
were similar to the flexure-shear cracks. The difference between the two was their origin. Pure
shear cracks originated high up in the brickwork and were inclined to the beam axis for most of
their length. Flexure-shear cracks originated in the form of vertical flexural cracks and were then

bent inwards under the effect of shear stresses.
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8.7.2.3. Interface cracking
Cracks did not appear on the horizontal interface of brickwork and concrete at any stage of

loading.

8.7.3. Brickwork Crushing

Figure 8-36 End view of the specimen after the test

The beam failed due to a combination of high compressive and shear stresses near one of the
supports. Figure 8-36 shows the end view of the side which failed. The failure was originated by
the bond failure between the outer brickwork leaf and the concrete infill. It is likely that the top of
the beam was not very level. This would have caused the outer leaf to take most of the load.

Apart from the outer brickwork leaf and a portion of the concrete base, the whole of the beam

was intact.

The bond failure at the end caused the splitting and spalling off of brickwork which was
accompanied by severe cracking. This failure mode signifies the importance of ties. If the ties
were present in the beam, they would surely have prevented a sudden failure. There would

have been ample warning in the form of cracks before failure.
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8.7.4. Strain Analysis

Appendix F shows the strains at different loading. At the initial stages, the strains were generally
compressive on the top and ends of the beam. As the load increased, two separate pat terns
were evident on the two sides of the beam. The pattern of strains on one side was predictable
and similar to the one already seen on the specimens previously. The strains on the other side

were completely different.

At low loads, the strains in the concrete base were tensile throughout confirming the belief that it
was acting like a tie. The tensile zone was higher in the central area of the beam. The

compressive strains formed an arch over the tensile strains.

With an increase in load, this pattern continued on the side which remained in tact. Tensile
strains were evident over most of the other side. Obviously by now the vertical interface bond

had gone and the brickwork was splitting out and was thus in tension.

8.7.5. Deflection Analysis

Total top Load (kN) 0 300 400 600 700

Midspan deflection (mm) 0. 3.07 56 1151 17.77

Table 8-7 Deflections at midspan

Table 8-7 shows the midspan deflections for the specimen at different loads. Based on this
Table, Figure 8-37 shows the load deflection curve for the sixth specimen. The curve has three
distinct parts. In the first part, the beam is quite stiff and the load-deflection curve is steep. This
is the stage when the load is mostly taken by concrete and brick work and no cracks have

appeared. When the beam cracks, the tension is transferred to the steel.

The second part of the load-deflection is the straight central portion. At this stage, the beam is

cracked and the tensile stresses due to flexure are taken up entirely by the main reinforcement.
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Figure 8-37 Load-deflection curve

At this stage the beam is less stiff than at the start of the experiment. From the beginning of the

loading to the end of the second stage, the steel stresses are within elastic limits.

The third part of the curve is the flatter, horizontal portion. At this stage, the steel is yielding and
the beam deflection are large. The deflection increased even at constant load which caused the

failure of the beam.

8.8. Specimen 7

Figure 8-38 shows the details of the loading rig used for specimen 7. This specimen had an
overall length of 5000 mm. It was placed on three supports. The outer two were load cells of
150 mm diameter each while the inner support was of a steel plate resting on a hollow
rectangular steel section. The beam was thus divided into two spans each being 2425 mm

between centres of supports. The beam was continuous over the central support.
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Figure 8-38 Specimen 7 in the loading rig.

Summary of Properties

1. The specimen had an overall length of 5 m in the form of two spans, each of 2500 mm length

continuous over the central support.

2. Shear mesh was provided throughout the span of the specimen in the form of a standard
B503 mesh. Its main purpose in the midspan region was to prevent interface cracking. It
also provided a safeguard against cracking over the support regions due to negative bending

moment as well as shear.

3. The specimen had the same main reinforcement and cross-sectional dimensions as
Specimen 6. The two spans were, however much shorter and continuous over the central
support. The specimen was intended to provide a comparison between simple spans with

those of continuous one.
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4. The specimen had a relative brickwork-concrete depth equal to that of Specimens 6 and
greater than the rest of the specimens. Due to the different nature of the beam, the
difference in structural response was not expected to be solely due to the difference in ratio

of brickwork to concrete area.

5. The main tensile reinforcement consisted of three 16 mm diameter bars giving a total area of
603 mm2. Two such bars were also provided over the central support in order to resist the

negative bending moment expected over the central support.

Figure 8-39 Constructional details of specimen 7

Figure 8-39 shows the sectional and elevational details of the specimen. The beam had a
square cross-section 790 mm deep and 280 mm wide. The base was 250 mm deep while the
brickwork had seven courses giving a total height of 540 mm. As with the other specimens,

each of the two leaves of brickwork was 102.5 mm in width while the infill was 75 mm wide.

The brickwork was of London bricks having a characteristic compressive strength of 21 N/mm2
set in 1:1/4:4 cement:lime:sand mortar giving a characteristic brickwork compressive strength of
7.5 N/mm2. The infill and base concrete were both of 1:2:4 mix. The characteristic compressive
strength for the base concrete was 35 N/mm2. Cube tests were not carried out for the infill
concrete. They were assumed to have a strength equal to the brickwork unit strength. The

water-cement ratio for concrete and mortar was 0.72 and 0.65 respectively.
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The beam had top reinforcement above the central support. It had three 16 mm diameter high
yield steel bars in the concrete base and two 16 mm diameter high yield steel bars in the infill as
top reinforcement near the top edge of the beam. The shear reinforcement consisted of 8 mm
diameter mild steel bars tied together in the form of a mesh. The bars were spaced 200 mm
vertically and 100 mm haorizontally. The mesh was continuous over the whole length of the

beam.

8.8.1. Instrumentation.
f Deflection gauge

O Demec gauge

CL

Support

Figure 8-40 Instrumentation.

Figure 8-40 shows the number and location of the instruments. Detailed location of demec and

deflection gauges and test results are given in Appendix D.

8.8.2. Cracking

Figure 8-41 shows the crack pattern for this specimen. The specimen had two small spans
which were continuous over the central support. It was much stronger than the other specimens.
Consequently, the cracks did not start till a significant load had been applied to the top of the

beam.
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Figure 8-41 Progressive cracking of Specimen 7
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The cracks originated from the top of the beam over the central support. It was immediately
followed by cracks in the middle of both the spans. The cracks then spread across the length of
both the spans. Over the support, the cracking did not spread over a large area. There was
more cracking on the top towards one side of the central support. There was no apparent

reason for this discrepancy.

The cracks were neither deviated nor terminated at the interface of brickwork and concrete. The
cracks were also not affected by the presence of mortar bonds in the brickwork so that they were
straight rather than stepped. The cracking could be heard before seen. The pattern of cracks
was similar on both sides of the beam. The final failure of the specimen was due to large

midspan deflections as a result of excessive cracking over the whole area of brickwork.

8.8.2.1. Flexural Cracking.

Flexural cracking appeared in the form of cracks on the top of the beam over the central support.
These were caused by negative bending moments. These cracks were closely followed by
cracks in the midspan caused by sagging moments. The cracks over the support were restricted
to a small area. The midspan moments were spread over a significant portion of both the spans.
The cracks appeared nearer the outer supports. The portion of span without cracks was larger

near the central support.

The flexural cracks formed three cracked triangular regions in the beam. Midspan region of
each span formed the base of a triangular area. The third triangular region was formed over the
central support and it was inverted with the apex on the central support. Within each triangular
cracked area, the cracks rose vertically from the central area of the base. These were purely
flexural cracks. Nearer the ends of the area, the cracks rose vertically but were then bent
inwards due to the effect of shear stresses. Over the central support, the flexural cracking
affected only a small area. Most of the other cracks were shear cracks. They originated from

within the brickwork and spread at an angle to the top as well bottom edge of the beam.
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8.8.2.2. Shear cracking

As with most of the other specimens, shear cracking only appeared after the onset of flexural

cracks. In nearly all these cases, shear cracking was also preceded by large deflections.

Shear cracks were witnessed on both the sides of the central support as well near the ends
supports. The cracks on the central support were larger and more widespread than the end

ones.

Some of the shear cracks followed the mortar joints or were diverted due to the presence of
mortar beds. This occurred due to the presence of some weak mortar joints and due to the

favourable angle which some cracks made with the mortar joints.

The actual failure of the specimen was caused by the opening up of these cracks and by the

resultant excessive deflections.

8.8.2.3. Interface cracking
In general, the bond strength of the interface was sufficient to prevent any interface cracking.
Some cracking at the horizontal interface was, however, seen near one of the end supports and

on one side of the interior support. The cracking was not serious at any of these places.

The vertical interface did not develop any cracks either on the sides or at the top of the beam.

8.8.3. Brickwork crushing.

The short spans ensured adequate composite structural action. Consequently, high
compressive stresses were expected over the supports. Excessive flexural and shear cracking
also indicated that a major portion of the load was transferred directly to the supports. The
compressive stresses over the supports were high. The brickwork was strong enough to sustain

this load and did not collapse at any stage of loading.
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8.8.4. Strain analysis

Appendix F shows the strain gauge readings on the reinforcement at different locations. At low
loads the strains in the lower portion of the beam were tensile throughout. The gauges in the top
portion of the beam showed compression. The end supports had compressive strains in the
brickwork above. This was peculiar because compressive strains were expected directly over
the central support as well. A closer inspection revealed that the central support was slightly
lower than both the outer supports. The two spans were acting as a single span. The load was
taken off and further packing was provided in the central support. Some settlement was still

needed for the central support to share the load.

As the load increased, the pattern of strains became more predictable. Alternate tension and
compression strut were identified over the central support with the help of gauge readings.
Figure 8-42 shows a sketch of the specimen with alternate bands of tension and compression.

The structural action of the beam is similar to that of a truss where alternate members are in
tension and compression. In this case, alternate areas of the beam act similar to the members
in a truss. The outer supports had a compression block associated with a triangular area of

tensile strains. The value of strains was significantly higher throughout the beam.

Figure 8-42 Sketch of beam showing truss action
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Total top load (kN - UDL)

8.8.5. Deflection Analysis

Table 8-8 shows the midspan deflections for the specimen at different loads. Based on this
Table, Figure 8-43 shows the load-deflection curves for the midspan deflections of the two spans

of the specimen.

Total top Load (kN) 0 100 500 900 1300 1700 2100 2400 2600 2800
Midspan Left 0. 145 55 9 155 27 43 58 769 975
Deflection (mm)  Right 0. A7 9 238 378 56 7.69 957 10.73 12

Table 8-8 Deflections at midspan

xIOOkN

Figure 8-42 Load-deflection curve
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It is evident that both the spans have a similar shape of the curve. A small initial uncracked
portion of the curve Is followed by a nearly straight long portion when the steel is in the elastic
range. The last portion of the curve depicts the stage when the steel is yielding. It is clear that
the midspan deflection of one span was significantly larger than the other. There is a constant
difference between the two deflections so that it is more significant at lower loads than it is at
higher loads. This also shows that the difference is not due to some difference in elastic proper
ties - rather due to some setup error. This was borne out by an inspection of the specimen when
the support on one side was found to be weaker and it caused an initial deflection which was

carried forward to latter stages of loading.
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CHAPTER NINE - ANALYSIS OF EXPERIMENTAL RESULTS

Summary and conclusions.

This chapter discusses the results of tests reported In the previous chapter. The effect of

differentparameters on the strength and serviceability characteristics is discussed.

The tests proved that the structural performance of beams can be greatly improved by proper
combination of brickwork and reinforced concrete. From a study of the experimental results, the

following conclusions were drawn;

1. The mesh in the concrete infill does not add significantly to the strength of the beam. In the
tests performed, both the flexural and shear characteristics of beams were unaffected by the

addition of shear fabric in the infill.

2. The shear mesh helps to reduce deflections. The deflections in case of beams with shear
mesh were reduced by a factor of 1.5 - 5 when compared to similar specimens without

mesh.

3. The shear reinforcement (shear fabric) was very effective in reducing the severity of cracks
formed in the brickwork and concrete. Without the mesh, the cracks were few but much
wider and longer. The shear mesh reduced the width and length of cracks though there
were far more cracks than in the specimens without reinforcement. The cracks in

specimens with shear reinforcement were small and did not form a collapse mechanism.

4. Composite arching’action is present in beams of depth to span ratio much lower than 0.6. It
was more evident in specimens with high H/L ratios than low ones. The composite action
creates tensile stresses in the base of the beam, which acts as a tie. The distribution of
loads direct to the supports also results in high compressive stresses in these areas which
can cause crushing and splitting of brickwork. Vertical tensile stresses were also witnessed

in the top central regions (crown) ofshorter beams.

5. A new approach is needed to cater for composite action as also the composite interaction of

different materials.
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6. Continuous beams are structurally advantageous to simply supported ones. The critical
stresses in this case were noticed over the central support.9.1 The results for load tests
reported in the previous chapter are compared and analysed in the following paragraphs.
Graphs have been drawn to ascertain the effect of one or more parameters and to identify
the elastic and inelastic range. The first six specimens were all tested when simply
supported while the seventh consisted of two equal spans continuous over the central
support. Most of the analysis is carried out for simply supported beams since these are

most commonly used in practice. A section is, however, devoted to the continuous beams.

Load-deflection curves helped decide whether the flexural stresses in the midspan were in the
elastic range or beyond the elastic limit. Similarly, the location and orientation of cracks gave an

indication of the type of stresses causing the cracks.

A comparison of the predictions of the stress levels based on the British Standard for concrete
structures: 1985 (BS 8110) with the experimental results was carried out. This was done to
ascertain the applicability or otherwise of the code recommendations. Since the composite
beam exhibits a kind of structural action markedly different from conventional beam action, a
significant variation Was expected. The comparison highlighted the need for a new approach to

design and analysis.

9.1 Introduction

Table 91 which is based on the notations of Figure 9.1 shows the cross-sectional dimensions
and other properties of the specimens. The value of the section modulus in tension, Zt, has
been worked out for the areas transformed to those of brickwork. In each case, the ratio of
elastic moduli of the constituent materials was calculated using the British codes (BS 8110) and

all the areas were then transformed to equivalent brickwork areas.
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Figure 9.1 Cross-section of a typical composite pile capping beam.

Dimension

Span (mm)

b (mm)

be (mm)

dc

Shear Mesh

Tensile Steel

Zt (mm3)

5000

280

75

250

760

B503

3Y16

2300

300

95

300

750

B503

Specimen

3 4
2300 2500
300 280
95 75
300 250
750 760

- B503

2Y16+Y8 2Y16+Y8 3Y16

2500

280

75

250

760

3Y16

3750

280

75

250

790

B503

3Y16

2 x 2500

280

75

250

790

B503

3Y16
2Y16 TOP

3.27x107 3.24X107 3.21X107 3.27X107 3.25x107 3.41X107 3.67X107

Table 9-1 Geometric and other properties of specimens (Equivalent transformed

brickwork units)
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Parametric analysis for the experimental results was carried out. This was based on the results
already reported in the previous Chapter. Some of the more important parameters like steel
ratio and span to depth ratio were tested independently. Others were varied together to judge
their combined effect. Since the specimens were to full scale, there was a limit to the number of
specimens that could be constructed and tested. An attempt has been made, however, to judge

the share of each of the parameters in the combined effect.

9.2 Comparison of Code analysis with Experimental values.

The specimens were analysed using both the British and American codes in Chapter six. The
analysis is compared here with the actual results from experiments. The load given as
maximum elastic load or ultimate load for a certain type of failure does not mean that the
specimen did fail in that form. In most of the cases, the failure occurred in one form only and the
other stresses have been calculated at this load. In the particular case of Specimen 1, however,
the load test was discontinued prior to the actual failure of the specimen. This was done to avoid

distress to the loading rig.

9.2.1 Flexural Strength

The maximum load within the elastic range and the ultimate load for each specimen are given in
Table 9-2. The Table also gives the flexural strength calculated using BS 8110 for comparison
with experimental values. The ultimate failure load is given to judge the strength reserve left in
the structure after the elastic limit. The criteria for differentiating between elastic range and
plastic range was the slope of the load deflection curve. The maximum elastic load was at the
top of the straight line portion of the curve. The final load was the ultimate load although in some
cases (like that of specimen number 2) the actual failure did not occur. The elastic modulus is

based on the straight line portion of the load- deflection curve.
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Experimental Load Design

Specimen Load at Ultimate strength
no elastic limit load BS 8110

(KN) (kN) (kN)
1. 570 760 301
2. 1767 1900 503
3. 1630 1634 503
4. 1843 1900 623
5. 1700 1900 623
6. 570 800 423

Table 9-2 Ultimate elastic load and elastic modulus

It is evident that the experimental results are well beyond the capacity predicted using the UK
code. The factor of safety ranges from 2 to 3. It is worth considering that for Specimens 1 and
6, which were longer, the factor is 2.5 and 2 respectively while for the other (shorter) specimens,
it is 3. It could therefore be argued that for shorter specimens, the flexural stresses are less than
predicted because of greater composite action and the resultant reduction in bending stresses.
This indicates the effect of span to depth ratio on composite action. The smaller the span to

depth ratio, the greater the composite action.

In Table 9-2, the elastic limit values are 2 to 3 times the design strength calculated on the basis
of UK Design Standard for concrete. It is obvious that simple beam theory does not adequately
portray the structural behaviour of these beams. A theory based on composite structural action

is required to correctly assess the load bearing capacity of such beams.

From the maximum load taken by each specimen, the bending moment at the midspan was
calculated. This bending moment was then used to calculate the flexural tensile stress in the

main tensile reinforcement. Two assumptions were made. Firstly that the lever arm was 0.95d
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where d is the depth of tensile reinforcement from the compression face. In actual calculations,
this value was greater for all specimens. However, the United Kingdom Design Standards for
concrete and brickwork, BS8110 and BS5628 respectively, allow this as the highest value. The

second assumption was that of pure bending.

The purpose of this analysis was to compare the characteristic tensile stress of the tensile steel
with the hypothetical stress existing in it on the assumption of simple beam action. Table 9-3
shows the hypothetical stress in tensile steel worked out from the ultimate bending moment

existing in the beam.

Specimen Ultimate BM Equivalent tensile stress
no (N-mm) for gross section (N/mm2)
1 460.75x10e 1132

2. 510.625x10e 1698

3. 439x10e 1460

4. 558x10e 1371

5. 558x10e 1371

6. 360x10e 849

Table 9-3: Ultimate BM and equivalent stress in tensile steel.

The tensile steel used for the specimens had a yield stress of 460 N/mm2 If calculations are
based on simple beam action, the stress in the reinforcement ranges from 849 N/mm2 to 1692
N/mm2. This is obviously not possible. It is obvious that the bending moment has a much lower
value than that suggested by the simple beam theory. This is only possible if the load is
transferred to the support through composite structural action. It can thus be concluded that
simple beam theory does not apply to deep beams. This conclusion is the same as that reached
in the previous section. It has been seen in both these cases that composite structural action

was present in the beams tested.
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9.2.2 Shear Strength

The shear cracks were those cracks which were located in areas of predominant shear stress
i.e. nearer the supports. They were usually indined at an angle of approximately 45°. In some
cases, the shear stresses acted in conjunction with flexural or interface stresses and the cracks
were either much steeper or at a smaller angle. The load causing each type of crack was noted
down and the stresses were calculated at this point. The result Is tabulated in Table 9-4. In the

Table, the values for BS8110 are those calculated for pure shear failure capacity of the beam.

Specimen Flex-shear Pure shear BS 8110
no. stress(cracks) stress(cracks)

(kN) (kN) (kN)
1. 1204 2226 442.26
2. 945.3 No cracks 822.8
3. 1552.5 2297.7 375.6
4. 836.5 No cracks 827.63
5. No cracks No cracks 363.7
6. 493.5 709.5 545.22

Table 9-4: Loads causing shear cracks

It is dear from Table 9-4 that there Is a large margin of safety in case of shear stresses. In this
case the values from the code have been compared with the pure shear cracking stresses. This

is so because the flexure-shear stresses actually originate as flexural stresses and are only bent

due to the presence of shear stresses.

Comparing the values for specimens 2 and 4 with those of specimens 3 and 5 respectively, we
notice a significant difference in the calculated values. Pure shear cracks were witnessed only in
specimen 3 and only at the very last stage of loading. The significant difference in the values of

shear strength for the specimens with and without shear reinforcement is not borne out by the
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experimental results. It is therefore evident that the contribution of shear reinforcement to shear

strength is not so significant in the case of beams exhibiting composite structural action.

The maximum shear stresses for each specimen with the ratio of pure or maximum shear
stresses to that causing Initial shear cracking are shown as follows. The Table shows that even
after shear cracking (when the structure is assumed to have failed) there is between 40 to 80

percent reserve strength left In the structure.

Specimen Max shear Ratio of collapse

no. stress load to that causing
. (N/mm2) shear cracking.

1. 1.59 1.85

2 1.88 1.37

3. 3.33 1.48

4. 2.06 1.72

5. 2.06 -

6. 141 1.43

Table 9-5: Maximum shear stresses

The beam is considered to have failed once shear cracking occurs. The Table shows that even
after the initial cracking the composite beam has a significant reserve strength left. It is prudent

to ignore this additional strength in calculations to provide additional safety.

Table 9-6 shows the maximum shear stress actually present over the supports using statical
analysis. It is a value averaged over the whole of the cross-section. This ratio proves that a
composite beam consisting of brickwork and reinforced concrete section is capable of resisting
shear stresses even after cracking. The sudden collapse associated with shear failure is not

witnessed in the case of brickwork in general and more so in case of that which provides a
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composite structural action. This is probably due to fact that cracking in brickwork tends to
follow the mortar joints. In this case, even after cracking, the bricks are locked into each other
and provide a significant shear strength. The existence of shear strength across a cracked
section has been reported by many other authors (Chapter 2). It comprises of dowel action of
tensile steel, the aggregate friction, and shear resistance of shear reinforcement and

concrete/brickwork.

From the figures in Table 9-5, it is clear that about 40% to 90% strength is still in reserve after

the shear cracking of a composite structure.

9.3 Serviceability Characteristics

9.3.1 Cracking

The first signs of distress to the beam could be heard usually before the cracks could be seen.
The load causing the first discernible cracks were noted and flexural stresses were calculated at
this stage. This stress was taken to be the modulus of rupture and is given in Table 9-6 along

with other results.

Specimen 1 2 3 4 5 6
Modulus of rupture 5.47 3.92 3.95 3.57 3.6 2.64
(N/mm2)

Table 9-6 Flexural cracking stress.

The value of rupture stress for concrete in flexure is signifi cant as is apparent from Table 6.
This strength is still of no consequence since this is a once only strength. Once the beam
cracks, which it is bound to do under service loads, then none of this strength can be relied upon

to resist stresses.
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[ Cracking \ / Cracking \

a. Short specimen b. Long specimen.

Figure 9-2 Cracking on the face of the specimen.

Figure 9-2 shows the pattern of cracks for shorter as well as longer specimens. For the most
part, the cracking was restricted to a trapezoidal area in the lower central regions of the beam.
The slope of the inclined sides of the trapezoidal area did not vary much with the length of the

specimen. It was the length of the parallel sides that varied directly as the length of the

specimen.

As would be expected, the cracks were vertical (due to flexure and direct tension being the main
stresses) in the central area while they were inclined (shear) nearer the ends. Both the vertical

and shear cracks were parallel cracks separated by uncracked brickwork/concrete portions.

This pattern was better defined for the inclined cracks over the supports.
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9.3.2 Deflection

The deflection measurements were carried out at each load increment. Table 9-7 gives the
loads and corresponding deflections at the elastic limit and final collapse for each specimen.
The elastic limit was identified as the point at which the stress-strain curve changed the slope

from initial steep value to a more flatter gradient.

Specimen Maximum Maximum Elastic Limit
load deflection Load (kN) Deflection(mm)

1. 760 16 570 1.3

2 1900 7 1767 4.0

3. 1634 1 1630 52

4. 1900 3 1843 1.8

5. 1900 18 1700 15.2

6. 800 18 570 12.6

Table 9-7 Load v midspan deflection at elastic limit/collapse.

The deflection at the midspan of each specimen was noted at each load increment. The results

are shown in Tables 9-8, 9-9 and 9-10.
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Load Midspan Deflection

Specimen 1 Specimen 2 Specimen 3

(KN) mm mm mm
0 0 0 0

50 0.13 0.07 0.17
100 33 15 34
150 6 22 51
200 12 3 = .68
300 284 51 .96
400 6.15 72 1.21
500 7.57 0.9 1.45
600 11.2 1.1 16
700 14.11 1.25 1.85
750 16 1.35 24
900 - 1.75 2.7
1000 - 2 3.1

1100 - 23 3.7
1200 - 2.53 4.2
1300 - 3.15 47
1400 3.25 5.4
1500 3.7 75
1600 - 4 10
1700 - 4.2 -

1800 - 45 -

1900 - 7.3 -

Table 9-8: Midspan Deflections - Specimens 1,2 and 3
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Load (kN) Central deflection (mm)

Specimen 4 Specimen 5 Specimen6
0. 0. 0. 0.
300 0.524 0.75 3.07
400 0.635 1.05 5.6
600 0.857 2.46 11.51
700 0.968 3.66 17.77
800 0.989 45 -
900 1.09 55 -
1000 1.30 6.6 -
1100 143 7.57 -
1200 1.54 8.3 -
1300 1.65 9.3 -
1400 1.76 10.3 -
1500 1.87 11.33 -
1600 2.00 12.63 -
1700 212 13.55 -
1800 2.28 15.05 - n
1900 3.0 18.0 -

Table 9-9 Midspan Deflections - Specimens 4, 5 and 6
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Specimen 7

Load (kN) Deflection (mm)
Span (left) Span (Right)
0 0. 0
100 15 A7
200 .28 .33
300 4 5
400 51 .68
600 .65 1.15
800 .82 2.18
1000 .97 2.58
1200 1.33 3.41
1400 1.79 416
1600 2.38 5.17
1800 3.01 6.07
2000 3.86 7.1
2200 4.78 8.26
2400 5.81 9.57
2600 7.69 10.73
2800 9.75 12,

Table 9-10 Load v Midspan Deflection
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Figure 9-3 gives the load-deflection curve for the specimens. In general, the curves show three
distinct stages. The first stage, when the specimen is not cracked. At this stage, though the
range of deflections was small, there was a linear load- deflection relationship. The second
stage was again linear when the tensile reinforcement took the load within its elastic range. In

the third stage, the tensile steel was yielding and, in some cases, there was severe cracking

over the supports.

Figure 9-3 Load-Deflection curves for simply supported specimens.
The deflection of specimens with shear reinforcement in the concrete infill was much smaller

than similar specimens without the infill reinforcement. This aspect is discussed in section 9.5.1.

Similarly, the effect of span on deflection in a composite beam is discussed in section 9.5.2.
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Using the load-deflection data of Tables 9-8 to 9-10 and Figure 9-3, an effective Elastic modulus
for the composite structure was calculated and analysed. This method of calculation of E is
subject to many errors like the non homogeneity of the materials, cracking of the section and the
composite structural behaviour of the beam. It is not intended to give a value for E but to

highlight the difference that all these factors make to the structural response.

Using the statical analysis based on elastic theory, the deflection of a simply supported beam is

given by:
6 = 5WL4 (9.1)
384El|
or
E= 5WL4 (9.2)
384EI6

Using equation 9.2, the effective elastic moduli of all the specimens were calculated. These are

listed in Table 9-10.

Specimen 1 2 3 4 5 6
E - value 6379 5794 3757 1100 2776 2144
(N/mm2)

Table 9-11 Effective Young’s modulus based on deflection.

There is a wide range of values of effective Young’s modulus from 1100 N/mm2to 6379 N/mm2
It is obvious that the behaviour of the composite structure is not truly depicted by elastic
analysis. It is further clear that the specimens with larger spans, i.e. the first and the sixth, give

a higher value of E

9.4 Composite structural action

The compression strut which is set up in deeper beams is of special interest to engineers

because it represents the degree of composite structural action and the amount of load
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The compression strut which is set up in deeper beams is of special interest to engineers
because it represents the degree of composite structural action and the amount of load
transferred to the support directly through ’arching’ action. The location as well its angle of
inclination were noted and are shown in Table 9-4. The method of determining the strut was to
note the lines of cracks. The compression strut usually has tensile strain boundaries on both
sides and cracks are witnessed along both of its sides. Its inclination is the same as that of the
cracks. Figure 9-4 shows the sketch of the compression strut at a distance x from the centre of

support or pile cap, bounded by two lines of cracks and inclined at an angle 0 to the horizontal.

Specimen Distance of comp Angle of Modulus of
no. strut from pile centre comp strut Rupture
(fraction of depth) (degrees) (N/mm2)
1. 1.4d 45 5.47
2. 0.82d 54.5 3.92
3. 0.8d 55 3.95
4. 0.5d 45 3.57
5. 0.4d 35 3.6
6. d 45 2.64

Table 9.12 Location and inclination of compressive strut
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Some authors have reported (2, 3, 4 of paper) that ’arching’ action is present in beams of depth
to span ratio of around 0.6. The beams tested had a depth to span ratio much less than this
value but arching action was witnessed when these beams were loaded. From the pattern of
cracks, the compression strut could be easily identified in all cases, but it was more clearly
visible at higher loads. The angle of inclination of struts formed as a result of this "arching’ action
and their distances from the edge of the beam were noted for each beam. Table 9-12 gives the
distances of the compression struts from the beam edges and their angles of inclination from the

horizontal.

Purely diagonal tension cracks would be inclined at an angle of nearly 45°. These cracks were
formed as a result of the combined effect of diagonal tension and direct compression over the

supports.

9.5 Effects of parametric variations

Some specimens were constructed for the sole purpose of studying the effects of variation of
only important parameters like shear fabric and span to depth ratio. Others were designed to
evaluate the combined effect of variation of a number of less important parameters. A detailed

discussion of the effect of all these factors on different aspects of structural action follows.

9.5.1 Web steel fabric

Specimens 2 and 3 were similar except for the absence of shear mesh in the concrete infill of
specimen 3. Another pair of specimens, namely 4 and 5, had the same geometric dimensions.
Shear fabric was omitted from the web of specimen 5. Load, cracking and deflection

characteristics of the two sets were compared to judge the effect of infill mesh on these aspects.

The design Tables given in CP 110 are based on the parameters M/bd2 and 100 As’bd. These
parameters are worked out at the elastic limit and are shown in Table 9-13 so that a comparison
can be made with the code recommendations. The Table should basically give an idea of the
strength and effect of steel since bd is common in the denominator of both the expression, it is in
fact a Table giving values of M/d which is the force providing the moment of resistance at the
midspan if d is considered to be the lever arm. Also given in the table is the percentage of the

tensile steel in the section. Both these parameters have been divided by a constant bd.
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Specimen BM at elastic limit (kN-m) M/bd2 100As/bd

1. 345.56 2.45 0.303
2. 474.88 3.23 0.216
3. 438.06 2.98 0.215
4. 541.38 3.83 0.303
5. 499.37 3.54 0.303
6. 256.50 1.67 0.291

Table 9-13: Effect of steel ratio on Moment of resistance

9.5.1.1 Load Capacity

It is significant to note the inability of the infill mesh to improve the load carrying capacity of the
composite beam. The ultimate load carried by specimen 2 was 1450 kN while that taken by
specimen 3 was 1900 kN. For specimen 2, the load was taken off at an early stage to prevent
distress to the loading rig. Signs of failure were, however, beginning to appear at this stage. It
could, at best, have taken a load equal to specimen 3 but not more. Similarly, for both
specimens 4 and 5, the ultimate failure load was 1900 kN. The results were thus quite similar to
the first set of specimens and it was concluded that shear mesh in the web did not enhance the

strength in the range of geometry covered by these tests.

9.5.1.2 Deflection

There was a significant reduction in the deflection of the beam when web reinforcement was

added. Figures 9.4 and 9.5 show a comparison of deflections of the two sets of specimens.

The effect of shear mesh is clearly visible. The degree to which the presence of the mesh
affected deflections is quite different in the two cases. In the first case, the ratio of deflections at
the same total uniformly distributed load within the elastic range with and without shear mesh in
1:1.5 while in the second case it has risen to 1:5. There was no apparent reason for this
discrepancy. It is obvious that the steel fabric in the web of the beam has a significant

contribution in restricting the deflection of the beam. This reduction is caused by a uniform
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distribution of stresses over the whole area of the beam. When the beam cracks, in the absence
of shear reinforcement, the stresses are concentrated over the supports or in some cases in the
midspan area of the beam. The latter occurs in the absence of composite action. These stress
concentrations cause an increased bending moment as well shear and direct stresses. On the
other hand, the shear mesh, if present, distributes the stresses evenly over the whole face of the
beam. This causes a reduction in bending, shear and direct stress. There is a consequent

reduction in cracking and deflection.

Deflection (mm)

Figure 9.5 Midspan deflections specimens 2 and 3.

x 100

Deflection (mm)

Figure 9.6 Midspan deflections specimens 4 and 5.
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9.5.1.3 Crack pattern

The onset of cracking for both the specimens without shear mesh was similar to those with it.
These originated as vertical flexural cracks in midspan regions. For the specimens with
reinforcement in the infill, the cracks were smaller and spread evenly on the face of the beam.
The specimens with plain concrete in the infill had concentration of cracks mostly in the midspan
region of the beam. The mesh clearly performed an important role in the internal distribution of
stresses. Thus the cracks were evident outwards and over the supports for the beams with steel
fabric in the web. In the case of the beams without this mesh, the cracks were concentrated in
the central regions. The crack patterns at failure for all the beams tested are shown in Figure

9.6.

Beam 7 (mesh) - 2400 kN

Figure 9.7 Crack patterns at failure.
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9.5.2 Effect of span

Specimens 1 and 4 were of the same cross-sectional dimensions. Specimen 1 was 4850 mm
between centres of supports while the fourth specimen had a span of 2350 mm. A comparison
of both these specimens was made to study the effect of variation in span on strength as well as

deflection and crack pattern.

9.5.2.1 Flexural strength

Flexural cracks initiated in the longer span at a total load of 296 kN and in the shorter span at
400 kN while the total loads at higher limit of linear portion of load-deflection curve were 700 kN
and 1900 kN respectively. From simple bending theory, the shorter span would require a load of
592 kN for a stress equivalent to that produced by 296 kN in the longer one. Hence, in
comparison with the longer span, the cracking commences in the shorter span at a lower load
than would be expected (400 kN compared with 611 kN), suggesting that relatively higher
stresses develop in the shorter span at an equivalent load. As deeper beams deflect, the load is
transferred directly to the supports by what is commonly known as 'composite arching action'.
The composite structural action sets in at an early stage in shorter spans. It increases tensile

stresses in the concrete base which results in the formation of cracks at relatively lower load.

9.5.2.2 Shear strength

Shear cracks were witnessed only in specimen 4. A total load of 1900 kN was taken by this
specimen. No shear cracks were noticed in specimen 1. It withstood a maximum total load of
888 kN. At this load, some brickwork-concrete separation occurred at the horizontal interface.
Some cracks were also noticed next to one of the supports. These were due to a combination of

shear and direct compressive stresses.

For longer spans, usually, shear is not critical. With shorter spans, the load is transferred
directly over the supports resulting in an increase in compressive stresses. A direct comparison
of shear stresses could not be made because the longer specimen failed earlier in flexure. It
was, however, evident that, for smaller spans, there is a greater concentration of stresses not
only over the support regions but also in the 'crown' of the arch in the midspan region. Cracks

were witnessed at both these locations.
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9.5.2.3 Deflection

The span had a very significant effect on the deflections. For the same uniformly distributed load
intensity, deflection is proportional to L4 within the elastic range. The ratio of length was 2:1 so
the ratio of deflections based on elastic calculations would be 24 =16:1. At the same load
intensity, the actual deflections recorded for the shorter span were about 1/25 th those of the
longer one. For shorter spans, the load is transferred directly to the supports resulting in lower
bending moments and consequently lower deflections. Figure 9.7 shows the load-deflection
curves for specimens 1 and 4. At the same load intensity, the total load for specimen 1 was

double that for specimen 4.

x10

Figure 9.8 Load-deflection curves for specimens 1 and 4.
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9.5.2.4 Crack pattern.

The cracks in the case of the longer specimen were spread evenly over the span. The main
difference in the crack pattern was the greater extent to which the cracking penetrated upwards
in case of specimen 4. There was also a greater compressive stress over the supports which

resulted in tensile cracking over the supports at higher loads.

9.5.3 Miscellaneous parameters
The tension steel In specimen 2 was 2/3 that of specimen 4. It did not affect the strength but the
additional reinforcement seems to have restricted the deflections. For specimen 3 and 5,

different percentages of tension steel made little difference to their deflection.

There was a slight difference in the relative brickwork and concrete areas but this did not have a
profound effect on the performance of different specimen. Even when there was a significant
difference in concrete and mortar strength, there was no overall variation in strength, deflection

or cracking characteristics.

In some specimens, the load was removed and reapplied to see the effect of repeated loading.
At low loads, the performance of beams did not vary with repeated loading but once the loading
was near the elastic limit, then each subsequent cycle of loading produced a greater distress to
the beam. This was witnessed in cases where the load had to be taken off and put back on.

The second set of readings was taken for the load deflection curves.

9.6 Continuous beams

Specimen 7 was tested as a continuous beam of two equal spans of 2500 mm each. The
cross-section was similar to the other beams except that two 16 mm diameter high yield steel
bars were placed in the top portion of the beam over the central support to cater for negative

bending moment.

The beam was twice the length of specimen 4 or 5. Considering the positive effect of continuity
over the supports, it was expected to resist at least twice the ultimate load on each of those
specimens. The beam developed severe cracking at a load only 25 % higher than the shorter
specimens. These cracks were flexural cracks over the supports. Thus on the grounds of

flexure, the continuity did not add to the strength. One probable cause of this was that this
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specimen did not have the rotational restraint at the central support which does exist in the

normal column beam arrangement.

The central support had a very positive effect on the cracking and deflection of the specimen
since it reduced the span to depth ratio. Thus the specimen was structurally split into two deep
beams with a fixed joint at the central support. This gave rise to a higher degree of composite
structural action.  Apart from an increased rate of deflection due to initial settlement of the
central support, there was a general reduction in both cracking and deflection. This early
settlement could also have caused the earlier failure of the structure reported in the previous
paragraph. The initial cracking stress in flexure for the two spans was 2.4 and 3.19 N/mm2
This is in line with the results of the other specimens. The crack pattern for this beam is included
in Figure 9.6. The cracks were concentrated in triangular areas over the central support (where

the triangle was inverted) and in the two midspan areas.

The triangular cracked areas were bordered by inclined compression struts which were well
defined and existed at each end of both the spans. They were located at a distance of 0.7d, d
being the depth to reinforcement, and were inclined to the horizontal at an angle of 35°. This
angle was much smaller than expected in such short spans. There was no apparent reason for

this shallow angle.

The serviceability characteristics of the beam were greatly improved as a result of the continuity
of spans. The most severe cracking was witnessed over the central support. The deflection was
much lower than the simply supported spans confirming the usual advantages of structural

continuity.
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CHAPTER TEN - COMPARISON OF RESULTS

Summary
The theory presented in Chapter 4 was applied to the specimens which were tested and the
results reported earlier in Chapter 7. Calculations based on the elastic and collapse analyses

were compared with the results of the load tests.

It has been shown that the theory adequately reflects the overall structural action of composite
beams. An effort has been made to ascertain the effect of each of these parameters separately.
The sizes of specimens and material constraints put a limit on the number of specimens that
could be tested. Consequently, It was not possible to ascertain the effect of each parameter

separately.

It has been seen that the theory presented is better suited to deeper beams. It takes into
account the specific structural action present in deeper beams as well as their geometric and

material properties.

10.1 Introduction

The present research includes an experimental investigation into the structural behaviour of
composite beams. The conduct of the experiments and their results were reported in Chapters 7
and 8 respectively. Based on the results of these experiments, and the existing theoretical
concepts, two methods of analysis were presented in Chapter 4. In this chapter, the theories
formulated in the therein will be applied to the specimens actually tested. This will give and

indication of the reliability of the present theories.

10.2 Analysis of Specimens

In this section, two specimens will be analysed in detail. One with standard B503 mesh as shear
reinforcement and one without it. Both the theories (i.e. Elastic and Ultimate load) will be
applied. For the rest of the specimens, only the results of the calculations will be presented in

tabular form.

Specimens 2 and 5 were chosen to be analysed in detail. Both these specimens have been

analysed by elastic method first and then by collapse method. Cross-sectional details and other
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properties of these two specimens are given in Figures 10-1 and 10-2. In the listing of
properties, L is the overall length of the specimen, d is the depth of main steel from the
compression face and It is the second moment of area of the section transformed to equivalent

brickwork area about the 'transformed’ centroid.

H 300 1

Figure 10-1 Cross-section of specimen 2.

Specimen 2

L = 2300 mm

d = 700 mm

It = 1.2x1010 mm4

Main steel = 2Y16 + Y8 = 452 mm2

280

510

300

1

Figure 10-2 Cross-section of specimen 5.
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Specimen 5

L = 2500 mm

d=710mm

It = 1.3x1010mm4

Main steel = 3Y16 = 603 mm2

No shear mesh

During the preparation of the specimens, load tests were carried out on constituent materials.
Based on these load tests, the strength and properties of the specimens were taken to be as

follows (Refer to Chapter six);

Yield strength of steel fy = 465 N/mm2

Characteristic compressive strength of both brickwork (fk ) and concrete (fc) =21 N/mm2

The ratios of Elastic moduli of steel (Es), concrete (Ec) and brickwork (Ek) are given as under:

nc= Es =15
Ek

ns=_Es_=12
Ek

Allowable shear stress in brickwork as well as concrete was taken as 2 N/mm2.

10.2.1 Elastic Method

10.2.1.1 Specimen no 2

In the following calculations, the areas of concrete have been transformed to that of equivalent
brickwork area. This was based on the ratio of their elastic moduli. The area of steel has been

neglected being comparatively small. The second moment of area of wall portion Is given by;

Iw= (205 + 95x1,5I1x450a =2638828125 mm4
12

Ih = 1.5x300x300 5 = 10125x10s mm4
12
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Then the relative flexural and axial stiffness parameters K and R respectively are calculated as

under;

K= 1864 iEl)w_=1.86 « 2638823125 Ek =4.1897
(Eljb 102500000 Ek

R = (AElw = (205 + 95x1.51x450 Ek =1.158
(AEjb 300 x1.5 Ek

Allowing for the support length of 100 mm on each end, the clear span of the specimen was

2100 mm. Then the overall depth to span ratio is;

h/L = 700/2100 = 1/3

For this value of L/d, (from Figure 2 of Davies and Ahmed 1976) the parameters governing the

intensity of direct and shear stresses are;

a =045
P =22
7 =0.16

Using the above parameters, each type of stress will now be calculated separately.

Maximum direct stress in brickwork

The expression for maximum direct stress in brickwork was worked out to be;

fmax = (1 + pK)W (10.1)
Lt

This can be rearranged in the form of total top load, W, as;

W=_fmLL JaLL (10.2)
(1 +pK) (1 + pK)

where fm and fa are maximum and allowable brickwork stress respectively. They have been

assumed equal in order to work out maximum load capacity.

Therefore,
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W= 21x2300x300 = 1420 kN
(1 +2.2x2.363)

Thus a total uniformly distributed top load of 1420 kN would cause compressive failure of

brickwork over the supports.

Direct stress in concrete.

Characteristic compressive stress for concrete was 21 N/mm2 To calculate the maximum load
that can be taken by the support, it is assumed that the loading on the support is uniform and
that this uniform stress is equal to the characteristic stress. Based on this support stress, the

allowable load is given by the expression;
W = 2falLst =2(21x300x100) =1260 kN

This is the maximum load that can be supported by the specimen taking into consideration the

bearing (compressive) stress of concrete at the supports.

Shear stress

Maximum shear stress is given by the equation;

fmv= W(1 + pKK« -ft) (10.3)
Lt

Equating the maximum shear stress to allowable shear stress and rearranging, gives;

= WLt (10.4)
7TTpK)(a-")

2x2300x300 =511 kN
(A +2.2x4.2)(0.45 - 0.16x1.158)

This is the maximum load based on the condition that shear stress in the brickwork remains

within the allowable limits.

Combined Flexural and direct Tension

The value of flexural stiffness ratio, K, was worked out to be 2.1 in section 10.2.1. Since it is less

than 5, the distribution of direct stress along the interface will follow a cubic trajectory.
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Combined bending moment as a result of direct tension and composite bending action is given

by the expression;

M= WLr - Wh? (10.5)
(1 +pK) 8

For a cubic stress variation, the value of r can be found as under.

w(1 + pK)

Figure 10.3 Cubic direct stress variation at concrete- brickwork interface near the

supports.

Figure 10.2 shows the stress variation along the span of the beam which follows a cubic curve of

the form;

fx = w(1 + pK)[1 - Lv/x]3 (10.6)

where x is measured along the brickwork-concrete interface.

The area under the curve (which depicts the total load) in the Figure is W(1 + (3K)Lv/4. This
total load acts at a distance of Lvw5 from the end. Equating forces vertically at the interface, we

have;

W(1 + BK).U4 =WL/2 or
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Lv = 21 /(1 + (3K)
The bending moment due to direct stress alone is given by the expression;
M = (W/2).(Lv/5) = WL/[5(1 + BK)]

Comparing this expression with the relevant part of Equation (10.5), we find that the value of ris

1/5. The bending moment M is then given by;

M= __Lr__ - hg. W = 2300x1/5 -3HL W
+bK) 8 A +2.2x4.2) 8

= 7.6 W Force-mm -

where the units of Force are the same as that of W.

The tensile force produced by bending and direct tension in the base of the composite beam

must be resisted by the tension steel. For the portion of steel resisting pure flexure;

0.87Asfy = M_ = M
z d[0.5 + (0.25 - KI0.9)

where K = M/(bd2) and As is the portion of main steel resisting the tensile stress produced as a

result of flexure.

This equation is suggested in BS 8110 for singly reinforced beams. In addition to this force, the
tensile steel also provides resistance to direct tension which is numerically equal to W/4

(previous chapter) A combined equation can then be written in the form;

+ W (10.7)

0.87Asfy = W
4

M
d[0.5 + (0.25 - KI0.9)]

or 0.87x452x465 =(W/4) + 76 W
250 [0.5 +  [0.25 - 7.6 W/(0.9x21 x300x2002)]]

From which the value of W can be found by successive substitution.

Therefore;

W = 580 kN
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This is the total top load that would cause enough tensile stress in the concrete base to cause

failure.

10.2.1.2 Specimen No 5

The procedure followed for this specimen is similar to the previous one. The same material
properties and stress parameters were used since there was no change in the materials or

parameters.
Second moment of area of wall portion;

Ilw = (205 + 75x1.51x5103 =3509724375 mm4
12

The second moment of area of beam (base) portion;

Ib = 1.5x280x250a =546875x103 mm4
12

The flexural stiffness parameter K and axial stiffness parameter R are calculated as under;

K= 186 4 =2.96
b

For H/L = 760/2500 = 0.304, the stress parameters are;

a =0.5
6. 22
7=0.15

Maximum direct stress in brickwork

The maximum direct stress in the brickwork at the interface near the ends is;

fmax=W(1 + I3K)
Lt

from which W =1956.869 kN
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This is the maximum load uniformly distributed at the top of the beam that would cause

compressive failure of brickwork over the supports.

Direct stress in concrete

The working for maximum direct compressive stress for concrete over the supports will be
exactly the same as that for specimen 2 except that the maximum load will be in the ratio of their
widths. The rest of the properties are the same for both the specimens. Therefore the critical

load causing bearing failure of concrete at the supports will be;

W = 1260 x (280/300) = 1176kN

Maximum Shear stress in brickwork

™Tm = (1 + BK)(n -tRW
Lt

Putting Tm equal to the allowable shear stress of 2 N/mm2 (assumed), we get;

2=1 + 2.2x3.7941(0.5-0.15x1.111W
2500 x 280

orW = 449.127 kN
This is the maximum load based on the condition that shear stress in the brickwork rermains

within the allowable limits.

Tensile stress due to a combination of Direct and flexural stress.

Bending moment due to a combination of composite bending action and interface shear is given

by the expression;

M= WL - Wh2
(A +pK) 8
= U -wL W = 2500x1/5__ - W
@ +pK) 8 (1 +2.2x2.96) 8
= 20W
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At the soffit of the beam, tensile stress is produced as a result of flexure as well as direct

tension. This stress is resisted by the main reinforcement only. Then, for horizontal equilibrium;

0.87Asfy = M + JW
d[0.5 + (0.25 - K/0.9)] 4
or 0.87x603x465 =(W/4) + 29W
200 [0.5 + [0.25 - 29W/(0.9x21x280x2002)]]
From which
W = 615kN

This is the load that would cause enough tensile stress in the concrete base to cause failure.

Four types of stresses were analysed above i.e. direct stress in brickwork and concrete over the
supports, shear stress in brickwork and tensile stress in the base. It is seen that the stress in the
brickwork is the most critical and that this type of failure would be caused by a total top load of
511 kN. The direct stress in brickwork as well as concrete over the supports was the least

critical.

10.2.2 Collapse Analysis
10.2.2.1 Specimen no 2

Two modes of failure are discussed. It is assumed that failure may be caused by one or both of

the following stresses;

1. Diagonal tension over the supports.

2. Interface shear near the beam ends.

Diagonal Tension

The expression for the maximum direct stress perpendicular to the failure plane is given by;

ft=vfm + _T Sin 0 + Tm (10.8)
ti_s
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where

m= W1 + 3Kk - (10.9)
Lt

and load, T, is transferred through shear over an area b.ls.
Now
v =0.3

fm = W(1 + I3K)/(Lt)

T=w4
b = 300 mm
6= tt/4 and

Ls = 2L/(1 + 3K)

It is assumed here that the shear stress is distributed linearly over a distance Is. This
assumption is based on the test results reported earlier in section 9.4.4, Figure 9-7. The
maximum intensity of shear stress, as pointed out in the previous chapter, will be at a distance
nearly equal to half depth in from the supports. It reduces linearly to zero at both ends of the

length Ls.

A finite element analysis carried out by Davies and Ahmed (1978) indicated that the length over
which shear is transferred is equal to between twice to three times the length Lv. They suggest a

conservative value of 2.

The length U is given by;

Ls=2Lv = __ 2L
(1 +pK)

Substituting the above values in Equation (10.8) and equating the tensile force with tensile

resistance (2 N/mmz2), gives;

ft = 9.656x10~6W N/mm?2
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This is a tensile stress and the tensile resistance of brickwork should be enough to overcome
this stress to prevent cracking. Taking an average value of 2 N/mm2as brickwork tensile stress,

gives;
2 = 9.656x10'6W
orW = 207.125 kN

This load, uniformly distributed at the top of the beam, will cause failure due to diagonal tension
in brickwork over the supports. This is caused due to a combination of pure shear and
complementary tension. This value is low because the worst condition of both maximum

diagonal tension and complementary tension are assumed to occur at the same point.

Shear failure at interface

™™m =W(1 + I3K)(ra-9YR + _T_ (10.10)
Lt tLs
where Ls=2L/(1 + pK) and T =W/4

Therefore

Tm= W1 +pK)(g-V3) + W(1 + pK)
=W -tpKHrv -*R +0.1251

=4.49x10'6W
Assuming a shear capacity of 2 N/mm2 and equating it to the shear stress, gives;
W = 445.254 kN

Which is the total load, which, when uniformly distributed on top of the beam, will cause shear
failure at the interface of brickwork and concrete near the supports. Thus the diagonal tension is

critical overall with a total top load of 207.125 kN
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10.2.2.2 Specimen no 5

As discussed earlier, two different failure modes are investigated as under;

1. Diagonal tension over the supports.

2. Interface shear near the beam ends.

Diagonal Tension

The expression for the maximum direct stress perpendicular to the failure plane is given by;

ft = [vim + T/(bLs)|Sin0 +Tm

where

tm = W(1 + BKHk -tR)
Lt

and load T is transferred through shear over an area bxls.

Now

v =0.3

fm = W(1 + I3K)/(Lt)

T=W/H4

b = 300 mm

6 =tt/4 and

Ls = 2L/(1 + BK)

Substituting these values gives the value of ft as;

ft = 7.748x10'6W N/mm2

Equating this tensile stress to the modulus of fracture, fr = 2 N/mm2for brickwork gives;

2 = 7.748x10'6W
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orW = 258.131 kN

This is the uniformly distributed load at the top of the beam which will cause diagonal tension

failure in the brickwork over the supports.

Shear failure at interface

Tm=W(1 + + T
Lt tLs

In calculations for specimen 2, the value of Iswas calculated to be 2L/(1 +BK). Equation (10.19)

can thus be written as

Tm =W(1 +pK)frcI-_TR +0.125]
t

From which W = 406.47 kN

This is the total top load, which when uniformly distributed, will cause shear failure at the
interface of brickwork and concrete near the supports. In this specimen again, the diagonal
tension is critical since it assumes both shear and complementary tension to be maximum at the

same point.

The results of calculations for this specimen are also similar to the previous one. Direct stress
over the support was again the least critical. The most critical stress was again shear in

brickwork which would cause the beam to fail at a total top load of 449 kN.

Both the specimens were similar in size and geometric parameters except for the shear
reinforcement. The critical load as well as the expected failure stress are very similar.
Therefore, it can be safely said that the theory does not allow for a significant influence of shear
reinforcement on either the mode of failure or the overall load bearing capacity. This is also

borne out by the tests conducted by the author (Raja 1984).

10.2.3 In the Table 10-1, the geometrical properties of the specimens have been calculated
using the cross-sectional properties shown in Chapter 6, Table 6.1. The parameters have been

taken from a paper by Davies and Ahmed published in the proceedings of the British Ceramic
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Society (1978). The calculations for allowable load are based on the following formulae

depending on the type of failure.

For direct stress in brickwork;

W = fitLt
(1 +PK)

Direct support stress in concrete.

W = 2Lsptfc where Up is the length of the support.

Shear stress in brickwork

fkv = W(1 + BKHa-*R) + J _
Lt 2tLs

For combined tension in concrete base due to bending and direct tension.

0.87Asfy = M + W
d[0.5 + (0.25 - K/0.9)] 4

where K =M/(fGubd2)
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L (mm)

H/L

Parameters

Iw(mm4)

Aw(mm2)

Ab(mm?2)

t(mm)

W(KN)

5000

0.158
a 055
P 3
y 028

SPECIMEN

2 3 4
2300 2300 2500
0.357 0357 0.33

045 045 048
2.1 21 22
0.13 0.13 0.16

3.56X1092.6X1092.6x10s 3.5x10s

3.6x10s6.5x10s6.5x10s 3.6x10s

2.96

418

4.18

2.96

1.6x10£ 156375 156375 161925

7x104 90000 90000

1.52
280
fm 2955
fsp 588
fkv 757

1.158

300

1420

1260

511

650

70000

1.158  1.542
300 280

1420 1956

1260 1176
511 449
650 615

5 6 7
2500 3750 2x2500
0.33 0.22 0.34
048 05 0.47
22 25 22
0.16  0.19 0.16

4x10s

3.5x10s4X109

3.6x10s3.6x10s 3.6x10s

29 3 3

161925 171450 171450

70000 70000 70000
1542 1633 1.633
280 280 280
9156 2554  1934.2
1176 1176 1176
449 - -
615

Table 10-1 Allowable loads based on Elastic Method.
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Ultimate Load Method

The ultimate load method or collapse analysis is based on two modes of failure;
1. Diagonal Tension

2. Interface shear near beam ends

Diagonal Tension

ft = [vfm + T/(tls)] Sine +Tm
where

Tm=W(1 + pK)(» -7R)
Lt

Therefore,

ft= W(1 +pKK.3+ «-tR)
Lt

The resistance offered by the composite beam is depicted by the equation;
frt = (ahSin + avCos)fs + asfyvSin + frbdSec.

The allowable loads worked out for differenst specimens are shown in Table 10.2 in the next

section. This is done to compare the values from the two methods.i

Initially, the cracking occurs early because the steel is not contributing fully to the strength. After

the cracks are formed, the steel takes a significant portion of the load as was evident in tests.

Shear failure at interface.
™ =W(1 +pK)(g-7R) + T(1 +pK)
Lt 2Lt

=W(1 +pK)[« - fi +0.1251
Lt
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The following Table was prepared using the above formula. The Table also includes values from

the Diagonal Tension (DT) calculations

Specimen DT(kN) Shear(kN)

1 865.8 757.757

2 207.125 495.254

3 207.125 495.254

4 258.131 406.47

5 258.131 406.47

6 606 561.8

7 427.35 400.8

Each span Each span

Table 10-2 Allowable loads based on shear failure at interface

It is seen that the values for pure shear are much higher than those for diagonal tension. For
diagonal tension, the maximum shear and complementary tension is assumed to occur at the
same point and at the same time. This is a very conservative design and this condition is

unlikely to occur in practice.

10.3 Comparison of results
In this section, the results of experiments are compared with the theory. Experimental and
theoretical failure stresses have been compared for a range of depth to span ratios, flexural and

axial stiffness parameters respectively.

The limitations of the experimental data must, however, be pointed out. All the specimens were
full scale. They gave a good idea of the overall structural behaviour of the specimens. This was
an advantage on one hand but a limitation on the other in that it was not possible to make a

large number of specimens. With the structure being composite and so many parameters being
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involved, it was impossible to test each parameter separately, consequently a number of
parameters had to be varied simultaneously. Variations in stress levels or load carrying capacity
cannot, therefore, be attributed to one single factor. Graphs have, however, been drawn to
ascertain the general effect of the parameters involved. An effort has been made to identify the

cause of any irregularities or peculiar behaviour of speci mens.

The theoretical calculations showed that only one mode of failure (Interface shear) was critical in
all the specimens. The experimental failure generally occurred in the same mode although

some signs of flexural distress were noticed for some specimens. The details of failure of each

specimens were given earlier in Chapter 7.

10.3.1 Effect of H/L

Figure 10-4 Effect of H/L on Load Capacity

Figure 10-4 shows failure loads of different specimens plotted against overall depth to span ratio
H/L. Also plotted in the figure is the curve showing the load capacity of specimens calculated

using British Standard for the use of Concrete BS 8110. The purpose of the Figure is firstly to
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show the effect of H/L on the load bearing capacity and secondly to compare the experimental

results with BS8110.

The span to depth ratio is very important in determining the degree of composite action and
hence the overall load bearing capacity. It is clear from figure 10-4 that as the H/L ratio

increases so does the load bearing capacity.

Load capacity calculated using BS 8110 is fairly constant for various values of H/L. It increases
only slightly with increase in H/L. The experimental results , on the other hand, show a marked

increase in load bearing capacity with an increase in the H/L ratio.

10.3.2 Comparison of experimental results with Elastic method.
The results of calculations using Elastic method are compared with those of experiments in

Figure 10-5.

Figure 10-5 Comparison of Elastic method with Experimental results

For low values of H/L, the values from Elastic analysis are fairly close to the experimental

values. For higher values of H/L, there is a safety factor of 2 to 3 against failure. The Elastic
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method does take Into account the positive effect of increase in H/L ratio through an increase in
the calculated load. However, the corresponding increase in experimental values is much

greater. This gives an adequate margin of safety against collapse using this method.

10.3.3 Comparison of Collapse method with experimental results.

Calculations using the Collapse method are compared with the experimental results in Figure

10-6.

Total top load (udl - kN)

Figure 10-6 Comparison of Collapse method with experimental results.

It can be seen that there is no margin of safety against failure for low H/L values. There is a
factor of safety of 2 to 3 for higher values of depth to span ratio. There is one major difference
between the curves from the elastic and collapse methods. In the Elastic method, the value of
safe load increase with increasing H/L. In the Collapse method, it only increases upto a certain

limit and then decreases. This is so because of the shear becoming critical in low H/L ratios.
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CHAPTER ELEVEN - CONCLUSION AND RECOMMENDATIONS

11.1 Introduction.

Research into composite beams was initiated at City University in 1985 when Coe carried out an
investigation into the effect of composite behaviour present in the reinforced brickwork pile
capping beams. A related investigation was carried out during the same time by Abramian. The
research was then continued by the present author. As the study progressed, it became clear
that the composite structural action was very important not only in pile capping beams but also in
most of the buildings where a wall-beam combination existed. The research is therefore

applicable to all similar types of structures.

The arrangement of a beam (either concrete or steel) supporting a brickwork wall is fairly
common in practice. Structurally, the wall acts in conjunction with the beam and supports some
load through ’arching’ across the span but most designers overlook this aspect. Though the
wall-beam arrangement is very common (the most common being that of a lintel), very little
literature exists on its structural response. The literature that does exist, deals with brickwork
walls supported on steel beams, whereas brickwork wall-concrete beam combination (though

very common) has, till now, not been dealt with by any of the researchers.

It was with this background that the research was initiated. With no research data available on
similar structures, it was decided that tests on full scale specimens were essential alongside the

theoretical studies.

11.2 Conclusions and Recommendations.

The tests proved to be very useful in determining the overall structural response under loading
conditions met in service. In practice, most composite beams are uniformly loaded and so it was
ensured that top load was distributed uniformly over the whole of the specimen. The specimens
were built and tested in a manner similar to the service conditions, and the test results are

therefore representative of practical situation.

The full scale of the specimens made it possible to detect errors and avoid the adverse effects of

relatively complex monitoring equipment encountered in model tests. Practical aspects like
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ensuring proper tamping of infill concrete to ensure composite action and the specimen and load

alignment to avoid tilt and rotation were also highlighted.

The research was designed to meet specific objectives. The theoretical work and tests on

specimens have led to the following observations and conclusions.

1. Two theories based on the composite action of brickwork walls on concrete beams have been
presented. For the first theory, based on elastic material properties, a stress distribution at
the wall-beam interface caused by uniform top load is given. The distribution can be linear,
quadratic or cubic depending on the stiffness ratios K (flexural) and R (axial) and the depth
to span ratio of the composite beam. The theory provides for the variation of the stresses
from the top of the beam to the interface. This variation can be linear, quadratic or cubic. All
forms of stresses can be evaluated using this theory. It is seen that the shear and direct
stresses are maximum near the beam ends and reduces inwards at all levels. There is an
increasingly large portion of the central region of the span which does not have any shear or
direct stresses as we come down from the top of the composite beam. The second theory
investigates shear, the single most common cause of failure of deep beams. A failure plane
is chosen and equilibrium is achieved by balancing the stresses with the tensile strength of

concrete or brickwork.

The elastic method is an improvement on earlier work done by Smith and Riddington and
Davies and Ahmed on steel beams supporting brickwork walls. It can be used to evaluate
stresses anywhere in the composite beam which makes it particularly suitable for use with
computers. The shear method on the other hand provides a quick and easy method of

evaluating the load capacity of most deep beams.

2. The outward thrust of the arch in the brickwork is transmitted to the concrete base through
interface shear near beam ends. This becomes apparent in the form of direct tension in the
concrete base. Direct vertical stress, shear and flexural stresses have been identified.
Expressions for their evaluation as well as variation within the concrete base have been
provided. It has been concluded that direct tension in the concrete base is significant and its
value in a full composite action should not be taken less than a fourth of the total top load. It

varied near the beam ends but had a constant value within the span. Composite action of
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the beam resulted in a significant reduction of flexural stresses in the central portion. This

together with direct tension resulted in the shifting of neutral axis higher into the brickwork.

3. Unlike the earlier theoretical methods, the present approach not only provides expressions for
evaluating stress at boundaries but also for any point within the structure. It is therefore
possible to use the method in computerised analysis or to use calculus of variations or

energy methods for solution of any structural analysis or design problem.

4. The shear reinforcement in the concrete infill between the two leaves of brickwork did not
significantly improve the load bearing capacity of the structure (Raja 1988). This is evident
from a discussion of load bearing and crack pattern characteristics for specimens 2 and 3
(Chapter 8 section 8.3 and 8.4). Similar conclusions can be drawn from comparison of load
capacity and crack patterns of specimens 4 and 5 (Chapter 8 sections 8.5 and 8.6). This
effect is also discussed in the section on effect of variation parameters (Chapter 9 section
9.5). However, it was found that the specimens with shear reinforcement developed far
smaller cracks and these were spread much more evenly over the whole area of the

structure, hence extending the serviceability load range.

5. Relative stiffness of the brickwork wall and concrete beam are very important in determining
the stress concentration and distribution. Relative stiffness parameter K, and axial stiffness
parameter R are both important in determining the stress patterns. The former directly
affects both the direct as well shear stresses while the latter has a significant bearing on the
shear stress. It was seen in Chapter 3 that an increase in axial stiffness parameter, R
resulted in an increase in the load bearing capacity because of a reduction in the maximum
shear stress. Within limits, an increase in K results in an increased direct compressive

stress and reduction in load bearing capacity.

6. The span to depth ratio H/L is the one physical property of the composite beam that defines
whether a beam is deep or shallow. Consequently, the degree to which composite action is
present and the intensity of stresses depend on the H/L ratio. The stiffness parameters K
and R are also dependent on the value of H/L ratio. It was seen in Chapter 9 section 9.5
and Chapter 10 section 10.3 that a reduction in span to depth ratio improves load bearing
capacity. This improvement in strength is due to the composite structural action defined

earlier in section 1.3 of the first chapter.
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The properties of specimens tested are outlined in Chapter 7 Tables 7.1 and 7.2. It is evident
that most specimens had a high span to depth ratio. The results of these tests, reported in
Chapter 8, show that the composite action is still exhibited. However, the beams with higher
span to depth ratios developed far more cracks at higher loads than deeper beams. Design
standards define deep beams as having span to depth ratio of 2 or less. Specific
recommendations for such beams or those with higher span to depth ratio exhibiting
composite structural action are not given. If an extension or revision of the building
standards is undertaken, the present study can provide valuable data for it
Recommendations for analysis and design of composite beams are given in Chapter 4

section 4.4.8.

7. All the specimens tested were tested simply supported between two supports except the last
one which had two equal spans continuous over the central support. This was designed to
show the effect of continuity of support on the load bearing capacity of a composite beam.
The continuity of supports had a positive effect on the cracking and deflection characteristics
of both the midspans which had far narrower cracks and lesser deflections than comparative
simply supported spans. The negative support moment over the support was critical and the
specimen failed much earlier than expected. It was felt that more tensile reinforcement was

needed over the supports.

8. Strain values and crack patterns were plotted at each stage of loading using computer
graphics. The plots are included in the thesis as Appendices (some subroutines for cracking
and strain values have been omitted for brevity). These gave a very accurate and valuable
picture of the stress intensity and distribution not only at the wall-beam interface but also

throughout the whole area of the beam.

9. Composite beams are a very cost effective means of supporting load, be it across openings
in walls or in foundations. They utilise the strength of materials already being used in
construction i.e. they produce a composite structural action which distributes the load
efficiently and economically. A cost comparison given in Chapter 5 Table 5.1 shows that the
composite beam is more economical for foundations of low rise buildings in soils of low

bearing capacity.
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10. The present method of determining the value of stiffness parameters K and R is defective.
The parameters are dependent on the ratio of stiffness and relative areas respectively of wall
and the beam. It is therefore possible for a very weak wall on a very weak beam to have the
same values of K and R as a very strong wall on a very strong beam. This would mean that
for a particular load, the stress distribution will be the same for both combinations. The
author expects the stronger beam to have a much uniform loading and the weaker one to

have stress concentration near the ends. This aspect needs to be investigated further.

11.3 Further Research
There is a considerable scope for further research on the composite beams. For any future

work, the author suggests that;

1. A large number of specimens (even scale models) be tested to evaluate the contribution of
individual parameters towards strength. The geometry of structure and properties of the
materials should be carefully controlled in order to vary a single parameter each time. A

number of specimens may be required to ascertain the effect of one single parameter.

2. The theory needs further research with special emphasis on the determination of parameters
K and R and the defects pointed out in the previous section. More data is also needed for

the determination of values of stress parameters a, p and 7 defined in chapter 4.

3. Most of the monitoring equipment was placed on steel reinforcement. More sensitive
instruments are required especially to monitor strains and deflections in concrete and

brickwork.

4.  With the present trends towards computerised analysis, the composite brickwork beam
provides a very interesting and challenging project for devising a Finite Element Analysis
program. For a start a homogeneous beam could be analysed which could then be
enhanced to take account of variation of properties across the thickness of the composite

beam.

308



REFERENCES

ABEL, C. R. (1973)

Prefabricated reinfabricated reinforced brickmasonry arch bridge. In: INTERNATIONAL BRICK
MASONRY CONFERENCE. 3RD. Konstruktiver. Zeigelbao. West Germany. 1973.

Proceedings, pp 544 - 548

ABUELMAGD, S. A. and MACLEOD, I. A. (1980)

Experimental tests on brick beams under in-plane bending conditions. In: THE STRUCTURAL

ENGINEER VOL 58 B NO 3 Sept 1980. pp 62 - 86

AHMED, A. E. (1977)

A study of composite action between masonry panels and supporting beams. PhD thesis.

University of Edingburgh, 1977.

ALLEN, M. H. (1973)

Effect of direction of loading on compressive strength of brickwork. In: INTERNATIONAL
BRICK MASONRY CONFERENCE. 3RD. Konstruktiver. Zeigelbao. West Germany. 1973.

Proceedings, pp 98-105

AMRHEIM, J. E. and MCLEAN, R. S. (1979)

Methods of structural design for interaction forces on masonry walls. In: INTERNATIONAL

BRICK MASONRY CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 548 - 560

ANDERSON, C. (1976)

Compression tests on wall ties. In: INTERNATIONAL BRICK MASONRY CONFERENCE. 4TH.

Brugge. Belguim 1976. Proceedings, pp 4.C.3 to 4.C.3.-4.

309



ANSELMI, C. A. and FINO, L. (1979)

Stress analysis of brick masonry as a ’'no-tension’ material. In: INTERNATIONAL BRICK

MASONRY CONFERENCE. STH. Washington DC 1979. Proceedings, pp 444 - 447

BACKER, C. D. (1976)

Influence des dimensions des pores des briques de terre cuite sur le comportment des
peintures. In: INTERNATIONAL BRICK MASONRY CONFERENCE. 4TH, Brugge. Belquim

1976. Proceedings, pp 5.b.3 to 5.b.3.-7.

BAKER, L. R. and FRANKEN, G. L. (1976)

Variability aspects of the flexural strength of brickwork._ In: INTERNATIONAL BRICK

MASONRY CONFERENCE. 4TH. Brugge. Belguim 1976. Proceedings, pp 2.b.4 to 2.b.4.-11.

BAKER, L. R. (1979)

A failure criterion for brickwork In bi-axial bending. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 71 - 78

BAKER, L. R. (1979)

Measurement of flexural bond strength of masonry. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH, Washington DC 1979. Proceedings, pp 79 - 83

BEAUCHAMP, D. (1985)

Some Victorian examples of structural brickwork. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 7TH. Melbourne. Australia 1985. Proceedings, pp 1043 - 1053.

KINGSLEY, G. R. TULIN, L. G. and NOLAN, J. L. (1985)

Parameters influencing the quality of grout in hollow clay. In:  INTERNATIONAL BRICK

MASONRY CONFERENCE. 7TH. Melbourne. Australia 1985. Proceedings, pp 1085 - 1093

310



BEECH, D. G. (1976)

Some problems in statistical calculation of safety factors. In: INTERNATIONAL BRICK

MASONRY CONFERENCE. 4TH. Brugge. Belguim 1976. Proceedings, pp 4.b.3 to 4.b.8.-8.

BENZONI, G. M. and FONTANA, A. (1985)

Load carrying capacity of masonry piers with openings. Proceedings of 7 th International Brick

Masonry Conference. Melbourne. Australia. 1985. vol.1 pp 101-110.

BROOKS, D. S. SVED, G. and PAYNE, D. C. (1979)

The stiffness of partially cracked brick walls. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 224 - 230

BURHOUSE, P. (1969)
Composite action between brick panel walls and their supporting beams. Proceedings Institute

of Engineers 1969.

CHURCHILL, W. M. (1976)

Frost attack of brickwork - Three descriptive case histories. In:  INTERNATIONAL BRICK

MASONRY CONFERENCE, 4TH, Brugge, Belguim 1976. Proceedings, pp 5.a.1 to 5.a.1.-5.

COLVILLE, J. and LEARS, M. (1979)

A comparison of masonry design parameters. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 561 - 565

COULL, A. (1966)

Composite action of walls supported on beams. Building Science. 1.259 (1966).

CURTIN, W. G. and SAWKO, F. (1979)

Research into the structural behaviour of model brick diaphragm walls. In: INTERNATIONAL

BRICK MASONRY CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 464 - 477

31



DALHUISEN, D. H. and STROVEN, P. (1976)

An analysis of crack formation in walls of calcium silicate bricks using holography. In:
INTERNATIONAL BRICK MASONRY CONFERENCE. 4TH, Brugge. Beiguim 1976.

Proceedings, pp 2.b.6 to 2.b.6.-7.

DAVIES, S. R. and HENDRY, A. W. (1986)
Reinforced masonry beams. PROCEEDINGS OF THE BRITISH MASONRY SOCIETY: NO 1

NOV. 1986. pp 73 - 76

DAVIES, S. R. and AHMED, A. E. (1976)
Composite action of wall-beams with openings. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 4TH, Brugge. Beiguim 1976. Proceedings, pp 4.b.6 to 4.b.6.-6.

DICKEY, W. L. (1973)
Masonry wall beams. In: INTERNATIONAL BRICK MASONRY CONFERENCE. 3RD.

Konstruktiver. Zeigelbao. West Germany. 1973. Proceedings, pp 262 - 266

DRYSDALE, R. G. and HAMID, A. A. (1984)

Tension failure criterion for plain concrete-masonry. JOURNAL OF STRUCTURAL
ENGINEERING. AMERICAN SOCIETY OF CIVIL ENGINEERING. VOL 110 No. 2. Feb 1987.

pp 228 - 244

DAVIES, S. R. and AHMED, A. E. (1978)

An approximate method for analysing composite wall/beams. IN: PROCEEDINGS OF THE

BRITISH CERAMICS SOCIETY NO 27. December. 1978. LOAD BEARING BRICKWORK (6).

pp 305 - 320

312



DRYSDALE, R. G. VANDERKEYL, R. and HAMID, A. A. (1979)

Shear strength of brick masonry joints._ In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 106 -113

FISHER, K. and HASELTINE, B. A. (1979)
Compressive loading tests on diaphragm walls. In: INTERNATIONAL BRICK MASONRY

CONFERENCE, 5TH, Washington DC 1979. Proceedings, pp 501 - 505

GANZ, H. R. and THURLIMANN, B. (1986)

Strength of brick walls under normal forces and shear. PROCEEDINGS OF THE BRITISH

MASONRY SOCIETY: NO 1 NOV. 1986. pp 27 - 29

GRENLEY, D. G. (1967)

Study of the effect of certain modified mortars on compressive and flexural strength of masonry.

In: INTERNATIONAL BRICK MASONRY CONFERENCE. 1 ST. Texas. USA. 1967.

Proceedings, pp.

HASAN, S. S. and HENDRY, A. W. (1976)

Effect of slenderness and eccentricity on the compressive strength of walls. In:
INTERNATIONAL BRICK MASONRY CONFERENCE. 4TH. Bruoae. Belauim 1976.

Proceedings, pp 4.d.3 to 4.d.3.-9.

HASELTINE, B. A. and FISHER, K.

The testing of model and full-sized composite brick and concrete cantilever wall-beams.

Proceedings of British Ceramic Society no 21. April 1973.

HENDRY, A. W. (1978)

A note on the strength of brickwork in combined racking shear and compression. IN:
PROCEEDINGS OF THE BRITISH CERAMICS SOCIETY NO 27. December. 1978. LOAD

BEARING BRICKWORK (6T pp 47 - 52

313



HENDRY, A. W. and KHEIR, A. M. A. (1976)

The lateral strength of certain brickwork panels. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 4TH. Brugge. Belguim 1976. Proceedings. pp 4.a.3 to 4.a.3.-4.

HENS, I. R. H. (1976)
The hygric properties of brick. In: INTERNATIONAL BRICK MASONRY CONFERENCE.

4TH, Brugge. Belguim 1976. Proceedings. pp2.a.10 to 2.a.10.-12. POWELL, B. and

HODGKINSON, H. R. (1976)

The determination of stress/strain relationship of brickwork. In: INTERNATIONAL BRICK

MASONRY CONFERENCE. 4TH, Brugge. Belguim 1976. Proceedings, pp 2.a.5to 2.a.5.-5.

HUIZER, A. and WARD, M. A. (1976)

The effect of brick type on the compressive strength of masonry. In: INTERNATIONAL BRICK

MASONRY CONFERENCE. 4TH. Brugge. Belguim 1976. Proceedings.

JAMES, J. MCNEILLY, T. and OREN, P. (1979)
Predicting the compressive strength of brickwork. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH, Washington DC 1979. Proceedings, pp 334 - 339

LEGGRI, B. MESSINI, M. and VASSARI, V. (1985)

Brick in building of the dome of Santa Maria del Fiore in Florence. Proceedings of 7 th

International Brick Masonry Conference. Melbourne. Australia. 1985. vol 1.

LU, N-Y. FENG, M-S. and MO, T-B.

The behaviour and strength of brick and reinforced concrete composite wall beams.
Proceedings of 7 th International Brick Masonry Conference. Melbourne. Australia. 1985. vol 1pp

1101 . 1112

314



MANNs, W. and MULLER, H. (1976)

Experiments to contribute to the theory of cracking in masonry subjected to transverse loads
(German). In: INTERNATIONAL BRICK MASONRY CONFERENCE. 4TH. Brugge. Belgnim

1976. Proceedings, pp 4.2.4 to 4.a.4.-4.

MANNS, W. and SCHNEIDER, H. (1979)

Volume strain as a criterion for the load-bearing capacity of masonry. (German). In:
INTERNATIONAL BRICK MASONRY CONFERENCE. 5TH. Washington DC  1979.

Proceedings, pp 31 -37

MATTHYS, J. H. and GRIMM, C. T. (1979)

Flexural strength of non reinforced brick masonry with age. In: INTERNATIONAL BRICK

MASONRY CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 114 - 121

MEHTA, K. C. and FINCHER, D. (1970)

Structural behaviour of pre tensioned prestressed masonry beams. In: INTERNATIONAL

BRICK MASONRY CONFERENCE. 2ND. Stoke on Trent. UK 1970. Proceedings, pp 215 - 219

MORTELMANS, F. and BIERVLIET, L. V. (1979a)
Compression and tension tests on mortar cubes. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 90 - 95

MORTELMANS, F. and BIERVLIET, L. V. (1979b)
Tests on wall-beams in reinforced masonry. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH. Washington DC 1979. Proceedings.

315



MOTTER, I. R. H. (1976)

Recommendations internationales pour le calcul et I'execution des maconneries. In:

INTERNATIONAL BRICK MASON NFERENCE. 4TH. Brugge. Belguim 1976.

Proceedings. pp 4.d.8 to 4.d.8.-5.

PEDRESCHI, R. F. and SINHA, B. P. (1985)

Deformation and cracking of post tensioned brickwork beams. THE STRUCTURAL ENGINEER

VOL 63 B NO 4. DEC 1985. pp 93 - 99

PEDRESCHI, R. F. and SINHA, B. P. (1986)

The shear strength of prestressed brickwork beams. PROCEEDINGS OF THE BRITISH
MASONRY SOCIETY: NO 1 NOV. 1986. pp 114 - 116

PFEFFERMAN, O. (1976)

Recherche sur 'application de la maconnerie arme’e. In: INTERNATIONAL BRICK MASONRY
CONFERENCE, 4TH, Brugge. Belguim 1976. Proceedings. pp 4.¢.6 to 4.¢.6.-3.

PLOWMAN, J. M. (1965)
The modulus of elasticity of brickwork. IN: PROCEEDINGS OF THE BRITISH CERAMICS
SOCIETY NO 4. Julv 1965. LOAD BEARING BRICKWORK. pp 37 - 44

RAMAKRISHNAN, V. and ANANTHANARAYANA

Ultimate strength of deep beams in shear. American Concrete Institute. Proceedings vol 65 pp

87-98.

RENARD, J. (1976)

Nouvelle methode pour l'estimation correcte de la resistance a' la compression. In:

INTERNATIONAL _BRICK MASONRY CONFERENCE. 4TH. Brugge. Belguim 1976.

Proceedings. pp 2.a.3 t0 2.a.3.-6.

316




RITCHIE, T. (1978)
Residual stress in clay bricks. IN: PROCEEDINGS OF THE BRITISH CERAMICS SOCIETY

NO 27. December. 1978. LOAD BEARING BRICKWORK (61. pp 1-6

ROSENHAUPT, S. (1962)

Experimental study of masonry walls on beams. ASCE Proceedings Vol 88 no ST 3 1962.

ROUMANI, N. and PHIPPS, M. E. (1986)
The shear strength of prestressed brickwork | - sections. PROCEEDINGS OF THE BRITISH

MASONRY SOCIETY: NO 1 NOV. 1986. pp 110-113

SATTI, K. M. H. and HENDRY, A. W. (1973)

The modulus of rupture of brickwork. In: INTERNATIONAL BRICK MASONRY CONFERENCE.

3RD. Konstruktiver, Zeigelbao. West Germany. 1973. Proceedings, pp 155 -160

SAWKO, F. and ROUF, M. A. (1984)

On the stiffness properties of masonry. IN: INSTITUTION OF CIVIL ENGINEERS.

PROCEEDINGS PART Il. RESEARCH AND THEORY VOL. 77 1984. pp 1- 12

SAWKO, F. and ROUF, M. A. (1986)
Axial and bending stiffness of masonry walls. PROCEEDINGS OF THE BRITISH MASONRY

SOCIETY: NO 1 NOV. 1986. pp 40 -42

SCHUBERT, P. (1979)
Modulus of elasticity of masonry (German). In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 139 - 144

SCHUBERT, P. GLITZA, H. (1976)

Resistance to cracking of masonry subjected to vertical deformation. In:
INTERNATIONAL BRICK MASONRY CONFERENCE. 4TH. Brugge. Belouim 1976.

Proceedings, pp 4.b.9 to 4.b.9.-5.

317



SHI, C. (1985)

The probability-based limit state design of brick masonry with reinforced network. In:
INTERNATIONAL BRICK MASONRY CONFERENCE. 7TH. Melbourne. Australia. Proceedings

pp 1137 - 1144.

SHRIVE, N. G. JESSOP, E. L. and KHALIL, M. R. (1979)

Stress-strain  behaviour of masonry walls. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH, Washington DC 1979. Proceedings, pp 453 - 458

SINHA, B. P. (1976)

Test on a three-storey cavity wall structure. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 4TH. Brugge. Belguim 1976. Proceedings. Section 4.b

SINHA, D. and FOSTER, D. (1979)

Behaviour of reinforced grouted cavity beams. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 268 - 274

SMITH, B. S. KHAN, M. A. H. and WICKENS, H. G. (1978)

Test on wall-beam structures. IN: PROCEEDINGS OF THE BRITISH CERAMICS SOCIETY

NO 27, December. 1978. LOAD BEARING BRICKWORK (61. pp 289 - 304

SMITH, B. S. and RIDDINGTON, J. R. (1973)

The design for composite action of brickwork walls on steel beams. In. INTERNATIONAL
BRICK MASONRY CONFERENCE. 3RD. Konstruktiver. Zeigelbao. West Germany. 1973.

Proceedings, pp 282 - 290

SMITH, B. S. and RIDDINGTON, J. R.(1977)

The composite beam of elastic wall-beam systems. Proceedings of the Institution of Civil

Engineers. Part 2 (1977). Paper 7963.

318



SUTER, G. T. and KELLER, H. (1976)

Shear strength of grouted reinforced masonry beams. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 4TH. Brugge. Belguim 1976. Proceedings, pp 4.C.2t0 4.C.2.-4

SUTER, G. KELLER, H. and LIM, K. K. (1986)

Limit state design in flexure for grouted reinforced masonry beams: A Canadian proposal.

PROCEEDINGS OF THE BRITISH MASONRY SOCIETY: NO 1 NOV, 1986. pp 77 - 80

THONGCHAROEN, V. and DAVIES, S. R. (1973)

The composite action of simply supported reinforced brickwork walls and reinforced concrete
beams. In: INTERNATIONAL BRICK MASONRY CONFERENCE. 3RD. Konstruktiver,

Zeigelbao. West Germany. 1973. Proceedings, pp 291 - 297

TURKSTRA, C. and OJINAGA, J. (1976)
The moment-magnifier method applied to brick walls. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 4TH. Brugge. Belguim 1976. Proceedings, pp 4.b.3 to 4.b.3.-4.

VINLAY, O. (1984)

Buckling of masonry arches. IN: INSTITUTION OF CIVIL ENGINEERS. PROCEEDINGS

PART Il. RESEARCH AND THEORY VOL. 77 1984. (pp 33 - 42) TN 392

WALKER, P. and SINHA, B. P. (1985)

Behaviour of partially prestressed brickwork beams. In: INTERNATIONAL BRICK MASONRY

CONFERENCE. 7TH, Melbourne. Australia. Proceedings pp 1015 - 1029.

WALKLATE, R. P. and MANN, J. W. (1983)

A method of determining the permissible loading of brick and masonry arches. IN:
INSTITUTION OF CIVIL ENGINEERS. PROCEEDINGS PART Il. RESEARCH AND THEORY

VOL. 75 1983. pp 585 - 598

319



WEST, H. W. H. (1976)

The flexural strength of clay masonry determined from wallette specimens. In:

INTERNATIONAL BRICK MASONRY CONFERENCE. 4TH. Brugge. Belguim 1976.

Proceedings, pp 4.a.6 to 4,a.6.-5.

WEST, H. W. H. WILLIAMS, A. N. and PEAKE, F. (1976)

The effect of suction rate of bricks on the permeability of mortar beds. In: INTERNATIONAL
BRICK MASONRY CONFERENCE. 4TH. Brugge. Belauim 1976. Proceedings, pp 2.b.5 to

2.b.5.-4.

WOOD, R. H. (1957)

The compsite action of brick panel walls supported on reinforced concrete beams. Study in

composite construction Part I. National Building Studies Research Paper no 13. 1957 London.

WOOD, R. H. and SIMMS, L. G. (1969)

A tentative design method for the composite action of heavily loaded brick panel walls supported

on reinforced concrete beams. Building Research Station. 1969. Current Paper 26/69.

ZELGER, C. (1970)

Shear design of brick lintels. In: INTERNATIONAL BRICK MASONRY CONFERENCE. 2ND.

Stoke on Trent. UK 1970. Proceedings, pp 161 - 164

ZELGER, C.

Proposal for masonry design in common action with concrete and reinforcement. In:
INTERNATIONAL BRICK MASONRY CONFERENCE. 7TH. Melbourne. Australia 1985.

Proceedings pp 1145 - 1152.

ZELGER, C. (1979)

The strength of the bending compression zone of reinforced masonry. In: INTERNATIONAL

BRICK MASONRY CONFERENCE. 5TH. Washington DC 1979. Proceedings, pp 424 - 430

320



PAGE
MISSING




A.2 Specimen 2

A.2.1 Cube tests

Test date 23.7.86

Mortar
Date formed 22.5.86
Weight (kg) Load (kN)
1 1.97 175.2
2 1.96 249.9
Cube 3 1.96 257.2
4 1.96 194.1
5 1.975 216.6
6 1.975 206.0
Average 1.966 216.5

Wall base

10.4.86

Weight (kg) Load (kN)

2.32

2.35

2.35

2.40

2.34

2.36

2.35

346.9

257.5

2891

477 .4

446.3

366.9

364.02

A.2.2 Cylinder tests (300mmxI00mm diameter)

S.No Element

1 Wall mortar
2 Infill concrete
3 Infill concrete

Date formed

22.5.86

4.6.86

4.6.86

322

Concrete infill

1:2:4 Concrete
1:1/4:4 Mortar

4.6.86

2.35 421.8
2.33 413.6
2.32 353.7
2335 380.6
2345  348.7
2.34 342.8
2.34 376.9
Weight(kg)

10.43

12.43

12.25

Weight (kg Load (kN)

Load(kN)

282

461

450



A.3 Specimen 3

A.3.1 Cube tests
1:2:4 Concrete

Test date 23.7.86 1:1/4:4 Mortar
Mortar Wall base Concrete infill
Date formed 4-6.6.86 22.4.86 12.6.86
Fm e

Weight (kg) Load (kN) Weight (kg) Load (kN) Weight (kg) Load (kN)

1 1.96 248.7 24 336.8 2.28 286
2 1.95 225.5 24 434 .4 24 351
Cubes 3 1.9 179.9 2.36 338 2.35 293
4 - — 23 366.6 23 2876
5 - — 24 429.2 24 342
6 - — 24 400 2.32 280
Average 1.94 218 2.37 384.2 2.34 306

A.3 .2 Cylinder tests (300mmx100mm diameter)

S.No Element Date formed Weight(lbs) Load(kN)
1 Wall mortar 22.4.86 27.6 630
2. Base concrete 5.6.86 23.85 312
3 Infill concrete 12.6.86 27.89 344
4 Infill concrete 12.6.86 26.98 329
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A.4 Specimen 4

A.41 Cube tests

Test date 5.2.87

Date formed

Cube 3

Average

A.4.2

S.No

Mortar

28.11.86

Weight (kg) Load (kN)

1.97

1.9

1.99

1.96

1.99

1.96

380

203

270

321

322

299.2

Wall base

19.11.86

Weight (kg) Load (kN)

2.32

2.33

2.34

2.34

2.35

2.33

2.34

Cylinder tests (300mmx100mm diameter)

Element

Wall base

Wall base

Wall base

Infill concrete

Infill concrete

354

378

290

291

394

394

350

Date formed

19.11.86

19.11.86

19.11.86

4.12.86

4.12.86

324

Concrete infill

4.12.86

Weight (kg)

2.37

237

2.28

2.33

2.34

Weight(kg)

12.3

12.24

12.37

12.44

12.97

1:2:4 Concrete
1:1/4:4 Mortar

Load (kN)

387

433

438

442

425

Load(kl

517

485

334

556

596



A.5 Specimen 5

A.5.1 Cube tests
1:2:4 Concrete

Test date 5.3.87 1:1/4:4 Mortar

Mortar Wall base Concrete Infill

Date formed 10-11.12.86 3.12.86 16.12.86

Weight (kg) Load (kN) Weight (kg) Load (kN) Weight (kg) Load (kN)

1 1.96 281 2.34 384 2.36 461

2 1.95 264 2.33 490 2.37 379
Cube 3 1.97 199 2.33 443 2.35 481

4 2,01 354 2.36 408 2.35 363

5 2.02 322 2.33 464 - -

6 2.03 349 2.31 454 - —
Average 1.98 294.8 2.33 440.5 2.36 421

A.5.2 Cylinder tests (300mmx100mm diameter)

S.No Element Date formed Welght(kg) Load(kl
1 Wall mortar 10.12.86 10.5 379
2 Wall mortar 11.12.86 111 209
3 Wall base 3.12.86 12.3 430
4. Wall base 3.12.86 12.94 453
5. Wall base 3.12.86 12.3 601
6. Infill concrete 16.12.86 13.0 585
7 Infill concrete 16.12.86 12.97 403
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A.6 Specimen 6

A.6.1 Cube tests

Test date 26.3.87

Mortar

Date formed 6-8.1.87

Weight (kg) Load (kN)

1 1.96 248.2
2 1.96 262.3
Cube 3 195 2707
4 1.96 254
5 2.03 3011
6 1.98 246.8
Average 1.97 264

Wall base

19.12.86

Weight (kg) Load (kN)

2.38

2.37

2.34

2.34

2.30

2.39

2.35

A.6.2 Cylinder tests (300mmxI00mm diameter)

S.No Element

1 Wall mortar
2 Wall base

3 Infill concrete

509.9

502.6

423.3

541.6

4434

379.7

466.7

Date formed

7.1.87

19.12.86

12.1.87

326

1:2:4 Concrete
1:1/4:4 Mortar

Concrete infill

12.1.87

Weight (eg) Load (kN)

2.32

2.33

2.24

224

2.28

351.6

336.5

2104

218.5

279.3

Weight(kg) Load(kN)

10.84 374
12.6 530
12.84 436



A.7 Specimen 7

A.7.1 Cube tests
1:2:4 Concrete

Test date 28.4.87 11/4:4 Mortar
Mortar Wall base
Date formed 12.1.87 6.1.87

Weight (kg) Load (kN) Weight (kg) Load (kN)

1 18.7 220 242 345

2 193 2175 23.2 350.4
Cube 3 199 214 22.3 360

4 195 223 23.5 340.7

5 19.1 211 229 350.5

6 190 2105 23.1 355.2
Average 193 2527 23.2 350.3

A.7.2 Cylinder tests (300mmx100mm diameter)

Not carried out.
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APPENDIX B - STRESS STRAIN GRAPH FOR STEEL

Stress (N/mm2)

Strain
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Load Cell reading (Microstrains)

APPENDIX C - LOAD CELL CALIBERATION CHART

July 1986
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D.1 Specimen 1

Gauge No 0.

1 A1
2 841
3 839
4 1300
5 843
6 836
7 845
8 840
9 845
10 859

APPENDIX D - DEMEC GAUGE READINGS

Load
200 400
946 947
838 835
847 848
1352 1325
844 846
913 1460
'857 850
841 846
851 849
860 860

Deflection gauge readings are given in Table 9-8.
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600

946

825

827

1312

845

2267

848

831

845

862

800

946

819

825

1319

845

2660

845

814

850

871



APPENDIX D - DEMEC GAUGE READINGS

D.2 Specimen 2

Load
Gauge No 0. 400 800 1200 1600
1 847 832 842 842 844
2 830 846 845 842 841
3 842 842 844 875 1167
4 848 843 844 843 841
5 835 832 831 830 831
6 830 827 821 820 822
7 844 845 845 847 851

For deflection gauge readings, please refer to Tables 9-8 to 9-10.
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APPENDIX D - DEMEC GAUGE READINGS

D.3 Specimen 3

Load
Gauge No 0. 236 414 532 828 946 1300
1. 847 847 842 842 843 844 845
2 822 843 841 841 840 841 838
3 841 844 843 843 999 1167 1484
4 853 845 843 842 841 841 820
5 843 835 830 831 832 831 825
6 838 827 827 824 820 822 805
7 843 843 845 842 853 851 851

For deflection gauge readings, please refer to Tables 9-8 to 9-10.
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APPENDIX D - DEMEC GAUGE READINGS

D.4 Specimen 4

Load(kN)

Gauge No 0. 300 1000 1600 1600
1. 306 335 365 387 835
2 1185 1293 1468 1616 —

3 588 641 720 788 —

4 556 658 851 1027 1319
5 866 957 1108 1239 845
6 1002 1032 1100 1165 2660

For deflection gauge readings, refer to Table 9-9
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D.5 Specimen 5

Gauge No 0.

1 831
2 841
3 839
4 1300
5 843
6 836
7 845
8 840
9 845
10 859

APPENDIX D - DEMEC GAUGE READINGS

400

835

838

847

1352

844

913

857

841

851

860

Load(kN)

800

836

835

848

1325

846

1460

850

846

849

860
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1200

835

825

827

1312

845

2267

848

831

845

862

1600

835

819

1319

845

2660

845

814

850

871



APPENDIX D - DEMEC GAUGE READINGS

D.6 Specimen 6

Load(kN)
Gauge No 0. 200 350 600
1. 841 - 848 852
2 847 - 852 855
3 831 - 839 1056
4 844 - 887 921
5 860 860 881 883
6 838 840 832 822
7 832 858 856 860
8 842 877 1028 1382
9 838 844 1036 1104
10 839 850 891 1166
11 869 - 873 876
12 838 - 993 1248
13 840 - 839 1093
14 841 - 875 1172
15 837 - 842 963

Deflection gauge readings are given in Table 9-9.
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APPENDIX D - DEMEC GAUGE READINGS

D.7 Specimen 7

Load(kN)
Gauge No 0. 400 800 1200
1. 831 835 836 835
2 841 838 835 825
3 839 847 848 827
4 1300 1352 1325 1312
5 843 844 846 845
6 836 913 1460 2267
7 845 857 850 848
8 840 811 846 831
9 845 851 849 845
10 859 860 860 862

For deflection gauge readings, please refer to Tables 9-8 to 9-10.
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1600

835

819

1319

845

2660

845

814

850

871



APPENDIX E - CRACK PATTERNS

E.1 Specimen 1

Progressive crack pattern for total top load of 0, 74, 148, 222, 296, 370, 444, 518, 592, 666, 740,

814 and 888 kN respectively.



E.2 Specimen 2

Progressive crack patterns for total top load of 0, 237, 473, 710, 946, 1183 and 1301 kN

respectively.
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E.3 Specimen 3

Progressive crack patterns for total top load

of 0, 237, 473, 710, 946, 1183, 1419, 1656,

1892, and 2010 kN respectively.

00

Specimen No 3

Spcciarn No 3

2B.3

SptciMfl No 3

Specimen No 3

Specimen No 3

Load = 237.0**

1333.7 117.0

Load - 473.0MM

Load - 710.0MN

24y v il32.2

946.0MN

Speciwn No 3

Load -

2010.0MN
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E.4 Specimen 4

Progressive crack patterns for tota| top load
of 0, 100, 200, 300, 400, 500, 600, 700, 800,
900, 1000, 1100, 1200, 1300, 1400, 1500, 1600,

1700, 1800, and 1900 kN respectively.
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E.5 Specimen 5

Progressive crack patterns for total top load of 0, 200, 400, 500, 600, 700, 800, 900, 1000, 1100,

1200, 1300, 1400, 1500, 1600, 1700, 1800, and 1900 kN respectively.
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E.6 Specimen 6

Progressive crack patterns for total top load of 0, 100, 200, 250, 300, 350, 400, 500, 600, 700

and 800 kN respectively.
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E.7 Specimen 7
Progressive crack patterns for total top load of 0, 100, 200, 300, 400, 600, 800, 1000, 1200,

1400, 1600, 1800, 2000, 2200, 2400 and 2600 kN respectively.
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APPENDIX F - STRAIN GAUGE READINGS

Strain gauge readings for Specimens 1 through 7 are shown on pages 344-350 placed in the
pocket inside the back cover of the thesis. The readings are given in microstrains, tension

positive and compression negative.



APPENDIX G - COMPUTER PROGRAM
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